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the somewhat unnatural conditions represented by fasting animals in a calorimeter.
Consequently, it is often difficult to translate values for fasting metabolism into practi-
cal maintenance requirements. One factor to be taken into account is that animals on
the farm commonly use more energy for voluntary muscular activity.Another factor is
that productive livestock must operate with a higher metabolic rate than fasted animals
and thereby incur a higher maintenance cost. Third, animals on the farm experience
greater extremes of climate and may need to use energy specifically to maintain their
normal body temperature.The first two factors are discussed below, and the effects of
climate on energy requirements for maintenance are discussed on p. 350.

Estimates of the energy costs of various forms of voluntary muscular activity are
shown in Table 14.3. In the first column the costs are given per unit of liveweight.The
second column gives estimates of the number of units of activity likely to be under-
taken, and the third column gives estimated daily costs for a 50 kg sheep. For exam-
ple, if the sheep walks 5.0 km per day (line 3) and the unit cost is 2.6 kJ per
kilogram liveweight per kilometre, then a 50 kg sheep will incur a cost of 2.6 * 5.0 *
50 = 650 kJ per day. Table 14.3 includes a value for fasting metabolism, and it can be
calculated that the NE required by the sheep for maintenance will be increased by
(650/4300) * 100 = 15.0 per cent if it walks 5.0 km per day.

Some of the activities listed in Table 14.3 are likely to be carried out by all ani-
mals (standing, getting up and lying down, plus a minimal amount of locomotion).
Consequently, their energy cost is always added to the fasting metabolism when calcu-
lating maintenance requirements. For example, in the AFRC (1993) system (see Fur-
ther reading), the activity allowance for a housed lactating ewe is 9.6 kJ per kilogram
liveweight per day. For a 50 kg sheep this amounts to 480 kJ per day, or about 11 per
cent of the fasting metabolism.

The energy costs of eating (prehension, chewing and swallowing) and of rumina-
tion are included in the heat increment of feeding (i.e. they are taken into account in
the estimation of efficiency constants, k). However, if animals are grazing, rather
than having foods delivered to them, their energy requirements for muscular activity
will be much increased.Table 14.3 shows that if a 50 kg sheep has to walk 5 km and
climb 0.2 km a day in search of food, and has to extend its eating time from 2 hours
to 8 hours a day, its energy cost will be increased by 650 + 280 + 750 = 1680 kJ per
day, which is equivalent to nearly 40 per cent of its fasting metabolism. In general,
grazing animals are likely to have maintenance requirements that are 25–50 per cent
greater than those of housed animals. However, the actual increase will depend upon

Table 14.3 Energy costs of physical activity in a 50 kg sheep

Activity Cost per kg 

liveweight

Duration or 

frequency 

of activity

Cost per 

day (kJ)

Standing 0.4 kJ/h 9 h/day 180
Changing position 0.26 kJ 6 times/day 78
Walking 2.6 kJ/km 5 km/day 650
Climbing 28 kJ/km 0.2 km/day 280
Eating 2.5 kJ/h 2–8 h/day 250–1000
Ruminating 2.0 kJ/h 8 h/day 800
Fasting metabolism 4300
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the terrain and vegetation type. The efficiency with which ME is used to meet the
costs of muscular activity (kw) is generally assumed to be the same as km.

Although fasting metabolism is measured under standardised conditions, evi-
dence suggests that the value obtained for a particular animal depends on that ani-
mal’s previous energy status. If an animal on a high plane of nutrition is suddenly
fasted, then its metabolic rate will be higher than that of a similar animal that has
previously been kept on a lower plane. In one comparison made with 35 kg lambs,
those previously fed on a high plane had a fasting metabolism 20 per cent higher
than those previously fed on a moderate plane. The same effect is demonstrated
when one attempts to provide animals with just enough food to keep their weight
constant (i.e. to keep them at maintenance).As time passes, the ration has to be pro-
gressively reduced to maintain the required equilibrium. The inference is that ani-
mals can adapt to low-level (maintenance) rations either by improving their efficiency
of energy utilisation or, more likely, by reducing non-essential muscular activity.This
means that if an animal’s fasting metabolism is determined after a period on a low
plane of nutrition, as is commonly the case, then the value obtained, even when
increased to allow for additional muscular activity, may well underestimate its main-
tenance requirement when offered a high plane of nutrition. This source of error is
recognised in the Australian energy system for ruminants (see p. 290), maintenance
requirements being increased as levels of energy intake rise.

The fasting metabolism of an animal when expressed per unit of metabolic weight
may vary depending on the animal’s body composition. Metabolically active tissues
such as the internal organs and musculature require more energy for maintenance
than less metabolically active tissues. Consequently, a fat animal is likely to have a
lower fasting metabolism than a thin animal of the same weight.

Influence of climate on energy metabolism and requirements 
for maintenance

The influence of climate on the nutrition of farm animals is not confined to energy
requirements for maintenance but extends to other aspects of energy metabolism
and also to nutrients other than energy. Nevertheless, climate has the greatest influ-
ence on energy requirements, and in cold climates animals kept at or below the
maintenance level are most affected.

Both mammals and birds are homeotherms, which means that they attempt to
keep their body temperature constant. Animals produce heat continuously and, if
they are to maintain a constant body temperature, must lose heat to their surround-
ings. The two main routes of heat loss are the so-called sensible losses by radiation,
conduction and convection from their body surface, and evaporative losses of water
from the body surface and lungs (2.52 MJ/kg water).The rate at which heat is lost is
dependent in the first instance on the difference in temperature between the animal
and its surroundings; for farm animals, the rectal temperature, which is slightly lower
than the deep body temperature, lies in the range 36–43 °C. The rate of heat loss is
also influenced by animal characteristics, such as insulation provided by the tissues and
coat, and by environmental characteristics, such as air velocity, relative humidity and
solar radiation. In effect, the rate of heat loss is determined by a complex interaction
of factors contributed by both the animal and its environment.

Figure 14.1 illustrates the physics and physiology of heat loss from animals. In
this example, the solid line represents the heat production of a fasted pig, resting at
a ‘comfortable’ temperature of 22°C. Its heat production (and loss) is 5 MJ/day, and
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Fig. 14.1 The effect of environmental temperature on the heat production of a pig.

this is divided almost equally between sensible and evaporative losses. If the air tem-
perature is gradually reduced, the pig will begin to lose heat more rapidly. It can
reduce this effect to a certain extent by reducing its evaporative losses and perhaps
reducing blood flow (and heat transfer) to the body surface.The latter response will
reduce the skin temperature and presumably make the animal feel cold.As the fall in
air temperature continues, a stage is reached where the pig can maintain its deep
body temperature only by increasing its heat production, which it might do by in-
creasing muscular activity, i.e. by shivering. The environmental temperature below
which heat production is increased is known as the lower critical temperature and in
this example is 20 °C.

If the pig were fed rather than fasted, then its heat production would be increased
by the heat increment of feeding and its lower critical temperature would be reduced
(see Fig. 14.1, broken line). In this example, the pig would not have to increase its
heat production until the environmental temperature dropped to 7°C.

If this pig were subjected to an increasing temperature, it would have difficulty in
losing heat by sensible losses and would need to increase its evaporative loss. Even-
tually, a temperature would be reached at which the pig would need to reduce its
heat production, which it might do by restricting its muscular activity and also by re-
ducing its food intake.The temperature above which animals must reduce their heat
production is known as the upper critical temperature.The range between the lower
and upper critical temperatures is known as the thermoneutral zone.

We can now move from this simple situation of the pig exposed to only one climatic
variable, temperature, to other animals and other climates.The lower critical temper-
atures of animals kept in different environments are presented in Table 14.4. Rumi-
nants have a wider thermoneutral zone and a lower critical temperature compared
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with non-ruminants because ruminants have a greater capacity to regulate evapora-
tive heat losses and their heat increment of feeding is higher (i.e. lower efficiency
constants, k) than that of non-ruminants. In addition, ruminants tend to produce
heat at a constant rate throughout the day, whereas non-ruminants tend to digest and
metabolise their food quickly and then experience cold when the heat increment has
declined. Smaller animals tend to be more susceptible to cold because they are often
less well insulated. However, this is often balanced by having a higher basal metabolic
rate per unit of body weight. Nevertheless, the lower critical temperature of an adult
sheep (50 kg) is higher than that of a cow (500 kg) kept in a similar environment
(Table 14.4).

An animal’s insulation depends on its subcutaneous fat (pig) and coat depth (sheep
fleece, cattle hair, poultry feathers). Thus, a sheep that has been shorn is particularly
vulnerable to cold, even in summer, and especially if its food intake is restricted. By
disturbing the coat or fleece, wind reduces insulation and, as shown in Table 14.4, in-
creases the critical temperature. Rain increases heat loss both by reducing insulation
and through the heat of vaporisation. In an adult sheep with a 50 mm coat, 30 mm of
rain per day can raise the critical temperature by 2–6 °C. In housed animals, insula-
tion depends on the floor type and group size. Pigs kept on straw have a lower criti-
cal temperature than that of pigs kept on concrete. Similarly, pigs kept in groups can
huddle together to reduce their surface area and lower their critical temperature.

The farm animals that are most likely to suffer from cold stress are newborn
lambs, calves and pigs. They are small and tend to have poor insulation because of
low levels of subcutaneous fat or a thin coat of hair or wool. In addition, they are wet
when born. If the newborn animal also fails to obtain sufficient milk from its mother,
then its heat increment of feeding may be low. Newborn animals have a special type

Table 14.4 Some examples of the lower critical temperatures (°C) of farm animals
in different environments

Animal Type State Production level Wind speed (km/h)

0 15

Sheep Lamb Newborn – 28 34
Adult Shorn Fasted 31 35

50 mm wool Fasted 22 28
Maintenance 7 18
Ad libitum -10 5

100 mm wool Ad libitum -40 –
Cattle Calf Newborn – 18 28

Beef Store Maintenance -16 -3
Growing (30 mm coat) Gaining 0.8 kg/day -32 -10

Cow Dairy (20 mm coat) Maintenance -8 10
30 litres milk/day -30 -20

Floor

Straw Concrete

Pig Sow Adult 160 kg Maintenance 22 –
Growing Individual High 14 19

Group High 7 13
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of tissue known as brown adipose tissue for generating heat soon after birth, which
is deposited at strategic points such as the shoulder and abdomen. Fat droplets are
stored in metabolically active cells that have a good blood supply. When the fat is
metabolised, the oxidation is uncoupled, with energy being released as heat rather
than being captured as ATP. The heat so generated is then carried to other parts of
the animal’s body by the blood. Reserves of brown adipose tissue are relatively small
and its protective role is limited. Consequently, it is very important that young ani-
mals receive food in the form of colostrum and milk as soon as possible after birth.

A comparison of an animal’s lower critical temperature with the environmental
temperature tells us whether the animal requires an additional source of energy to
increase its heat production. However, it does not tell us how much energy should be
supplied. The various strategies for alleviating cold stress are (1) to make the envi-
ronment warmer (e.g. improving the insulation of buildings or reducing draughts),
(2) to allow the animal to increase its heat production from existing resources (e.g.
by metabolising fat reserves) and (3) to increase the animal’s heat production by
manipulating its diet. The last would seem to be the preferable nutritional strategy.

In housed animals, the increase in heat loss for every 1 °C fall in temperature
below the lower critical temperature is reasonably constant.A value of 18 kJ per kg
W0.75 per day has been quoted for adult pigs.Thus, if a sow weighing 160 kg (45 kg
W0.75) were kept on a maintenance diet (19.4 MJ ME per day) at a temperature 5 °C
below its lower critical temperature (22°C), its daily heat loss would be potentially
45 * 5 * 18 = 4050 kJ (4.05 MJ) greater than its heat production. This represents
about 20 per cent of its maintenance requirement.When ME is used to meet a deficit
in heat production, the efficiency of ME utilisation is 100 per cent (i.e. k = 1). Con-
sequently, the sow would require an additional 4.05 MJ ME/day to ensure energy
equilibrium. An alternative strategy would be to increase the sow’s ME intake to a
level at which the additional heat increment would meet the heat deficit. For exam-
ple, if kg was 0.7, the sow would need 13.5 MJ ME/day above its maintenance
requirement, which would yield 4.05 MJ as heat and 9.45 MJ as retained energy.

Laying hens are normally fed to appetite and are therefore able to adjust their
food and energy intake to regulate body temperature.As the environmental temper-
ature falls below 25 °C, their ME intake increases by 22 kJ for each 1 °C fall. For a
1.8 kg bird, this is equivalent to 14 kJ per kg W0.75 (cf. 18 kJ for sows). The extra
energy consumed appears to be used solely to generate heat and has little effect on
egg production. Calculations of this kind can be used by the farmer to determine
whether it is more economical to provide extra heat or insulation for poultry build-
ings or extra food for the birds.

For housed ruminants, the increases in heat loss associated with a 1 °C fall in envi-
ronmental temperature are comparable (10–20 kJ per kg W0.75 per day) to those for
pigs and poultry, but are much greater (20–40 kJ) for ruminants kept out of doors and
exposed to wind and rain. In ruminants it is often possible to influence heat production
by changing the quality of the diet. Metabolisable energy derived from low-quality
forage-based diets is used with a lower efficiency (k) than that derived from high-quality
concentrate-based diets, and thus more heat is liberated to keep the animal warm.

In hot climates, the animal’s problem is one of disposing of the excess heat it pro-
duces. We have seen already in Fig. 14.1 that as air temperature increases, sensible
heat losses (radiation, conduction and convection) reduce and more heat is lost by
evaporation. Domestic species vary considerably in their ability to lose heat by the
evaporation of water. Most mammals are poorly equipped with sweat glands and
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birds have none. However, cattle, particularly tropical cattle (Bos indicus), are able to
lose appreciable quantities of water and heat by sweating. Evaporation of water from
the skin can be increased through surface water acquired by wallowing. However,
the major route by which water vapour is lost is via the respiratory tract.The farmer
can assist the animal to lose heat by providing shade, ventilation and possibly water
sprays. However, if these and the animal’s own heat loss mechanisms become over-
taxed, the animal has to reduce its heat production, which it does by reducing its
food and energy intake.This means that potentially high-producing animals, such as
dairy cows, are seriously handicapped in the tropics by their inability to maintain
high levels of energy intake. Ruminant animals are generally poorly equipped for hot
climates because of their reliance on low-quality forage-based diets with a low effi-
ciency of ME utilisation and a high heat increment of feeding.

Feeding standards for maintenance (energy)

Ruminants

Energy requirements for maintenance can be calculated from various feeding stan-
dards. Although it is not possible to include all the standards, requirements calcu-
lated using some of the most widely known standards are presented here.The energy
requirements for maintenance of cattle published by AFRC (1993) are based on fast-
ing metabolism (F, MJ/day) and can be predicted as follows:

Fasting weight is predicted from liveweight (W ) by dividing by 1.08, and meta-
bolic weight is calculated using the power 0.67 rather than the more usual 0.75.The
fasting metabolism of bulls is considered to be 15 per cent higher than that of steers
and heifers of a similar weight, and an activity allowance (A, MJ/day) of 0.0071 W
and 0.0095 W is included for growing cattle and dairy cattle, respectively. Thus, the
NE requirement for maintenance (NEm) of a 600 kg dairy cow would be calculated
as follows:

If the ME content of the cow’s diet was 11.0 MJ/kg DM, the efficiency of ME util-
isation for maintenance (km) would be 0.714 (see Table 12.1 in Chapter 12) and the
ME requirement for maintenance (MEm) would be calculated as follows:

As stated previously, if an animal on a high plane of nutrition is suddenly fasted,
then its fasting metabolism will be higher than that of a similar animal previously kept
on a lower plane of nutrition. As the estimates of fasting metabolism adopted by
AFRC (1993) were derived from beef and dairy steers fed at maintenance before
fasting, they may underestimate the fasting metabolism of dairy cows fed at higher
levels of production. Evidence suggests that the fasting metabolism of modern dairy
cows of high genetic merit, and on a high plane of nutrition, may be substantially
greater than that previously suggested, and a value of 0.453 MJ/kgW0.75 has been
adopted by FiM (2004), which, based on their modelling approach (see Fig. 12.1),

 = 59.2 MJ/day

 MEm = 42.3>0.714

 = 42.3 MJ/day

 NEm = 0.53(600>1.08)0.67
+ (0.0095 * 600)

F = 0.53(W>1.08)0.67
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gives a fixed MEm of 0.647 MJ/kg W0.75. The higher maintenance requirement of
animals at high levels of production probably reflects the higher mass of metaboli-
cally active organs such as the gut and liver.

As with cattle, the maintenance requirements of sheep published by AFRC (1993)
are based on fasting metabolism and an activity allowance that varies between
0.0067 W for housed fattening lambs and 0.024 W for ewes on hill grazing.The NEm
requirement of a 50 kg hill ewe can be predicted as follows:

In contrast to AFRC (1993), where maintenance requirements are derived from
calorimetric methods, the maintenance requirements of beef cattle published by
NRC (2000) are derived using the comparative slaughter technique.This has the ad-
vantage of allowing experiments to be conducted under conditions more similar to
those encountered in practice, and the effects of activity are implicitly incorporated.
The NEm requirement of beef cattle can be predicted from empty body weight (EBW)
as follows:

where .
Maintenance requirements are then adjusted for the effects of breed and sex, with

the requirements of Bos indicus breeds being reduced by 10 per cent and the re-
quirement of dairy breeds being increased by 20 per cent.The adjustment for effects
of sex is similar to that made by AFRC (1993). Further refinements are also included
for the effects of climatic factors and previous nutritional status. The NEm require-
ments of dairy cattle published by NRC (2001) are derived from calorimetric studies
and are predicted as follows:

It is interesting to note that the NEm requirements of beef cattle derived using
comparative slaughter techniques and adjusted by 20 per cent for dairy breeds are
similar to those of dairy cows derived using calorimetric methods.The NEm require-
ment of sheep predicted by NRC (2007) of 0.23 W0.75 is similar to that adopted by
AFRC (1993).

One of the most comprehensive approaches used to predict the energy require-
ments for maintenance of ruminants is provided by CSIRO (2007), which has
adopted two generalised equations for the prediction of MEm as follows:

Ration formulation:

Prediction of performance:

where:

K = 1 for sheep and goats, 1.2 for B. indicus and 1.4 for B. taurus cattle;
S = 1 for females and castrates and 1.15 for males;

M = 1 + (0.23 * proportion of DE from milk);
A = age in years (maximum 6);

MEm = KSM(0.26 W 0.75 exp(-0.03A))>km + 0.09 MEI + MEgraze + Ecold

 MEm = KSM(0.28 W 0.75 exp(-0.03A))>km + 0.1 MEp+  MEgraze + Ecold

NEm = 0.335 W0.75

EBW = W * 0.85

NEm = 0.322 EBW0.75

 = 5.3 MJ/day

 NEm = 0.23(W>1.08)0.75
+ 0.024 W
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km = efficiency of ME utilisation for maintenance;
MEp = ME used directly for production;
MEI = total ME intake;

MEgraze = additional energy expenditure of grazing;
MEcold = additional energy expenditure when the temperature is below the lower

critical temperature.

The inclusion of MEp (or MEI) in the prediction of MEm recognises the fact that
fasting metabolism is known to vary directly with level of feeding.As a consequence,
maintenance requirements predicted by CSIRO (2007) are 5–10 per cent higher
than those predicted by AFRC (1993).

Pigs and poultry

The energy requirements of pigs and poultry are normally stated for both maintenance
and production combined, although some theoretical standard maintenance require-
ments have been calculated.The UK Technical Committee on Responses to Nutrients
predicts the maintenance requirements of sows (ME, MJ/day) to be 0.44 W0.75

(17.9 MJ for a 140 kg sow), with the requirement of boars being 15 per cent higher.
Using the BSAS (2003) NE system, the fasting metabolism of pigs (F, MJ/day) is pre-
dicted as 0.750 W 0.60 and an activity allowance of 0.1 and 0.05 times maintenance
is included for lactating sows or growing pigs, and boars, respectively.The activity of
pregnant sows is assumed to be negligible. For laying hens, the maintenance require-
ment (ME MJ/day) is predicted to be 0.55 W 0.75.

Horses

The minimum maintenance requirements of horses (DE, MJ/day) predicted by NRC
(2007) is 0.126 W, which is applicable to sedentary or docile horses. This value is
increased by 10 per cent (0.139 W ) for alert horses with moderate levels of activity
and by 20 per cent (0.152 W ) for young active horses. Thus, a 500 kg horse with
moderate activity would require 69.5 MJ DE per day. Using the French NE system,
the maintenance requirement of horses (NE, MJ/day) would be estimated to be
0.351 W 0.75, which for a 500 kg horse gives 37.1 MJ/day. When this is converted
to DE and a 10 per cent activity allowance is included, this equates to 68.1 MJ/day,
which is similar to that predicted by NRC (2007).

In addition to the energy required for maintenance, equine athletes also require
additional energy for work (exercise). The amount of energy required for work de-
pends on a variety of factors, such as level of training, type of exercise, rider weight
and experience, and climate and ground conditions. Consequently, it is classified by
NRC (2007) into four categories – light, moderate, heavy and very heavy work – and
calculated as 20, 40, 60 and 90 per cent of the maintenance requirement, respectively.
Examples of the sort of activity associated with each level of work are presented in
Table 14.5.

Protein requirements for maintenance

If an animal is fed on a nitrogen-free but otherwise adequate diet, it will continue to
lose nitrogen in its faeces and urine.The nitrogen in faeces, as described earlier (see
Chapter 10), consisting of enzymes and sloughed cells arising from the digestive tract,
and from microbial residues, is referred to as metabolic faecal nitrogen (or protein).
If the animal continues to eat, then it will continue to lose nitrogen in its faeces.
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It is less obvious, perhaps, why an animal on a nitrogen-free diet should continue
to lose nitrogen in its urine. In part, this excretion represents nitrogen that has been
incorporated into materials that are subsequently expended and that cannot be re-
covered for reuse within the body. For example, the creatine of muscles is eventually
converted into creatinine, which is excreted in the urine. However, by far the greater
part of the nitrogen in the urine of animals fed on a nitrogen-free diet is in the form
of urea (in mammals), the typical by-product of amino acid catabolism, which arises
from the turnover of body protein, as described in Chapter 11. The rate of protein
turnover varies considerably from one tissue to another, with some proteins, such as
those in the liver and intestines, being replaced in hours or days, and others, such as
those in bone and nerve tissue, being replaced in months or years. The amino acids
released when body proteins are broken down form a pool from which replacement
proteins can be synthesised.An amino acid may therefore be present in the liver one
day and in muscle protein the next. In effect, body proteins exchange amino acids
among themselves. However, like protein synthesis from absorbed amino acids, this
recycling is not completely efficient.Amino acids derived from one protein may not
be required in the next. Consequently, they are catabolised and the nitrogen con-
verted to urea, which is subsequently excreted in urine.

When an animal is initially placed on a nitrogen-free diet, the quantity of nitrogen
in its urine falls progressively for several days before stabilising at a lower level.
When nitrogen is reintroduced, there is a similar lag in the re-establishment of equi-
librium. This suggests that animals possess a protein reserve that can be utilised in
times of scarcity and restored in times of plenty.The tissues most readily depleted in
times of scarcity are those that are metabolically the most active and where the pro-
teins are most labile, such as the liver. Depletion of liver nitrogen is associated with

Table 14.5 Examples of the weekly workload of horses in the light, moderate,
heavy and very heavy exercise categories

Exercise

category

Mean 

heart rate

(beats/min)

Description (hours/week) Types of events

Light 80 1–3 (40% walk, 50% trot, Recreational riding
10% canter) Beginning training

Show horses (occasional)
Moderate 90 3–5 (30% walk, 55% trot,

10% canter, 5% low 
jumping)

Recreational riding
School horses
Show horses (frequent)

Heavy 110 4–5 (20% walk, 50% trot,
15% canter, 15% gallop 
and jumping)

Ranch work
Polo
Low/medium-level eventing
Race training (middle stages)

Very heavy 110–150 Various, ranging from 
1 hour per week of speed
work to 6–12 hours of 
slow work

Racing (speed or endurance)
Elite three-day eventing

Adapted from National Research Council 2007, Nutrient Requirements of Horses, Washington, DC,
National Research Council.
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some reduction in enzyme activity, and the reserve protein is therefore considered to
be a ‘working reserve’, which consists of the cytoplasmic proteins themselves.

Once the reserve protein has been depleted, urinary nitrogen excretion reaches a
minimal and approximately constant level. However, this level will be maintained
only if energy intake is adequate. If tissue protein is catabolised specifically to pro-
vide energy, then urinary nitrogen excretion will increase again.The amount of nitro-
gen excreted at this minimal level is known as the endogenous urinary nitrogen and
represents the smallest loss of body nitrogen commensurate with the continued exis-
tence of the animal. Endogenous urinary nitrogen can therefore be used to estimate
the nitrogen (or protein) requirement for maintenance. It is analogous to basal me-
tabolism, and in fact there is a relationship between the two. The proportionality
commonly quoted is 2 mg endogenous urinary nitrogen per kcal basal metabolism
(about 500 mg/MJ). For adult ruminants, however, the ratio is somewhat lower, at
300–400 mg endogenous urinary nitrogen per MJ fasting metabolism.The reason for
this is that ruminants on low-protein diets are capable of recycling urea back to the
rumen or large intestine. As a consequence, nitrogen that would be excreted in the
urine of non-ruminants is subsequently excreted in the form of microbial residues.
The total or basal endogenous nitrogen is calculated as the sum of endogenous uri-
nary nitrogen plus metabolic faecal nitrogen. For ruminants, basal endogenous ni-
trogen is approximately 350 mg N/kg W 0.75 and is equivalent to 1000–1500 mg/MJ
fasting metabolism, which is two or three times higher than that in non-ruminants.

When nitrogen is reintroduced into the diet, the quantity of nitrogen excreted in
the urine increases because of the inefficiency of utilisation of amino acids derived
from the diet. Urinary nitrogen excreted in excess of the endogenous component is
known as exogenous urinary nitrogen.This name implies that such nitrogen is derived
from food and not from body origin. However, with the exception of the creatinine
fraction of the endogenous portion, it is doubtful whether such a strict division is
justified. It is better to regard the so-called exogenous fraction as the extension of an
existing nitrogen loss rather than an additional loss because it reflects mainly an in-
crease in protein turnover and the inefficiency of amino acid utilisation.

The quantity of nitrogen (or protein) required for maintenance is that which will
balance the endogenous urinary and metabolic faecal losses of nitrogen (and also the
small dermal losses in hair, scurf and sweat).The two most common methods used to
measure these losses are analogous to those employed to measure energy require-
ments for maintenance. The first, analogous to the determination of fasting catabo-
lism, involves measuring the animal’s nitrogen losses when it is fed on a nitrogen-free
diet, and calculating the quantity of food nitrogen required to balance these losses.
The second, analogous to the measurement of maintenance requirements using feed-
ing trials (see p. 348), involves measuring the nitrogen intake required to produce
nitrogen equilibrium.

Feeding standards for maintenance (protein)

Ruminants

The starting point for the factorial calculation of the protein requirements of rumi-
nants adopted by AFRC (1993) is basal endogenous nitrogen (BEN) excretion, which
can be predicted as follows:

BEN (g N/day) = 0.35 W 0.75
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For a 600 kg cow the BEN loss would be 42.4 g/day. In cattle, dermal losses in hair
and scurf are predicted to be 0.018 W 0.75, which gives an additional loss of 2.2 g/day,
and a total loss of 44.6 g/day (or 279 g protein). In the UK metabolisable protein
system described in Chapter 13, absorbed amino acids are assumed to be utilised for
maintenance with an efficiency of 1.0. Consequently, the metabolisable protein
requirement for maintenance (MPm) of a 600 kg cow would be 279 g/day. The ap-
proach adopted by AFRC (1993) has been criticised on the basis that estimates of
BEN were derived from studies conducted with animals nourished by intragastric
infusion and therefore lacking a fully functional rumen. In addition, it does not differ-
entiate between endogenous urinary nitrogen and metabolic faecal nitrogen, which
is now known to vary directly with level of feeding.

Perhaps the greatest area of uncertainty in the estimation of protein requirements
for maintenance is associated with the prediction of metabolic faecal nitrogen and the
extent to which endogenous nitrogen secreted into the gut contributes to metabolic
faecal nitrogen output.The approach described by NRC (2001) and adopted by FiM
(2004) for dairy cows recognises that metabolic faecal protein (MFP) varies directly
with level of feeding and that much of the endogenous nitrogen entering the diges-
tive tract is reabsorbed, either directly or after degradation and incorporation into
microbial protein. Endogenous urinary protein (EUP, g/day) and dermal losses in
hair and scurf (g/day) are predicted as 4.1W 0.50 and 0.3W 0.60, respectively, whereas
MFP (g/day) is predicted from dry matter intake (DMI, kg/d) as 30 * DMI. This
approach recognises that some of the microbial protein synthesised in the rumen is
indigestible in the small intestine but may be degraded and absorbed in the large
intestine, and it assumes that 50 per cent of the indigestible microbial protein reach-
ing the hind gut is excreted in the faeces. Finally, a correction for endogenous protein
is included, which again recognises that the excretion of enzymes and sloughed cells
varies directly with level of feeding.Therefore, MPm is predicted as follows:

where DMI = dry matter intake (kg/day) and DMTP = digestible microbial true
protein (g/d).

The protein requirements for maintenance adopted by CSIRO (2007) are based
on ARC (1980), but they specify separate estimates for EUP and MFP and recognise
that MFP varies directly with level of feeding. For B. taurus breeds of cattle, EUP is
predicted as follows:

For B. indicus breeds, the predicted quantity is reduced by 20 per cent. For sheep,
EUP is predicted as follows:

For both cattle and sheep, MFP is predicted as 15.2 g/kg DMI, and dermal losses
(g/day) are predicted as AFRC (1993) as 0.11W 0.75(0.018W 0.75

* 6.25).
As indicated above, most of the protein systems for ruminants (see Chapter 13)

used around the world base their estimates of protein requirements for maintenance
on endogenous losses of nitrogen but use different factors to translate endogenous
losses into dietary requirements. For example, using the UK metabolisable protein

EUP (g/day) = 0.147 W + 3.375

EUP (g/day) = 16.1 ln W - 42.2

 +  2.34 DMI

 MPm = 4.1 W 0.50
+ 0.3 W 0.60

+ 30 DMI - 0.5((DMTP>0.8) - DMTP)
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system, the MPm of a 600 kg cow can be calculated to be 279 g/day (as above).This
protein is likely to be derived from microbial protein (MCP).When an allowance is
made for the proportion of true protein in MCP (0.75) and for the digestibility of
this true protein (0.85), the requirement for MCP is:

The quantity of MCP produced in the rumen depends on the quantity of organic
matter fermented and hence on the quantity of fermentable metabolisable energy
(FME). For cattle fed at a maintenance level, the relationship is quantified as approx-
imately 9 g MCP per MJ FME. Consequently, if the FME intake of the cow is 53 MJ/day
(approximates to its energy requirement for maintenance), the quantity of MCP sup-
plied would be 53 * 9 = 477 g/day.As can be seen, MCP alone (i.e. without any con-
tribution from digestible undegradable protein, DUP) should be sufficient to meet
the animal’s requirement for maintenance. In fact, for ruminants, it is often the
case that a diet that satisfies the energy requirement for maintenance of the animal
and the protein or nitrogen requirement of the rumen microorganisms will also sat-
isfy the animal’s protein requirement for maintenance.

The final step in the calculation might be to estimate the minimum level of protein
required in the cow’s diet. As microbial protein supply, and hence the protein re-
quirement of the rumen microorganisms, is greater than the animal’s requirement, the
diet must supply sufficient effective rumen-degradable protein (ERDP) for the rumen
microorganisms.Thus, ideally the diet should provide protein with a high degradabil-
ity. If the diet had an FME content of 8 MJ/kg DM, then the quantity required would
be 53�8 = 6.6 kg/day and the ERDP content required would be 477�6.6 = 73 g/kg
DM.This is similar to low- or medium-quality grass silage.At the low rumen outflow
rate expected at maintenance levels of feeding (0.02), protein degradability of silage
would be about 0.7, so the minimum protein content of the silage would need to be
73�0.7 = 104 g/kg DM. This diet would also supply about 15 g/kg DM of DUP,
although the animal would not require this for maintenance.

Pigs and poultry

As with energy, the protein requirements of pigs and poultry are usually stated for
maintenance and production together. However, it is possible to calculate the require-
ments of these animals for maintenance alone from endogenous losses. For example,
BSAS (2003) predicts that the protein requirement for maintenance of pigs can be met
by supplying 0.9 g of standardised ileal digestible protein (see Chapter 13) per kgW 0.75

per day.The recommended lysine requirement of pigs for maintenance is calculated
as 5.4 per cent of the standardised ileal digestible protein requirement.

Horses

For horses, protein requirements are stated in terms of crude protein (CP), and the
maintenance requirements published by NRC (2007) have been estimated by regress-
ing nitrogen intake against nitrogen retention to give an average nitrogen require-
ment for maintenance of 0.202 g N/kg/day, which is equivalent to a CP requirement
of 1.26 g/kg/day. However, based on variation in maintenance requirements between
horses and the assumption that more active horses have more lean tissue to support,
three levels for maintenance are provided, similar to those described for energy.

 = 438 g

 MCP for maintenance (g/day) = 279>(0.75 * 0.85)
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Thus, the minimum CP requirements for maintenance of sedentary and more active
horses are predicted as 1.08 and 1.44 g/kg/day, respectively.

In addition to protein required for maintenance, horses that are undertaking work
(exercise) require additional protein for muscle gain (MG) and sweat loss (SL). The
CP required for MG depends on the level of exercise intensity, and NRC (2007) esti-
mates the requirement to be 0.089, 0.177, 0.266 and 0.354 g/kgW for horses under-
taking light, moderate, heavy and very heavy exercise, respectively (see Table 14.5).
Sweat loss also increases with exercise intensity and has been estimated to be 0.25,
0.50, 1.00 and 2.00 per cent of body weight for horses in each exercise category. On
average, the CP content of sweat is 7.8 g/kg. If the efficiency of protein utilisation is
assumed to be 50 per cent and the digestibility of dietary protein is assumed to be
79 per cent, then the additional protein requirement for exercise can be predicted as
follows:

The recommended lysine requirement of horses for maintenance and exercise is
calculated as 4.3 per cent of the CP requirement.

CP exercise (g/day) = (MG * W ) + [(SL * 7.8 * W )>0.633]
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Fig. 14.2 The typical sigmoid growth curve of a dairy cow.

14.2 NUTRIENT REQUIREMENTS FOR GROWTH

As animals grow they increase in both size and weight.All animals start their lives as a
single cell weighing almost nothing, and then grow to reach mature weights that range
from 2 kg for a laying hen to over 1000 kg or more for a bull.The pattern by which
animals grow from conception to maturity can be represented by a sigmoid (s-shaped)
curve, as presented in Fig. 14.2. During the foetal period and from birth to puberty,
the rate of growth increases; after puberty, it progressively decreases as the animal
reaches maturity. In practice, a number of factors such as the animal’s environment
and nutrition may cause its growth to deviate from this sigmoid curve. Periods of
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food scarcity (cold or dry seasons) may retard growth or even cause the animal to lose
weight, after which periods of food abundance will allow the animal to grow more
rapidly. In general, animals kept under conditions of so-called ‘intensive’ husbandry
will follow the growth curve illustrated in Fig. 14.2, whereas those kept under natural
(extensive) conditions will follow more interrupted curves, with their overall growth
rate being more variable than the idealised pattern.

As animals grow, not only do they increase in size and weight but also they show
what is termed development. By this we mean that the various parts of the animal,
defined as anatomical components (e.g. legs), organs (e.g. liver) and tissues (e.g. mus-
cle) grow at different rates, so that as the animal grows its proportions change. For
example, in cattle, the birth weight of a calf is approximately 40 kg and the head,
which is relatively large, accounts for 6.2 per cent of its body weight. However, by
the time the calf reaches 100 kg, the head accounts for only 4.5 per cent of its body
weight and this proportion continues to decline until the animal reaches maturity. In
the 1940s, John Hammond, at Cambridge University, described the development of
animals as a series of ‘growth waves’. For example, in relation to the major tissues,
during early life (including prenatal life) nerve and bone tissues are given priority for
nutrients and grow rapidly, later muscle has priority, and finally adipose tissue grows
the most rapidly.When animals grow fast, these waves of growth overlap each other,
such that a fast-growing animal will begin to deposit substantial amounts of fat
whilst muscle growth is still in progress.

Animal growth and animal nutrition are inherently linked, in the sense that one
can influence the other.The growth pattern of an animal determines its nutrient re-
quirements. Conversely, by altering its nutrition, an animal’s growth pattern can be
modified. Another aspect of this interaction is that the growth pattern of an animal
determines the composition of the product of growth (i.e. meat), and so affects the
consumer of meat, man.

When feeding animals for meat production, farmers are often aiming to produce
carcasses with a particular specification in terms of weight and composition. How-
ever, animals used for other purposes, such as reproduction, milk or egg production,
may need to follow growth patterns that differ from those of meat animals.The main
objective of this section of the chapter is to show how nutrient requirements for
growth are determined and how they may vary, depending on the nature of the ani-
mal and the purpose for which it is kept.A secondary objective is to show how ani-
mal growth and development may be modified by control of nutrition. Although
growth starts from conception, that which occurs in utero (or in the avian egg) forms
a specialised subject that is covered in Chapter 15. This section is concerned solely
with postnatal growth.

The chemical composition of gain

Although growth and development can be measured in terms of body parts, organs
and tissues, nutritionists are primarily interested in growth of the chemical compo-
nents that make up an animal’s body, because this determines their nutrient require-
ments. Protein, water and ash (together with essential lipids such as phospholipids and
carbohydrates such as glycogen), are combined in relatively constant proportions to
form the lean body mass of an animal referred to earlier (see p. 270). In addition, the
animal contains a variable proportion of storage lipid. Both protein and lipid contribute
to the energy content of the body. In addition to these integral components, the body
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Fig. 14.3 Growth of protein, fat and energy in cattle.

Plotted from the data of the Agricultural Research Council 1980 The Nutrient Requirements of Ruminant
Livestock, Farnham Royal, Commonwealth Agricultural Bureaux.

also contains the extraneous and variable gut and bladder contents.The growth of all
these components can be investigated by slaughtering and analysing animals at suc-
cessive stages of growth. Figure 14.3 presents the results of a large data set showing
the body composition of cattle, with the weight of each body component being plot-
ted against empty body weight, which is liveweight minus gut and bladder contents.

Figure 14.3 shows that as the empty body weight of an animal increases, the
weights of all the chemical components that make up the body increase, but at dif-
fering rates. Fat is deposited at an increasing rate and the lean body components
(exemplified in Fig. 14.3 by protein) are deposited at decreasing rates. The energy
content of the body increases in a similar way to the fat content. The relationship
between the weight of each component and empty body weight appears to be curvi-
linear. However, when all the weights are expressed as their logarithms, the relation-
ships can be described by straight lines.

The equations for the logarithmic relationships are of the form:

where y = weight of the component and x = empty body weight.The algebraic form
of this equation is:

Such equations are known as allometric equations and were first introduced by J S
Huxley in 1932.The coefficient a is known as the growth coefficient and is a measure of
the rate of growth of a part relative to the rate of growth of the whole animal. If it has a
value greater than unity, then the part is growing faster than the whole, and its contribu-
tion to the whole is increasing.The part in question is thus described as a late-maturing
part. Conversely, if the growth coefficient is less than unity, then the part’s contribution
to the whole is decreasing and the part can be described as early-maturing.

y = bxa

log y = log b + a log x
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Differentiation of the allometric equations allows the composition of empty body
weight gain to be determined for any particular body weight or range in body
weights.Table 14.6 illustrates this procedure when applied to the data used to derive
Fig. 14.3. The table shows that as the animal grows, the composition of its empty
body weight gain changes in accordance with Hammond’s growth waves. In early
life, the gain consists mainly of the water, protein and minerals (ash) required for
growth of bone and muscle; later, the gain contains a higher proportion of fat and as
a result its energy content increases.

Allometric equations can be used to study growth in other ways. For example, the
range of chemical components could be widened to include individual amino acids
or mineral elements, with the analysis being used to define the requirements for
these nutrients.They can also be applied to particular organs or tissues.

Although the principal factor influencing the composition of gain made by grow-
ing animals, and hence their nutrient requirements for growth, is their body weight,
there are other factors that affect the composition of gain.Animal species is an obvi-
ous factor. At a specific weight, small species (low mature weight) will be at a more
advanced stage of growth and maturity than large species. For example, at a liveweight
of 60 kg the composition of gain made by sheep contains approximately 500 g/kg fat,
whereas that of cattle contains only 75 g/kg.The composition of gain made by several
species is presented in Table 14.7.

If at a given empty body weight the composition of gain differs between small
and large species, then it seems logical that within a species, the composition of
gain will differ between small and large breeds. Table 14.8 illustrates this effect in
cattle. It seems that the real determinant of the composition of gain is not absolute
body weight but rather body weight relative to the mature weight of the animal.
This theory is supported by looking at the effects of sex on the composition of gain
(also presented in Table 14.8). Females are generally smaller than males at maturity.
Consequently, at a specific weight their gain contains more fat and energy than that
of males. Castrates tend to be intermediate between males and females.

Table 14.6 Composition of the empty body weight (EBW) gain 
made by cattle of a medium-sized breed

Empty body 

weight (kg)

Protein 

(g/kg)

Fat 

(g/kg)

Energy 

(MJ/kg)

50 181 86 7.65
100 167 148 9.76
150 160 204 11.80
200 155 256 13.72
300 148 353 17.36
400 144 442 20.77
500 140 527 24.01

Log10 protein � 0.8893 � log10 EBW - 0.5037
Log10 fat � 1.788 � log10 EBW � 2.657
Energy � 23.6 � protein � 39.3 � Fat

Adapted from Agricultural Research Council 1980 The Nutrient Requirements 
of Farm Livestock, Farnham Royal, Commonwealth Agricultural Bureaux.
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A final factor influencing the composition of gain is the growth rate of the animal.
From the growth wave theory it seems logical that immature animals with limited
nutrients available for growth, and therefore growing slowly, will use them for bone
and muscle growth, whereas animals with more nutrients available will also store fat.
Thus, the fat content (g/kg) of the gain of a pig growing at 0.9 kg/day is likely to be
greater than that of a pig growing at 0.3 kg/day.This is commonly the case, although
the effect is small in very immature animals and in genotypes selected for restricted
fat deposition.

Feeding standards for growth (energy)

Ruminants

The UK Agricultural Research Council (ARC 1980) analysed data on the body compo-
sition of a large number of cattle and sheep of different sexes slaughtered at various
weights and ages. Some of the results of these analyses for cattle are presented in

Table 14.7 Percentage composition and energy content of the gain made by
animals of various ages and liveweight

Animal

Liveweight 

(kg) Age Composition of gain (g/kg)

Water Protein Fat Ash

Energy

(MJ/kg)

Fowl (White Leghorn 0.23 4.4 weeks 695 222 56 39 6.2
pullets, slow 
growth)

0.7 11.5 weeks 619 233 86 37 10.0
1.4 22.4 weeks 565 144 251 22 12.8

Sheep (Shropshire 9 1.2 months 579 153 248 22 13.9
ewes) 34 6.5 months 480 163 324 31 16.5

59 19.9 months 251 158 528 63 20.8
Pig (Duroc-Jersey 23 – 390 127 460 29 21.0

females) 45 – 380 124 470 28 21.4
114 – 340 110 520 24 23.3

Cow (Holstein heifers) 70 1.3 months 671 190 84 – 7.8
230 10.6 months 594 165 189 – 11.4
450 32.4 months 552 209 187 – 12.3

Table 14.8 Differences between breeds and sexes in the body composition of
cattle of 300 kg empty body weight

Component Breed Sex

Male Castrate Female

Protein (g/kg) Aberdeen-Angus 172 161 150
Holstein 186 187 167

Fat (g/kg) Aberdeen-Angus 190 227 314
Holstein 136 172 213

Calculated from the data of Ayala H J 1974. PhD thesis, Cornell University, Ithaca, NY, USA.

Adapted from Mitchell H H 1962 Comparative Nutrition of Man and Domestic Animals, Vol. 1, New York
and London, Academic Press.
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Figs. 14.3 and 14.5. Based on these data, AFRC (1993) predicts that for cattle the
energy content of the gain made by castrate males of a medium-sized breed can be
predicted as follows:

where EVg = energy value of liveweight gain (MJ/kg),W = liveweight (kg) and  LWG
= liveweight gain (kg/day).

The first bracketed term in the equation describes the increasing energy content
of gain as cattle increase in size, and the second term describes the correction for the
increasing energy content of gain associated with higher liveweight gains. Thus, the
energy value of the gain (EVg) in a 100 kg animal gaining at 0.5 kg/day is predicted
to be 7.9 MJ/kg, whereas the EVg in a 500 kg animal gaining at the same rate would
be 19.9 MJ/kg. The corresponding values for animals gaining at 1.0 kg/day are pre-
dicted to be 8.6 MJ/kg and 21.6 MJ/kg, respectively.

To account for the effects of breed and sex on EVg, a simple 15 per cent correc-
tion factor has been adopted.Thus, for small breeds (early-maturing) and females the
value predicted is increased by 15 per cent, and for large breeds (late-maturing) and
males (bulls) the value is reduced by 15 per cent.Thus, a 500 kg female of a small breed
growing at 0.5 kg/day would be predicted to gain 19.9 * 1.15 * 1.15 = 26.3 MJ/kg.

For sheep, the data analysed by ARC (1980) showed a large effect of sex on EVg,
but only a small effect of breed (Merinos having more fat and hence a higher EVg
than other breeds), and no significant effect of rate of gain. Based on these data,
AFRC (1993) predicts that for sheep EVg can be predicted as follows:

Males: EVg = 2.5 + 0.35W
Castrates: EVg = 4.4 + 0.32W
Females: EVg = 2.1 + 0.45W

The predicted EVg of male, castrate and female lambs of 30 kg liveweight would be
13.0 MJ/kg, 14.0 MJ/kg and 15.6 MJ/kg, respectively.

In Australia, CSIRO (2007) has adopted an ingenious approach that allows the EVg
of both cattle and sheep, of almost any breed and of any rate of gain, to be predicted
using a simple set of equations.The basis of the approach adopted by CSIRO (2007)
is to allocate a ‘standard reference weight’ (SRW) to each class of animal, which is
defined as ‘the liveweight that would be achieved by that animal when skeletal de-
velopment is complete and the condition score is in the middle of the range (i.e. con-
dition score 3 for beef and sheep)’.Thus, the SRW varies between breeds and sexes
and is higher for large (late-maturing) breeds than for small (early-maturing) breeds.
Similarly, the SRW for bulls is higher than that of castrates and females. For example,
male, castrate and female Friesian cattle are allocated SRW of 770 kg, 660 kg and
550 kg, respectively.The main variables for the prediction of EVg are the liveweight
of the animal relative to its SRW and its rate of gain (R), as follows:

where Z = current W�SRW, R = adjustment for rate of gain or loss = (L - 2), where L
is level feeding (MEI�MEm), and a, b and c = coefficients used in the equation (a =

6.7, b = 20.3 and c = 1.0).
Using this equation, the NEg of a 30 kg castrated Suffolk lamb (SRW 66 kg) fed at a

level of twice maintenance would be 19.2 MJ/kg, which is higher than that predicted
by AFRC (1993).Although this approach has proved suitable for all breeds of sheep

NEg = (a + cR) + (b - cR)>[1 + exp(-6 (Z-0.4))]

EVg = (4.1 + 0.0332 W - 0.000009 W 2)>(1 - 0.1475 LWG)
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and most breeds of cattle, it has had to be modified for large European breeds, such
as the Charolais and Simmental. These breeds are capable of making gains that are
unusually low in fat and hence energy content. In the USA, the NRC (2000) has also
adopted the concept of a standard reference weight to calculate the energy require-
ments for gain in cattle.

Pigs

In the UK, the energy requirements for growth of pigs are published by BSAS (2003)
and expressed in terms of NE. Three pig types are defined, which differ in their
growth characteristics, in particular the rate of protein deposition: exceptionally lean
and fast-growing (maximum rate of protein retention 0.230 kg/day), intermediate
(maximum rate of protein retention 0.170 kg/day) and commercial (maximum rate
of protein retention 0.120 kg/day). The effects of sex are not specifically accounted
for, but males are considered to be lean and fast-growing and castrates are consid-
ered to be commercial types. The growth of each pig type is modelled and NE
requirements for both maintenance and growth are presented for pigs in different
weight categories.The fixed factors in the model are the NE requirements for main-
tenance plus activity (0.750 W 0.75

* 1.10), as discussed previously, and the energy
content of protein and fat (23.6 MJ/kg and 39.3 MJ/kg, respectively).The model pre-
dicts the rate of protein deposition (Pr) and lipid mass (Lt) from the protein mass
(Pt) of each pig type as follows:

where Ptmax = the asymptote for protein mass (50, 40 and 30 kg for lean, intermedi-
ate and commercial types, respectively), Pt = the present protein mass (kg), B = the
growth rate parameter (0.0125, 0.0117 and 0.0110 for lean, intermediate and com-
mercial types, respectively), and b = allometric exponent (1.10, 1.20 and 1.30 for
lean, intermediate and commercial types, respectively).

Once the protein and lipid mass are known, the liveweight of the animal can be
calculated from its body composition as the sum of its water, ash, protein and lipid
content, assuming that lean tissue contains approximately 238 g/kg protein and that
gut fill constitutes 60 g/kg liveweight, as follows:

By modelling pig growth, the rates of protein and lipid retention at different
liveweights can be predicted and NE requirements calculated. For example, for a 65 kg
intermediate-type pig, the model predicts that the rate of protein and lipid retention
would be approximately 0.172 kg/day and 0.170 kg/day, respectively, and the NE
requirement would be calculated for maintenance and growth as follows:

The model can also be used to predict animal performance. For example, if the
NE intake of the pig was restricted to 20.0 MJ/day and the predicted rate of protein
retention is 0.172 kg/day, the rate of lipid retention can be predicted as follows:

NE intake = 20.0 MJ/day
NE for maintenance and activity [(0.750W 0.60) * 1.10] = 10.1

 = 20.8 MJ/day

 NE = [(0.750 W 0.60 ) * 1.10] + (23.6 * 0.172) + (39.3 * 0.170)

Liveweight (kg) = (3.62 Pt0.938
+ 0.265 Pt0.928

+ Pt + Lt) * 1.06

 Lt (kg) = 0.5 * Ptb

 Pr (kg/day) = B * Pt * ln(Ptmax>Pt)
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NE for production (20.0 - 10.1) = 9.9
NE for protein deposition (23.6 * 0.172) = 4.1
NE for fat deposition (9.9 - 4.1) = 5.8
Fat deposited (5.8�39.3) = 0.147 kg/day

The energy requirements of growing pigs may also be expressed in terms of ME
by assuming that the ME requirement for maintenance (MJ/day) is 0.44 W 0.75 and
that the efficiency of ME utilisation for protein and lipid retention is 0.44 and 0.74,
respectively. Similarly, requirements can be expressed in terms of DE by assuming
that ME can be predicted as 0.96 * DE. For the example of the 65 kg intermediate-
type pig given above, the ME and DE requirement would be 29.4 MJ/day and
30.6 MJ/day, respectively.

In pigs, the fastest growth is achieved by allowing animals to eat to appetite, and
most commercial pig types can eat to appetite from birth to slaughter without laying
down excessive fat. Food intake is the link between nutrient requirements and the
concentration of nutrients in animal diets, and knowledge of food intake is essential
for the practical application of feeding standards. Typically the food intake of pigs
consuming a diet with a NE content of 9.4 MJ/kg (DE 13.2 MJ/kg) would rise grad-
ually from 1.01 kg/day at 20 kg to 1.96 kg/day at 50 kg and 2.62 kg/day at 90 kg.
Where the food intake is different from published guidelines, then appropriate
adjustments should be made to the nutrient concentration in the diet to ensure that
the nutrient requirements of the pig are satisfied.

Poultry

With the exception of birds reared for breeding (see Chapter 15), growing poultry
are normally fed to appetite, and nutrient requirements are therefore expressed not
as quantities required per day but as the nutrient concentrations in the diet (see
Appendix 2,Table A2.10).

As explained in Chapter 17, the quantities of food eaten by poultry are inversely
related to the concentration of energy in their diets.This means that if the energy con-
centration of a diet is increased without a corresponding change in the concentration of,
for example, protein, then the birds will begin to eat less of the diet. Consequently,
although their energy intake may remain approximately the same, their protein intake
will fall and the birds may be deficient in protein. In general, a nutrient concentration
that is adequate for a diet of low energy content may be inadequate for a diet of higher
energy content. It follows that feeding standards expressed as nutrient concentrations
are satisfactory only when applied to a diet with a specific energy concentration. The
standards presented in Appendix 2,Table A2.10 for chicks up to 6 weeks of age are ap-
propriate to diets containing 11.5 MJ ME/kg and would need to be adjusted for diets
containing more or less energy. Some adjustments are discussed later in this chapter.

Horses

The energy requirements of growing horses (DE, MJ/kg gain) published by NRC
(2007) are derived from published studies in which the energy intake and growth rate
of horses were recorded.The DE requirement for gain was estimated by subtracting
the DE requirement for maintenance from the DE intake and dividing by the daily
gain. Using these data the DE requirement for gain (MJ/kg gain) can be predicted
from the age of the animal in months (x) as:

DE (MJ/kg gain) = 8.33 + 5.06x - 0.088 x2
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Note that the likely effects of breed, sex and rate of gain on the energy require-
ments for gain are not taken into account by this equation. For a horse of 12 months
of age, this equation predicts that the energy requirement for gain would be 56.4 MJ/kg.
Using the French NE system, the energy requirement for growth is estimated using
an allometric equation, which varies with age and rate of gain.

Feeding standards for growth (protein)

Ruminants

In the UK, the protein requirements of growing animals are estimated using the fac-
torial approach described earlier (see p. 358), with the protein requirement for growth
being added to the protein requirements for maintenance to give the total protein
requirement. In cattle, the net protein requirement for growth (NPg, g/day) is pre-
dicted from the animal’s liveweight and its rate of gain (LWG, kg/day) as follows:

The predicted value is increased by 10 per cent for bulls and large breeds and
reduced by 10 per cent for heifers and small breeds. Thus, the NPg of a 300 kg bull
of a large breed gaining at 1.2 kg/day would be calculated as 128 * 1.10 * 1.10 *
1.20 = 186 g/day. In sheep, NPg is also calculated from liveweight but, as with energy,
no account is taken of rate of gain, as follows:

The approach adopted by CSIRO (2007) to calculate the protein requirement for
gain is similar to that described for energy (see p. 355), with the NPg being calcu-
lated from the liveweight of the animal relative to its standard reference weight
(SRW) and its rate of gain as:

where Z =W�SRW, R = adjustment for rate of gain or loss = (L - 2), where L = level
of feeding (MEI�MEm), and a, b and c = coefficients used in equation (a = 5.0,
b = 3.3 and c = 0.1).

Using this equation, the NPg of a 300 kg bull of a large breed (SRW 770 kg) fed
at twice maintenance would be approximately 142 g/kg, which is slightly lower than
the 154 g/kg predicted by AFRC (1993). In the USA, NRC (2000) adopts a similar
approach to that used by CSIRO (2007).

As stated previously, most protein systems for ruminants use different factors to
translate NP requirements into MP and dietary protein requirements. Using the UK
metabolisable protein system, the efficiency of MP utilisation for gain in both cattle
and sheep is assumed to be 0.59. Thus, using the example given above, the MP
requirement for gain would be 186�0.59 = 315 g/day.When this is added to the MP
requirement for maintenance (166 g/day), the total MP requirement would be 481
g/day. If the fermentable metabolisable energy (FME) intake is 64 MJ/day, the micro-
bial protein yield would be 64 * 10 = 640 g/day, which would supply 640 * 0.75 *
0.85 = 408 g of the animal’s MP requirement.The MP deficit, 481 - 408 = 73 g/day,
would need to be supplied from digestible undegradable protein (DUP). Thus, the

NPg = (a - cR) - (b - cR)>[1 + exp(-6(Z-0.4))]

 Females: MPg = LWG * (156.1 - 1.94 W + 0.0173 W2)

 Males and castrates: MPg = LWG * (160.4 - 1.22 W + 0.0105 W2)

 *  (1.12 - 0.1223 LWG)

 NPg = LWG * (168.07 - 0.16869 W + 0.0001633 W2)
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diet would need to supply 640 g/day of effective rumen-degradable protein (ERDP)
and 73 g/day of DUP. If the bull’s dry matter intake was 6.2 kg/day, the dietary con-
centrations required would be 103 g/kg and 11.8 g/kg DM, respectively.

In the previous example of the calculation of protein requirements, the require-
ment was calculated for maintenance only and could be satisfied by microbial protein
supplied from the rumen. However, in young, rapidly growing animals, the protein
requirement is relatively high compared with the energy requirement. Consequently,
protein synthesis in the rumen is not always sufficient to satisfy the animal’s require-
ments, and there is a need for undegradable dietary protein (UDP).To keep the cor-
rect balance between rumen-degradable and -undegradable protein, a source of UDP
would probably need to be included. Alternatively, the total protein content of the
diet could be increased.This might then supply sufficient UDP but would oversupply
degradable protein. Suckled animals at grass have a good supply of DUP, as milk
protein bypasses the rumen via the oesophageal groove (see p. 172), and have a good
supply of ERDP from other foods such as grazed grass.

Pigs and poultry

In addition to a general requirement for protein, non-ruminant animals have a spe-
cific dietary requirement for the ten or so essential (or indispensable) amino acids.
Over the past 30 years many experiments have been conducted to determine the
quantitative requirements for essential amino acids, and protein requirements have
now been supplemented (or even replaced) by requirements for some or all of these
amino acids. Requirements may also be stated in terms of ‘ideal protein’ (protein
containing essential amino acids in exactly the proportions required by the animal)
or ‘standardised ileal digestible amino acids’, as explained in Chapter 13.

In some circumstances it is possible to express protein requirements in terms of
total protein alone, for example if animals are fed on a limited range of foods of
known amino acid composition.This is the case for growing pigs in the USA that are
fed mainly on maize and soya bean meal. Such a simplified approach cannot be sus-
tained when a wider range of foods and by-products are used, and when diets must
be formulated not only to maximise growth but also to optimise carcass composi-
tion. Feed compounders therefore formulate pig diets to meet the requirements for
at least three amino acids (lysine, methionine + cystine and threonine).They will also
take into account the availability of certain amino acids, assessed from digestibility
at the terminal ileum (as explained in Chapter 10).

The requirements of pigs and poultry for essential amino acids

The requirement for an essential amino acid is assessed by feeding diets containing
different levels of the amino acid in question, but equal levels of the remaining
acids, and measuring growth or nitrogen retention. Diets differing in the content of
one amino acid may be prepared from foods that are deficient in that amino acid,
to which measured amounts of the pure amino acid are added. Figure 14.4 shows
the outcome of an experiment to determine the lysine requirement of chicks in
which a diet low in lysine was supplemented to give diets ranging from 7g/kg to
14 g/kg lysine. From this experiment, it was concluded that the lysine requirement
was 11 g/kg. In more recent experiments, it has been found to be more convenient
to use synthetic diets in which much or all of the nitrogen is in the form of pure
amino acids.
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Fig. 14.4 Growth of chicks given diets containing different levels of lysine.

Plotted from the data of Edwards H M, Norris L C and Heuser G F 1956 Poultry Science 35: 385.

Requirements for essential amino acids in poultry and pigs have been devised,
and some of these are presented in Appendix 2, Tables A2.9 and A2.10. However,
there are considerable complications associated with defining amino acid require-
ments because of interactions between the essential amino acids, between essential
and non-essential amino acids, and between amino acids and other nutrients. In
chicks, the requirement for glycine is increased by low concentrations of methionine,
arginine or B vitamins. Similarly, one amino acid may be converted to another. For
example, if cystine or its metabolically active form cysteine is deficient in the diet, it
can be synthesised by the animal from methionine.The requirement for methionine
is therefore partly dependent on the cystine (or cysteine) content of the diet, and the
two amino acids are often considered together (i.e. the requirement is stated for
cystine + methionine). It should be noted, however, that the two are not mutually
interconvertible; methionine is not synthesised from cystine and therefore part of
the total requirement must always be met by methionine. Phenylalanine and tyrosine
have a similar relationship, and in the chick glycine and serine are interconvertible.

Further complications also arise from the relationships between amino acid re-
quirements and the total protein content of the diet. If the latter is altered to com-
pensate for a change in energy content, then the amino acid requirements will also
change. For this reason, amino acid requirements are sometimes expressed as g/MJ
of DE or ME.

Formulating diets to meet the requirement for 10 or 11 essential amino acids is
likely to be difficult, as in theory there is almost unlimited scope for adjusting dietary
components (including synthetic amino acids) to ensure that the essential amino
acid supply matches the requirement. However, in practice the relative proportions of
different amino acids supplied by the diet often fail to match the requirements, and
they are inefficiently utilised because one or two amino acids are very markedly
deficient. By comparing the amino acid requirements with the amino acid composi-
tion of typical diets, it has been shown that the ‘first-limiting’ amino acid for pigs is
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lysine, whereas for chicks the ‘first-limiting’ amino acid is commonly methionine,
although lysine and arginine may also be deficient.

In the UK the net protein (NP, kg/day) requirement of growing pigs is predicted
from the protein requirement for maintenance (NPm) and the rate of protein reten-
tion (Pr). As stated previously, BSAS (2003) predicts NPm as 0.0009 W0.75, and Pr
using the equation presented on p. 367.The net lysine requirement is assumed to be
5.8 per cent and 7.0 per cent of the maintenance and retained protein requirement, re-
spectively, and, on the assumption that amino acids are supplied in balanced propor-
tions, the efficiency of utilisation of absorbed amino acids is assumed to be 0.82
(lower efficiencies (0.74–0.82) may be appropriate for some diets). In addition, the
basal endogenous loss of lysine is assumed to be 5 per cent of ingested lysine.Thus, the
standardised ileal digestible lysine requirement (SIDL, kg/day) is calculated as follows:

The dietary lysine requirement is calculated by assuming that the ileal digestibility
of lysine is 0.84.The balance of the other essential amino acids required is expressed
relative to lysine, where lysine equals 1.0 (Table 14.9).The minimum requirement for
non-essential amino acids, and hence the total protein requirement, is calculated as
2.5 times the sum of the requirement for essential amino acids.

In practice, when formulating diets for pigs and poultry, it is essential to ensure that
the diet provides sufficient protein and adequate levels of the most limiting amino acids

SIDL = {[(0.0009 W 0.75
* 0.058) + (Pr * 0.07)]>0.82} * 1.05

Table 14.9 Example of the calculation of the essential amino acid requirement
and the total protein requirement of a 65 kg intermediate-type growing pig
retaining 0.172 kg protein per day

Essential amino acid Ideal balance of

essential amino

acids relative to

lysine

Standardised ileal

digestible amino

acid requirement

(g/day)

Dietary amino 

acid requirement

(g/day)a

Lysine 1.00 16.9 20.1
Methionine 0.30 5.1 6.1
Methionine + cystine 0.59 9.8 11.6
Threonine 0.65 11.0 13.1
Tryptophan 0.19 3.2 3.8
Isoleucine 0.58 9.8 11.7
Leucine 1.00 16.9 20.1
Histidine 0.34 5.7 6.8
Phenylalanine 0.57 9.6 11.4
Phenylalanine + tyrosine 1.00 19.9 23.7
Valine 0.70 11.8 14.0

Total essential amino acids 105.0 124.9
Total non-essential amino acids 262.5 312.2
Total protein 367.5 437.1

aCalculated on the assumption that the standardised ileal digestibility of amino acids is 0.84.
If true values are known and different, then values should be calculated accordingly.

Adapted from British Society of Animal Science 2003 Nutrient Requirement Standards for Pigs, Penicuik,
British Society of Animal Science.
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(lysine and methionine). However, it should be remembered that, for pigs at least,
total protein requirements have often been set relatively high in order to compen-
sate for diets containing low-quality protein sources (i.e. those deficient in limiting
amino acids). However, as more attention is paid to specific amino acids, the total
quantity of protein required will be reduced.

Horses

The protein requirement of young growing horses is expressed by NRC (2007) in
terms of CP and is calculated as the sum of the CP requirement for maintenance and
body weight gain.The highest of the three levels of protein required for maintenance
is adopted on the basis that young growing horses are more active.The protein con-
tent of body weight gain is assumed to be 20 per cent and the efficiency of utilisation
of absorbed protein for gain is assumed to vary with the age of the horse.The aver-
age digestibility of dietary protein is assumed to be 79 per cent.Thus, the crude pro-
tein requirement is calculated as follows:

where BWG = body weight gain (kg/day), E = efficiency of protein utilisation
(4–6 months = 0.5, 7–8 months = 0.45, 9–10 months = 0.40, 11–12 months = 0.35,
�12 months = 0.30).

Although evidence suggests that exercise improves the efficiency of protein utili-
sation in horses, no allowance is currently included for this. Lysine has been shown
to be the first limiting amino acid, and the lysine requirement is calculated as 4.3 per
cent of the CP requirement. The protein requirements of growing horses calculated
by the French NE system are similar to those predicted by NRC (2007).

CP (g/kg W ) = 1.44 W + [(BWG * 0.20)>E]>0.79

14.3 NUTRIENT REQUIREMENTS FOR WOOL PRODUCTION

Wool fibres grow from follicles formed by invagination of the epidermis, with a bulb
at the base of the follicle being the site of active cell division.As the blood supply to
the epidermis is subject to large fluctuations (e.g. in response to environmental tem-
perature), metabolism of the follicles needs to be protected from variations in oxygen
and nutrient supply. Consequently, the follicles have stores of energy in the form of
glycogen and glutamine, which can be released by aerobic or anaerobic glycolysis,
which is less dependent on a supply of oxygen than the tricarboxylic acid cycle and
produces lactate (see Chapter 9). Wool fibres consist almost entirely of the protein
keratin, which is characterised by its high content of the sulphur-containing amino acid
cystine, which is synthesised from the essential amino acid methionine. Methionine is
also used by the follicles to synthesise the polyamines required for protein synthesis.
Thus, wool follicles require a good supply of the sulphur-containing amino acids.

The weight of wool produced by sheep varies considerably from one breed to an-
other, and an average value is useful only as an example. The typical annual fleece
production of a 50 kg Merino would be approximately 5.0 kg, of which about 3.0 kg
(60 per cent) represents clean dry wool fibres, with the remaining 2.0 kg (40 per
cent) being wool wax, suint, dirt and water.Wool wax is produced by the sebaceous
glands and consists mainly of esters of cholesterol and other alcohols, along with the
fatty acids normally found in glycerides. Suint, the secretion of the sudoriferous
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glands, is a mixture of inorganic salts, potassium soaps and potassium salts of lower
fatty acids.

In order to grow in a year a fleece containing 3.0 kg protein, sheep would need to
deposit approximately 8.2 g/day of protein or 1.3 g/day of nitrogen. If this latter fig-
ure is compared with the 6.6 g/day nitrogen that a 50 kg sheep might lose as endoge-
nous nitrogen, then it can be seen that in relation to its maintenance requirement,
the sheep’s nitrogen requirement for wool production is relatively small. However,
these figures do not tell the whole story because the efficiency of amino acid utilisa-
tion for wool production is considerably lower than that for maintenance. The effi-
ciency with which dietary protein is converted into wool depends on the relative
proportions of cystine and methionine. Keratin contains 100–120 g/kg of these
amino acids, compared with the 20–30 g/kg found in plant proteins and in microbial
protein synthesised in the rumen. As a consequence, the biological value of food
protein for wool growth is likely to be not more than 0.3. In the UK metabolisable
protein system, the efficiency of MP utilisation for wool production is 0.26.

With regard to energy requirements, wool continues to grow even when sheep are
chronically undernourished. Consequently, the energy required for wool production
could be considered as an integral part of the energy requirement for maintenance.
Indeed, many of the determinations of km and kg in sheep were derived from studies
conducted with sheep gaining 6.0 g of fleece per day. In the UK,AFRC (1993) sug-
gests that the NE requirement for wool growth (NEw) (assuming a rate of fleece
growth of 5.5 g/day) is either 0.13 MJ/day or 0.25 MJ/day for most breeds and
wool-producing breeds of sheep, respectively, and the efficiency of ME utilisation for
wool production (kw) is 0.18. Consequently, the ME requirement for wool produc-
tion (MEw) is either 0.72 MJ/kg or 1.4 MJ/day. For most breeds of sheep, this amount
is relatively small and is usually ignored.The approach adopted by CSIRO (2007) is
similar to that of AFRC (1993), in that the NEw for fleece growth is assumed to be
0.13 MJ/day and kw is assumed to be 0.18. However, they accept that the energy
requirement for maintenance already includes an element for fleece growth, and it is
suggested that an allowance for wool growth should be included only if wool growth
exceeds 6.0 g/day.

As indicated above, nutrient requirements for wool production are relatively
small. However, wool growth reflects the general nutrition of the animal. Although
wool continues to grow at submaintenance levels of nutrition, the rate of wool pro-
duction increases as the plane of nutrition increases and sheep gain in weight. In the
AFRC (1993) system, the net protein requirement for wool production (NPw) is
linked to the net protein requirement for growth (NPg) by the following equation:

Thus, for a 30 kg male lamb gaining at 0.2 kg/day, the predicted NPg would be
9.2 g/day and NPw would be 3.9 g/day. As the efficiency of metabolisable protein
(MP) utilisation for wool production is 0.26, the MP requirement for wool produc-
tion would be 15 g/day.

CSIRO (2007) also recognises that the rate of wool growth, and therefore NPw,
varies directly with plane of nutrition. Daily wool growth is predicted from either
the MP available for wool production or the ME available for wool production,
whichever is limiting, on the assumption that wool growth is maximised when the
MP : ME ratio available for wool production is 12.0 g/MJ. If the ratio is less than 12.0
wool growth is predicted from MP supply, and if the ratio is greater than 12.0 wool

NPw = 3 + 0.1 NPg
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growth is predicted from ME supply. For Merino sheep the standard fleece weight
(SFW) is predicted as 0.1 * standard reference weight (SRW), but this is scaled for
other breeds of sheep and for supplementation with ‘protected’ sulphur-containing
amino acids such as methionine. CSIRO also includes a correction for the effects of
day length and for the delayed maturation of secondary follicles in young lambs.
Consequently, the daily rate of clean wool growth is predicted as follows:

where AF = 0.25 + 0.75(1 - exp(-0.025A)), where A is age in days, and DLF = 1 +
c(DL - 12), where DL is day length in hours and c varies with breed (e.g. Merino
0.03, Corriedale 0.06 Border Leicester 0.11).

Assuming no correction for age and day length, the daily rate of clean wool pro-
duction for a 50 kg Merino sheep with a standard fleece weight of 5.0 kg when
MPw = 100 g/day and MEw = 10 MJ/day would be 11.6 g/day.

Wool quality is also influenced by nutrition. The diameter of wool fibres is in-
creased at high levels of nutrition, and it is significant that finer wools come from
sheep kept in nutritionally less favoured areas.A period of starvation may cause an
abrupt reduction in wool growth, which leaves a weak point in each fibre and is re-
sponsible for the fault in fleeces with the self-explanatory name of ‘break’.An early
sign of copper deficiency in sheep is a loss of ‘crimp’ or waviness in wool.This is ac-
companied by a general deterioration in quality, with the wool losing its elasticity
and its affinity for dyes. These effects are thought to be due to the involvement of
copper in the enzyme system responsible for disulphide linkages in keratin. Copper
deficiency also restricts the formation of melanin, the pigment of wool and hair. Zinc
deficiency causes the production of brittle wool fibres. Many vitamin deficiencies af-
fect wool and hair follicles, but, with the exception of cyanocobalamin (B12), these
deficiencies are uncommon in sheep.

 *  (1.16 * MPw or 14 * MEw)

 Clean wool growth (g/day) = (SFW>SRW) * AF * DLF

14.4 MINERAL AND VITAMIN REQUIREMENTS FOR MAINTENANCE
AND GROWTH

This section is concerned with the general principles associated with the determina-
tion of feeding standards for minerals and vitamins. No attempt will be made to
discuss individual nutrients as to do so would result in duplicating the material pre-
sented in Chapters 5 and 6.

Minerals

Animals deprived of a dietary supply of mineral elements will continue to excrete these
nutrients.Where elements occur in the body as constituents of organic compounds,
such as iron in haemoglobin, or iodine in thyroxine, they are released from these
compounds when they are expended or ‘worn out’.To a large extent, the elements so
liberated are often reutilised within the body. However, reutilisation is never com-
plete and a proportion of each element will be lost from the body in the faeces and
urine and through the skin.Where elements occur in an inorganic form, such as calcium,
sodium, potassium and magnesium, losses will occur in the urine, such as those aris-
ing from the maintenance of acid–base balance, and in the faeces owing to secretions
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into the gut that are not reabsorbed. Because of these endogenous losses, animals re-
quire minerals for maintenance.

Endogenous mineral losses are often small in relation to the mineral content of
the body. For example, a 30 kg pig whose body contains about 230 g of calcium loses
approximately 0.9 g of calcium per day and therefore needs to replace about 0.4 per
cent of its body calcium. Similarly, the same pig contains approximately 40 g of sodium
and needs to replace 0.036 g or 0.09 per cent per day. In contrast, a pig would need
to replace about 0.7 per cent of its body nitrogen per day.

The techniques used to determine mineral requirements are the same as those
used to determine energy and protein requirements.A theoretical framework is pro-
vided by using the factorial approach, whereas practical estimates of requirements
can be obtained using nutrient balance or growth trials. Since the mineral contents
of foods are usually expressed as the total or gross amounts present, requirements
are stated in the same terms. Nutrient standards must therefore take into account
the differences in mineral availability that occur between different species and age
classes of animal (see Chapter 10).

Factorial estimates of mineral requirements

The net requirement of a mineral element for maintenance plus growth is calculated
as the sum of the endogenous losses and the quantity retained. To determine the
dietary requirement, the net requirement is divided by an average value for avail-
ability. For example, a 300 kg heifer gaining 0.5 kg/day might have an endogenous
calcium loss of 5.0 g/day and be retaining 6.0 g/day. Its net calcium requirement
would therefore be 11.0 g/day. For an animal of this type, the availability of calcium
is predicted to be about 0.68 and the daily calcium requirement would be calculated
as 11.0�0.68 = 16.0 g/day.

The problems associated with the factorial approach to mineral requirements are the
same as those associated with factorial estimates of protein requirement.Whereas the
mineral composition of liveweight gain may be readily (if laboriously) determined by
carcass analysis, the assessment of endogenous losses, and therefore availability, is more
difficult. Diets for ruminants that are completely free of an element are particularly dif-
ficult to prepare. Perhaps because of these difficulties with the technique, theoretical
estimates of mineral requirements do not always agree with practical estimates.

Growth and balance trials

The biggest problem when determining mineral requirements by assessing the effects
of different levels of supply on animal performance is establishing satisfactory crite-
ria for adequacy. For example, a level that is sufficient to prevent clinical signs of de-
ficiency may be insufficient to support maximum growth. Similarly, for the elements
contained in bone, the level that gives the maximum rate of growth may be inade-
quate if judged by the strength of bone produced.The position is complicated further
by the mineral reserves of the animal. If reserves are large at the beginning of an
experiment of short duration, then they may be sufficient to promote normal health
and production, even if the dietary supply is inadequate. It is therefore desirable that
the mineral balance of the animal is determined either directly or indirectly by
analysis of selected tissues. Even balance trials may be difficult to interpret, since if
the element is one for which the animal has great storage capacity, then a dietary
supply that promotes less than maximum retention may still be quite adequate.
In long-term experiments, such as those containing more than one production cycle
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(e.g. dairy cows), the health and productivity of the animals alone may be reliable
indicators of minimum mineral requirements. However, for growing animals, where
experiments are usually of shorter duration, measurements of liveweight gain should
be supplemented by measurements of mineral retention.

Feeding standards (minerals)

The mineral requirements presented in Appendix 2 are based partly on factorial cal-
culations and partly on feeding trials. For all species, the elements that are most likely
to be deficient are calcium and phosphorus. Consequently, these have been subject
to most investigation. In the case of ruminants, estimates of calcium and phosphorus
requirements have changed markedly over the past 50 years as new information on
endogenous losses and availability has become available. For example, the UK Agri-
cultural Research Council in 1965 stated the phosphorus requirement of a 400 kg steer
gaining 0.75 kg/day to be 26 g/day; however, in 1980 this was revised to 18 g/day,
and in 1991 it was revised again to 20 g/day.

In the UK the major and minor element requirements of both ruminants and pigs
are published by ARC (1980) and ARC (1981), respectively. However, these sources
are now relatively outdated and more recent information has been incorporated into
more contemporary feeding standards. For example, the mineral requirements of grow-
ing cattle and sheep are published by NRC (2000), NRC (2006) and CSIRO (2007).
Similarly, the mineral requirements of horses are published by NRC (2007), and the
mineral requirements of pigs are published by NRC (1998). In practice, large feed
compounders often derive information on mineral requirements from a variety of
sources, including mineral supply companies. Consequently, inclusion rates are often
considerably higher than those recommended by feeding standards. As the objec-
tives of animal nutrition change away from animal health and production, and more
emphasis is placed on product quality, human health and environmental impact,
there is a need to re-evaluate mineral requirements.

Vitamins

There are no estimates of endogenous losses on which to base vitamin requirements.
Therefore, standards must be based on feeding trials.As with the assessment of mineral
requirements, the main problem associated with the assessment of vitamin require-
ments is establishing appropriate criteria for adequacy. Until recently, the main criteria
have been growth rate and freedom from signs of deficiency, as assessed by visual
examination of the animal or physiological tests, such as vitamin levels in the blood.
Vitamin storage can also be assessed, either by tissue analysis or from indirect evidence
of tissue saturation provided by vitamin excretion in urine.The difficulties involved in
assessing requirements are illustrated in Table 14.10, which shows that apparent
requirements vary considerably, depending on the preferred criteria for adequacy.

Table 14.10 The vitamin A requirement of calves

Minimum requirement for Vitamin A (iu/kg liveweight/day)

Prevention of night blindness 32
Optimal growth 64
Limited storage of vitamin A 250
Maximal blood levels of vitamin A 500

From the data of Lewis J M and Wilson L T 1945 Journal of Nutrition 30: 467.



Chapter 14 Feeding standards for maintenance and growth

378

In practice, vitamin allowances must be high enough to prevent signs of deficiency
and not restrict growth rate. However, higher allowances that promote storage or
higher circulatory levels of the vitamin may be justified if they can be shown to en-
hance animal health and productivity, or the quality of animal products. For example,
high levels of vitamin E have been shown to prolong the shelf life of meat. In most
animals, some storage is justified, as vitamin allowances are usually set at levels suf-
ficient to maintain body stores, whereas both vitamin supply and requirements may
fluctuate.

The vitamin A and D requirements of older animals are normally considered to
be proportional to liveweight, whereas those of the vitamin B group and vitamin E,
which are concerned more intimately with metabolism, vary with food intake or
with the intake of specific nutrients.Thus, the requirement for thiamin, which is par-
ticularly concerned with carbohydrate metabolism, varies according to the relative
proportions of carbohydrate and fat in the diet. Similarly, riboflavin requirements
are increased by high protein intakes and vitamin E requirements are increased by
high polyunsaturated fatty acid intakes. Requirements may also vary, according to
the extent to which B vitamins are synthesised in the alimentary tract. In ruminants,
microbial synthesis in the rumen may make the animal independent of a dietary
supply. In pigs and poultry, considerable synthesis may take place in the lower gut
but the vitamins produced may fail to be absorbed.The contribution made by intes-
tinal synthesis then depends on whether the animals are free to practise coprophagy
(the eating of faeces). Finally, vitamin requirements are often determined using diets
containing synthetic sources of vitamins, whose availability may well be higher than
that of natural sources in foods.Although little is known about vitamin availability, a
well-documented example of non-availability is provided by nicotinic acid in cere-
als, some of which is in a bound form that is not available to pigs.

A further factor to be considered when formulating diets to provide requirements
for vitamins is that many vitamins (as discussed in Chapter 5) are unstable and are
partly destroyed by exposure to heat and light. Consequently, the way in which foods
are stored and processed has a major impact on their vitamin content.

14.5 NUTRITIONAL CONTROL OF GROWTH

The preceding sections of this chapter have shown how the growth pattern of animals
determines their nutrient requirements.We must now consider the second aspect of
the nutrition–growth interaction: how growth can be controlled by nutrition.The objec-
tives of any person controlling animal growth by nutrition are generally twofold: to
use the nutritional resources available to achieve a high growth rate, and to produce
a carcass that meets consumer requirements.The rate of growth of an animal is con-
trolled by its nutrient intake, and particularly by its energy intake. Energy was de-
scribed earlier (see p. 281) as the ‘pacemaker’ of animal production, and both natural
(e.g. climatic) and imposed variations in the animal’s energy supply will be reflected
in its growth rate.A rapid growth rate is desirable because it minimises the ‘overhead’
cost of maintenance per unit of meat produced. In developed countries, animal feeds
are readily available, although their use may be restricted by cost. In developing
countries, feed supplies, particularly high-energy concentrates, are often limited or
non-existent and inadequate supplies are often spread over too many animals.
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Until comparatively recently, fat was a highly prized component of meat because,
as vegetable oils were not readily available until the late nineteenth century, many
consumers needed a high energy intake to fuel their manual work. The ideal meat
animal was therefore one that fattened early in life and was provided by the genetic
selection of small, early-maturing breeds (such as Aberdeen-Angus cattle).We have
already seen that animals that grow fast tend to deposit a greater amount of fat per
unit of gain, and so in the past the twin aims of rapid growth and a desirable carcass
were compatible with each other. However, over the past 20–30 years, fat has come
to be regarded by many consumers as a less desirable component of the carcass, and
the control of growth by nutritional means has become more difficult by the incom-
patibility of objectives – i.e. that animals fed for fast growth rates will become overfat.
In current feeding systems this danger is avoided partly by using breeds or selections
of animals that are larger and later-maturing; thus, the preferred beef animal of
today is one from the large European breeds that grow rapidly and can be slaugh-
tered when relatively immature, giving a large but lean carcass.Another way to pre-
vent excessive fat deposition is to treat animals with ‘repartitioning agents’; these are
hormones or related substances that alter the partition of energy between protein
and fat deposition.They include the sex hormones (both oestrogens and androgens),
somatostatin (growth hormone) and cimaterol or clenbuterol (β-adrenergic agonists).
Growth hormone, in particular, is a powerful repartitioning agent, and the discovery
of its effects has stimulated research into the use of genetic engineering to increase
the animal’s own production of the hormone. However, in many countries, including
most of Europe, the use of these repartitioning agents is banned, mainly because of
consumers’ concern over their possible presence in meat. Nevertheless, their often
dramatic effects serve to emphasise the scope for controlling growth by more accept-
able methods, including nutrition.

The two objectives in controlling growth may sometimes be combined into one,
the maximising of lean tissue (or protein) deposition. To achieve this it is essential
that the animal’s protein supply should be optimal. In this and preceding chapters,
much emphasis has been placed on the use of recently acquired knowledge to im-
prove the protein nutrition of animals. Some examples include the systems intro-
duced for calculating and meeting the protein requirements of ruminants and the
concept of ideal protein for non-ruminants.To ensure the correct partition of energy
between protein and fat deposition it is essential that protein supply should match
energy supply. In ruminants in particular, protein supply is often insufficient to meet
the animal’s potential for protein deposition, and some energy will be used for fat
deposition.The ratio of energy to protein in the diet is often dictated by the require-
ments of the rumen. However, this can be changed by supplying protein that is not
degraded in the rumen but digestible in the lower gut (digestible undegradable pro-
tein, DUP; see Chapter 13). An extreme example of this is the feeding of overfat
lambs on a low-energy (i.e. straw) and high-DUP (i.e. fishmeal) diet. With such a
diet, lambs can be ‘remodelled’, by causing them to use body fat as an energy source
to maintain protein deposition.

Opportunities exist for controlling growth through nutrition by the phasing of nu-
trient intake; for example, food may be fed at a low level in early life and at a high
level thereafter, or vice versa. Classic experiments on the phasing of nutrient intake
were conducted by Sir John Hammond and his colleagues, and their results provided
the background to Hammond’s growth wave theory, referred to earlier.The results of
one of these experiments are illustrated in Table 14.11. Twenty pigs were grown to
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90 kg liveweight by providing low or high rates of food intake to achieve either low
or high growth rates. Some of the pigs were changed from one rate to the other
halfway through the experiment (high–low and low–high), and others were kept on
the same rate throughout (high–high and low–low). The greatest differences in car-
cass composition between the pigs were in their dissectible fat content.The pigs that
grew fast throughout (high–high) had a fat content 108 g/kg higher than those that
grew slowly throughout (low–low), and there was a difference of the same order be-
tween the low–high and high–low groups.Those with most fat and least muscle, the
low–high group, fitted the growth wave theory, as a deficiency of nutrients in early
life appeared to have restricted muscle growth, which had the highest priority at that
stage. However, if the results of the experiment are expressed in a different way, as
the fat-free carcass (see the second part of Table 14.11), it appears that tissues other
than fat were not much affected by the treatments.The latter figures were calculated
by F W H Elsley and colleagues, who concluded that the main tissue affected by the
phasing of nutrient intake was fat. Nevertheless, as we have already acknowledged,
fat is important. For many years, bacon pigs had their food intake restricted so that
they were fed according to a high–low sequence in order to limit fat deposition.
More recently, the genotype of bacon pigs has been modified to provide animals that
voluntarily restrict their intake as they approach bacon weight, and thus avoid ex-
cessive fat deposition.

Another example of the effects of phasing of nutrient intake is found in the phe-
nomenon of compensatory growth. In many of the more primitive, or ‘natural’, systems
of animal production, a period of food shortage is followed by one of abundant
nutrient supply (i.e. a low–high sequence). During the ‘low’ phase growth is restricted,
whereas during the ‘high’ phase animals frequently grow very rapidly.This compen-
satory growth may allow animals to ‘catch up’ with similar animals that were not
subject to the low phase. An example of this is presented in Fig. 14.5. The mecha-
nisms responsible for compensatory growth are not well understood. However, com-
pensating animals often eat more food per unit of body weight than others and may
deposit a higher proportion of lean tissue relative to fat.Thus, their energy value of
gain may be lower, such that each unit of energy intake promotes a higher weight gain.

Table 14.11 Composition (g/kg) of the carcasses of pigs grown at different rates
and slaughtered at 90 kg

Growth rate: High–high High–low Low–high Low–low

Age at slaughter (weeks) 20 28 28 46

Composition of whole carcass
Bone 110 112 97 124
Muscle 403 449 363 491
Fat 383 334 441 275
Skin, etc. 105 106 99 110

Composition of fat-free carcass
Bone 178 168 174 171
Muscle 653 674 649 677
Skin, etc. 170 160 177 152

After McMeekan CP 1940 Journal of Agricultural Science, Cambridge 30: 511.
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Fig. 14.5 Compensatory growth in cattle. Animals were kept on high, medium
and low (maintenance) planes of nutrition during winter (days 0–168), and then
grazed together during the following summer (days 169–308).

Plotted from the data of Lawrence T L J and Pearce J 1964 Journal of Agricultural Science, Cambridge 63: 5.

Alternatively, during the low phase, animals may adapt to a low plane of nutrition by
becoming more efficient and reducing their maintenance requirements. It may then
take some time for their metabolism to adapt to a higher plane of nutrition during
the high phase, resulting in more energy being available for weight gain. Although
differences may exist in the body composition of animals that achieve a similar
liveweight by different growth paths, insufficient evidence exists and they are not
taken into account by current feeding standards.

In conclusion, it is important to remember that the main factor influencing body
composition and therefore the nutrient requirements for growth is animal weight, as
indicated by the allometric equations. However, departures from the general allomet-
ric relationships, due to breed, sex, etc., are important in animal production because of
their influence on nutrient requirements and the composition and value of the carcass
produced. In modern animal production systems, farmers (and the scientists assisting
them) are often trying to manipulate these allometric relationships to maximise lean
meat production.This objective can be achieved by genetic change, by the use (in some
countries) of growth-modifying agents and by the control of nutrition.

SUMMARY

1. Feeding standards are statements of the
amounts of nutrients required by animals.
They may be expressed as nutrient require-
ments or, with the addition of a safety mar-
gin, as nutrient allowances. In the UK, the

energy and protein requirements of growing
ruminants and pigs are those published by
AFRC (1993) and BSAS (2003), respectively. Al-
ternative standards are available from other
countries.
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2. Energy requirements for maintenance are
generally estimated from fasting heat
production (i.e. basal or fasting metabo-
lism) or feeding trials. Fasting metabolism
is proportional to the metabolic liveweight
of the animal (typically W 0.75). An average
value for mammals is 0.27 MJ/kg W 0.75, but
this will vary depending on the age and
sex of the animal and the plane of
nutrition.

3. Energy requirements for maintenance
also include an additional energy allowance
for the muscular activity associated with
searching for, harvesting and chewing
food.

4. When animals are kept at low environmental
temperatures, their heat losses, and hence
their energy requirements for maintenance,
are increased. An animal’s thermoneutral
range is defined by its lower and higher criti-
cal temperatures and is affected by climatic
conditions (sun, wind and rain), the insulat-
ing properties of the animal and its environ-
ment, and food intake. In young animals
brown adipose tissue may be metabolised
to produce heat.

5. Protein requirements for maintenance are
estimated from endogenous urinary nitrogen
and metabolic faecal nitrogen excretion.
There are also small losses of nitrogen in hair
and scurf. In ruminants the protein require-
ment for maintenance can generally be met
by microbial protein synthesis.

6. Animal growth follows a sigmoid curve with
time, but different parts, organs and tissues
grow at different rates. The relationship
between tissue weights and body weight 
can be described by so-called allometric
equations. Typically bone and muscle are
early-maturing tissues, whereas fat is a late-
maturing tissue. Energy and protein require-
ments for growth are derived from
measurements of the chemical composition
of gain. Requirements change as animals

mature and are modified by breed, sex and
rate of gain.

7. Different feeding standards adopt different
approaches to estimate energy and protein
requirements for growth. Protein require-
ments for pigs and poultry are generally
more detailed than those of ruminants and
horses because they include estimates of
requirements for specific amino acids.

8. In sheep, the energy and protein require-
ments for wool growth are relatively small.
However, wool requires higher levels of 
sulphur-containing amino acids, copper and
zinc. In practice wool growth is predicted
from energy or protein supply.

9. Net mineral requirements for maintenance
and growth are calculated from endogenous
losses and the mineral content of body tis-
sues. They are then translated into dietary
requirements using appropriate availability
factors.

10. Vitamin requirements are usually determined
from feeding trials, which are complicated by
the difficulty of selecting appropriate criteria
for adequacy of supply.

11. Although animal nutrient requirements
are determined by patterns of growth, 
both growth and body composition can be
modified by nutrition. For example, a low
followed by a high plane of nutrition may
increase fat deposition. The objectives of
controlling growth through nutrition are
to use nutritional resources to achieve a
high rate of gain and to produce a
carcass that meets the requirements of 
the customer.

12. As fat is no longer considered a desirable
component of meat, control of growth is
often aimed at increasing muscle and reduc-
ing fat growth. In some countries, reparti-
tioning agents (synthetic hormones) may be
used to increase muscle growth.
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QUESTIONS

14.1 Using the AFRC (1993) system, calculate the metabolisable energy (ME) and
metabolisable protein (MP) requirements of a 300 kg bull of large breed gaining
at 1.1 kg/day.Assume that the animal’s diet has an M/D value of 11.0 MJ/kg DM.

14.2 An 80 kg commercial-type pig with a maximum rate of protein deposition of
0.120 kg/day is offered a diet that provides 20.0 MJ NE/day. Calculate the rate
of fat deposition.

14.3 Using the NRC (2007) system, calculate the digestible energy (DE) and crude
protein (CP) requirements of a 500 kg alert horse undertaking a moderate
level of work.
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15.1 Nutrition and the initiation of reproductive ability

15.2 Plane of nutrition, fertility and fecundity

15.3 Egg production in poultry

15.4 Nutrition and the growth of the foetus

In reproducing animals, as in growing animals, there is an interaction between nutrition
and production. Reproduction increases the animal’s requirements for nutrients, but,
conversely, the nutrient supply of animals can influence their reproductive processes.

The influence of nutrition on reproduction begins early in the animal’s life, with nu-
tritional changes in utero influencing subsequent adult reproductive performance. For
example, small ram lambs at birth tend to have a delay in the onset of puberty inde-
pendent of their mature size, whilst a reduction in ovulation rate of 0.3 has been
reported in ewe lambs born to dams that experienced feeding levels of 0.5 compared
with 1.0 maintenance during gestation. The plane of nutrition in young animals can
also affect the age at which they reach puberty. In mature animals, poor nutrition can
reduce the production of ova and spermatozoa, so that the female either fails to con-
ceive or produces fewer offspring than normal (i.e. litter size is reduced). In pregnancy,
females have specific nutrient requirements for the maintenance and growth of the
foetus(es).

The quantities of nutrients required for the production of ova and spermatozoa by
mammals are small and of little significance. Thus, the boar, which produces a large
ejaculate of 150–250 ml, is estimated to require 0.4 MJ ME per ejaculate, which is equiv-
alent to less than 2 per cent of its maintenance requirement for metabolisable energy
(23.8 MJ/day). In birds, however, the quantities of nutrients required for egg production
are large; these will be discussed in a special section of this chapter. Even in pregnancy,
nutrient requirements for the growth of foetuses are in total relatively small. For exam-
ple, a ewe producing twin lambs weighing a total of 7 kg at birth will deposit about
1.4 kg of protein in the foetuses and associated tissues (such as the placenta), which over
a gestation period of 147 days is less than 10 g/day. In contrast, a growing sheep gaining
300 g in liveweight per day would deposit in its tissues about 50 g of protein per day.
However, in assessing nutrient requirements for reproduction, several important features
of reproductive processes must be borne in mind. The first of these is that reproduction
is often not the sole productive process being carried out by the animal. In the case of
cattle, for example, young females may be expected to conceive at 15–20 months of

15 Feeding standards 
for reproduction
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age, at about half of their mature body weight, and will have to continue growing
while producing a calf. After calving, the female will be expected to conceive again
within 2–3 months, at a time when she is producing large quantities of milk.

The second important feature of nutrient requirements for reproduction is that they
vary considerably from one phase of the reproductive cycle to another. For example, the
ewe conceiving twins will have very small protein requirements for foetal growth at the
start of pregnancy, but by the last week of pregnancy she will be depositing as much as
30 g of protein per day in the foetuses. The final point to bear in mind is that reproduc-
tion is often an ‘all or nothing’ phenomenon, and the consequences of failure can be
severe for the farmer. If a beef cow kept solely to produce and rear calves fails to con-
ceive, then her output will be zero and her owner will suffer a financial loss. Also, small
litters – such as one lamb instead of two – can make the difference between profit and
loss. It is therefore of great importance to ensure that reproduction in farm animals is
not impaired by poor nutrition.

Research on the effects of nutrition on reproduction tends to make slow progress
because the effects may be slow to manifest themselves and experiments must be of
long duration. Also, the large random variability in reproduction causes statistical
problems that can be solved only by using large numbers of animals (e.g. 80 sows per
treatment to demonstrate a 5 per cent increase in litter size). Much recent research
has been concerned with the mechanisms by which nutrition affects reproduction, and
particularly with endocrinological processes and gene expression. General undernutri-
tion, and also the deficiency of a specific nutrient, can interfere with the synthesis of
hormones involved in reproduction. In other cases, nutrition may affect the rate at
which a hormone is destroyed by metabolism or may alter the sensitivity to a hormone
of its target organ. Over the past 20 years the increasing use of techniques for super-
ovulation of farm livestock and the culture in vitro of ova and embryos have both
stimulated interest in, and provided opportunities for, the study of nutritional effects
on reproduction.

This chapter will explain the general relationships between nutrition and reproduc-
tion at successive stages of the reproductive life of animals. Where appropriate, quanti-
tative requirements for specific nutrients and energy will be presented and discussed.
Much emphasis will be placed on the role of energy intake (or, in other words, the gen-
eral plane of nutrition) in reproduction, because deficiencies and excesses of specific
nutrients often affect reproduction through their influence on energy intake.

15.1 NUTRITION AND THE INITIATION OF REPRODUCTIVE ABILITY

Puberty in cattle is markedly influenced by the level of nutrition at which animals
have been reared. In general terms, the faster an animal grows, the earlier it reaches
sexual maturity. In cattle, puberty occurs at a particular liveweight or body size
rather than at a fixed age.This is illustrated in Table 15.1, which shows the effects of
three planes of nutrition on the initiation of reproductive ability in dairy cattle. Al-
though there were considerable differences in age at puberty between the three
treatments, differences in liveweight and in body size (as reflected in the measure-
ment of height at withers) were much smaller. Other experiments have shown that
by liberal feeding with high-energy diets, it is possible to induce puberty in female
cattle even earlier than the 9.3 months of Table 15.1. Similar results are found for
bulls: a high plane of nutrition alters metabolic hormone production, reducing the
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age at puberty due to increased gonadotrophin secretion.The attainment of puberty
in sheep is complicated by their seasonal breeding pattern. Spring-born ewe lambs
that are well nourished will reach puberty in the early autumn of the same year.
Moderately fed lambs will also reach puberty in the same year, but later in the
breeding season and at a lower liveweight. Poorly fed lambs will fail to come into
oestrus until the following breeding season (i.e. at 18 months of age).

In pigs, on the other hand, high planes of nutrition do not advance puberty to any
marked extent.The primary determinants of puberty in gilts are age (170–220 days),
breed (cross-bred gilts reach puberty about 20 days before pure-breds) and the age
at which gilt meets boar (a sudden meeting after about 165 days of age may induce
first oestrus).

In practice, the factor that decides when an animal is to be first used for breeding is
body size, and at puberty animals are usually considered to be too small for breeding.
Thus, although heifers of the larger dairy breeds may be capable of conceiving at
7 months of age, they are not normally mated until they are at least 15 months old.The
tendency today is for cattle, sheep and pigs of both sexes to be mated when relatively
young, which means that in the female the nutrient demands of pregnancy are added to
those of growth. Inadequate nutrition during pregnancy is liable to retard foetal growth
and to delay the attainment of mature size by the mother. Incomplete skeletal develop-
ment is particularly dangerous because it may lead to difficulties at parturition.

Rapid growth and the earlier attainment of a size appropriate to breeding has the
economic advantage of reducing the non-productive part of the animal’s life. With
meat-producing animals, a further advantage is that a high plane of nutrition in early
life allows the selection for breeding purposes of the individuals that respond to lib-
eral feeding most favourably in terms of growth and that may therefore be expected
to produce fast-growing offspring. But there are also some disadvantages of rapid
growth in breeding stock, especially if there is excessive fat deposition. In dairy cat-
tle, fatness in early life may prejudice the development of milk-secreting tissue, and
there is also some evidence that rapid early growth reduces the useful life of cows.
Over-fat gilts do not mate as readily as normal animals, and during pregnancy they
may suffer more embryonic mortality. The rearing of breeding stock is a matter re-
quiring more long-term research; at present, the best recommendation is that such
animals should be fed at a plane of nutrition that allows rapid increase in size with-
out excessive fat deposition.

Table 15.1 Age and size at puberty of Holstein cattle reared on different planes of nutrition

Plane of nutrition At puberty

Age (months) Weight (kg)  Height at Empty body 

withers (cm) fat (%)

High 11 MJ ME/kg DM 9.3 282 110 7.4
210 g CP/kg DM

Medium 10.1 MJ ME/kg DM 10.8 282 112 7.2
181 g CP/kg DM

Low 9.5 MJ ME/kg DM 16.5 316 119 7.0
135 g CP/kg DM

From Chelikani et al. (2003) Theriogenology 60: 707.
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Table 15.2 Effects of body condition and of change in condition
on the ovulation rate of Scottish Blackface ewes

Condition scorea Liveweighta (kg) Ovulation

(a) (b) (a) (b) rate

3.5 67

3.0 64 2.11

3.0 3.0 62 62 2.11

3.0 61 2.00

2.5 60

2.0 52

1.5 47 1.00

1.5 1.5 44 46 1.11

1.5 49 1.38

1.0 39

aColumn (a) shows the condition score or weight 6 weeks before mating,
and column (b) shows the corresponding value at mating.

After Gunn R G, Doney J M and Russel A J F 1969 Journal of Agricultural Science,
Cambridge 73: 289.

15.2 PLANE OF NUTRITION, FERTILITY AND FECUNDITY

Plane of nutrition of female animals

In female animals the primary determinant of fertility (i.e. whether or not the ani-
mal conceives) and fecundity (i.e. litter size) is the number of ova shed from the
ovaries (the ovulation rate). In the cow the rate is normally 1, in the ewe it is nor-
mally 1–3 (but may reach 10) and in the sow it is 15–25. Not all ova are fertilised
and survive to birth. For example, a flock of 100 ewes in a single oestrous cycle
might produce 220 ova, of which 190 would be fertilised. Of the 190 embryos, 175
might survive for 15 days, to the point at which they become attached to the placenta,
and of these 170 might complete the full gestation period of 147 days.Thus, the final
lambing percentage (lambs born per 100 ewes mated) would be 170 per cent.

It has long been recognised that female sheep gaining weight or fat reserves in the
3–4 weeks before mating are more likely to conceive and more likely to have twins
or triplets than those in poorer condition. This has led to the practice of ‘flushing’
ewes by transferring them from a low to a high plane of nutrition (e.g. transferring
them from hill pastures to lowland pastures or fodder crops) before mating. More
recently, it has been recognised that although a higher plane of nutrition may be
valuable for previously undernourished ewes, animals kept continuously on a higher
plane will also have high fertility and fecundity. The degree of fatness of breeding
stock is commonly assessed by means of ‘condition scoring’, in which fat deposits
along the back and tailhead are palpated and scored on a scale of 1 (low) to 5 (high).
Table 15.2 demonstrates what are sometimes called the static and dynamic effects of
plane of nutrition on condition score and on fertility and fecundity in ewes. The
greatest difference in ovulation rate was between ewes that were in good condition
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at mating (condition score 3) and those in poorer condition at mating (score 1.5). In
the former ewes there was little effect of the changes in condition and weight that
occurred in the 6 weeks preceding mating, but in the latter ewes those whose condi-
tion had been improved (from score 1.0 to score 1.5) produced more ova than those
whose condition had been reduced (from 2.0 to 1.5).

The gonadotrophic hormone luteinising hormone is needed for the maturation and
release of oocytes, and a low plane of nutrition appears to reduce the frequency with
which pulses of luteinising hormone are released.Thus, flushing may improve ovulation
rate by preventing this effect. Another endocrinological explanation for the effect of
flushing is that a high plane of nutrition promotes a greater production of insulin, which
encourages the uptake of glucose and the synthesis of steroid hormones by the ovary.
There may also be a direct effect of nutrition on the ovary, as intravenous infusion of
glucose in sheep increases the growth of oocytes. However, a delicate nutritional bal-
ance is required for sheep around the time of ovulation, as a high plane of nutrition can
reduce the survival of oocytes and the embryos they become after fertilisation. One
reason for this effect is that a high plane of nutrition stimulates the metabolism (i.e.
destruction) of progesterone, the hormone required for the establishment and mainte-
nance of pregnancy. Thus, it is recommended that after the ewe has been mated,
the flushing plane of nutrition should be reduced to about the maintenance level.

In cattle, a high plane of nutrition after mating is less damaging than in sheep (which
is fortunate, as cattle are expected to conceive at the stage of lactation when they are
being fed for a high milk yield); their progesterone supply may be augmented at this
time by release of the hormone from mobilised fat reserves. Nevertheless, achieving
reconception in cows 2 months after calving, at a time when the nutritional demands of
lactation are high, is a problem for the dairy industry. In dairy cows in New York state,
over a period of 17 years when milk yield increased by 33 per cent, the proportion of
cows conceiving to their first insemination fell from 66 per cent to 50 per cent. In
Britain, conception rate to first service in dairy cows appears to be declining by nearly
1 per cent per year, with a current average calving interval of over 14 months. Observa-
tions such as these have led to the recommendation that cows should be regaining
weight by the time they are inseminated or served by a bull, but it is often difficult to
ensure a positive energy balance at this time, even in well-fed cows. In situations of food
scarcity, as with cattle kept on natural pastures subject to drought, the recommendation
is impossible to implement, and in such situations it is common to find that calving
intervals are extended from the desired 12 months to as much as 24 months.

In the sow, flushing seems to have little effect on litter size, possibly because pigs
are commonly kept at higher planes of nutrition than sheep; however, flushing the
maiden gilt for 10 days before mating can increase litter size. A number of studies
have demonstrated that energy restriction or low body condition can reduce repro-
ductive performance in mares, whilst energy restriction just before parturition can
induce a premature birth. Excessive energy supply in horses generally does not
impair or improve reproductive efficiency, although in some instances it has been
associated with twin pregnancies.

Plane of nutrition of male animals

In mammals, the spermatozoa and ova and the secretions associated with them
represent only very small quantities of matter.The average ejaculate of the bull, for
example, contains 0.5 g of dry matter. It therefore seems reasonable to suppose that
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nutrient requirements for the production of spermatozoa and ova are likely to be in-
appreciable compared with the requirements for maintenance and for processes such
as growth and lactation.

If this were so, one would expect that adult male animals kept only for semen
production would require no more than a maintenance ration appropriate to their
species and size. There is insufficient experimental evidence on which to base feed-
ing standards for breeding males, but in practice such animals are given food well in
excess of that required for maintenance in females of the same weight. There is
no reliable evidence that high planes of nutrition are beneficial for male fertility,
although it is recognised that underfeeding has deleterious effects (see below). The
liberal feeding of males probably reflects the natural desire of farmers not to risk
underfeeding and so jeopardise the reproductive performance of the whole herd or
flock. Males, however, do have a higher fasting metabolism and therefore a higher
energy requirement for maintenance than do females and castrates.As the duration
of spermatogenesis in bulls, rams and goats is 54, 49 and 48 days, respectively, it is
recommended that adequate nutrition be provided for at least 2 months before
breeding.

Effects of specific nutrients on fertility

Many nutrient deficiencies influence fertility indirectly, through their effects on
the general metabolism of the animal. For example, phosphorus deficiency in
grazing ruminants, which has often been associated with poor fertility, appears to
affect reproduction because it restricts many metabolic processes, hence food
intake and the general plane of nutrition. However, there is also some evidence
that phosphorus deficiency has a direct effect on reproduction through suppressing
oestrous cycles.

Protein deficiency, especially in ruminants, can be expected to influence repro-
duction because it reduces food intake. At the other extreme, it has been suggested
that a supplement of digestible protein that is undegradable in the rumen (DUP; see
Chapter 13) can increase the ovulation rate of both sheep and cattle. In Australia,
lupin seed, which contains a high concentration of DUP, is used to flush ewes. In
contrast, rumen-degradable protein (RDP) given in excessive amounts to dairy cows
raises blood levels of ammonia (see Chapter 8), which in turn alters the ion fluxes in
the endometrium and reduces embryo survival. In pigs, short-term deprivation of
protein has no effect on fertility, but a prolonged protein deficiency, especially in
younger animals, leads to reproductive failure. High dietary intake of crude protein
seems to depress fertility in horses, although an adequate intake of essential amino
acids, especially methionine, is important for the onset of the oestrus cycle in non-
lactating mares.

In dairy cows, feeding diets containing high levels of starch (above 160 g/kg
DM) are associated with elevated plasma insulin concentrations and an earlier re-
sumption of oestrus postpartum. In contrast, for good oocyte quality and blasto-
cyst development, low dietary starch and/or high fat concentrations are required.
Strategies whereby high-starch diets are provided to dairy cows pre-service and
low starch diets post-service result in significant increases in conception rate com-
pared with animals that have been offered only high- or low-starch diets. The im-
plementation of this strategy may, however, prove to be difficult on many commercial
dairy farms.



Chapter 15 Feeding standards for reproduction

390

Several studies in farm animals have shown that feeding or infusing different
types of polyunsaturated fatty acids, especially those of the n-3 and n-6 series, to fe-
males can have both positive and negative effects on reproduction, primarily through
their effects on endogenous production of prostaglandins. For example, in sheep,
feeding long-chain n-3 polyunsaturated fatty acids found in fish oil in late pregnancy
increases gestational length by 2–3 days, whilst in cattle, feeding linoleic acid reduces
progesterone concentrations and compromises early embryo survival. In the male,
most recent work has focused on sperm production, and experiments in fowl and
boars have demonstrated clear effects of dietary PUFAs on sperm membrane phos-
pholipid composition and fertilising ability. For example, feeding fish oil to boars
increases sperm motility and the number per ejaculate.

Vitamin A deficiency must be prolonged if it is to affect fertility; thus, animals
may suffer blindness before their reproductive organs are affected (by keratinisation
of the vagina or degeneration of the testes).An extreme and long-lasting deficiency
of vitamin A may prejudice embryonic development and the ovarian cycle of mares,
although this rarely occurs. Recently β-carotene has been claimed to have a specific
effect on fertility (i.e. independent of its role as a precursor of vitamin A), but the
claim has yet to be adequately confirmed (see Chapter 6).

Vitamin E deficiency causes infertility in rats, but there is little evidence that the
vitamin plays an essential role in maintaining fertility in cattle and sheep. In pigs,
however, vitamin E-deficient diets have been reported to reduce reproductive per-
formance. There is also evidence from experiments with mature fowls that a pro-
longed vitamin E deficiency causes sterility in the male and reproductive failure in
the female; in the male, sterility may become permanent through degenerative
changes in the testes. In ruminants, a deficiency of the nutrient associated with
vitamin E, selenium, reduces fertility, apparently by affecting fertilisation and also
the viability of spermatozoa. In a series of trials in selenium-deficient areas of
New Zealand, a supplement of selenium increased the lambing percentage from
89 per cent to 98 per cent, but vitamin E had little effect. However, selenium
supplementation allied with vitamin E for dairy cows has been shown to reduce
the incidence of retained placenta (the condition in which the placenta fails to be
expelled after calving). In horses, a low intake of selenium can restrict the devel-
opment of the embryo.

In non-ruminants, deficiencies of the B vitamins riboflavin and folic acid have
been shown to reduce embryo survival.

In addition to selenium, the trace elements copper, molybdenum, iodine, man-
ganese and zinc are important in influencing fertility. Herbage copper levels of less
than 3 mg/kg DM delay the return to oestrus and hence lengthen the calving inter-
val in cattle. Copper deficiency can be induced by excessive molybdenum in the
diet (see Chapter 6). An excess of molybdenum in the diet of young cattle delays
and depresses oestrus, apparently because it reduces the secretion of luteinising
hormone. Deficiencies of copper and iodine reduce egg production in poultry. A
deficiency of manganese reduces fertility in sows by causing delayed or irregular
oestrous cycles. Zinc deficiency is interesting because it affects reproduction
through the male, in which it prevents spermatogenesis; zinc is a component of the
enzyme thymidine kinase, which is required for spermatogenesis. In the female,
zinc deficiency may possibly increase embryo mortality; thus, it reduces hatchabil-
ity in poultry.
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BOX 15.1 Nutrient effects on embryonic gene expression, embryo survival and
subsequent performance

There is considerable interest in the area of nutritional influences on early embryonic gene expres-
sion and subsequent effect on animal performance and health. Evidence of this was most clearly
seen in the large offspring syndrome (LOS), whereby it became evident that congenital abnormali-
ties occurred in ruminant species following the transfer to recipient donors of in vitro produced em-
bryos. Abnormally large calves and lambs (twice the normal birthweight in calves and up to five
times in lambs) were the most obvious feature, with gestation frequently being extended and other
abnormalities such as breathing difficulties, reluctance to suckle and sudden perinatal death being
seen. Evidence that in vitro culture led to errors in genomic imprinting was reported in sheep em-
bryos, when it was shown that the reduction in expression of the gene encoding type II insulin-like
growth factor receptor was associated with a loss of methylation of that gene. These abnormalities
are associated with differences in the composition of in vitro culture media and with dietary strate-
gies that modify uterine conditions. For example, alterations in both the level and the nature of
dietary protein result in elevated plasma and uterine ammonia and urea concentrations in donor
ewes that influence the incidence and severity of LOS following the transfer of these embryos to re-
cipient ewes. The effects of maternal diet around the time of conception have since been extended
in sheep to include the effects of B vitamins (cobalamin and folate) and methionine deficiency,
which have been shown to epigenetically alter DNA methylation in offspring that become obese,
insulin-resistant and hypertensive by 2 years of age.These effects of maternal diet on the preimplant-
ation embryo, with subsequent consequences for foetal development and lifetime performance and
health of offspring, have far-reaching implications that extend beyond the traditional concept of nu-
tritional effects on animal performance.

15.3 EGG PRODUCTION IN POULTRY

Rearing of hens

Birds intended for egg production are commonly fed to appetite during the rearing
period, with the aim of achieving a liveweight of about 1.3 kg at 17 weeks of age, when
egg production begins, with a final body weight of around 1.5 kg for white and 1.9 kg
for brown strains. Restriction of food intake during rearing reduces costs but delays
the onset of egg laying. Moreover, it is important that birds should be well grown at the
onset of laying, because egg weight is related to body weight.Thus, pullets are reared
on diets high in metabolisable energy and protein (see Appendix 2,Table A.2.10).

In contrast to layers, pullets being reared as broiler breeders (i.e. meat-type birds)
have to be restricted in food intake, otherwise they grow too fast and their subsequent
egg production is much reduced. The recommended restriction to 40 per cent of ap-
petite (i.e. their intake if unrestricted) leaves them hungry and often difficult to manage.

Nutrient requirements of laying hens

Productive flocks of layers produce an average of about 350 eggs per bird per year;
thus, on an average day 350�365 � 95 per cent of birds will lay an egg. Egg produc-
tion would not be expected to go below 75 per cent in a commercial flock. Their
eggs weigh on average 60 g for white strains and 62 g for brown strains, have the
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chemical composition shown in Table 15.3, and have an energy value of about 375 kJ;
this information can be used as the basis for a factorial calculation of the nutrient
requirements of layers.At one time, laying hens were rationed according to a system
in which they were given a certain amount of food per day for maintenance and a
certain amount for the estimated egg production, but today they are almost invari-
ably fed to appetite. Feeding standards for layers, as for other classes of poultry, are
therefore expressed in terms of nutrient proportions rather than quantities. The re-
quirements of layers are shown in Appendix 2,Table A.2.10.

Energy

A hen weighing 2.0 kg has a fasting metabolism of about 0.36 MJ/kg W0.75 per day,
or 0.60 MJ/day, and utilises metabolisable energy for maintenance and production
with a combined efficiency of about 0.8. Its requirement for metabolisable energy

Table 15.3 Average composition of the hen’s egg

Per kg Per egg Proportion of nutrient

whole egg of 57 g in edible part of egg

Gross constituents (g)
Water 668 38.1 1.00
Protein 118 6.7 0.97
Lipid 100 5.7 0.99
Carbohydrate 8 0.5 1.00
Ash 107 6.1 0.04

Amino acids (g)
Arginine 7.2 0.41 0.97 (assumed for
Histidine 2.6 0.15 all amino acids)
Isoleucine 6.4 0.36
Leucine 10.1 0.57
Lysine 7.9 0.45
Methionine 4.0 0.23
Phenylalanine 6.0 0.34
Threonine 5.5 0.31
Tryptophan 2.2 0.13
Valine 7.6 0.44

Major minerals (g)
Calcium 37.3 2.13 0.01
Phosphorus 2.3 0.13 0.85
Sodium 1.2 0.066 1.00
Potassium 1.3 0.075 1.00
Magnesium 0.8 0.046 0.58

Trace elements (mg)
Copper 5.0 0.3 1.00
Iodine 0.3 0.02
Iron 33 1.9 (traces of minor 
Manganese 0.3 0.02 elements in shell)
Zinc 16 1.0
Selenium 5.0 0.3
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for maintenance estimated from fasting metabolism would therefore be 0.60/0.8 �

0.75 MJ/day, and for 90 per cent egg production 0.375 � 0.9�0.8 � 0.42 MJ/day
(total 1.17 MJ/day). Maintenance requirements increase as temperature falls; for ex-
ample, 2 kg birds adapted to 25 °C would require an extra 0.018 MJ/day for each 
1 °C fall in temperature below 25 °C. An alternative method of estimating energy
requirements is to fit regression equations to data obtained under practical feeding
conditions for metabolisable energy intake and the weight, weight change and egg
production of hens. Maintenance estimates derived in this way differentiate between
hens of the smaller, white strains and the heavier, brown-feathered layers. Expressed
per kg W, these are 0.480 MJ ME and 0.375 MJ ME per day, respectively, and so
1.8 kg white and 2 kg brown birds would need 0.86 MJ ME and 0.75 MJ ME per day
(cf. 0.61 MJ estimated above, from fasting metabolism).

In commercial practice, laying hens are almost invariably fed to appetite; their
metabolisable energy intake is commensurate with the estimates of requirement
discussed above (about 1.0–1.2 MJ/day) and they gain 1–2 g/day.Typical intakes are
90 g/bird/day for white strain birds and 108 g/bird/day for brown strains. Hens adjust
their food intake for the energy concentration of their diet, so that if the ME content
of the diet is reduced they eat more of it, and if ME content is increased they eat less
(see Chapter 17). However, the adjustment of intake does not fully compensate for
the change in energy content, and the diets of layers are therefore kept to a small
range in energy content, of 11.2–12.2 MJ ME/kg (12.5–13.5 MJ/kg DM). For Appen-
dix 2, Table A2.10, a concentration of 11.1 MJ/kg (12.5 MJ/kg DM) has been as-
sumed. Concentrations below 10 MJ/kg are likely to depress energy intake sufficiently
to reduce egg production, and concentrations greater than 13 MJ/kg usually increase
body weight gain rather than the number of eggs laid (although egg weight may be
increased).The food intake of hens, like their maintenance requirement, is affected by
the environmental temperature and falls by 1–2 per cent for each 1 °C rise in temper-
ature in the range 10–30 °C.

Protein

Laying hens weighing 1.8 kg and consuming 110 g/day of a diet containing 11.1 MJ
ME/kg require a total protein concentration of about 160 g/kg of diet.The amino acid
requirements of layers have not been defined as accurately as those of chicks, because
it is difficult to maintain a satisfactory level of egg production if dietary protein is
given as mixtures of pure amino acids. For factorial calculations, it is assumed that
amino acids can be incorporated in egg proteins with an average efficiency of 0.83.
For example, the lysine content of eggs is 7.9 mg/g (see Table 15.3), so the hen’s pro-
duction requirement for absorbed (i.e. available) lysine is 7.9�0.83 � 9.5 mg/g of egg
produced.An equation for predicting the available lysine requirement of hens is:

where L � available lysine (mg/day), E � egg production (g/day) and W � body
weight (kg).

Thus, the term 60W estimates the maintenance requirement for available lysine.
Similar equations are available for the other indispensable amino acids for which the
requirements of layers have been quantified; in addition to lysine, these include me-
thionine (often the first-limiting amino acid for layers), tryptophan and isoleucine.
Glycine (or its substitute, serine) is apparently non-essential for layers.

L = 9.5E + 60W
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When the amino acid levels of diets for layers are set, account needs to be taken
of the fact that individual birds within a flock will be producing eggs at different
rates, and their requirements will therefore differ. This is, of course, a problem with
other livestock and other nutrients, but it has received special attention in its appli-
cation to layers.The amino acid levels of the diet can be raised to ensure that the re-
quirements of, say, 95 per cent of the flock will be satisfied, but this will increase the
cost of the diet. Models have therefore been devised to compare the extra costs of
raising amino acid levels with the extra returns expected from egg production.

As the egg production of hens falls during the period of laying from the peak of
90 per cent to perhaps 75 per cent, their requirements for amino acids (and other
nutrients) decline. It is therefore possible to employ what is termed ‘phase feeding’
to reduce the protein content of their diet from an initial 170 g/kg to about 150 g/kg.

Mineral elements

The laying hen’s requirement for calcium is two to three times greater than that of the
non-layer, because of the large quantities of calcium in the eggshell.The minimum re-
quirement for maximum egg production is about 3 g/day, but maximum eggshell
thickness is not achieved until calcium intake is increased to 3.8 g/day, with typical
values of 4.1 g/day currently being fed. The whole quantity of calcium required is
commonly included in the mash (meal) or pellets, but if the hen is given a separate
source of calcium, as grit, then it is capable of adjusting its intake to its requirements.
The hen’s requirement for calcium fluctuates during the day, and for the 12–14 hours
in which it is forming the eggshell its requirement excedes the rate at which it can ab-
sorb calcium.The hen therefore has to use its reserves of calcium, although it attempts
to maximise the quantity absorbed by selecting calcium-rich foods (when possible)
and improving absorption from the gut.The use of high-energy-density diets results in
lower feed intakes and generally greater productive output. A consequence of this
is that higher dietary concentrations of other nutrients are required – for example,
many commercial diets now contain over 40 g/kg calcium. Phosphorus requirements
are difficult to define because of uncertainties regarding the availability of phytate
phosphorus; requirements are therefore often stated as non-phytin phosphorus or as
the proportion of inorganic phosphorus to be added to the diet.

Other elements that are likely to be deficient in normal diets are sodium, chlo-
rine, iron, iodine, manganese and zinc. Common salt is generally added to the diet of
laying hens and is beneficial in counteracting cannibalism and feather pecking. The
requirement of poultry for sodium is met by the provision of 3.8 g NaCl per kilo-
gram of diet. In excessive amounts, salt is definitely harmful, although adult birds
can withstand 200 g/kg in the diet if adequate drinking water is available. The iron
content of the egg is relatively high (see Table 15.3), and consequently the require-
ment of the laying hen is large compared with the requirement for maintenance. Ex-
cessive iron in the diet is, however, harmful and may give rise to rickets by rendering
the phosphorus of the diet unavailable. Iodine and manganese are particularly im-
portant for breeding hens, since a deficiency of either leads to a reduction in the
hatchability of eggs and may also reduce the viability of the chicks after hatching.
The requirements for manganese are influenced by breed differences and by the
levels of calcium and phosphorus (and phytate) in the diet; manganese is more likely
to be deficient in diets predominantly rich in maize than in those based on wheat or
oats. Zinc deficiency in the diet of laying hens adversely affects egg production and
hatchability and results in the production of weak chicks with a high mortality rate.
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In the past, it is possible that the use of galvanised feeding and drinking troughs was
an important source of zinc.

Vitamins

An important feature of the vitamin requirements of laying hens is that the mini-
mum amounts required to ensure maximum egg production may be insufficient to
provide for the normal growth of the chick, both before and after hatching. Require-
ments for some vitamins are not known, but it appears that for most B vitamins the
quantities needed for maximum hatchability are appreciably greater than those for
egg production alone. For vitamins A and D this is not so.

The value of β-carotene as a source of vitamin A for poultry depends upon a num-
ber of factors, and it has been suggested that in practice this provitamin should be
considered as having, on a weight basis, only 33 per cent of the value of vitamin A.

Regarding vitamin D, it should be remembered that D3 (cholecalciferol) is about
ten times as potent for poultry as D2 (ergocalciferol).

15.4 NUTRITION AND THE GROWTH OF THE FOETUS

The role of the placenta

When the embryo becomes attached to the lining of the uterus, it produces tissues
that link with those of the uterus to form the placenta; at this stage the embryo be-
comes a foetus.The functions of the placenta are to feed nutrients into the foetus and
to remove excretory products from it, and it carries out these functions by having ma-
ternal and foetal blood vessels in close proximity to one another. Nutrients and
metabolites pass from one circulation to the other by the same three types of process
that operate in the gut (see Chapter 8). Simple diffusion (i.e. from high to low concen-
tration) accounts for the transport of lactate, acetate, oxygen, carbon dioxide and
urea; glucose also reaches the foetus by diffusion, but at a faster rate than can be
accounted for solely by a concentration gradient. Nutrients kept at a higher concen-
tration in foetal blood than in maternal blood must reach the foetus by the energy-
demanding process of active transport; amino acids, electrolytes (minerals) and
water-soluble vitamins enter the foetus by this process. Large molecules, such as lipids
and proteins, are generally unable to pass through the placenta, but in some species
the process of pinocytosis allows the transfer to the foetus of immunoglobulins
produced by the mother. In farm animals, however, immunoglobulins are generally
transferred after birth via the first-drawn milk, or colostrum (see Chapter 16).

The placenta grows during the first two-thirds of pregnancy. In animals carrying
two or more foetuses, the placental tissues have to be divided among them, thereby
reducing the nutrient supply to each individual foetus and posing the danger that un-
equal division may cause inadequate nourishment of some individuals and hence re-
duce their birthweight; this is often the origin of the underweight (‘runt’) piglets in a
newborn litter.The efficiency of the placenta in providing nutrients to the foetus(es)
is dependent on its permeability and on the flow and nutrient concentrations of the
maternal blood.Thus, circumstances that reduce the blood flow to the uterus, as heat
stress may do by diverting blood to the mother’s exterior, will reduce foetal growth.

The main source of energy for the foetus is glucose. The placenta also utilises
glucose as an energy source for its transport operations. The foetus uses most of its



Chapter 15 Feeding standards for reproduction

396

glucose supply to synthesise and maintain tissues consisting mainly of protein. Small
excesses of glucose are used to synthesise energy stores of glycogen and lipid. In farm
animals, however, these stores are small and amount to no more than 30 g of lipid per
kilogram of body weight at birth. In ruminants, some acetate may also be used for
lipid synthesis. In times of glucose scarcity, the foetus will use amino acids as an en-
ergy source, but the latter are required mainly for protein synthesis.

Nutrient requirements for foetal growth

The growth of the foetus is accompanied by the growth of the placenta and also by
the fluid-containing sacs that surround the foetus. In addition, the uterus itself en-
larges.The organs and tissues that grow with the foetus are known collectively as the
adnexa. The quantities of nutrients deposited in the foetus can be determined by
killing animals at birth and analysing them, and the time course of nutrient deposi-
tion during gestation can be determined by analysis of foetuses and adnexa obtained
from animals slaughtered at successive stages of pregnancy. Figure 15.1 illustrates
nutrient deposition in sheep foetuses alone and in foetuses plus adnexa (the gravid
uterus); it is based on analyses made by the UK Agricultural Research Council of a
number of experimental studies of the kind described above, and applies to a lamb
weighing 4 kg at birth. Similar analyses have been made for cattle and pigs.
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Fig. 15.1 Growth of the sheep foetus (•) and gravid uterus (■).

Plotted from the equations of the Agricultural Research Council 1980 The Nutrient Requirements of
Ruminant Livestock, Farnham Royal, Commonwealth Agricultural Bureaux.
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For the weight of the gravid uterus (uterus plus contents), and also for many of its
components, the values shown in Fig. 15.1 are extremely small before about 63 days
(9 weeks) of gestation but then increase rapidly to full term, at 147 days (21 weeks).
The increases are particularly rapid in the last one-third of pregnancy (i.e. from day
100 onwards).They are also faster for the foetus than for the gravid uterus, because
the adnexa make their growth earlier, in mid-gestation.This is illustrated most clearly
for the component sodium, most of which in mid-gestation is located in the foetal
fluids. The main organic component is protein; fat forms a small proportion of the
foetus, reaching only about 120 g, or 30 g/kg, at full term.

The patterns of growth shown in Fig. 15.1 can be described by what are known as
Gompertz growth equations, which have the form:

where Y � the weight of the foetus or a component of it, A, B and C � constants,
and x � day of gestation.

Differentiation of the Gompertz equations allows the calculation of nutrient de-
position at successive stages of gestation, and some illustrative figures are shown in
Table 15.4. For comparative purposes, Table 15.4 includes some estimates of the
maintenance requirements of 40 kg ewes, expressed as net requirements. Until the
last one-third of gestation, nutrient requirements for intrauterine growth are so small
relative to the ewe’s maintenance requirements that they can be ignored. By the end
of gestation, requirements for energy retention in the uterus are still small (17 per
cent of the net maintenance requirement), but those for specific nutrients become more
appreciable. For example, the intrauterine requirement for calcium is over twice as
great as the net maintenance requirement by the end of gestation.

In horses, like farm animals, the majority of uterine and placental development
occurs during the second trimester. The DE requirements are relatively small until
approximately day 150 of gestation, but they equate to 24 per cent of total DE
requirements by day 340. Protein requirements for pregnancy in early to mid-gestation
are also low and assumed to be equivalent to maintenance requirements. From the
fifth month of gestation onwards, requirements equate to 2.5 g of dietary crude
protein per gram of foetal weight. Therefore, by day 340 of gestation, when foetal
weight is around 48 kg, total crude protein requirements increase from 630 g/day

log Y = A - Be-Cx

Table 15.4 Daily deposition of energy and selected nutrients in the uterus of a
sheep at successive stages of gestation, and leading to the birth of a 4 kg lamb

Days (and weeks) Deposited in uterus (per day)

from conception Energy (kJ) Protein (g) Calcium (g) Phosphorus (g)

63 (9) 49.3 1.80 0.05 0.06
91 (13) 145.0 5.00 0.30 0.23
119 (17) 347.0 11.56 0.85 0.45
147 (21) 699.0 22.85 1.45 0.57
Ewe maintenancea 4000 33 0.64 0.56

aApproximate net daily requirement for maintenance of a 40 kg ewe.

Adapted from Agricultural Research Council 1980 The Nutrient Requirements of Ruminant Livestock,
Farnham Royal, Commonwealth Agricultural Bureaux.
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to approximately 840 g/day. Foal birthweight is estimated as 9.7 per cent of non-
pregnant mare weight.

Energy metabolism during gestation

If a pregnant animal is given a constant daily allowance of food, its heat production
will rise towards the end of gestation. The increase is due mainly to the additional
energy required by the foetus for both maintenance and growth. It has been found
that metabolisable energy taken in by the mother in addition to her own mainte-
nance requirement is utilised by the foetus with comparatively low efficiency (i.e.
low kc; see Chapter 11). For each additional MJ, only about 0.13 MJ is retained in
the foetus, but the apparent kc value of 0.13 is not directly comparable with the
other k factors discussed in Chapter 11, because the heat production includes the
basal heat production of the foetus as well as the heat produced during synthesis of
foetal tissues.The efficiency with which metabolisable energy is used for the growth
of the foetus (i.e. excluding the maintenance of the foetus) has been estimated at
about 0.4.The demands of the foetus for maintenance and growth lead eventually to
a considerable increase in the energy requirements of the mother. For example, for a
ewe weighing 40 kg at the start of gestation, and requiring 6 MJ of metabolisable en-
ergy per day for maintenance, the total energy requirement will increase to about
11 MJ/day by the end of gestation. Thus, the requirement for metabolisable energy
in pregnancy is increased by far more than might be deduced from the storage of
energy in the gravid uterus (see Table 15.4).

Consequences of malnutrition in pregnancy

Malnutrition – meaning both inadequate and excessive intakes of nutrients – may affect
pregnancy in several ways. The fertilised egg may die at an early stage (i.e. embryo
loss), or later in pregnancy the foetus may develop incorrectly and die; it may then be
resorbed in utero, be expelled before full term (abortion) or be carried to full term
(stillbirth). Less severe malnutrition may reduce the birthweight of the young, and the
viability of small offspring may be diminished by their lack of strength or by their in-
adequate reserves (e.g. of fat). In some circumstances, it is the mother, not the foetus,
that suffers from malnutrition.The foetus has a high priority for nutrients and, if the
mother has a low intake, her reserves will be used to meet the needs of the foetus.This
priority is seen most strikingly in the case of iron, for the foetus can be adequately
supplied with iron when the mother herself is anaemic.The protection thus afforded

BOX 15.2 Mammary development

This takes place throughout pregnancy, but it is only in the later stages that it proceeds rapidly
enough to make appreciable nutrient demands. Even then the quantities of nutrients laid down in
the gland are quite small. In the heifer, for example, it has been shown by the analysis of animals
slaughtered at various intervals during pregnancy that even in the last 2 weeks, when mammary
growth is proceeding at its fastest rate, the quantity of protein deposited daily is no more than 45 g;
this is only 20 per cent of the net protein requirement for maintenance, or 30 per cent of the pro-
tein deposited daily in the uterus at that stage of gestation.
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BOX 15.3 Extrauterine growth during gestation

The liveweight gains made by pregnant animals are often considerably greater than can be ac-
counted for by the products of conception alone. For example, a litter of ten piglets and its associ-
ated membranes may weigh 18 kg at birth, but sows frequently gain over 50 kg during gestation.
The difference represents the growth of the mother herself, and sows may in their own tissues de-
posit three to four times as much protein and five times as much calcium as is deposited in the prod-
ucts of conception. This pregnancy anabolism, as it is sometimes called, is necessary in immature
animals that are still growing, but it also occurs in older animals. Frequently, much of the weight
gained during pregnancy is lost in the ensuing lactation.

If maternal growth (or regrowth) is regarded as an essential feature of gestation, then allowance
must be made for it in feeding standards.Table 15.5 shows the effect on the energy requirements of
140 kg sows of providing for a maternal gain in gestation of 20 kg (most of this being made early in
gestation, when requirements for foetal growth are small). Energy requirements for maternal growth
are much larger than those for foetal growth; as a result, total daily energy requirement does not
change much over the course of pregnancy and as a consequence recent rationing systems assume a
fixed requirement of 0.5 MJ DE per day spread over the whole gestation.The practical consequence
of this is that sows are often given a flat rate of feed (about 2.0–2.8 kg of meal providing 18–26 MJ NE
per day) throughout pregnancy.

Table 15.5 Digestible energy requirements (MJ/day) of a 140 kg sow for
maintenance, foetal growth and maternal growth at successive stages of gestation

Day of Maintenance Requirement Total 

gestation requirement for growth of requirement

Foetuses, Maternal 

etc. tissuesa

10 19.1 0.0 7.7 26.8
40 20.4 0.2 6.6 27.2
80 23.6 0.8 2.5 26.9

115 27.0 2.2 0.8 30.0

aTotal gain in gestation of 20 kg.

Adapted from Agricultural Research Council 1981 The Nutrient Requirements of Pigs, Farnham Royal,
Commonwealth Agricultural Bureaux.

Younger sows continue to grow lean tissue during pregnancy, and so changes in body weight are
not an accurate guide to changes in fat reserves (i.e. a sow gaining weight in pregnancy may still be
losing fat). For this reason, the body condition score of sows may be included in models of energy
requirements (see Agricultural and Food Research Council 1991, in Further reading).

A high plane of feeding, especially towards the end of gestation, is sometimes advocated as a
means of increasing piglet birthweight and also the sow’s mammary development; the greater en-
ergy reserves of the piglet and the greater milk yield of the sow should then increase the viability
and growth of the litter. In practice, the improvements tend to be insignificant.

the foetus is not absolute, however, and in severe and prolonged deficiencies both
foetus and mother will suffer.The degree of protection also varies from one nutrient to
another, for although ewes as a result of an insufficient supply of energy may lose
15 kg of body substance during pregnancy and still give birth to normal lambs, an



Chapter 15 Feeding standards for reproduction

400

avitaminosis A that is without apparent effect on the ewe herself can lead to serious
abnormalities in the young.The effects of underfeeding in pregnancy will also depend
on the reserves of the mother, and particularly on the stage of pregnancy at which it
occurs. In general, deficiencies are more serious the later they occur in pregnancy, but
this rule is not invariable; for example, vitamin A deficiency in early pregnancy, by
interfering with the initial development of certain organs, can lead to abnormalities
and even death in the young.

Effects on the young

Deficiencies of individual nutrients in pregnancy must be severe to cause the death
of foetuses; protein and vitamin A are the nutrients most likely to be implicated,
although deaths through iodine, calcium, riboflavin and pantothenic acid deficien-
cies have also been observed. Congenital deformities of nutritional origin often
arise from vitamin A deficiency, which causes eye and bone malformations in par-
ticular. Iodine deficiency causes goitre in the unborn and in pigs has been observed
to result in a complete lack of hair in the young. Hairlessness can also be caused by
an inadequate supply of riboflavin during pregnancy. Copper deficiency in the
pregnant ewe leads to the condition of swayback in the lamb, as described earlier
(see p. 123).

In the early stages of pregnancy, when the nutritional demands of the embryo are
still insignificant, the energy intake of the mother may influence embryo survival. In
sheep and pigs, both very low and very high intakes of energy at this stage may be
damaging, especially in females in poor condition at mating.As discussed earlier (see
p. 388), the probable cause is a disturbance of the delicate hormone balance re-
quired at this time for implantation of the embryo. There is now evidence, some of
which comes from the culture of embryos in vitro, that nutrition early in pregnancy
can influence the later development of foetuses, for example by modifying the distri-
bution of muscle fibres.

However, mid-pregnancy is a more critical period, because it is at this stage that
nutrition affects the growth of the placenta. In the ewe, about two-thirds of the vari-
ation in lamb birthweight is associated with variation in placenta weight. In sheep, a
high plane of nutrition in mid-pregnancy restricts the growth of the placenta, possi-
bly because a good supply of nutrients in blood can be transferred to the foetus with
less than maximal placental development. Later in pregnancy, however, when the
demands of the foetus are greater, its growth will be reduced because of the re-
stricted growth of the placenta.The importance of this effect varies with the age and
condition of the ewe; the practical recommendation is to feed older ewes and those
in good body condition for a slight loss of weight in mid-pregnancy, but younger and
thinner ewes should be fed to gain about 80 g/day. In pigs, a common recommenda-
tion is that feeding for the first two-thirds of pregnancy should be at about the main-
tenance level.

In the last one-third of pregnancy, the requirements of the foetus(es) increase rap-
idly, and a low plane of nutrition at this time will restrict foetal growth. Ewes kept
under natural conditions (e.g. mountain pastures) are frequently underfed in late
pregnancy and thus lose weight, produce lambs of low birthweight and have a reduced
yield of colostrum. If the low plane of nutrition has been severe and prolonged
enough, then additional feeding during the last few days of pregnancy has little
effect. Low colostrum production may subsequently reduce lamb survival.Table 15.6
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illustrates the association between their weight losses, birthweights of their lambs
and colostrum production.

Young animals should be born with reserves of mineral elements, particularly
iron and copper, and of vitamins A, D and E, because the milk, which may be the
sole item of diet for a time after birth, is frequently poorly supplied with these nutri-
ents.With regard to iron, it appears that if the mother is herself adequately supplied
and is not anaemic, then the administration of extra iron, whether in her food or by
injection, will have no influence on the iron reserves of the newborn. If, however, the
mother is anaemic these reserves, though not haemoglobin, may be reduced. The
copper and fat-soluble vitamin reserves of the newborn are more susceptible to
improvement through the nutrition of the mother. Ewes supplemented with very high
dietary levels of iodine in late pregnancy have reduced serum lamb immunoglobulin G
(IgG) levels and a lower efficiency of colostoral IgG absorption, which can reduce
their ability to fight infection.

Effects on the mother

The high priority of the foetus for nutrients may mean that the mother is the more
severely affected by dietary deficiencies. The ability of the foetus to make the
mother anaemic has already been mentioned; this situation is unusual in farm animals
because their diets are normally well supplied with iron.

The foetus has a high requirement for carbohydrate, and by virtue of its priority
is able to maintain the sugar concentration of its own blood at a level higher than
that of the mother. If the glucose supply of the mother is insufficient, then her
blood glucose may fall considerably to levels at which nerve tissues (which rely on
carbohydrate for energy) are affected.This occurs in sheep in the condition known as
pregnancy toxaemia, which is prevalent in ewes in the last month of pregnancy. Af-
fected animals become dull and lethargic, lose their appetite and show nervous signs
such as trembling and holding the head at an unusual angle; in animals showing
these signs, the mortality rate may be as high as 90 per cent. The disease occurs
most frequently in ewes with more than one foetus – hence its alternative name
‘twin lamb disease’ – and is most prevalent in times of food shortage and when the
ewes are subjected to stress in the form of inclement weather or transportation. Loss
of appetite is especially common among fat ewes. Blood samples from affected ani-
mals usually show, in addition to hypoglycaemia, a marked rise in ketone content

Table 15.6 The effects of energy intake during the last five weeks of pregnancy
on the liveweight gains of ewes, lamb birthweight and colostrum production

Group Energy intake Liveweight change Birthweight of Colostrum (ml)

(MJ ME/day) of ewes (kg)a lambs (kg) in first 18 hours

High plane 13 �6.5 4.3 2054
Low plane 4 �2.5 4.8 994
Low/high 

planeb
4/13 �4 5.0 1315

aFrom 6 weeks before to immediately after parturition.
bHigh plane during last 10 days of gestation.

Adapted from Mellor and Murray 1985 Research in Veterinary Science 39: 235.
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and an increase in plasma free fatty acids. In the later stages of the disease, the ani-
mal may suffer metabolic acidosis and renal failure.

There does not appear to be one single cause of pregnancy toxaemia. The main
predisposing factors are undoubtedly the high requirement of the foetus for glucose
and possibly a fall in the carbohydrate supply of the mother, which may arise
through food shortage or through a decline in appetite in late pregnancy. One bio-
chemical explanation for the disease hinges on the fact that the tricarboxylic acid
cycle cannot function correctly without an adequate supply of oxalacetate, which is
derived from glucose or such glucogenic substances as propionate, glycerol and cer-
tain amino acids. If the oxalacetate supply is curtailed, then acetyl-CoA, which is de-
rived from fats or from acetate arising through rumen fermentation, is unable to
enter the cycle and so follows an alternative pathway of metabolism that culminates
in the formation of acetoacetate, β-hydroxybutyrate and acetone. In pregnancy tox-
aemia, the balance between metabolites needing to enter the cycle is upset by a re-
duction in glucose availability and an increase in acetyl-CoA production, the latter
being caused by the animal having to metabolise its reserves of body fat.The clinical
signs can thus be attributed both to hypoglycaemia and to the acidosis resulting from
hyperketonaemia.An additional factor is that increased production of cortisol by the
adrenal cortex in response to stress may reduce the utilisation of glucose; this possi-
bility is supported by the fact that hyperketonaemia may continue after the blood
glucose level has been restored to normal.

The disease has been treated by the injection of glucose, by feeding with sub-
stances likely to increase blood glucose levels, and by hormone therapy. Only mod-
erate success has been achieved, however, and there is no doubt that the control of
pregnancy toxaemia lies in the hands of the shepherd rather than the veterinary sur-
geon. The condition can be prevented by ensuring an adequate food supply in late
pregnancy and by using foods that supply glucose or its precursors rather than
acetate, i.e. concentrates rather than roughages.

SUMMARY

1. Nutrition can affect both the fertility and the
fecundity of farm animals, through its influ-
ence on age at puberty, on the production of
ova and spermatozoa, and on the survival and
growth of embryos and foetuses.

2. Cattle reach puberty at a specific skeletal size
rather than at a fixed age or weight. Pigs reach
puberty at a fixed age, and so nutrition has lit-
tle effect. Well-nourished sheep reach puberty
at about 6 months of age, but poorer animals
will not reach puberty until the following
breeding season (i.e. at 18 months of age).

3. Sheep in good or improving body condition
produce more ova than those in poorer

condition. This observation has led to the
practice of ‘flushing’, by which the nutrition of
ewes is improved for a few weeks before 
mating. In cattle, the demand for nutrients for
lactation may interfere with reconception 2–3
months after calving.

4. Deficiencies of protein, vitamins and minerals
affect reproduction indirectly, through their
effects on the general health of animals, but a
few have more specific effects on reproduc-
tion. Thus, zinc deficiency in males reduces the
production of spermatozoa, and vitamin A
deficiency causes congenital abnormalities 
in foetuses.
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QUESTIONS

15.1a For a ewe in body condition score 1.0 6 weeks before mating, what are the
consequences on liveweight and ovulation rate from increasing body condi-
tion to 1.5 at mating compared with a ewe that was body condition 1.5 6 weeks
before mating and served at 1.5?

15.1b For a ewe in body condition score 2.5 6 weeks before mating, what are the
consequences on liveweight and ovulation rate from increasing body condi-
tion to 3.0 at mating compared with a ewe that was body condition 3.0 6 weeks
before mating and served at body condition 3.0?

15.2 In cattle, what is the effect of a low plane of nutrition compared with a high
plane of nutrition, on age, weight, withers height and empty body fat 
per cent at puberty?

15.3 For a flock of hens weighing 1.8 kg and producing 80 per cent egg output,
calculate the metabolisable energy requirements.

15.4 What is the lysine requirement (mg/day) for a hen weighing 1.8 kg with an 
80 per cent output, producing eggs weighing 57 g?

15.5 Explain why a high plane of nutrition during mid-pregnancy is detrimental to
lamb birthweight and discuss why the nutrient demand of the developing
foetus is only of significance during the final trimester of pregnancy.

15.6 Discuss the main factors contributing to pregnancy toxaemia (twin lamb
disease) in sheep, and outline dietary strategies to prevent this.

FURTHER READING

Agricultural and Food Research Council 1991 Technical Committee on Responses to Nutri-
ents, report no. 4, Nutrient Requirements of Sows and Boars (see also Nutrition Abstracts
and Reviews, Series B 60: 383–406).

5. Egg production in poultry imposes large 
requirements for nutrients, especially amino
acids and calcium, and these have been quanti-
fied in the form of detailed feeding standards.

6. For mammals, net requirements for the
growth of the foetus increase exponentially
during gestation and are quantitatively signifi-
cant in the last one-third of this period. Nutri-
ents are also required for the growth of the
foetal membranes, uterus, mammary glands
and (in some cases) the body reserves of the
mother.

7. The placenta has a key role in ensuring that
the foetus receives optimal supplies of nutri-
ents, but overfeeding in mid-pregnancy 
restricts the size of the placenta and hence

reduces birthweight. Underfeeding in late
pregnancy also reduces birthweight.

8. Nutrient deficiencies in pregnancy may affect
either or both the mother and the foetus. Many
vitamin and mineral deficiencies (referred to in
Chapters 5 and 6) are manifested in the foetus
first. In the ewe, pregnancy toxaemia – which
is basically a deficiency of glucose – is caused
by the large demand for glucose by the foetus
(often twin foetuses) and by a reduction in
food intake in late gestation.

9. In horses, information regarding fertility and
requirements during pregnancy is lacking, 
although the general pattern of growth of
foetal and non-foetal tissues appears similar to
that of cattle, sheep and pigs.
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Table 16.1 The composition of milk of farm animals (g/kg)

Fat Protein Lactose Calcium Phosphorus Magnesium

Cow 37 34 48 1.2 0.9 0.12
Goat 45 33 41 1.3 1.1 0.20
Ewe 74 55 48 1.6 1.3 0.17
Sow 85 58 48 2.5 1.7 0.20
Mare 15 23 64 1.1 0.6 0.06
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16.1 Sources of milk constituents

16.2 Nutrient requirements of the lactating dairy cow

16.3 Nutrient requirements of the lactating dairy goat

16.4 Nutrient requirements of the lactating ewe

16.5 Nutrient requirements of the lactating sow

16.6 Nutrient requirements of the lactating mare

This chapter is concerned with the nutrient requirements for milk production, which in-
volves a conversion of nutrients on a large scale and is a considerable biochemical and
physiological achievement. A high-yielding dairy cow, for example, may in a single lac-
tation produce five times as much dry matter in the form of milk as is present in her own
body. The raw materials from which the milk constituents are derived, and the energy
for the synthesis of certain of these in the mammary gland, are supplied by the food.
The actual requirement for food depends upon the amount and composition of the
milk being produced.

Qualitatively the milk of all species is similar in composition, although the detailed
constitution of the various fractions such as protein and fat varies from species to
species. Table 16.1 shows the typical composition of the milk of farm animals.

The major constituent of milk is water. Dissolved in the water are a wide range of inor-
ganic elements, soluble nitrogenous substances such as amino acids, creatine, urea and
the water-soluble protein albumin, lactose, enzymes, water-soluble vitamins of the B com-
plex and vitamin C. In colloidal suspension in this solution are inorganic substances, mostly
compounds of calcium and phosphorus, and the protein casein. Dispersed throughout the
aqueous phase is a suspension of minute milk fat globules. Triacylglycerols make up about
98 per cent of the fat phase, the remainder being composed of certain fat-associated

16 Lactation
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substances such as phospholipids, cholesterol, the fat-soluble vitamins, pigments, traces
of protein and heavy metals. The fat phase is usually referred to simply as ‘fat’ and the
remaining constituents, other than water, are classified as ‘solids-not-fat’ (SNF).

16.1 SOURCES OF MILK CONSTITUENTS

All or most of the major milk constituents are synthesised in the mammary gland
from various precursors that are selectively absorbed from the blood.The gland also
exerts this selective filtering action on certain proteins, minerals and vitamins, which
are not elaborated by it but are simply transferred directly from the blood to the milk.

Milk proteins

About 95 per cent of the nitrogen in milk is in the form of protein, the remainder
being present in substances such as urea, creatine, glucosamine and ammonia, which
filter from the blood into the milk. In this respect milk functions as an alternative ex-
cretory outlet to urine. The protein fraction is dominated by the caseins. In cow’s
milk there are five of these, αs1-, αs2-, β-, κ- and γ-casein, which together contain
about 78 per cent of the total milk nitrogen.The protein in next greatest amount is
β-lactoglobulin. The remainder of the fraction is made up of small amounts of 
α-lactalbumin, serum albumin and the immune globulins, pseudo-globulin and
euglobulin, all of which are absorbed directly from the blood.

Amino acids are absorbed by the mammary gland in quantities sufficient to ac-
count for the protein synthesised within it. Considerable interconversion of amino
acids occurs before synthesis, and certain amino acids are important as sources of
others. Thus, ornithine, which does not appear in milk protein, is absorbed and re-
tained in large quantities by the mammary gland and has been shown to be a precur-
sor of proline, glutamate and aspartate. Synthesis of the carbohydrate moieties of
the proteins takes place in the mammary gland, as does phosphorylation of serine
and threonine before their incorporation into the caseins.

Lactose

With the exception of traces of glucose, neutral and acid oligosaccharides and galac-
tose, lactose is the only carbohydrate in milk. Chemically a molecule of lactose is
produced by the union of one glucose and one galactose residue in the presence of
an α-lactalbumin-dependent enzyme (see Chapter 9).The galactose is derived almost
entirely from glucose, but a small part comes from glycerol.Virtually all the glucose
is derived from the blood.

Milk fat

Apart from a minor fraction associated with the fat globule membrane, milk fat con-
sists of a mixture of triacylglycerols containing a wide range of saturated and unsat-
urated fatty acids. The predominant saturated acid is palmitic acid and the
unsaturated acids consist mainly of oleic acid with small contributions from linoleic
acid and linolenic acid. The molar proportions of the fatty acids in the milk fats of
different species are given in Table 16.2.

The fats are characterised by the presence of fatty acids of medium chain length
(8:0 to 12:0) that are specific to the mammary gland. Ruminant milk fats are further



Table 16.3 Total fatty acid composition of bovine milk lipids

Fatty acid Weight (%) Fatty acid Weight (%)

C4:0 3.3 C16:0
a 0.20

C6:0 2.3 C16:0 34.5
C8:0 1.3 C16:1 1.4
C10:0 2.7 C17:0 0.44
C10:1 0.16 C18:0 9.8
C12:0 2.9 C18:1 20.8
C12:1 0.02 C18:2 1.9
C14:0

a 0.04 C18:2 c-9,t-11 0.6
C14:0 10.0 C18:2 t-10,c-12 0.01
C14:1 0.85 C18:3 0.25
C15:0 0.81 C20 0.13

aBranched chain.

Adapted from Givens D I, Kliem K E, Humphries D J, Shingfield K J and Morgan R 2009 Animal
3: 1067–74.

Table 16.2 Fatty acid composition (molar proportions) of milk lipids

Fatty acid Cow Goat Sow Mare

Saturated
Butanoic (C4:0) 0.031 0.013 – 0.004
Hexanoic (C6:0) 0.019 0.028 – 0.009
Octanoic (C8:0) 0.008 0.083 – 0.026
Decanoic (C10:0) 0.020 0.129 0.002 0.055
Dodecanoic (C12:0) 0.039 0.036 0.003 0.056
Tetradecanoic (C14:0) 0.106 0.102 0.033 0.070
Hexadecanoic (C16:0) 0.281 0.245 0.303 0.161
Octadecanoic (C18:0) 0.085 0.098 0.040 0.029

Unsaturated
Hexadecenoic (C16:1) – 0.009 0.099 0.075
Octadecenoic (C18:1) 0.364 0.233 0.353 0.187
Octadecadienoic (C18:2) 0.037 0.018 0.130 0.076
Octadecatrienoic (C18:3) – – 0.025 0.161
Others – 0.008 – 0.081

From Bickerstaff R 1970 Uptake and metabolism of fat in the lactating mammary gland. In:
Falconer I (ed.) Lactation, London, Butterworth.
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characterised by the presence of the low-molecular-weight butanoic (4:0) and hexa-
noic (6:0) acids, which here form 0.05 of the total fatty acids, on a molar basis. The
milk fat of the mare also contains these acids, but the horse too is adapted for the fer-
mentation of roughages with consequent production of volatile fatty acids in the gut.
Table 16.3 gives a more comprehensive analysis of bovine milk fat and illustrates the
wide range of fatty acids present. Over 400 fatty acids have been identified, including
those with odd numbers of carbon atoms and those with branched chains.

The fatty acids of milk fat are derived from two sources. The first is the chylo-
microns and very low-density lipoproteins of the blood.The second is synthesis from
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acetate via the cytosolic malonyl-CoA pathway. In non-ruminant animals the acetate
is produced from glucose absorbed from the blood, whereas in ruminants it is derived
from circulating blood acetate. Glucose also provides some of the glycerol moiety of
the triacylglycerols, via the glycerol-3-phosphate pathway, as well as the reduced
NADP� required for the cytosolic synthesis of the fatty acids.The major product of
this pathway is palmitic acid. There is evidence that in non-ruminants this may
undergo chain elongation, but in ruminants this does not appear to be so.The 8:0 to
12:0 acids are produced by premature termination of the pathway. In the non-ruminant
this is enzymatic, whereas in the ruminant it is an inherent property of the synthase
system. Desaturation of acids takes place in both ruminant and non-ruminant mam-
mary tissue, the products being 18:1 and 16:1 acids. The 4:0 and 6:0 acids are pro-
duced mainly by de novo synthesis from acetate in the mammary gland. However,
D-3-hydroxybutyrate can be absorbed from the blood and used as a source of butyryl-
CoA, which then joins the cytosolic pathway. Ruminant mammary gland tissue is
unique in being able to esterify these acids into triacylglycerols. Acids with odd
numbers of carbon atoms and those having branched chains are synthesised from
propionate via methyl malonyl coenzyme A and the synthetase system.

About half the total acids of milk fat arise from blood lipids and the rest from de novo
synthesis in the mammary gland. Ultimately all the acids of milk fat originate from the
products of digestion, but not all do so directly; some come from endogenous acetate
and fatty acids after storage and mobilisation in the body, particularly in early lactation.

The part of the glycerol moiety of the fat that is not derived from glucose origi-
nates in the acylglycerols of the blood.

Milk fat yield is influenced by the balance of fat synthesis and mobilisation. This
is under hormonal control but depends upon the balance of glucogenic substances in
the products of digestion.Thus, a high proportion of propionate, glucose and amino
acids stimulates fat deposition in adipose tissue and reduces the supply of fat precur-
sors to the mammary gland.

Minerals

The inorganic elements of milk may be divided conveniently into two groups.The first
is composed of the major elements calcium, phosphorus, sodium, magnesium and
chlorine.The second group, the trace elements, contains some 25 elements whose pres-
ence in milk has been well authenticated; these include metals such as aluminium and
tin; the metalloids boron, arsenic and silicon; and the halogens fluorine, bromine and
iodine. Such substances are present in very small amounts, and their presence in milk
is coincidental with their presence in blood; nevertheless, they may have an important
bearing on the nutritive value of the milk and on the health and well-being of the suck-
led animal.The inorganic constituents of milk are absorbed directly from the blood by
the mammary gland, which shows considerable selectivity; the gland is able to block
the entry of some elements, such as selenium and fluorine, but allows the passage of
others, such as zinc and molybdenum.This selectivity may be a considerable disadvan-
tage when it acts against elements whose presence at increased levels in milk would be
desirable. Copper and iron, for example, are both elements important in haemoglobin
formation and therefore for the nutrition of the young animal. Yet despite the fact
that the levels of iron and copper in milk are never adequate, they cannot be raised
by giving increased amounts to the lactating animal, even when blood levels of these
elements are so raised. The iron content of colostrum, the milk produced in the
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immediate postpartum period, may be up to 15 times that of normal milk. However,
during this time, transfer of substances between blood and milk is abnormal.

Vitamins

Vitamins are not synthesised in the mammary gland and those present in milk are
absorbed from the blood. Milk has considerable vitamin A potency owing to the
presence of both vitamin A and β-carotene.The amounts of vitamins C and D pres-
ent are very small, and vitamins E and K occur only as traces.There is a large range
of B vitamins in milk, including thiamin, riboflavin, nicotinic acid, B6, pantothenic
acid, biotin, folic acid, choline, B12 and inositol.

Figure 16.1 summarises the origins of the milk constituents.

Blood Mammary gland

Amino acids Amino acids
Amino acids

Casein

β-Lactoglobulin

α-Lactalbumin

Serum albumin
Immune globulins

Lactose

Triacylglycerols

Minerals and
vitamins

TriacylglycerolsC4:0 to C16:0

Serum albumin
Immune globulins

Glucose Glucose

Galactose

Glycerol, 3- P

Monoacylglycerol

C18:0

C18:1

C18:2

C18:3

Lipid

Minerals and
vitamins

Ruminant

Acetate Acetate

Non-ruminant

C18:1

C12:0 to C16:0

C18:0, C18:1, C18:2, C18:3

Glucose Glucose Acetate C10:0 to C18:0 Triacylglycerols

Lipid Lipid

Lipid Lipid C12:0 to C16:0

C18:0, C18:1, C18:2, C18:3

Butyryl-CoAβ-Hydroxybutyrate β-Hydroxybutyrate

Lipid

Fig. 16.1 Origin of the major milk constituents.
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It will be clear from the foregoing that the mammary gland must be supplied with a
wide range of materials if it is to perform its function of producing milk. In order for
specific milk proteins to be synthesised, essential amino acids have to be available. In
addition, a supply of non-essential amino acids or the raw materials for their synthesis
must also be provided and non-specific milk proteins must be supplied as such.

Glucose and acetate are required for lactose and fat synthesis, and minerals and
vitamins must be provided in quantities that allow the maintenance of normal levels
of these milk constituents. The substances themselves, or the raw materials from
which they are produced, have to be supplied either from the food or from the prod-
ucts of microbial activity in the alimentary canal.

16.2 NUTRIENT REQUIREMENTS OF THE LACTATING DAIRY COW

The nutrient requirements of the dairy cow for milk production depend upon the
amount of milk being produced and its composition.

Milk yield

The yield of milk is decided primarily by the breed of the cow. Generally speaking,
the order of yield for the main British dairy breeds is Holstein, Friesian, Ayrshire,
Guernsey and Jersey (Table 16.4).

There are, however, considerable intrabreed variations with strain and individual-
ity. Thus, certain strains and individuals of a low-yielding breed may often outyield
others of a higher-yielding breed. Old cows tend to have higher yields than younger
animals, but the main short-term factor affecting milk yield is the stage of lactation.
Yield in machine milked cows generally increases from parturition to about 35 days
postpartum and then falls regularly at the rate of about 2–2.5 per cent per week
(1.5–2.0 per cent for first-lactation animals) to the end of lactation. In individual
cases, yield frequently reaches a peak earlier in lactation and the fall thereafter is
much sharper.

As a result of these factors, the yield of milk may vary over a very wide range.
Fortunately, such variations present little difficulty in assessing the nutrient require-
ments of the cow, since yield is easily and conveniently measured.

When estimates of yield are necessary for the long-term planning of the feeding
of the lactating cow, several useful generalisations may be made that allow prediction
of yield at a given stage of lactation. Thus, peak yield may be calculated as one

Table 16.4 Milk yields of the main British breeds of dairy cows

Breed Average lactation yield (kg)

Holstein 8219
Jersey 5617
Ayrshire 6384
Friesian 6784
Guernsey 5587
Shorthorn 6008
All breeds 8020a

aWeighted for cow numbers.

Adapted from National Milk Records Production Annual Report 2008.
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two-hundredth of the expected lactation yield (one two-hundred and fiftieth for
first-lactation animals) or as 1.1 times the yield recorded 2 weeks postpartum, e.g. a
fourth-lactation cow yielding 27 kg at this time could be expected to have a peak
yield of 30 kg and have a lactation yield of 6000 kg.The assumption of a weekly rate
of decline from peak yield of 2.5 per cent per week is useful in predicting milk yield
and also in monitoring deviations from normality during the progress of lactation.
Such estimates are relatively imprecise, and attempts to increase accuracy have re-
sulted in highly sophisticated mathematical descriptions of the changes in yield with
lactation.

In 1976,Wood (see Further reading) suggested that the yield of milk on any day
postpartum (y) may be calculated using equations of the following type:

where n � week of location, a � a positive scalar directly related to total milk pro-
duction, b � an index of the animal’s capacity to utilise energy for milk production, and
c � a decay rate.

Values for a, b and c may be obtained from lactation yield data by a least-squares
procedure.The constants for yield groups may then be used to predict week of peak
yield (b/c) and daily yield in a given week of lactation.Typical figures for a cow with
an expected lactation yield of 5500 kg would be:

a � 26.69
b � 0.03996
c � 0.00942

Week of peak yield would then be 4.24 (0.03996�0.00942) and predicted maxi-
mum daily yield 27.17 kg.

The Wood equation has been criticised in that it predicts zero yield at parturition,
which, in the light of the development of the secretory potential of the mammary
gland at parturition, is obviously not so.A number of alternatives have been put for-
ward. Most have been more complex and have proved to give less satisfactory per-
formance.That of Emmans and Fisher 1986

marginally outperforms the Wood equation, the proportion of variation explained
(R2) being 0.84 compared with 0.82, and dispersion around the regression line
(residual standard deviation) being 1.74 compared with 1.86. In addition, it does not
predict zero yield at parturition and is more easily interpretable in biological terms.
It does so, however, at the expense of increased complexity and the introduction of
an extra term.

The Agricultural and Food Research Council in 1993 proposed the use of the
Morant equation (1989):

where b, c and k � constants varying with parity and lactation yield, a � the natu-
ral log of the expected yield at day 150 of lactation, t � days since calving, and
tl � (t - 150)�100.

Y(kg/day) = exp[a - btl (1 + ktl) + ctl2
+ d>t]

dY/dt = a{exp[-exp(G0 - bt)]}[exp(-ct)]

y(n) = anbe- cn
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Figure 16.2 shows constructed yield curves for the lactation of a cow yielding about
7000 kg of milk in 48 weeks.

Milk composition

The composition of milk varies with a number of non-nutritional factors. Milking
technique may have a profound effect on fat content and thus on total solids content,
since incomplete milking may leave a considerable volume of fat-rich milk in the
udder. Unequal intervals between milkings may reduce yield and fat content when a
single interval exceeds 16 hours, especially with high-yielding cows. Diseases, par-
ticularly mastitis, may reduce the yield and compositional quality of milk; lactose
and potassium contents are lowered and those of sodium and chloride raised.
Changes in fat content are erratic, but crude protein shows little change. The net
result, depending upon the severity of the infection, is a reduction in solids-not-fat
and total solids content.

In a well-managed herd, none of these factors should be of any importance. Cer-
tain variations in composition have to be accepted, however, since they are in-
evitable in a given herd.The factors responsible for these variations are breed, strain,
individuality, age of cow and stage of lactation.

Effect of breed, strain within the breed and individuality 
on milk composition

There is a definite breed order in relation to milk quality, which is the reverse of that
for milk yield. From Table 16.5 it can be seen that the Jersey produces the highest-
quality milk and the high-yielding Holstein gives the lowest-quality product.

Typical values for the lactose, ash and major mineral content of different breeds
is given in Table 16.6. Strain and individuality of the cows have an important effect
on milk composition, and many Holstein cows may average more than 40 g fat/kg
and 33 g protein/kg over a lactation, whereas some Channel Island cows may not
match these figures. Typical ranges in composition within four breeds are given in
Table 16.7.
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Fig. 16.2 Yield prediction curves for lactation yield of about 7000 kg.



Table 16.7 Within-breed variation in the composition of cow’s milk (g/kg)a

Constituent (g/kg) Ayrshire Friesian Guernsey Shorthorn

Fat 35.7–38.7 33.2–37.2 43.1–49.0 33.7–38.1
SNF 86.5–89.4 84.0–87.5 88.2–93.0 85.7–89.0
Protein 33.0–34.7 32.0–34.4 33.9–37.3 31.6–34.2
Lactose 43.7–46.8 43.0–46.0 45.7–47.3 43.8–45.9

aAnnual averages for individual herds.

Adapted from Rook J A F 1961 Dairy Science Abstracts 23: 251.

Table 16.6 Average values for the detailed composition of the milk of four
British dairy breeds

Constituent (g/kg) Ayrshire Friesian Guernsey Shorthorn

Lactose 45.7 44.6 46.2 45.1
Ash 7.0 7.5 7.7 7.6
Calcium 1.16 1.13 1.30 1.21
Phosphorus 0.93 0.90 1.02 0.96

Adapted from Rook J A F 1961 Dairy Science Abstracts 23: 251.

Nutrient requirements of the lactating dairy cow

413

Effect of age on milk composition

As the age of the cow increases, so the quality of the milk produced becomes poorer.
This is shown for Ayrshire cows in Table 16.8.

The regression of SNF content on age is linear and the decrease occurs almost
equally in lactose and protein. Fat content, on the other hand, is relatively constant
for the first four lactations and then decreases gradually with age. Studies on com-
mercial herds indicate that over the first five lactations there is a linear decline in
fat and SNF contents of about 2 g/kg and 4 g/kg, respectively. The age frequency
distribution of a herd may profoundly affect the composition of the mixed herd
milk.

Table 16.5 Average values for the fat and protein contents of
the milk of the main British breeds of dairy cows

Breed Fat (g/kg) Protein (g/kg)

Holstein 39.1 32.2
Jersey 52.9 38.4
Ayrshire 40.5 33.3
Friesian 40.7 33.5
Guernsey 46.8 35.5
Shorthorn 37.8 32.8
All breeds 40.7a 32.9a

aWeighted for cow numbers.

Adapted from National Milk Records Production Annual Report 2008.
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Effect of stage of lactation on milk composition

Advancing lactation has a marked effect on the composition of milk, which is of
poorest quality during that period when yield is at its highest. Both fat and SNF con-
tents are low at this time and then improve gradually until the last 3 months of the
lactation, when the improvement is more rapid.The changes are shown for Ayrshire
cows in Fig. 16.3.

Solids-not-fat content fell during the first 7 weeks of lactation, being the resultant
of the fall in crude protein content from day 15 to day 45 (2.8 g/kg) and the rise in
lactose content (0.4 g/kg) that took place during this period. Subsequently, the rise
in protein content outweighed the fall in lactose content and the SNF content rose to
the end of lactation. Fat content fell sharply in early lactation when yield was rising
rapidly and then continued to fall more slowly, until day 75 of lactation.Thereafter,
fat content rose slowly until day 195, after which the rise was much faster.

Assessment of milk composition is a more difficult task than assessment of milk
yield, since there are five main variables to consider. Modern analytical methods
allow for routine milk analysis on a large scale, and values for fat, lactose and protein
contents of herd bulk milks are now readily available.When analytical results are not
available, assumptions are often made concerning the quantitative relationships be-
tween constituents, which allow composition to be predicted from the content of a
single, easily determined constituent, usually fat.

Energy requirements

Energy requirements for lactation involve an estimate of the gross energy value (EVl)
of the milk, which may be used along with the yield to estimate the net energy
requirement for milk production.

The energy value of milk

Determination of the gross energy of milk involves either bomb calorimetry or a de-
tailed chemical analysis; the amounts of fat, lactose and protein are then multiplied
by their energy values and the products summed, as illustrated in Table 16.9.

Table 16.8 Effect of age of cow on the composition of milk (g/kg)

Lactation Fat Solids-not-fat Crude protein Lactose

1 41.1 90.1 33.6 47.2
2 40.6 89.2 33.5 46.2
3 40.3 88.2 32.8 45.9
4 40.2 88.4 33.0 45.7
5 39.0 87.2 32.6 45.3
6 39.1 87.4 33.0 44.8
7 39.4 86.7 32.5 44.8
8 38.2 86.5 32.3 44.4
9 40.3 87.0 32.7 44.8

10 38.3 86.6 32.5 44.6
11 37.7 86.1 31.6 44.6

After Waite R et al. 1956 Journal of Dairy Research 23: 65.
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Table 16.9 Calculation of the gross energy value of milk

Constituent Content (g/kg) Gross energy (MJ/kg) Gross energy (MJ/kg milk)

Fat 40 38.12 1.52
Protein 34 24.52 0.83
Carbohydrate 47 16.54 0.78
Milk 3.13

The following equation based on the fat content of the milk can be used to calcu-
late the energy content:

in which F is fat content (g/kg). The equation has a standard error of estimate of
0.089 MJ/kg.

EVl(MJ/kg) = 1.509 + 0.0406F
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More accurate assessments may be obtained by including protein (P) or protein
and lactose (L) (both g/kg) in the prediction equation:

The standard error of estimate is thus reduced to 0.066 and 0.035, respectively.
When compositional data are not available, the energy values shown in Table 16.10,

based on breed average fat and SNF values, may be used, but with considerable
reservations.

The net requirement for energy for milk production is the product of the energy
value and the yield. The next step in the factorial estimate is the calculation of the
amount of food energy required to provide the estimated net requirement. For this,
the efficiency of utilisation of food energy for milk production must be known.

Efficiency of utilisation of food energy for milk production

From the calorimetric work of Forbes, Fries and Kellner, an efficiency of utilisation
of metabolisable energy for milk production (kl) of about 0.70 is indicated. More
recent estimates of kl have varied widely from 0.50 to 0.81, but the majority cluster
around 0.60–0.65. There is considerable evidence that much of the variation is due
to differences in the energy concentration of the diet.Van Es has suggested that the
efficiency of utilisation of metabolisable energy for milk production is related to
the metabolisability (qm) of the diet, defined as the ME (MJ/kg DM) at the mainte-
nance level as a proportion of the gross energy (MJ/kg DM). His implied relation-
ships for (a) Dutch and (b) American data are:

(a)

(b)

where kl is the efficiency of utilisation of ME for milk production at zero weight
change. More recently,AFRC (1993) has suggested that kl is best calculated as follows:

It has become common in deriving energy allowances to assume that the gross en-
ergy of the dry matter of all foods is constant at 18.4 MJ/kg and to transform this re-
lationship to give:

kl = 0.019 M/D + 0.42

kl = 0.35qm + 0.42

 kl = 0.466 + 0.28qm

 kl = 0.385 + 0.38qm

EVl(MJ/kg) = 0.0384F + 0.0223P + 0.0199L - 0.108

EVl (MJ/kg) = 0.0376F + 0.0209P + 0.948

Table 16.10 Energy values of the milks of the main
British breeds of dairy cows

Breed Energy value (MJ/kg)

Holstein 3.09
Jersey 3.74
Ayrshire 3.17
Friesian 3.18
Shorthorn 3.05
SCM 3.12a

aSolids corrected milk with 40 g fat/kg and 32 g protein/kg.
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allowing kl to be calculated from the energy concentration of the diet. For certain
foods, such as silage and high-fat dairy compounds, which frequently comprise a
major part of the diets of lactating cows, the assumption is not valid and the equa-
tion based on metabolisability should be used. In such cases, estimates of the gross
energy of the foods are needed, since routine bomb calorimetry is not feasible.
Values calculated from the proximate composition are an acceptable alternative:

in which CP, EE, CF and NFE are stated as g/kg.When neither calorimetric nor com-
positional data are available, silages should be allocated a gross energy of 19.2 MJ/kg
DM, high-oil compound foods a value of 19.4 MJ/kg DM and all other foods a value
of 18.4 MJ/kg DM. Efficiency of utilisation of ME for milk production will vary from
0.61 to 0.67 for diets with qm 0.55 to 0.70. The range of energy concentrations en-
countered with diets for milk production is narrow and it is widely held that a single
factor could be adopted without causing significant error; 0.62 is widely used.

The efficiency of utilisation of metabolisable energy is influenced by the level of
protein in the diet.When protein content is inadequate, body tissues are catabolised
to make good the deficiency, a process that is wasteful of energy.When protein con-
tent is too high, excess amino acids are used as a source of energy. Since protein is
used relatively inefficiently for this purpose, the overall efficiency of utilisation of
metabolisable energy is reduced.

There is some evidence (Fig. 16.4) that the efficiency of utilisation of metabolis-
able energy for milk production is influenced by the proportion of acetate in the
fatty acids produced during rumen fermentation.

GE (MJ/kg) = 0.0226CP + 0.0407EE + 0.0192CF + 0.0177NFE
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Fig. 16.4 Energetic efficiency of lactation.

After Blaxter K L 1967 The Energy Metabolism of Ruminants, London, Hutchinson, p. 259.
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It would appear that when the proportion of acetate is below 0.50, the cow is un-
able to synthesise sufficient of the lower- and medium-chain fatty acids that form a
large part of milk fat; when the proportion of acetate in the total fatty acid produc-
tion is greater than 0.65, efficiency is lowered owing to a shortage of propionate.This
may limit the extent of gluconeogenesis from propionate, and gluconeogenic amino
acids may be catabolised to make good the deficit. Gluconeogenesis from amino
acids is a less efficient process and overall efficiency will be reduced. In addition,
such catabolism may result in a shortage of amino acids for protein synthesis. The
efficiency of utilisation of acetate depends on a supply of NADH, which in turn
depends on a supply of glucose, which may be insufficient if gluconeogenesis is
reduced.

There is other evidence that milk energy output is decreased when acetate forms
less than 0.5–0.55 and propionate more than 0.35–0.45 of the rumen volatile fatty
acids. This is thought to be the result of a reorientation of metabolism towards in-
creased lipogenesis in adipose tissue and decreased lipogenesis in the mammary gland.

The inclusion of correction factors to allow for the effects of protein level and
volatile fatty acid patterns on kl is not justifiable, since the effects cannot be adequately
quantified.At the same time,protein provides such a small proportion of the energy de-
mand that any correction would be almost negligible.The effect of changes in the pro-
portions of the volatile fatty acids within the normal range would be small and would
in any case be partly taken into account by its association with energy concentration.

The requirement for metabolisable energy for milk production (Ml) may thus be
calculated as:

The ME requirements of a cow producing milk having 40 g/kg fat, 34 g/kg protein
and 48 g/kg lactose, and receiving a diet with qm � 0.60, would be 5.0 MJ/kg.

Liveweight change in lactation

Lactating cows are usually gaining or losing body weight.A cow losing weight would
be making reserves of energy available to maintain her level of milk production. If
on the other hand she was gaining weight, some of the production ration would be
diverted from milk production for this purpose.

Values quoted in the literature for the energy value of liveweight gain in dairy cows
vary from 19 MJ/kg to 30 MJ/kg and appear to be related to body condition. In the
Cornell net protein and carbohydrate system and that of the National Research
Council (2001), the energy value of liveweight change is linearly related to body con-
dition score and liveweight, i.e. at high body condition scores, liveweight change has a
higher fat content and therefore a higher energy value; at low body condition scores,
there is a lower fat content with a correspondingly lower energy content. In Australia a
linear relationship with body condition score is used to predict the energy value of
liveweight gain. Stage of lactation can also affect the energy value of liveweight change.
The ratio of protein to fat in mobilised body tissue falls for about the first 8 weeks of lac-
tation and, as a result, the energy value of the tissue may be expected to increase.

AFRC (1993) postulated a value of 19 MJ/kg of liveweight change. This is very
much lower than the value of 26 MJ/kg assumed earlier, and lower too than the
mean value of about 6 Mcal (25 MJ)/kg quoted in 2001 by the US National Research
Council. The validity of a fixed value for the energy of body tissue is extremely

Ml(MJ/kg) = EVl>(0.35qm + 0.42)
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doubtful but, for purposes of illustration, a preferred value of 25 MJ/kg has been as-
sumed in the following treatment.

There is general agreement that the efficiency with which metabolisable energy is
used for tissue deposition (kg) in the lactating cow is higher than in the non-lactating
animal.Values for kg of up to 0.84 have been quoted, but the majority of published
work suggests that kg is very similar to, but slightly lower than, kl. For this reason,
the suggestion that kg � 0.95kl seems appropriate. Thus, for a cow gaining weight,
each kilogram gained means that MJ of dietary metabolisable energy
is unavailable for milk production, or that this amount of dietary metabolisable en-
ergy must be supplied in addition to that required for maintenance and milk produc-
tion. In net energy terms, each kilogram of weight gain may be regarded as adding

to the lactation demand.
An estimate of the efficiency of utilisation of mobilised body tissue energy for lac-

tation gave a mean of 0.74, with a range of 0.72–0.75. This is much lower than the
figure of 0.84 used by AFRC (1993). If we accept the AFRC values, then, for each
kilogram of body tissue mobilised, 25 � 0.84 � 21 MJ of energy is secreted as milk.
This is equivalent to an additional 33.9 (21�0.62) MJ of dietary metabolisable energy
for lactation, assuming a kl of 0.62.

The use in the future of a variable energy value of liveweight change and perhaps
a lower efficiency of utilisation must be given very serious consideration.

Energy requirements for maintenance

As well as the production of milk, the diet of the lactating cow must provide the
energy for maintenance.This may be calculated as follows:

The activity allowance of 0.0091W applies to cows living indoors under normal
loose housing conditions. It is based on certain assumptions of time spent standing,
number of positional changes and distance walked and is valid only in situations in
which these assumptions hold true (see Chapter 14). Available evidence indicates
that under such conditions a cow spends about 14 hours standing, stands up and lies
down nine times and walks about 500 m, during a normal day’s activity.The coeffi-
cient may then be calculated as shown in Box 16.1.

The subject of activity increments is dealt with more comprehensively in
Chapter 14.

Efficiency of utilisation of dietary metabolisable energy for maintenance (km) may
be calculated as follows:

km = 0.35qm + 0.503

Em (MJ/day) = 0.53 (W/1.08)0.67
+ 0.0091W

25>0.95 = 26.3 MJ

25>(0.95 * kl)

BOX 16.1 AFRC (1993) energy costs of physical activity for dairy cows

Activity Energy cost Energy expended (MJ/kg/day)

Standing (14 hours) 10 kJ/kg/day 0.0058
Positional changes (9) 0.26 kJ/kg 0.0023
Walking (500 m/day) 2.0 J/kg/m 0.0010
Total 0.0091
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and the requirement for metabolisable energy for maintenance as:

There is some evidence that modern dairy cows have a higher maintenance re-
quirement than that indicated by the above formula, probably owing to their greater
genetic merit. Such animals have a greater proportion of body protein mass, and
there is increasing evidence that the basal metabolic rate – and hence maintenance
requirement – is dependent upon lean body mass rather than total liveweight. In
addition, the increased intake and metabolism of nutrients needed to satisfy the
demands of increased productivity may stimulate cardiac output, blood flow and
oxygen consumption. Maintenance energy requirement has been shown to vary with
the proportion of fibre in the diet, owing to the increased work of rumination and
digestion, and an increased metabolic activity in the organs of the body.

In calculating the energy requirements of the dairy cow, cognisance must be taken
of the decline in the efficiency of utilisation of metabolisable energy with increasing
level of energy intake. In order to do this, the calculated requirement has to be in-
creased accordingly. The procedure, which involves the use of a correction factor, is
best illustrated by an example, as shown in Box 16.2.

Mm(MJ/day) = [0.53(W>1.08)0.67
+ 0.0091W]>(0.35qm + 0.503)

BOX 16.2 AFRC (1993) calculation of the metabolisable energy requirement of a 600 kg
cow producing 30 kg/day of milk containing 40 g fat/kg and losing 0.4 kg
liveweight/day on a diet having a qm of 0.6

ME for maintenance

ME for lactation

NE supplied by tissue mobilisation

Total ME requirement

Mmp = (135.9 + 59.0) * 1.0415 = 202.9 MJ/day

Correction factor for level of feeding (1 + 0.018Mp>Mm) = 1.0415

Mp = (94.0 - 8.40)>0.63 = 135.9 MJ/day

Mm = 42.04>0.713 = 59.0 MJ/day

Net energy spared by weight loss (10.0 * 0.84) = 8.4 MJ/day

Eg = -0.4 * 25 = 10.0 MJ/day

 Ml = 93.99>0.63 = 149.2 MJ/day

 kl = 0.35 * 0.61 + 0.42 = 0.630

 El = 30(1.509 + 0.0406 * 40) = 94.0 MJ/day

 km = 0.35 * 0.61 + 0.503 = 0.713

 Em = 0.53 * (600>1.08)0.67
+ 0.0091 * 600 = 42.0 MJ/day
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It is common to use a safety margin in calculating allowances in an attempt to min-
imise the risks of underfeeding. A frequently used figure is 5 per cent, which would
then give a revised figure of 213 MJ/day for the requirement of the cow in this calcu-
lation. There is evidence that the 5 per cent figure is inappropriate and that a safety
margin closer to 15 per cent would be required to ensure that only 10 per cent
of cows would be underfed. The high degree of variability implicit in the large
safety margins is due partly to imperfect information on the parameters of the predic-
tion model and also to the heterogeneity of the subject population. A safety margin
has not been used in the box or in calculating the allowances given in the tables of
Appendix 2.

Feed into Milk energy requirements

The metabolisable energy system used by AFRC (1993) adopts a factorial approach
to energy requirements, whereby total requirements are calculated as the sum of that
for maintenance, milk production, liveweight change and foetal requirements. More
recently, Feed into Milk (FiM) has been developed in the UK for dairy cow rationing.
This system adopts a fundamentally different approach to calculating ME require-
ments for higher genetic merit dairy cows by modelling the relationship between ME
intake with requirements (see Chapter 12).

The ME required for weight gain (Mg
FiM) is calculated from the net energy re-

quirement for gain (EVg) by an equation similar to that of ARC (1980) as follows:

The net energy for milk production derived from weight loss (ElWC) is calculated as
follows:

A fixed value of 19.3 MJ/kg is assumed for the EVg, the same as that used by AFRC
(1993). The use of a fixed value does not, however, reflect changes in the energy con-
tent of the liveweight change at different body fat levels as used in a number of other
rationing systems.A fixed value for kg of 0.65 and kt of 0.78 is also used.This differs
from AFRC (1993) by not changing as the quality of the diet (or metabolisability)
changes and is a reflection of the relatively narrow range in the ME content of the ma-
jority of diets fed to modern dairy cows. A lactating dairy cow gaining 1 kg/day would
therefore have an additional ME requirement of � 29.7 MJ/day.

One of the major differences between AFRC (1993) and FiM (2004) is the calcu-
lation of a combined metabolisable energy requirements for maintenance, lactation,
liveweight loss and a proportion of activity (Mml : MJ/kg W0.75) fitted using the
Mitscherlich relationship:

Elcorr is milk energy yield (MJ/kg W0.75), which is corrected for liveweight loss:

where W0.75 is metabolic liveweight, and El is the energy content of the milk output,
calculated as the product of milk yield (Y, kg/day) and the energy value of the milk
(EVl). Surprisingly, FiM predicts EVl from only the fat content of milk, despite the
more accurate relationship obtained when milk protein content is included, and
despite the fact that both milk fat and protein are routinely analysed.

Elcorr = (El + ElWC)>W0.75

Mml = {loge[(5.06 - Elcorr)>(5.06 + 0.453)]}>-0.1326

(19.3 * 1)>0.65

ElWC = EVg * weight loss * kt

Mg 

FiM
= (EVg * weight gain)/kg
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Because a proportion of the activity allowance (Mact) is included within Mml,
the activity allowance within FiM reflects only the vertical movement allowance,
calculated as where km is as defined by AFRC (1993). For a
600 kg dairy cow yielding 30 kg/day and eating a diet with a qm of 0.6, the
activity allowance equates to only 1.1 MJ ME required per day, or less than
0.5 per cent of daily ME requirements. The ME requirements for pregnancy (Mc)
post 250 days are the same as that described by AFRC (1993) and are only of im-
portance during the last several weeks of pregnancy. An initial evaluation of FiM
suggested that it slightly overpredicted the ME requirements of dairy cows. Con-
sequently, it is recommended that 10 MJ per day is subtracted from the calcu-
lated ME requirement.

The FiM total ME requirement (Mreq
FiM) is therefore defined as follows:

An analysis of studies where the digestibility was determined in both sheep at
maintenance and cattle fed at up to 4.8 maintenance revealed no clear effect of level
of feeding on the ME content of the diet, nor between species.Whilst FiM does cor-
rect for level of feeding, a fixed increase in ME requirements of 0.02 ME is made,
irrespective of feeding level.This is illustrated in Box 16.3.

Mreq 

FiM
= [(Mml * W0.75) + Mg 

FiM + Mact + Mc] - 10

0.0013 * W(kg)/km,

BOX 16.3 FiM calculation of the metabolisable energy requirement of a 600 kg cow
producing 30 kg/day of milk containing 40 g fat/kg and losing 0.4 kg
liveweight/day on a diet having a qm value of 0.6

ME for maintenance and production

ME for activity

Correction for level of feeding

Total ME requirement

Mreq 

FiM
= (219 + 1.1 - 10) * 1.02 = 214 MJ/day

Correction factor = 1 + 0.02 = 1.02

 A = (0.0013 * 600)>0.71 = 1.10

 km = 0.35 * 0.6 + 0.503 = 0.71

 Mml = 1.78 * 121.2 = 219 MJ/day

  Mml = loge[(5.06 - 0.726)>(5.06 + 0.453)]>-0.1326 = 1.81 MJ/kg W0.75

 Elcorr = (94.0 - 6.0)>121.2 = 0.726 MJ/kg W0.75

 W0.75
= 6000.75

= 121.2 kg

 Elwc = 19.3 * (-0.4) * 0.78 = -6.0 MJ/day

 El = 30 * (1.509 + 0.0406 * 40) = 94.0 MJ/day
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Fig. 16.5 The effect of intake of metabolisable energy (ME) on milk output and
body weight change.

Adapted from Broster W and Thomas C 1981 In: Haresign W (ed.) Recent Advances in Animal Nutrition,
London, Butterworth, pp. 49–69.

The total ME calculated in Box 16.3 of 214 MJ/day is similar to the 213 MJ/day
(5 per cent allowance) calculated by AFRC (1993) for the same production level
(see Box 16.2).

Responses to increments of dietary energy

In experiments in which responses to the additions of energy to the diet have been
measured in terms of milk yield, it has been found that only part of the theoretically
expected increase in yield has been obtained. The discrepancy is the result of two
factors:

■ Additions of concentrate foods to the diet bring about concomitant decreases in
the roughage component, so that the increase in energy intake is less than is
added in the supplement. The replacement (or substitution) rate, defined as
change in forage intake per unit change in supplement intake, is greater for high-
quality forages and at high intakes of supplement. In certain cases it may ap-
proach unity and the increase in the intake of dietary energy resulting from
supplementation may be very small.

■ Energy consumed by the lactating animal over and above that required for main-
tenance is partitioned between milk production and body gain. Response to sup-
plements of energy added to the diet is negatively curvilinear in the case of milk
yield and positively curvilinear in the case of liveweight gain (Fig. 16.5).
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Thus, an increase in energy intake will result in an increase in milk yield together
with a reduction in liveweight loss or an increase in liveweight gain. When these
changes are considered along with the true increments of dietary energy, then
responses approach the theoretical.

The ability of cows to divert part of their production ration for the growth of
their own tissues, or alternatively to supplement the energy available for milk
production by the breakdown of these tissues, varies considerably from one indi-
vidual to another; cows of high yielding capacity use a higher proportion of a
production ration for milk than those of lower potential. Within individuals the
tendency is for the proportion of the energy of the increment that is used for milk
production to decrease as the production ration is increased; in other words, the
input of energy required per kilogram increases as the milk yield of the cow
increases. Partitioning will also be influenced by the nature of the products of
rumen fermentation, particularly the relative proportions of the volatile fatty acids,
as discussed above.

Response, in terms of milk yield, to the addition of concentrate foods to a fixed ra-
tion is directly proportional to potential or current milk yield.This is well illustrated
by the work of Blaxter, who allocated energy in excess of the level dictated by earlier
standards to cows of different yield groups. He showed that the response ranged from
0.016 kg milk/MJ ME at a yield of 10 kg/day to 0.172 kg at 25 kg.A typical response
to an increment of energy under such conditions would be 0.14 kg milk/MJ change
in metabolisable energy intake (MEI), with responses of 0.003 kg/MJ and 0.01 kg/MJ
MEI for yields of fat and solids-not-fat, respectively.

The major determinant of total lactation yield is peak yield, whether this is
achieved as a result of cow potential or feeding practice. Furthermore, responses to
increments of energy decline as lactation progresses, and with low and medium
planes of nutrition, elevation of energy intake in early lactation results in a 55 per
cent residual effect in later lactation. Theoretically, therefore, allocation of high lev-
els of concentrate supplements to early lactation in order to ensure maximum peak
yield should result in higher lactation yields. Experimental evidence does not en-
tirely support this expectation, since enhanced persistency may counterbalance a
low peak yield. Therefore, feeding systems that provide the same daily quantity of
concentrates throughout lactation (e.g. flat rate feeding) have been shown to result in
a similar milk yield to those that allocate a greater proportion in early lactation (e.g.
feeding to yield or peak feeding).

For animals of high potential, it is very difficult to maintain generous levels of
feeding in early lactation when intake of dry matter is low. Such animals must be
provided with high-energy concentrate foods and the finest-quality roughages if
generous levels of feeding are to be achieved.A major problem at this time is to en-
sure that the ration does not cause rumen disorders and result in loss of appetite
and the production of low-fat milk. The proportion of roughage should therefore
not be allowed to fall below 35 per cent of the diet.Weight lost at this time needs to
be replaced before the next lactation, and this is usually achieved during late lacta-
tion and the dry period. In the light of the evidence of the high efficiency of utilisa-
tion of energy for body gain in the lactating cow, it may be that the most effective
method of replacing lost tissue is by deliberate feeding in excess of requirement
during late lactation to achieve a target energy reserve before drying off. In practice,
body condition scoring, a visual measure of the fat reserves around the tail head
and loin region of dairy cows, has been shown to closely relate to total body fat
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reserves. Body condition scores range from 1 (thin) to 5 (fat), with a target value of
3.0 at drying off.

Protein requirements

In the ruminant animal, dietary protein performs two functions:

■ It must satisfy the nitrogen demands of the rumen microorganisms.
■ It must supply the truly absorbable true protein required to satisfy the demand for

amino acid nitrogen at tissue level.

Metabolisable protein requirement

The metabolisable protein requirement may be defined as the quantity of truly ab-
sorbable true protein required to satisfy the demand for amino acid nitrogen at tissue
level.The net protein demand at tissue level is made up of the following:

■ A maintenance component, which may be calculated as 2.19 g/kg W0.75 per day.
■ A dermal component resulting from the loss of hair and scurf, which may be cal-

culated as 0.1125 g/kg W0.75 per day.
■ A milk component calculated as milk crude protein � 0.95 g/kg milk produced.

The factor of 0.95 is used because the non-protein nitrogen fraction of the milk,
5 per cent of the total nitrogen, is regarded as excretory material that has already
been used by the body and has therefore formed part of a previously satisfied
demand.When valid figures for protein content are not available, it may be calcu-
lated from fat content (F) using regression equations such as that of Gaines and
Overman:

Alternatively, the protein contents of the milks of the main British breeds of dairy
cows given in Table 16.5 may be used.

■ A component reflecting liveweight change (ΔW). Body tissue is assumed to con-
tain 150 g protein per kilogram of empty body weight. Using a transformation
factor of 1.09, this becomes per kilogram of liveweight.

In order to calculate the quantities of metabolisable protein required to satisfy
these net requirements, factors for the efficiency of utilisation of metabolisable
protein for maintenance, dermal losses, lactation and growth and the conversion of
mobilised body protein to milk protein are required. The following are recom-
mended by AFRC (1993):

Maintenance � 1.0
Dermal � 1.0
Growth � 0.59
Lactation � 0.68

Amino acids arising from the mobilisation of body protein are utilised with the
same efficiency as absorbed amino acids, and liveweight loss has a sparing action on
metabolisable protein requirement equal to its protein content, i.e. 138 g/kg.An ex-
ample of the calculation of the metabolisable protein requirement of a lactating cow
is given in Box 16.4.

150>1.09 = 138 g

Protein (g/kg) = 21.7 + 0.31F (g/kg)
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BOX16.4 AFRC (1993) calculation of the metabolisable protein requirement of a 600 kg
cow producing 30 kg/day of milk containing 32 g CP/kg, and losing
0.4 kgW/day

Effective rumen-degradable protein requirement

The protein requirements of the rumen microorganisms are stated by AFRC (1993)
in terms of effective rumen-degradable protein (ERDP). The requirement for ERDP
may be calculated relative to the dietary intake of fermentable metabolisable energy
(FME) and is defined as follows:

where y is the requirement of ERDP (g/MJ of FME) and varies with level of
production.

The suggested values of y for different levels of animal performance are:

■ Animals at the maintenance level (M): y � 9.
■ Low-yielding dairy cows (< 15 kg/day), beef cattle and sheep fed at less than

twice maintenance: y � 10.
■ Ewes in late pregnancy or lactation and lactating dairy cows: y � 11.

Alternatively, y may be calculated using the following equation:

where L is the level of feeding relative to maintenance.
This equation is a mathematical convenience that smoothes the relationship be-

tween y and L and thus avoids boundary problems. It is not based on experimental
data.

Microbial protein contributes to satisfying the demand for metabolisable protein,
but in the majority of cases, particularly at high levels of production, it cannot com-
pletely satisfy the demand. The deficit has to be made good by the truly digestible
undegradable true protein (DUP) of the diet.

Microbial crude protein (FME � 11 for high-yielding dairy cows) is assumed to
contain 75 per cent of true protein (amino acids) and to have a true digestibility of
0.85.The contribution of microbial protein (MCP) to metabolisable protein (MP) is
then MCP � 0.75 � 0.85, or 0.6375 MCP.The requirement for truly digestible un-
degraded protein is then MP - 0.6375 MCP. An example of the calculation of the
protein requirements of a dairy cow using an assumed figure for FME is given in
Box 16.5.

y = 7 + 6(1 - e-0.35L)

ERDP (g/day) = FME (MJ/day) * y

Net protein 

requirement (g/day)

Maintenance 2.19 � 6000.75 1.00 265.5
Dermal loss 0.1125 � 6000.75 1.00 13.6
Milk 32 � 0.95 � 30 0.68 1341.2
Weight loss -0.4 � 138 1.00 �55.2
Metabolisable protein (265.5 � 13.6 � 1341.2 � 55.2) 1565.1

Efficiency

factor

Metabolisable protein

requirement (g/day)
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BOX 16.5 AFRC (1993) calculation of the protein requirements of a 600 kg cow
producing 30 kg of milk containing 32 g CP/kg, and losing 0.4 kg W/day

Metabolisable energy requirement (MJ/day) � 202
Fermentable metabolisable energy of ration (MJ) � 175
ERDP requirement (175 � 11) (g/day) � 1925
Metabolisable protein requirement (g/day) � 1565
Microbial protein contribution (1925 � 0.6375) (g/day) � 1227
DUP requirement (1565 � 1227) (g/day) � 338

It is usual to use a safety margin of 5 per cent in converting requirements of pro-
tein to allowances, but this is not suggested in this system. If safety margins are to be
used, then they should be applied to the calculated requirement for ERDP and MP.
However, in calculating the DUP allowance, the uncorrected ERDP should be used
to calculate truly digestible microbial true protein.

The application of the system to the evaluation of a ration as a protein source is
straightforward.The MP, ERDP, DUP and FME contents of a ration are easily calcu-
lated from those of the constituents.The latter allows calculation of the requirement
for ERDP, which may then be compared with that supplied by the ration. If
ERDP/FME is equal to or greater than 11 (i.e. energy is limiting), then the DUP re-
quirement may be calculated as described above and this can be compared with the
supply (see Box 16.6).

The application of the system to the formulation of rations is rather more compli-
cated.The ration must first be formulated to meet the requirement for metabolisable en-
ergy. This allows the fermentable metabolisable energy content to be calculated. Only
then may the requirement for ERDP be calculated.The ERDP and DUP status of the ra-
tion has then to be assessed and brought into balance.This is most simply done by for-
mulating a supplement having the same FME concentration as the basal ration and the
necessary ERDP and DUP concentrations.This is not an uncomplicated procedure.

If the ideal blend of degradable and undegradable protein is not achieved, the
requirement may be considerably increased. The attainment of such a blend may
allow the use of cheaper sources of protein or justify the use of expensive protein or
the industrial processing needed to modify the degradability of unsuitable dietary
protein, as discussed in Chapter 23.

Estimates of protein requirements may also be made from the results of feeding
trials. In these, diets are used that are accepted as satisfactory in all respects other
than protein, and the minimum intake of protein adequate for maximum production
is determined. Such experiments have to be of a long-term nature since even on de-
ficient diets production may be maintained owing to the cow’s ability to utilise her
body tissues. This will result in a negative nitrogen balance and studies of such bal-
ances are often carried out to supplement the main feeding trial. In treating the re-
sults of feeding trials, an allowance is made for protein required for maintenance and
the residue equated to milk production. Estimates of the digestible protein require-
ment based on such trials have varied from 1.75 times that present in milk to as lit-
tle as 1.25 times in more recent work.These low levels apply only where the content
of crude protein in the diet is of the order of 160 g/kg; where the content is reduced
to about 120 g CP/kg, the requirement for milk production rises.



Requirement Supplied by ration

ME (MJ/day) 206 206.5
ERDP (g/day) 1964 1987
DUP (g/day) 439 604
MP (g/day) 1691 1856
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BOX 16.6 AFRC (1993) evaluation of a ration (qm � 0.6) for a 600 kg cow yielding
30 kg milk with 40 g/kg fat and 35 g/kg protein, and losing 0.4 kg W/day

Requirement for metabolisable protein

Maintenance � 2.3 � 6000.75 � 279
Milk � 35 � 0.95 � 30�0.68 � 1467
Weight change � -0.4 � 138 � -55
Total � 1691

Ration: (MP g/day):

Food kg DM (kg) ME (MJ) FME (MJ) ERDP (g) DUP (g)

Silage 35 8.05 84.5 62.8 886 185
Maize gluten feed 2 1.80 22.9 20.7 234 74
Compound 8.6 7.67 99.1 95.0 858 345
Total 17.52 206.5 178.5 1978 604

ERDP/FME � 1978�178.5 � 11.08 and energy is limiting
MCP � 178.5 � 11 � 1964 g/day
MCP contribution to metabolisable protein demand � 1964 � 0.6375 � 1252 g/day
DUP requirement � 1691 � 1252 � 439 g/day

Then:

Feed into Milk (FiM) protein requirements

The metabolisable protein system described above has been criticised as it results in
a substantially lower metabolisable protein requirement and a higher prediction
error than comparable systems such as the French PDI, the NRC system used in the
USA, the Dutch DVE and the Nordic AAT/PBV system.This discrepancy was related
to the low MP requirement for maintenance, which AFRC (1993) based on basal en-
dogenous nitrogen losses at a maintenance level of feeding. This approach does not
reflect any increase in nitrogen loss at higher levels of intake. The more recent FiM
system attempts to rectify this discrepancy by including a metabolic faecal protein
requirement that varies with DM intake (and therefore production level), based on
that proposed by NRC (2001). The maintenance requirement includes endogenous
urinary protein (4.1 � W0.5) and hair and scurf (0.3 � W 0.6). Metabolic faecal
protein (MFP) is the amount of endogenous protein that is not reabsorbed and
excreted in the faeces and is related to the DM intake as follows:

MFP = 30 DMI
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where DMI is the total DM intake (kg/day). Some of the metabolic faecal protein
(g/day) that is excreted is, in fact, undigested bacterial protein produced in the
rumen. This is adjusted for by subtracting the amount of indigestible rumen synthe-
sised microbial true protein:

where DMTP is digestible microbial true protein (g/day). It is evident from this that
MP requirements for maintenance are dependent on the amount of microbial
protein synthesised in the rumen, and consequently the diet composition: the
greater the amount of microbial protein produced in the rumen, the lower the MP
requirement for maintenance. Finally, there is an adjustment made for endogenous
protein loss, defined as 2.34 � DM intake.

The MPFiM requirements for maintenance (g/day) are therefore defined as follows:

It is clear from the above that unlike in AFRC (1993), calculation of the protein
requirement for maintenance is not possible unless the DM intake and predicted
microbial protein synthesis in the rumen are known. In practice, most commercial
dairy cow diets will result in a DMTP ranging from 1000 g/day to 1200 g/day,
and a reasonable mid-point of 1100 g/day may be used if a computer rationing
program is not available. The MP requirement for pregnancy, milk and body 
weight change in FiM are the same as that proposed by AFRC (1993).An example
of a metabolisable protein requirement calculated according to FiM is provided in
Box 16.7.

Compared with that determined according to AFRC (1993) in Box 16.4, FiM
predicts a higher MP requirement of 280 g/day, or an 18 per cent increase. This
difference is due entirely to an increase in MP requirement for maintenance.

Owing to the complexities of FiM, a computer program or spreadsheet is often
required for rationing purposes. For example, as outlined in Chapter 13, the supply

MPm 

FiM
= 4.1W0.5

+ 0.3W0.6
+ 30 TDMI - 0.5[(DMTP>0.8) - DMTP] + 2.34 DMI

0.5[(DMTP>0.8) - DMTP]

BOX 16.7 Calculation of the Feed into Milk protein requirements of a 600 kg cow
consuming 18 kg DM per day, producing 30 kg of milk containing 32 g CP/kg
and losing 0.4 kg W/day (predicted digestible microbial true protein
production � 1100 g/day)

Maintenance 4.1 � 6000.5 � 0.3 � 6000.6 � 30 � 18 -
0.5[(1100�0.8) - 1100] � 2.34 � 18

1.00 559

Milk 32 � 0.95 � 30 0.68 1341
Weight loss -0.4 � 138 1.00 -55.2
Metabolisable protein (633 � 1341 - 55.2) 1845

Metabolisable protein

requirement (g/day)

Efficiency

factor

Net protein

requirement (g/day)



Food Fresh DMI ME (MJ) MPE MPN

Grass silage 38.5 10 108 680 870
Compound 12.0 10.3 134 1494 1627
Total 50.7 20.3 242 2202 2529
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of effective rumen-degradable nitrogen (EDN) from each feed ingredient is
influenced by three rumen factional outflow rates (liquid, forage and concentrate),
which in themselves are affected by the proportion of forage in the diet. The
rumen-degradable DM and subsequent ATP supply for microbial growth is
similarly affected. However, for most dairy cow rations, FiM proposes that fixed
outflow rates for liquid, forage and concentrates of 0.08/hour, 0.045/hour and
0.06/hour, respectively, be used. Under these circumstances, each feed now has a
fixed metabolisable protein yield from either rumen-degradable protein (MPN) or
rumen-available energy (MPE). MPN is calculated as the sum of MP supply
derived from rumen-degradable protein added to the MP derived from undegrad-
able protein (referred to as MPB). Similarly, MPE is calculated as the sum of MP
derived from rumen energy supply to MPB. The MPN and MPE values for each
feed are additive, resulting in a simple and quick method of diet evaluation. It
should be borne in mind that diets should be formulated to ensure that MPN is
greater than MPE. An example of a diet formulated using this approach is pro-
vided in Box 16.8.

Mineral requirements

AFRC Technical Committee report no. 6 (TCORN 6) proposed that the net daily
requirement for calcium for maintenance (g/day) of the dairy cow may be calculated
as follows:

where DMI is defined as MEI�18.4 qm. For a 600 kg cow consuming 170 MJ ME on a
diet with qm of 0.6, DMI would be 15.4. This gives a net requirement of 23.6 mg/
kg W per day.

0.0079W + 0.66 DMI - 0.74

BOX 16.8 FiM evaluation of a ration for a 600 kg cow producing 34 kg of milk
containing 32 g protein/kg and losing 0.5 kg W/day (MPE and MPN
calculated assuming standard liquid, forage and concentrate outflow rates
of 0.08, 0.045 and 0.06/hour)

Requirement Supplied by ration

ME (MJ/day) 240 242
MP (g/day) 2085 2202

Total MPE is less than MPN, and therefore rumen energy supply is limiting and MP supply is
2202 g/day.
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For the net phosphorus requirement, the TCORN calculation is:

For a 600 kg cow consuming 15.4 kg of dry matter, this suggests a net require-
ment of 28.2 mg/kg W/day. In addition to the requirements for maintenance,
calcium and phosphorus must be provided for milk production.TCORN 6 suggested
1.2 g/kg and 0.9 g/kg for the calcium and phosphorus contents of milk.The require-
ment for calcium by the developing foetus is small until the end of pregnancy, when
the foetal skeleton begins to become calcified.

Availability values for calcium and phosphorus used by TCORN 6 are constant, at
0.68 and 0.58.This has been criticised as not reflecting differences in availability ac-
cording to dietary source. For example, NRC (2001) assumes an availability of cal-
cium and phosphorus in forages of 0.30 and 0.64 and concentrates of 0.60 and 0.70
respectively, although data supporting these coefficients are limited.

TCORN 6 suggested that for diets with qm greater than 0.7, maintenance re-
quirements for phosphorus should be calculated using 1.0 instead of 1.6 in the
above formula, and that the availability factor should be changed to 0.7. Such a
sharp change can give rise to anomalies in calculating requirements. Thus, a phos-
phorus requirement of 72 g/day would be changed to 57 g/day for a change of qm
from 0.69 to 0.71, which we find unacceptable. In the light of these observations
and the fact that our previously used standards have proved satisfactory over many
years, these were preferred, and they have been used, along with the TCORN
methods of calculating net requirements, for calculating the allowances in the tables
of Appendix 2.

The results of feeding trials suggest that allowances of calcium and phosphorus
considerably lower than those indicated by factorial calculation can be given for long
periods with no ill effects on performance or reproduction.Thus, 25–28 g of calcium
and 25 g of phosphorus per day have proved adequate for cows producing 4540 kg
of milk per annum over four lactations, which implies a dietary requirement of
1.10–1.32 g calcium and 1.10 g phosphorus per kilogram of milk. Feeding low levels
of dietary phosphorus to higher-yielding dairy cows producing 7500–8500 kg milk
per annum also appears to have no adverse effects on production, bone strength or
fertility when assessed over several lactations.The requirements given in Appendix 2,
Table A2.3, have been derived by factorial calculation and are probably slightly
higher than the minimum requirement, but they are considered necessary to ensure
a normal lifespan and satisfactory reproduction. Balance experiments have shown
that even very liberal allowances of calcium and phosphorus are frequently inade-
quate to meet the needs of the cow for these elements during the early part of the
lactation. In the later stages and in the dry period, storage of calcium and phospho-
rus takes place. Figure 16.6, for example, shows the cumulative weekly calcium
and phosphorus balances throughout a 47-week lactation for a mature Ayrshire cow
producing 5000 kg of milk.

Despite the negative balances that occurred over considerable periods early in
lactation, there was a net positive balance over the lactation and dry period as a
whole. It has therefore become normal practice to consider the complete lactation in
assessing calcium and phosphorus requirements; early negative balances are re-
garded as normal, since no ill effects are evident as long as subsequent replenishment
of body reserves takes place, and daily requirements are formulated on the basis of
total production over the lactation. However, although the lactation approach is

1.6(0.693 DMI - 0.06)
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satisfactory in many cases, considerable trouble may arise if the allowances used are
too low. When a shortage is serious, progressive weakening and breaking of the
bones may result and, in less severe cases, a premature drying off, which reduces
yield and shortens the productive life of the cow.There seems to be little reason why
requirements should not be based on weekly yield measurements.

In diets that are deficient in phosphorus, the ratio of calcium to phosphorus can
be important.With practical diets, evidence for the importance of the ratio is lacking
and in the absence of definitive evidence the best approach would be to keep the
Ca : P ratio between 1 : 1 and 2 : 1.

In calculating magnesium allowances, a net daily requirement for maintenance of
3 mg/kg W may be assumed, along with a concentration of 0.125 g/kg in the milk.
Availability of dietary magnesium is very low, at about 0.17.

Lactating cows are usually given a sodium chloride supplement. This is done by
adding the salt to the food or by allowing continuous access to salt licks.The primary
need is for sodium rather than chloride, which is more plentiful in normal diets. A
deficiency manifests itself in a loss of appetite, rough coat, listlessness, loss of weight
and a drop in milk production. Salt hunger and low levels of sodium in plasma and
urine may occur in high-yielding cows after as little as 3 weeks if diets are unsupple-
mented. Loss of appetite, weight and production may take about a year to appear.
The requirement for sodium is about 7 mg/kg W per day for maintenance plus
0.63 g/kg of milk. It is usually recommended that 28 g of sodium chloride per day
should be provided in addition to that in the food, or that 15 kg/tonne of sodium
chloride should be added to the concentrate ration.
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Fig. 16.6 Cumulative balances of calcium and phosphorus during lactation
(47 weeks) and dry period.

Adapted from Ellenberger H B, Newlander J A and Jones C H 1931 Bulletin of the Vermont Agricultural
Experimental Station, 331.
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Vitamin requirements

Vitamins are required by the lactating animal to allow proper functioning of the physio-
logical processes of milk production and as constituents of the milk itself. It has yet to be
shown that there is a dietary requirement for vitamins specifically for lactation, but they
have a role in the synthesis of milk constituents, as for instance biotin has in the synthe-
sis of the milk fat. Most of the evidence points to the conclusion that as long as levels of
vitamins in the diet are sufficient for maintenance, normal growth and reproduction,
then no further allowance for lactation need be made. However, normal levels of vita-
mins in the milk must be maintained and sufficient amounts have to be given to allow
for this.The B vitamins are an exception, since an adequate supply becomes available as
a result of microbial synthesis in the rumen. Maintenance of normal vitamin levels in
milk is particularly important where milk is the sole source of vitamins for the young
animal, as for example with the young pig and the suckled calf.

Winter milk has a vitamin A potency of about 2000 iu/kg. Apart from the almost
colourless vitamin A, milk contains variable amounts of the precursor β-carotene.This
is a red pigment, yellow in dilute solution as in milk, to which it imparts a rich creamy
colour. The vitamin A potency of milk varies widely, being particularly sensitive to
changes in dietary levels even though only about 3 per cent of the intake finds its way
into the milk. Thus, green foods are excellent sources of the provitamin, as is shown
by the deep yellow colour of milk produced by grazing cows. Some breeds, e.g. the
Jersey and the Guernsey, have higher ratios of β-carotene to vitamin A in their milks,
which consequently have a deeper yellow colour. For example, feeding the Channel
Islands breeds with vitamin A in excess of levels adequate for reproduction may in-
crease the potency of the milk by up to 20 times but has no effect on the yield or
gross composition of the milk. Considerable storage of vitamin A takes place in the
body, and these reserves may be tapped to maintain levels in the milk. Since the new-
born animal normally has small reserves, it is almost entirely dependent upon milk
for its supply and it is essential to feed the nursing mother during pregnancy and lac-
tation so as to maintain the potency of the milk. No problem arises with cattle and
sheep that are given early access to green food, but great care is required where this is
not so, as for example in winter-calving suckler herds. The daily requirement of the
lactating cow is about 99 iu/kg W or 30 µg/kg W. More recently, NRC (2001)
increased the allowance of Vitamin A to 110 iu/kg W for dry and lactating cows
because of potential improvements in mammary gland health during the dry period
in conjunction with substantial ruminal loss when high concentrate diets are fed.

There is some evidence that there may be a requirement for β-carotene itself,
quite distinct from its function as a provitamin (see Chapters 5 and 15).

When lactating dairy cows are kept on diets deficient in vitamin D and irradiation
is prevented, deficiency symptoms appear, showing that the vitamin is essential for
normal health. There is no evidence, however, for a requirement greater than that
which supports maintenance and reproduction. The vitamin D potency of milk is
largely influenced by the extent of the cow’s exposure to sunlight, and large dietary in-
takes are necessary for small increases in the concentration in the milk.Administration
of the vitamin has little effect in ameliorating the negative balances of calcium and
phosphorus that occur in early lactation, but very heavy doses (20 000 000 iu/day)
for 3–5 days prepartum and 1 day postpartum have been claimed to provide some
control of milk fever (see p. 113).The daily requirement of the lactating cow is about
10 iu/kg W.
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It was previously considered that a proportion of dietary vitamin E was destroyed
in the rumen, but more recent evidence has revealed that virtually all flows to the
small intestine for absorption. The vitamin E content of the basal diet is often vari-
able and unknown, and therefore dietary supply is commonly based on supplemen-
tal amounts, although it should be appreciated that for feeds that are naturally high
in this vitamin (e.g. fresh forages) requirements could be substantially less (approxi-
mately two-thirds of the supplementary requirements). There may also be a higher
requirement for vitamin E when diets high in polyunsaturated fatty acids are fed.
There is some evidence of a benefit to additional vitamin E above that of require-
ments in reducing mastitis and reproductive disorders, whilst high levels of supple-
mentation to reduce oxidative flavours in milk and improve shelf life have been
advocated.Whereas milk contains relatively low levels of vitamin E (approximately
0.5 µg/ml), colostrum contains significantly more (around 3–6 µg/ml), which
may justify higher feeding levels during the dry period. The Agricultural Research
Council (1980) recommended a dietary level of approximately 15 mg/kg DM intake,
although higher levels should be fed if dietary selenium levels are low or polyunsat-
urated fatty acid levels high. More recently, NRC (2001) recommended a similar
value of 20 IU/kg DM intake, which should be increased to 80 IU/kg DM intake dur-
ing the dry period (where 1 IU � 1 mg of all-rac-α-tocopheryl acetate).

Dietary intakes of the B vitamins are of no significance in ruminant animals be-
cause of ruminal synthesis. A physiological requirement, in addition to that needed
for maintaining normal levels in milk, does exist for many of them owing to their in-
volvement in the complicated enzyme systems responsible for the synthesis of milk.

Effects of limitation of food intake on milk production

There is a great deal of evidence to show that reduction of food intake has a pro-
found effect upon both the yield and the composition of milk.

When cows are kept without food, the yield drops to very low levels of about
0.5 kg per milking within 3 days. At the same time, the solids-not-fat and fat con-
tents rise to about twice their previous levels, the increases being due to a concentra-
tion resulting from reduced yield. Less severe limitations reduce yields to a lesser
extent; the solids-not-fat content is lowered but the effect on fat content is variable.

Limitation of the energy part of the diet has a greater effect on the solids-not-fat
content than does limitation of the protein, although it is the protein fraction that is
reduced in both cases. Lactose concentration shows little change, as would be
expected of the major determinant of the osmotic pressure of milk. Most of the fall
in protein content is probably due to increased gluconeogenesis from amino acids,
owing to a reduced propionate supply on low-energy diets.As a result, the supply of
amino acids to the mammary gland is reduced and so is protein synthesis. Low
dietary energy supply will also limit microbial protein synthesis in the rumen, and
thus limit the amino acids available to the mammary gland. Throughout the winter
feeding period in the UK, there is a decline in milk yield and solids-not-fat content
in most herds, the rate of decline being most marked in the later period. The tradi-
tional pattern is for both yield and solids-not-fat content to increase when the cows
are allowed access to spring pasture. It has been shown experimentally that where
levels of winter feeding are high, such increases do not take place and indeed the op-
posite effect may be produced. It would appear, therefore, that winter feeding of
dairy cows is frequently inadequate.
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Dietary factors affecting milk fat depression

There are several dietary factors known to influence the content of fat in cow’s milk.
These include the ratio of forage to concentrates, dietary starch level, forage chop
length, degree of processing of the concentrate, and inclusion of vegetable or marine
oils, such as fish oil.The change to pasture feeding in spring is also frequently accom-
panied by a fall in the fat content of the milk. Spring pastures have a low content of
fibre and are high in soluble carbohydrates; other diets having similar characteristics
also bring about a decline in milk fat.There is much debate regarding the precise nu-
tritional cause of milk fat depression, with three main theories being proposed. The
first relates to the production of volatile fatty acids within the rumen and subsequent
supply to the mammary gland. The second proposes that changes in rumen fermen-
tation alter propionate production, which in turn increases insulin production and
the partition of nutrients between milk and body fat.The third, and most recent, the-
ory relates to the production of intermediaries in the biohydrogenation pathway of
polyunsaturated fatty acids in the rumen.

A decline in milk fat content is most obvious when the proportion of roughage in
the diet falls below 400 g/kg DM, and below 100 g/kg DM herd mean milk fat con-
tent may be below 20 g/kg. Available data suggest that the measure of fibre most
highly correlated with milk fat content is acid-detergent fibre (ADF), which consists
of cellulose, lignin, acid-detergent-insoluble nitrogen and acid-insoluble ash.The re-
lationship between dietary ADF levels and milk fat content is depicted in Fig. 16.7.
Generally, the ADF content of the diet should be maintained above 190 g/kg DM,
but this may not be possible if energy requirements at times of highest yields are to
be met. Low-fibre diets fail to stimulate salivary secretion and hence diminish the
buffering power of the rumen liquor. Such diets are often fermented rapidly, giving
rise to pronounced peaks of acid production and very low pH values. As a result,
the activity of the cellulolytic fibre-digesting microorganisms is inhibited and that
of various starch utilisers encouraged.These changes are reflected in changes in the
balance of volatile fatty acids (VFA) in the rumen. For example, on high-fibre diets,
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the molar proportions of the VFA are approximately 0.70 acetic acid, 0.18 propi-
onic acid and 0.12 butyric acid. If the fibre content of the diet is reduced and that
of concentrates increased, the proportion of acetic acid falls, and in extreme cases
may be less than 0.40 of the total fatty acids. This fall is usually accompanied by a
decrease in butyric acid and an increase in propionic acid, which may account for
0.45 of the total acids present.The concentration of valeric acid may also decrease.
This effect is most pronounced when the concentrates have a high content of rumi-
nally available starch, such as wheat, or when the starch has been treated to in-
crease its availability, as with the starch in flaked maize. A similar reduction in
ruminal pH, shift in VFA proportion and depression in milk fat occurs when the for-
age is very finely ground.This effect is well illustrated in Table 16.11. In dairy cows,
milk fatty acids are derived from two sources: de novo synthesis in the mammary
gland, and uptake from the blood of preformed fatty acids derived from the absorp-
tion of dietary fatty acids in the small intestine or mobilisation of body fat stores.
De novo synthesis results in the production of C4 up to and including approxi-
mately 50 per cent of C16 in milk fat, whereas uptake of preformed fatty acids ac-
counts for approximately 50 per cent of C16 and all longer-chain fatty acids. As
described in Chapter 3, ruminally produced acetate and to a lesser extent butyrate
are the precursors for de novo milk fatty acid synthesis, and a decrease in mammary
supply of these VFA will reduce milk fat synthesis. It has been suggested that if the
ratio of acetic to propionic acid in the rumen contents falls below 3 : 1, then milk of
low fat content will be produced. Other workers have claimed that the most impor-
tant determinant of milk fat content is the balance of glucogenic to non-glucogenic
VFA in rumen contents, and that this is conveniently defined as the non-glucogenic
ratio (NGR) as follows:

where A, P, B and V are molar proportions of acetate, propionate, butyrate and
valerate in the rumen fluid. If the ratio falls below 3, the danger of low-fat milks
being produced is increased.

Milk fat levels increase when acetate or butyrate have been infused and decrease
when propionate has been infused, although the response has been relatively small
(e.g. an increase in milk fat content of 20 per cent when acetate was infused and a
decrease of 10 per cent when propionate was infused at rates likely to be encoun-
tered within the rumen). Unfortunately, the measurement of VFA production rate in
dairy cows is inherently difficult and produces variable results, although in general

NGR = (A + 2B + V)>P + V

Table 16.11 Comparison of ruminal fermentation and fat content of
milk produced from cows fed diets with varying chop length of the
basal alfalfa silage

Forage chop length Fine Medium Coarse

Ruminal pH 5.3 5.9 6.0
Acetate : propionate 2.8 3.1 3.5
Total chewing time (min/day) 570 671 735
Milk yield (kg/day) 31.5 32.1 31.1
Milk fat (g/kg) 30 36 38

After Grant R J, Colenbrander V F and Mertens D R 1990 Journal of Dairy Science 73: 1834.
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increasing concentrates and decreasing the fibre content of the diet results in an
increase in propionate production but has little effect on the rate of production of
acetate. The consequence of this is an apparent decrease in acetate proportion, al-
though the actual supply to the mammary gland for de novo synthesis may be little
affected.

The second theory of milk fat reduction relates to effects of insulin on dairy cow
metabolism. Insulin is a key hormone involved in the regulation of glucose and en-
ergy status within the animal, with circulating levels increasing in response to blood
glucose or propionate concentrations. Increased production of propionate from the
fermentation of starchy concentrates in the rumen results in an increase in the rate of
gluconeogensis in the liver and therefore increases blood glucose concentrations.The
mammary gland is, however, comparatively insensitive to blood insulin levels, but
other tissues such as adipose tissue are sensitive. Insulin’s role within milk fat de-
pression therefore involves the partioning of nutrients away from the mammary
gland and towards body fat depots.

Infusing glucose or propionate directly into the blood of dairy cows decreases
milk fat concentration.This is associated with a reduction in plasma free fatty acids,
which are indicative of body fat mobilisation, and reduce the liver synthesis of low-
density lipoproteins and subsequent supply of these to the mammary gland for milk
fat synthesis. It is also associated with an increased use of acetate and butyrate for
lipid synthesis in body fat, depriving the mammary gland of precursors for de novo
fat synthesis. The results from infusion studies have, however, been highly variable,
with changes in milk fat yield of between �4 and �16 per cent. Some have there-
fore argued that this mechanism does not explain the range of milk fat depression
encountered under commercial feeding situations.

The third theory of milk fat depression (MFD) in dairy cows relates to interme-
diaries produced during the biohydrogenation of polyunsaturated fatty acids in the
rumen. It has long been recognised that the inclusion of vegetable oils such as soya
or sunflower, or marine oils such as fish oil, result in large decreases in the content
of fat in milk. For example, the inclusion of soya oil at about 400 g/day in the diet
of dairy cows can result in a decrease in milk fat content of around 10–15 g/kg,
whilst cod-liver oil given at about 200 g/day can reduce milk fat content by 10 g/kg,
with herring oil having a similar effect. As discussed in Chapter 3, dietary polyun-
saturated fatty acids that enter the rumen are biohydrogenated to saturated fatty
acids, but this process is not 100 per cent complete and a number of intermediaries
can leave the rumen intact. These intermediaries include trans fatty acids, some of
which have been shown to have powerful effects on nutrient partioning and lipid
metabolism. Minimal changes in the structure of these intermediaries can have a
large influence on their biological potency. Milk fat depression is associated with a
specific increase in trans-10 18 : 1 and trans-10, cis-12 conjugated linoleic acid
(CLA), which are produced as intermediaries in the biohydrogenation of linoleic
acid. Linoleic acid is high in vegetable oils such as sunflower oil and soya oil. A
curvilinear relationship exists between the concentration of trans-10, cis-12 CLA
and the decrease in milk fat yield, which is shown clearly in Fig. 16.8.Abomasal in-
fusion of trans-10, cis-12 CLA has also exhibited a similar relationship. According
to the biohydrogenation theory, changes in the ruminal environment that encour-
age the production of intermediaries such as trans-10, cis-12 CLA will result in
milk fat depression. For example, feeding a high-concentrate/low-fibre diet or a finely
ground forage diet reduces ruminal pH and shifts the biohydrogenation pathway



Chapter 16 Lactation

438

towards trans-10, cis-12 CLA production in the rumen, probably as a consequence
of effects on specific groups of bacteria. This effect is increased if a source of
linoleic acid is present. It is argued that the decrease in the ruminal proportion of
acetic acid and increase in propionic acid that are associated with high-concentrate/
low-fibre diets is merely a consequence of the ruminal conditions required to pro-
duce intermediaries such as trans-10, cis-12 CLA.The inclusion of marine oils such
as fish oil does not always result in an increase in trans-10, cis-12 CLA in milk fat
and yet they have a powerful effect on reducing milk fat content, and it appears
that a number of other biohydrogenation intermediaries may also be involved.
Recently, trans-9, cis-11 CLA and cis-10, trans-12 CLA have been identified as having
the ability to depress milk fat levels.

It is worth noting that in countries such as the USA, the content of trans fatty
acids (such as CLA) must be declared on food products, with a view to eliminating
these from the human diet. This is because of an association between coronary
heart disease in man and trans fatty acids produced from partially hydrogenated
vegetable oils that are used in the manufacture of margarines and spreads. Such
products have a different profile of trans fatty acids compared with those observed
in milk. Indeed, the most common trans fatty acid found in milk is cis-9, trans-11
CLA, and there is evidence from laboratory animals that this fatty acid has a bene-
ficial effect on protecting against certain types of cancer, coronary heart disease
and diabetes.

There is a tendency for dietary fat to be regarded simply as a source of energy.
It has been shown, however, that when fat is replaced by an isocaloric amount of
starch in the diet of the lactating cow, then milk yields may be lowered. There is
also some evidence that diets having 50–70 g/kg DM of ether extract produce
more milk than those containing less than 40 g/kg. Most forages and food grains
have low contents of lipids, of the order of 15–40 g/kg, and the fat content of the
diet is usually boosted by that of supplementary compound foods.The provision of
high levels of dietary fat is particularly important with high-yielding cows, for

Fig. 16.8 Milk fat content and concentration of trans-10, cis-12 conjugated linoleic
acid following abomasal infusion. 

Adapted from Griinari J M and Bauman D E 2003 Update on theories of diet-induced milk fat depression
and potential applications. In: PC Garnsworthy and J Wiseman (eds) Recent Advances in Animal Nutrition,
Nottingham, Nottingham University Press, pp. 115–55.
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which the constraints of intake make it difficult to provide adequate energy. In ad-
dition, increased saturated fat content at the expense of the starch fraction can
help to correct the low-fat syndrome found with diets low in fibre and high in
starch. This is the result of increased incorporation of long-chain fatty acids of the
dietary fat into the milk fat whereas de novo synthesis of short-chain acids is de-
creased. Protein concentration but not total protein secretion in the milk may be
reduced. Unfortunately, added fat tends to impair fermentation and digestion of
plant cell wall constituents in the rumen and may depress intake. The effect is
greatest with roughages of high quality, and the effect in the case of low-quality
materials may be negligible. It is generally considered that not more than 0.5 kg of
fat should be added to the daily ration of a lactating cow. Higher levels may be
used if the fat is protected so that its deleterious effects on the rumen are avoided
and normal hydrogenation, solubilisation and absorption take place. Prills (pellets)
of calcium salts of fatty acids have proved to be an effective form of protected fat.
Fatty acids in this form are less available and therefore less toxic to the micro-
organisms of the rumen than are the free fatty acids produced by fat hydrolysis. In
addition, the release of free fatty acids into the rumen following the ingestion of
fat results in the fixation of calcium, thus denied to the rumen microbes for which
it is essential. This does not occur with the calcium soaps and it has been claimed
that up to 15 per cent of the metabolisable energy requirement may be supplied by
dietary fat when such products are used.

The nature of the dietary fat can have a profound effect on the composition of
milk fat. Diets rich in acids up to palmitic generally increase the proportions of these
acids in milk fat at the expense of the C18 acids. Dietary fats rich in saturated and un-
saturated acids result in increased yields of oleic and stearic acids with associated de-
creases in shorter-chain acids, particularly palmitic acid.The secretion of linoleic and
linolenic acid or the longer-chain eicosapentaenoic or docosahexaenoic acids found
in fish oils is little affected by diet owing to the extensive hydrogenation that occurs
in the rumen and their preferential distribution in the phospolipid coating of the fat
globules, which is considerably lower in milk than the triacylglycerols.

Changes in dietary carbohydrate that reduce milk fat content tend to increase
protein content if dietary protein supply is adequate.The effect may require 2–3 weeks
to manifest itself and be of the order of 8 g protein/kg milk. It is probable that the
increased propionic acid production on such diets has a sparing effect on certain
glucogenic amino acids such as glutamate, and more of these are then available to
the mammary gland for protein synthesis. Alternatively, such diets are often associ-
ated with an increase in microbial protein synthesis in the rumen, which will increase
amino acid supply to the mammary gland. The increased intake of energy per se,
which usually occurs on such diets, would have the same effect.

Reductions in dietary protein level may decrease milk yield and, almost invari-
ably, non-protein nitrogen content. Milk protein is little affected until intake of pro-
tein falls below 60 per cent of requirement. This is probably due to an insufficiency
of essential amino acids, primarily methionine, followed by threonine and trypto-
phan. When duodenal amino acid supply has been measured and deficient amino
acids infused directly into the bloodstream, there have been large increases (approx-
imately 5–8 g/kg) in milk protein content.The prediction of the amino acid profile at
the small intestine in dairy cows is fraught with difficulties, and feeding studies that
have attempted to rectify amino acid imbalances through supplementation have pro-
duced variable results.
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BOX 16.9 Nutrigenomic effects on lactation

Much is known about the biochemistry of milk synthesis, but the regulatory and cellular signalling sys-
tems are less well understood. The development of genetic tools such as DNA microarrays, single-
nucleotide polymorphism arrays and genotyping have led to the emergence of nutrigenomics in animal
nutrition. Nutrigenomics is the study of how dietary nutrients interact with specific genes to influence
animal performance, health and product quality. Specific nutrients can influence how DNA is tran-
scribed into mRNA and then to proteins, including enzymes that control metabolism and health. For
example, the expression of enzymes associated with milk fat synthesis is stimulated by a class of tran-
scription factors, one of which is the sterol response element binding protein (SREBP) family. Inhibition
of one of these (SREBP1c) in mice has been shown to result in a 41 per cent decrease in milk fat con-
centration. In dairy cows, the mammary expression of SREBP1 and proteins involved in the activation
and translocation of SREBP is reduced by trans-10, cis-12 CLA and, as discussed previously, trans-10,
cis-12 CLA is a potent inhibitor of milk fat synthesis in dairy cows. Polyunsaturated fatty acids, espe-
cially long-chain n-3 fatty acids, are also associated with a reduction in milk fat synthesis and appear to
act by a similar mechanism. In contrast to the effects in the mammary gland, trans-10, cis-12 CLA in-
creases the expression of genes involved in the pathways of lipid synthesis in the adipose tissue, includ-
ing fatty acid synthase and stearoyl-CoA desaturase. Minerals and vitamins can also influence gene
expression. For example, zinc interacts with cysteine and histidine to create zinc finger domains in
DNA binding proteins, which can influence RNA synthesis. In zinc-deficient animals there is an in-
creased expression of the gene for cholecystokinin production in the intestine, with the subsequent ef-
fect of a reduced appetite. DNA microarray studies and other gene expression studies have suggested
that biotin affects transcription of genes involved in glucose metabolism.The rapid developments in this
area will provide a greater understanding of the mechanisms underlying nutritional effects and lead to
strategies to enhance animal performance, health, product quality and nutrient use.

16.3 NUTRIENT REQUIREMENTS OF THE LACTATING GOAT

In addition to the dairy cow, the goat is also used for the commercial production of
milk for human consumption.As in the case of the dairy cow, nutrient requirements
depend upon the amount of milk being produced and its composition.

Milk yield

Yield varies with breed (Table 16.12).A lactation normally lasts for about 10 months,
during which time up to 1350 kg of milk may be produced. In the short term, the

Table 16.12 Total lactation milk yields of dairy goats in England
and Wales

Breed Lactation milk yield (kg)

Anglo-Nubian 681
Saanen 904
British Saanen 970
Toggenburg 672
British Toggenburg 1090
British Alpine 953
Golden Guernsey 820

Adapted from AFRC 1994 The Nutrition of Goats, Technical Committee on Responses
to Nutrients report no. 10, Wallingford, CABI.
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Fig. 16.9 Yield prediction for a goat producing about 750 kg milk/lactation.

Table 16.13 Composition (g/kg) of the milks of dairy goats in England and Wales

Breed Fat Protein Lactose Energy value (MJ/kg)

Anglo-Nubian 46.5 35.5 43.4 3.36
Saanen 35.1 28.8 44.8 2.79
British Saanen 37.6 29.2 42.8 2.86
Toggenburg 37.1 28.6 45.8 2.87
British Toggenburg 37.3 29.6 43.8 2.87
British Alpine 41.1 31.1 43.3 3.05
Golden Guernsey 41.9 31.7 43.3 3.09

major factor affecting yield will be the stage of lactation, with the pattern of milk
production being similar to that for the dairy cow (see p. 412). Peak yield usually
occurs at about the sixth week postpartum and is maintained for the next 4 weeks,
before declining at the rate of about 2.5–3 per cent per week. Estimates of yield may
be made using the following equation:

where n � days postpartum, n� � (n - 150)/100, A � the yield at day 150 of lacta-
tion, B � persistency in the form of change in yield at day 150, and C � curvature in
the decline in yield in the period after the peak is achieved.

Figure 16.9 shows a plot of the estimated yields for a lactation yield of about 750 kg,
with A � 3.47, B � -0.618 and C � -0.0707.

Milk composition

The composition of milk is primarily affected by the breed of the goat. Representa-
tive figures for several breeds are given in Table 16.13.As with the dairy cow, breeds
producing the higher yields tend to give milk of poorer quality.

Stage of lactation also affects the composition of the milk. Fat and solids-not-fat
content fall to a minimum at about 4 months postpartum, rise for the succeeding
3 months and then increase slowly until the close of the lactation.

Y(kg/day) = A exp[B(1 + n¿>2)n¿ + Cn¿2 - 1.01>n)]
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Fat content has been shown to decrease with increasing parity and is lower for
animals with high lactation yields.

The nutrient requirements of the lactating goat may be derived factorially from
estimates of the requirements for maintenance, milk production and liveweight change.

Energy requirement
Maintenance

Estimates of the fasting metabolism for lactating goats show considerable variation,
but a mean value of 315 kJ/kg W0.75 per day, which closely resembles that of
319 kJ/kg W0.75 per day for dairy cattle, is an acceptable estimate. This is the basic
energy requirement. It should be increased by about 10 per cent for animals kept
indoors, 20 per cent for grazing animals under lowland conditions and 30 per cent
for those on the hill, to allow for increased activity. In very dry or mountainous
situations these may have to be increased to as much as 100 per cent.

The efficiency of utilisation of metabolisable energy for maintenance (km) may be
calculated as follows:

For a diet of qm � 0.6, km � 0.713, and the basic requirement for metabolisable
energy for maintenance for a 60 kg goat is then 0.315 � 600.75�0.713 � 9.52 MJ/day.
For a goat on hill land, it should be increased to 12.4 MJ/day.

Milk production

The net requirement of energy for milk production is the gross energy of the milk
produced.This will depend upon the yield and the energy value (MJ/kg) of the milk.

In its 1998 publication (see Further reading), the Agricultural and Food Research
Council proposed the use of the following equation for estimating the energy value
of goat’s milk:

When the protein content of the milk is not known, EVl may be calculated as
follows:

When no data are available, a value of 3.25 MJ/kg or breed values based upon
the figures in Table 16.13 may be adopted.

The efficiency of utilisation of metabolisable energy for milk production (kl) may
be calculated as follows:

The metabolisable energy requirement for the production of 1 kg of milk in the
case of an Anglo-Nubian goat receiving a diet of qm of 0.6 would then be 3.36�0.63 �
5.33 MJ/day. The metabolisable energy requirement of a 60 kg goat of this breed
producing 3 kg of milk at pasture would be:

Lactating goats are almost always gaining or losing weight owing to the need for
mobilisation of body tissue to make good the difference between energy input and

(0.315 * 1.2 * 600.75>0.71) + (3 * 3.36>0.63) = 27.5 MJ/day

kl = 0.35qm + 0.42

EVl(MJ/kg) = 1.509 + 0.0406 * fat

EVl (MJ/kg) = 0.0376 * fat (g/kg) + 0.0209 * protein (g/kg) + 0.948

km = 0.35qm + 0.503
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output. In the situation where a goat is being fed to gain weight, extra energy has to
be provided. AFRC (1998) suggests a value of 23.9 MJ/kg of liveweight change for
the EVg of lactating goats.This is equivalent to a dietary metabolisable energy contri-
bution of 32.4 MJ (23.9 � 0.84�0.62). The efficiency of utilisation of metabolisable
energy for gain may be taken as 0.95 kl. For 1 kg of liveweight gain, a dietary intake
of metabolisable energy of 41 MJ [23.9�(0.62 � 0.95)] would be required.

As with cattle, a level of feeding correction should be used when calculating energy
requirements.

Protein requirement
Maintenance

The net requirement for nitrogen for maintenance is that required to replace the en-
dogenous urinary loss (EUN) plus part of the metabolic faecal nitrogen loss (MFN)
plus loss of nitrogen in hair and scurf (D).The total is termed the basal endogenous
nitrogen (BEN) and is of the order of 0.35 g/kg W0.75/day, which translates to a
metabolisable protein demand of 2.19 g/kg W 0.75. Metabolisable protein is assumed
to be used for maintenance with an efficiency of 1.0.

Lactation

Estimates of the crude protein contents of the milks of modern dairy goats (see
Table 16.13) range from 28.6 g/kg to 35.5 g/kg.Taking an average value of 30.6 g/kg
gives an acceptable true protein content of 27.5 g/kg, assuming that 10 per cent of
the milk nitrogen is non-protein nitrogen.When the information is available, a preferred
figure should be used instead: for example, 32 g/kg for the Anglo-Nubian breed.The
efficiency of utilisation of metabolisable protein for milk production is 0.68 and the
metabolisable protein requirement for milk production is then 32�0.68 � 47 g/kg.

When the lactating goat is losing weight, the mobilised tissue contributes nitrogen
to the production of milk. Efficiency of mobilisation is taken to be 1.0 and the mo-
bilised nitrogen is used with an efficiency of 0.68.The protein content of liveweight
change (ΔW) in the lactating goat has been estimated as 138 g/kg. Liveweight loss
thus contributes 138 � 0.68 � 93.8 g metabolisable protein per kilogram to the pro-
duction of milk.

When the lactating goat is gaining weight, there is a requirement in excess of that
required for maintenance and lactation.Taking the protein content of liveweight gain
to be 138 g/kg and the efficiency of utilisation of metabolisable protein for gain to be
0.59 gives an extra dietary requirement of 234 g/kg of metabolisable protein.

The metabolisable protein requirement, where Y is milk yield in kilograms, is then:

when ΔW is positive and

when ΔW is negative.
The daily requirement for degradable protein (ERDP) is given by (FME � 11) g,

where FME (MJ/day) is the fermentable metabolisable energy intake. The contribu-
tion of dietary ERDP to satisfying metabolisable protein demand may be calculated,
as for the cow, as 0.6375 � ERDP.

MP (g/day) = 2.19 * W0.75
+ 27.5Y>0.68 - 138 * ¢W * 0.68

MP (g/day) = 2.19 * W0.75
+ 27.5Y>0.68 + 138 * ¢W>0.59
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BOX 16.10 Calculation of the requirements of a 60 kg Anglo-Nubian goat producing 
5 kg/day milk at pasture and losing 50 g W/day

Mm (MJ/day) � (600.75 � 0.315 � 1.2)�0.713 � 11.43
Ml (MJ/day) � 5 � 3.36�0.63 � 26.67
Mg (MJ/day) � �0.05 � 32.4 � �1.62
Mm � Mp (MJ/day) � 36.47
Feeding level correction � 1 � 0.018 � Mp�Mm � 1.0394
Mmp (MJ/day) � 36.47 � 1.0394 � 37.91
FME (MJ/day) � 32.68
ERDP (MJ/day) � 32.68 � 11 � 359.5
MP (g/day) � (2.19 � 600.75) � (35.5 � 0.9 � 5�0.68) � (0.05 � 138) � 275.8
Microbial protein supply (g/day) � 359.5 � 0.6375 � 229.2
DUP (g/day) � 275.8 – 229.2 � 46.5
Ca (g/day) � (2.37 � 5 � 1.3)�0.51 � 17.4
P (g/day) � (3.71 � 5 � 0.9)�0.55 � 14.9
Mg (g/day) � (50 � 0.0035 � 5 � 0.13)�0.17 � 4.9

The daily requirement for digestible undegraded protein (DUP) is calculated as
follows:

Requirements for calcium, phosphorus and magnesium

Endogenous losses (net requirements for maintenance) may be calculated as follows:

where DMI � metabolisable energy intake�18.4qm (NB: this is not a prediction of
potential intake).

Milk may be taken to contain 1.3 g calcium, 0.9 g phosphorus and 0.13 g magne-
sium per kilogram.

There is a dearth of information on the availability of dietary minerals for the
goat, and it is suggested that the values used for cattle, 0.51, 0.55 and 0.17 for cal-
cium, phosphorus and magnesium, respectively, should be adopted.

An example of the calculation of the nutrient requirements of a goat with an as-
sumed dry matter intake of 3.43 kg/day (37.91�18.4 � 0.6) is given in Box 16.10.

Magnesium (g/day) = 0.0035 W

 Phosphorus (g/day) = 1.6(0.693 * DMI - 0.06)

 Calcium (g/day) = 0.623 * DMI + 0.228

DUP (g/day) = MP - 0.6375 * ERDP

16.4 NUTRIENT REQUIREMENTS OF THE LACTATING EWE

The lactation of the ewe usually lasts 12–20 weeks, although individuals show con-
siderable variations. Stage of lactation has a pronounced effect on milk yield, which
is maximal at the second to third week and then falls steadily, as shown for Suffolk
ewes in Fig. 16.10.
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Table 16.14 Lactation (12 weeks) yields of different breeds of sheep

Yield (kg)

Breed Twins Singles

Romney Marsh 148 115
Cheviot – 91
Border Leicester/Cheviot 211 124
Suffolk 145 94
Hampshire Down 79 75
Scottish Blackface 142 102
Finnish Landrace/Scottish Blackface 206 133

It has been calculated that about 38 per cent of the total yield is obtained in the
first 4 weeks of lactation, 30 per cent in the succeeding 4 weeks, 21 per cent in the
next 4 weeks and 11 per cent in the final 4 weeks. Comparison of the milk yields of
different breeds is difficult, since the data have been obtained under widely differing
climatic conditions, levels of feeding and sampling techniques. They indicate, how-
ever, that differences do exist (Table 16.14) and that within-breed differences are fre-
quently large.

Animals suckling more than one lamb produce more milk than those suckling sin-
gle lambs.The higher yield is probably due to higher frequency of suckling and greater
emptying of the udder, indicating that a single lamb is incapable of removing sufficient
milk from the udder to allow the full milking potential of the ewe to be fulfilled.

Data on the composition of the milk of the ewe suckling lambs are relatively few,
although more data are available for machine-milked ewes. Factors such as sampling
techniques, stage of lactation and milking intervals all affect composition, and figures
are not strictly comparable and thus show considerable variation.Thus, published fig-
ures for breed average fat and protein contents vary from 50 g/kg to 100 g/kg and

Fig. 16.10 Effect of stage of lactation on milk yield of the ewe. 

From Wallace L R 1948 Journal of Agricultural Science, Cambridge 38: 93.
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from 40 g/kg to 70 g/kg, respectively. Breed differences in composition are illustrated
by the figures given in Table 16.15.

The composition of ewe’s milk is affected by stage of lactation as shown in Fig. 16.11.
The changes are similar to those in the dairy cow if allowance is made for the different
length of lactation.

The nutrient requirements of the lactating ewe may be derived factorially from
estimates of the requirements for maintenance, milk production and liveweight
change.

Table 16.15 Effect of breed on the composition of ewe’s milk (g/kg)

Breed Fat Protein

Suffolk 6.60 5.80
Dorset 6.10 6.50
Welsh Mountain 6.20 5.40
East Friesian 6.64 6.21

After Bencini R 2001 Proceedings of the 7th Great Lakes Dairy Sheep Symposium.

Fat (g/kg)

Protein (g/kg)

Lactose (g/kg)
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Lactation mean
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Fig. 16.11 Effect of stage of lactation on milk composition of Finnish Landrace �
Blackface ewes.

Adapted from Peart J N et al. 1972 Journal of Agricultural Science, Cambridge 79: 303.
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Energy requirements

The net requirement for maintenance (Em) of housed ewes may be calculated as follows:

where W is liveweight (kg).
The activity increment of 0.0096W will be greater for ewes kept outdoors. For

grazing sheep under lowland conditions, a value of 0.0109 would appear to be rea-
sonable, and for hill sheep, 0.0196.

The energy value of ewe’s milk is given by the following:

in which F � fat content (g/kg) and D � day of lactation. Alternatively, a value of
4.6 MJ/kg may be assumed when no information on composition is available.

Estimates of the energy value of mobilised body tissue in the lactating ewe have
varied from 17 MJ/kg to 68 MJ/kg, being particularly high and variable in early lac-
tation. The figure of 68 MJ/kg is not acceptable and can be explained only in terms
of simultaneous loss of fat accompanied by storage of water. In the absence of defin-
itive evidence, it is proposed that, by analogy with the lactating cow, a figure of
25 MJ/kg should be taken. Each kilogram of mobilised tissue contributes 25 � 0.84 �
21.0 MJ net energy as milk and each kilogram of liveweight gain adds an additional
25�0.95 � 26.3 MJ to the net lactation requirement of the animal for energy.

The relevant efficiency factors for calculating metabolisable energy requirements
are as follows:

Protein requirements

The requirement for metabolisable protein is made up of that for maintenance, cal-
culated as 2.19 g/kg W 0.75, plus that for milk production calculated as 49�0.68 � 72 g/kg
milk, plus that for wool growth taken as 20.4 g/day, plus or minus an adjustment
for liveweight change (ΔW), calculated as -119 g/kg ΔW when ΔW is negative, and
�140 g/kg ΔW when ΔW is positive.

The requirement for effective degradable protein is given by ERDP (g/day) �

FME (MJ/day) � 11.The requirement for truly digested undegradable protein is:

when the animal is losing weight, and:

when the animal is gaining weight, where Y is milk yield in kilograms per day and
ΔW is liveweight change in kilograms per day.

Calcium, phosphorus and magnesium

As with the lactating dairy cow, the TCORN methods of calculating net require-
ments, along with our previously used figures for availability, have been used in cal-
culating the values given in the tables of Appendix 2.

DUP (g/day) = 2.19W0.75
+ 49Y>0.68 + 20.4 + 140¢W - 0.6375 ERDP

DUP (g/day) = 2.19W0.75
+ 49Y>0.68 + 20.4 - 119¢W - 0.6375 ERDP

 kl = 0.35qm + 0.42

 km = 0.35qm + 0.503

EVl(MJ/kg) = 0.0328F + 0.0025D + 2.20

Em(MJ/day) = 0.226(W/1.08)0.75
+ 0.0096W
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BOX 16.11 Calculation of the nutrient requirements of a 75 kg lowland ewe in the
fourth week of lactation, suckling two lambs, receiving a diet of qm � 0.6
and losing 100 g W/day

Em (MJ/day) � 0.226 � (75�1.08)0.75 � 0.0109 � 75 � 6.25
km � 0.35 � 0.6 � 0.503 � 0.713
Mm (MJ/day) � 8.77
El (MJ/day) � 2.31 � 4.6 � 10.63
kl � 0.35 � 0.6 � 0.42 � 0.63
Ml (MJ/day) � 16.87
Mg (MJ/day) � �0.1 � 21.0�0.63 � �3.33
Mp(MJ/day) � 16.87 � 3.33 � 13.54
Level of feeding correction � 1 � 0.018Mp/Mm � 1.0278
Mmp (MJ/day) � 1.0278(Mm � Mp) � 22.93
FME (MJ/day) � 20.3
ERDP (g/day) � 20.3 � 11 � 223.3
MP (g/day) � (2.19 � 750.75) � (2.31 � 72) � (-0.1 � 119) � 20.4 � 230.6
DUP (g/day) � 230.6 � (223.3 � 0.6375) � 88.2

The net daily maintenance requirement for calcium, phosphorus and magnesium
may be calculated as follows:

The net requirements for milk production (g/kg) are 1.2 g calcium, 1.3 g phos-
phorus and 0.17 g magnesium.Absorbability values are 0.51, 0.55 and 0.17 for cal-
cium, phosphorus and magnesium, respectively.

For the purposes of calculating nutrient allowances, the milk yields given in
Table 16.16 may be adopted.

An example of the calculation of the nutrient requirements of a lactating ewe is
given in Box 16.11.

 Mg (g/day) = 0.03W

 P (g/day) = 1.6(0.693 * DMI) - 0.06

 Ca (g/day) = 0.623 * DMI + 0.228

Table 16.16 Suggested milk yields for calculating nutrient allowances for 
lactating ewes

Hill One 86 1.21 1.09 0.75
Two 130 1.90 1.63 1.11

Lowland One 140 2.00 1.80 1.20
Two 190 2.90 2.31 1.56

Number of

lambs

Type of ewe

12 weeks

(kg)

Days 1–28

(kg/day)

Days 29–56

(kg/day)

Days 57–85

(kg/day)

Milk yield
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Table 16.17 Variation in yield and composition of sow’s milk with stage of lactation

Week

1 2 3 4 5 6 7 8

Daily yield (kg) 5.10 6.51 7.12 7.18 6.95 6.59 5.70 4.89
Fat (g/kg) 82.6 83.2 88.4 85.8 83.3 75.2 73.6 73.1
SNF (g/kg) 115.2 113.2 111.8 114.1 117.3 120.5 126.1 129.9
Protein (g/kg) 57.6 54.0 53.1 55.0 59.2 62.3 68.3 73.4
Lactose (g/kg) 49.9 51.5 50.8 50.8 49.0 48.6 47.5 45.6
Ash (g/kg) 7.7 7.7 7.9 8.3 9.1 9.6 10.3 10.9

After Elsley F W H 1970 Nutrition and lactation in the sow. In: Falconer I R (ed.) Lactation, London,
Butterworth, p. 398.

The allowances given in the tables of Appendix 2 do not include a safety margin.
Ewes that have been severely undernourished in pregnancy show a more rapid

decline in milk production during the subsequent lactation than adequately nour-
ished animals.This accords with independent observations of reduced metabolic ca-
pacity in ewes severely undernourished during pregnancy. Where restriction is less
severe and ewes come to parturition in lean condition, they have been shown to milk
as well when adequately nourished as do ewes with better condition scores at lamb-
ing. Ewes will not maintain high milk production at the expense of body reserves,
and even relatively small restrictions of intake depress milk production. Severe re-
striction of nutrient intake (to provide maintenance only) may reduce milk produc-
tion by as much as 50 per cent in 2–3 days. If restriction is continued beyond the
time when peak yield is normally achieved, then recovery of yield may not be ac-
complished even if subsequent intake is raised.

16.5 NUTRIENT REQUIREMENTS OF THE LACTATING SOW

In most breeding units, lactation lasts for 3–6 weeks and many litters are weaned at
3–4 weeks of age. Maximum yield of milk occurs at about 4 weeks and production
falls gradually thereafter, as shown in Table 16.17.

Fat content rises to the third week and then falls to the end of lactation. Solids-
not-fat content is at a minimum at the third week and then rises to the end of lacta-
tion owing mainly to a rise in protein content.

Milk yield also varies with breed, age and litter size. It increases with the number
of piglets suckled, although yield per piglet decreases as shown in Table 16.18.

Table 16.18 Effect of litter size on milk yield in the sow

Daily milk yield (kg)

Number of pigs

4 5 6 7 8 9 10 11 12

Per litter 4.0 4.8 5.2 5.8 6.6 7.0 7.6 8.2 8.6
Per pig 1.0 1.0 0.9 0.9 0.9 0.8 0.8 0.7 0.7

From Elsley F W H 1970 Nutrition and lactation in the sow. In: Falconer I R (ed.) Lactation, London, 
Butterworth, p. 396.
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Modern hybrid sows of higher liveweight are generally considered to give higher
yields than those shown in the tables. Various equations, similar to those for dairy
cows, have been proposed for predicting the yields for such sows. It is suggested that
the following provides acceptable estimates:

where a is a scalar, t is day of lactation, u is e-exp (G - Blt) and describes the degree
of maturity of the mammary gland at parturition, and e–ct describes the rate of de-
cline of secretory capacity.

Estimates of yield based on a � 18 and 24, c � 0.025, G � 0.5 and Bl � 0.1 are
given in Table 16.19.

Energy requirements

Energy requirements for sows are calculated according to BSAS (2003) as net energy
(NE), which has replaced older systems based on digestible energy (DE).The net en-
ergy requirement of the lactating sow for dietary energy is the sum of that expended
in maintenance plus the gross energy of the milk less the contribution from mo-
bilised body tissue. Fasting heat production is calculated as 0.750 MJ per kg W 0.60

per day and activity costs account for 0.10 of maintenance requirements for inten-
sively housed sows, but will be higher for more active pigs. The net energy require-
ment for milk is assumed to be 5.4 MJ/kg. Body fat that is mobilised to provide
energy for milk production is used with an efficiency of 0.85 and will provide 39.4 �
0.85 � 33.5 MJ/kg of NE.A daily rate of body fat mobilisation of 0.25 kg is gener-
ally assumed as being representative of commercial practice and will reduce dietary
requirements by 8.4 MJ NE per day (0.25 � 33.5). Daily fat loss of 0.50 kg/day is
not exceptional in commercial practice, reducing daily NE requirements by 16.7 MJ
NE per day. It should be borne in mind that 1 kg of mobilised body weight contains
approximately 0.85 lipid, and account should be taken of this when measurements
based on liveweight change are made. The daily NE requirements for a 225 kg
sow producing 11 kg of milk and mobilising 0.25 kg lipid per day are presented in
Box 16.12. As the NE value of a feed is a consequence of the digestion and utilisa-
tion of the diet components, the NE content of a feed is less for growing pigs and lac-
tating sows than for pregnant sows, as shown in Appendix 2. Previous systems of
calculating the daily energy requirements of lactating sows were based on adding the
metabolisable energy requirements for maintenance, milk yield and liveweight change
and then converting to digestible energy (DE) by dividing by 0.96. For comparison,
a similar calculation has also been conducted and the DE requirements presented in
Box 16.12. Alternatively, DE requirements may be approximated by the simplistic
assumption that DE � NE�0.71.

Y (kg/day) = a * e-ct
* u

Table 16.19 Estimates of the milk yields of sows (kg/day)

a

Day of lactation

7 14 21 28

18 6.8 8.4 8.7 8.1
24 9.1 11.3 11.6 10.8
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There is the belief that it is desirable to feed for very high weight gains during
pregnancy and to rely heavily on the mobilisation of body reserves to supply the en-
ergy requirement during lactation. High intakes in pregnancy can improve yield in
the subsequent lactation, but appetite in lactation is reduced. It has been claimed
that the reduction is of the order of 0.5 kg for each increase of 0.5 kg in pregnancy
feeding. As a result, weight loss in lactation may be excessive, leading to prolonged
intervals between weaning and conception. The maximum tolerable weight loss in
lactation is of the order of 10–12 kg. It is now considered that the greatest efficiency
of energy utilisation is achieved by giving adequate amounts of energy during lacta-
tion after restricted intake during pregnancy. A true gain in sow body weight of
12–15 kg over a complete reproductive cycle (about 25–27 kg during pregnancy)
appears to give optimal reproductive performance and provides body reserves for
lactation. When levels of food intake during lactation are designed to meet require-
ment, sows lose less weight and produce more milk than animals on a lower nutritional
plane. On the other hand, piglets reared by sows receiving the higher intakes have
failed to show significant advantage. This is partly because the lower-yielding sows
produced richer milk and partly because the increased yields were obtained after
the third week, when creep feed was being eaten and the piglets on the low-yielding
sows ate more of this feed than the others. Consumption of creep feed is variable
and cannot always be relied upon to make good the deficiencies in the milk yield of
the sow; for safety, it would be preferable to feed the piglets via the milk rather than
by the more efficient direct creep feeding.There is evidence that low levels of energy
during lactation have a cumulative effect and that considerable reduction of milk
yield and depletion of subcutaneous fat may occur over three lactations. Various
techniques, including frequent feeding, wet feeding, pelleting, high-energy diets and
avoidance of overfatness at farrowing, are used to ensure satisfactory intakes in lac-
tation. It is important to appreciate the constraints of intake when diets are being

BOX 16.12 Net energy and comparable digestible energy requirements for a 250 kg
sow producing 10 kg of milk per day and mobilising 0.25 kg of body lipid
and being fed 7.5 kg/day

Net energy

Fasting metabolism � 0.750W 0.60 � 20.6 MJ/day
Activity allowance � 0.10 fasting metabolism � 2.06 MJ/day
Milk requirements � 10 kg � 5.4 MJ/kg � 54.0 MJ/day
Minus lipid mobilisation � 0.25 � 33.4 � 8.4 MJ/day
Total net energy requirements � 20.6 � 2.06 � 54 � 8.4 � 68.3 MJ/day
NE MJ/kg diet � 68.3�7.5 � 9.1 MJ/kg

Digestible energy

Maintenance � (0.444W 0.75 � 1.10)�0.96 � 32 MJ/day
Milk requirements � [(10 kg � 5.4)�0.7]�0.96 � 80.4 MJ/day
Minus lipid mobilisation � 0.25 � 50 � 12.5 MJ/day
Total digestible energy requirements � 32 � 80.4 - 12.5 � 99.9 MJ/day
DE MJ/kg diet � 99.9/7.5 � 13.3 MJ/kg
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BOX 16.13 Standardised ileal digestible lysine requirements for a 250 kg sow
producing 10 kg of milk per day and fed 7.5 kg per day.

Maintenance � [(0.9W0.75 � 0.058)�0.82] � 1.05 � 4.2 g/day
Lactation � [(10 kg/day � 54 � 0.073)�0.82] � 1.05 � 50.5 g/day
Standardised ileal digestible lysine g/day � 54.7 g/day
Standardised ileal digestible lysine g/kg diet � 54.7�7.5 � 7.3 g/kg diet
Total lysine g/day � 54.7�0.84 � 65.1 g/day
Total lysine g/kg � 65.1�7.5 � 8.7 g/kg

formulated. Intakes may be as low as 4 kg/day at high temperatures but may reach
7–8 kg in cool conditions. Under normal circumstances, intakes are rarely higher
than 6.5 kg and are more commonly about 5 kg.

Protein requirements

The lactating sow is a highly efficient converter of protein into milk. In the UK, dietary
requirements for sows are calculated according to BSAS (2003) and are based on stan-
dardised ileal digestible lysine and balancing the remaining essential amino acids.This
is a more precise approach than previous systems that were based on dietary lysine
concentrations, which did not account for endogenous losses. Sow’s milk is assumed to
contain 54 g protein/kg, with a lysine concentration in the protein of 0.073 kg/kg.
Daily maintenance requirements for protein are 0.9 g/kg W 0.75, with a lysine content
of 0.058 kg/kg.An efficiency of 0.82 is used for obligatory tissue protein turnover, and
obligatory endogenous losses are 0.05 of requirements; therefore requirements for
maintenance and lactation are multiplied by 1.05.An assumption is made that mater-
nal body protein is in balance during lactation and therefore no adjustments are re-
quired.Total lysine requirements may then be calculated using the ileal digestibility of
the feed, or if unavailable a standard value of 0.84 � dietary lysine content can be
used. Daily ileal digestible lysine requirements for a 250 kg sow producing 10 kg of
milk and consuming 7.5 kg/day are presented in Box 16.13.

The remaining essential amino acids should be provided in the proportions rela-
tive to lysine provided in Table 13.7 in Chapter 13. For example, the methionine re-
quirements for lactation are 0.30 of that of lysine, resulting in a daily methionine
requirement of 19.5 g/day or 2.6 g/kg diet. Conducting a similar calculation for all
the essential amino acids, and assuming that the non-essential amino acids are typi-
cally 1.5 times this level, results in a minimum ileal digestible protein content of 
120 g/kg, or a dietary protein level of approximately 143 g/kg diet (120/0.84).

Evidence is accumulating that the high protein levels usually recommended for
the diets of lactating sows may be required only because of inadequate protein qual-
ity. It has been demonstrated that the biological value of barley can be raised from
about 0.56 to 0.72 by supplementation with 20 g of lysine per sow per day.This is to
all intents and purposes the same as the figure of 0.73 for barley/fishmeal diets. In
the light of this information, it has been suggested that diets containing as little as
120 g crude protein per kilogram may be adequate for milk production, as long as ly-
sine levels are adequate and intake is not less than 5 kg/day for a sow suckling eight
piglets. Such a low level of dietary crude protein would indicate a gross efficiency of
conversion of dietary to milk protein of 0.63, which is highly optimistic.
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Mineral requirements

There is little evidence to suggest that minerals other than calcium and phosphorus
have to be provided in the diet of lactating sows at levels above those necessary for
normal reproduction. Balance experiments indicate that the gross efficiency of utili-
sation of calcium and phosphorus for lactation is about 0.47 and 0.5, respectively.
Table 16.1 shows that the milk of the sow contains 2.5 g/kg of calcium and 1.7 g/kg
of phosphorus.A sow producing 10 kg of milk per day would thus be secreting 25 g
of calcium and 17 g of phosphorus. Obligatory losses (g/100 kg W) may be assumed
to be 3.2 g calcium and 2 g phosphorus.The 200 kg sow (see above) would have the
following requirements:

A meal given at 7.5 kg/day would need to contain 8.9 g Ca/kg and 5.6 g P/kg.
More recent estimates of the phosphorus requirements for pigs are based on di-
gestible phosphorus, although assumptions made regarding the availability of inor-
ganic and organic phosphorus sources are problematic. The phosphorus digestibility
in feeds may also be enhanced through the addition of phytases in the diet.

Vitamin requirements

Little information is available concerning the vitamin requirements for lactation in
the sow.Those given in the tables of Appendix 2 represent reasonable supplementa-
tion levels during lactation. In commercial practice, levels some two to three times
higher are often fed.

(2 * 2 + 10 * 1.7)>0.5 = 42.0 g P/day

(3.2 * 2 + 10 * 2.5)>0.47 = 66.8 g Ca/day

16.6 NUTRIENT REQUIREMENTS OF THE LACTATING MARE

The nutrient requirements of the mare for milk production depend upon the amount
of milk being produced and upon its composition.

Milk yield

The yield of milk varies with breed, age, stage of lactation, nutrient intake in the late
stages of pregnancy, current nutrient intake, and water availability. Some typical
milk yields for mares of different liveweights are given in Table 16.20.

Table 16.20 Typical milk yields (kg/day) of mares of various body weights during
weeks 1–25 of lactation

Weeks 1–2 4–5 5–12 20–25

Quarter horse (500 kg) 10 14 10 –
TB, standardbred (494 kg) 12–16 14–16 18 –
Dutch saddlebred horse (600 kg) 14 16 19 11
French draft (726 kg) 20 25 27 –

Adapted from Frape D 1998 Equine Nutrition and Feeding, 2nd edn, Oxford, Blackwell Science.



Chapter 16 Lactation

454

Yield for brood mares (kg/day) may be predicted as 3 per cent of liveweight dur-
ing the first 3 months of lactation and 2 per cent of liveweight for months 4–6. For
ponies the corresponding percentage values are 4 per cent and 3 per cent respectively.
Alternatively, milk yield may be estimated as follows:

where Y � milk yield (kg), a � 0.0274 � mature weight (kg), d � day of lactation and
e � natural log.A mare with a mature weight of 500 kg at day 30 of lactation would be
predicted to yield 16.7 kg/day, whereas at day 80 yield would be 14.8 kg/day.

Milk composition

Fat content rises to a maximum of approximately 18 g/kg at around week 2 of lacta-
tion, where it remains relatively constant for most of lactation, before declining to
approximately 14 g/kg in late lactation. Protein content declines sharply to day 22 of
lactation and then levels off at approximately 19.6 g/kg. Lactose shows a very slight
rise as the lactation proceeds.The gross energy of the milk falls sharply in early lac-
tation but from about day 12 shows little change from a value of about 2.1 MJ/kg.

Energy requirement

Energy standards may be derived factorially.This involves an estimate of the gross en-
ergy value (EVl (MJ/kg)) of the milk, which, along with the yield (Y (kg)), may be used
to estimate the net energy requirement for milk production.The US National Research
Council (NRC, 2007; see Further reading) assumes the gross energy content of mare’s
milk to be 2.09 MJ/kg, which is the net requirement for milk production.

Digestible energy (DE) is assumed to be converted to milk energy with an effi-
ciency of 0.6, and the requirement for milk production (DEl) is then 2.09�0.6 MJ.

In the French net energy system for horses, the gross energy of milk is assumed to
be 2.3 MJ/kg and the net requirement for milk production is 2.3Y MJ.

In addition to the requirement for the production of milk, the diet of the lactating
mare must provide the energy for maintenance. NRC (2007) proposes for mares of
less than 700 kg that DE required for maintenance (DEm) is calculated as follows:

For lactating mares above 700 kg body weight, it is assumed that activity is less and
DE required for maintenance (DEm) is calculated as follows:

In the French net energy system, the requirement for maintenance is calculated as
0.351 MJ/kg W 0.75, with factors used to allow for activity that depend upon the type
of horse and whether the animal is at work.Thus, for a riding horse at work, the fac-
tor would be 1.05 at rest and 1.10 at work; for a draft animal at work, the factors
would be 1.0 and 1.05.

According to the NRC system, the energy requirement of a mare of 500 kg
liveweight producing 15 kg of milk per day would be:

This value is 8 per cent higher than the allowance previously recommended by
NRC (1989).

DE (MJ/day) = 0.152W + (15 * 2.09>0.6) = 76.0 + 52.3 = 128.3

DEm = 0.139 MJ/kg body weight

DEm = 0.152 MJ/kg body weight

Y = a * (d0.0953) * e(-0.0043d)
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The energy requirement of the same animal according to the French system
would be:

The French system provides tables of net energy values of some 149 foods for
maintenance, which are considered applicable to lactation as well. The values are
stated in terms of UFC (unité fouragère cheval); one UFC is equal to the net energy
of standard barley, equal to 9.42 MJ/kg.

Protein requirements

The net protein requirement for milk production is the protein content of the milk.
Up to day 22 of lactation, the crude protein content of milk (g/kg) can be estimated
as: 10 � (3.43 - 0.066 d), where d � days in milk.After day 22, milk protein concen-
tration is assumed to be 19.6 g crude protein/kg. Using an efficiency of utilisation of
50 per cent and a digestibility of 79 per cent results in a dietary crude protein re-
quirement for milk production of approximately 50 g/kg milk. Previous protein re-
quirements were based on digestible crude protein, but more recently NRC (2007)
argues that the lack of information regarding digestible crude protein content of feed-
stuffs commonly fed to horses does not justify its use, and that requirements should
be based on dietary crude protein.The crude protein requirement (g/day) for mainte-
nance is therefore calculated as 1.44W and total requirements for milk production as
CP requirement � 1.44W � 50Y. For a 500 kg mare producing 15 kg of milk, the
daily crude protein requirement (g/day) is estimated as 720 � 750 � 1470.

In the French system, the net requirement is taken to be 24 g/kg for the first 3
months of lactation and 21 g/kg thereafter. Protein values of foods are stated in
terms of MADC (matières azotés digestibles cheval).The MADC is the protein truly
digested in the small and large intestine and is calculated as k � DCP, where k � 1.0,
0.9, 0.85, 0.80 and 0.70 for concentrate foods, green forages, grass hay, barley straw
and grass silage, respectively. The DCP requirements would then be 2.8, 3.1, 3.3, 3.5
and 4.0 g DCP/kgW 0.75, respectively, for the five types of food above.

The amino acid balance in the protein is considered by NRC (2007) to be the sum
of that required for maintenance and milk production. Lysine requirements for main-
tenance are 4.3 per cent of CP requirements and lactation requirements are 3.3 g/kg
milk. For a 500 kg mare producing 15 kg of milk per day, total lysine requirements
(g/day) are:

Mineral requirements
Maintenance

Endogenous losses of the major minerals, which represent the net requirements for
maintenance, are:

Calcium � 20 mg/kg W/day
Phosphorus � 10 mg/kg W/day
Magnesium � 6 mg/kg W/day

(0.043 * 1.44W) + 3.3Y = 31 + 49.5 = 80.5

NE (MJ/day) = (0.351 * 5000.75) + (15 * 2.3) = 37.11 + 34.50 = 71.6
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Table 16.21 Suggested minimum and maximum allowances of
some vitamins for lactating mares

Minimum Maximum

Vitamin A (iu/kg W/day) 30–60 300
Vitamin D (iu/kg W/day) 10 44
Vitamin E (iu/kg W/day) 2 20
Vitamin C (mg/kg W/day) Unknown 20

After National Academy of Sciences/National Research Council 1989 Nutrient Require-
ments of Horses, 5th rev. edn, Washington, DC, NRC.

BOX 16.14 Calculation of the nutrient requirements of a 500 kg mare producing 16 kg
of milk in early lactation

DEm (MJ/day) � 0.152W � 76
DEl (MJ/day) � 16 � 2.09�0.6 � 55.7
DEml (MJ/day) � 76 � 55.7 � 131.7
CPm (g/day) � 1.44 � 500 � 720
CPl (g/day) � 50 � 16 � 800
CPml (g/day) � 720 � 800 � 1520
Lysine (g/day) � (0.043 � 1.44 � 500) � 3.3 � 16 � 84
Calcium (g/day) � (0.02 � 500 � 1.2 � 16)�0.5 � 58
Phosphorus (g/day) � (0.01 � 500 � 0.75 � 16)�0.45 � 38
Magnesium (g/day) � (0.006 � 500 � 0.09 � 16)�0.40 � 11

Milk production

The mineral composition of mare’s milk varies with stage of lactation. For the pur-
pose of estimating dietary requirements, the following values are acceptable:

Months 1–3 of lactation Months 4–6 of lactation

Calcium (g/kg) 1.2 0.8
Phosphorus (g/kg) 0.75 0.50
Magnesium (g/kg) 0.09 0.045

Efficiency of absorption is 0.5 for calcium, 0.45 for phosphorus and 0.40 for
magnesium.

Vitamin requirements

Only limited data are available on the vitamin requirements of horses, and definitive
statements are not possible at this time. Table 16.21 gives some tentative minimum
levels considered to be sufficient to allow normal functioning of the animal and
maximum levels designed to avoid toxicity.

The calculation by the NRC system of the requirements for a 500 kg mare pro-
ducing 15 kg of milk is illustrated in Box 16.14.
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SUMMARY

1. Lactation is a major physiological and bio-
chemical undertaking.

2. The net requirements for milk production are
dependent upon the amounts of nutrients 
secreted in the milk, and therefore upon milk
yield and composition. In addition to a produc-
tion requirement, a lactating animal may have
an increased maintenance requirement.

3. If the efficiency with which a dietary nutrient
is used to provide the net requirements is
known, then the dietary requirement may be
calculated as the net requirement divided by
the efficiency of dietary nutrient utilisation.

4. Qualitatively the milks of farm animals are al-
most identical in composition, consisting of
water, fat, protein, lactose and mineral matter
(dominated by calcium and phosphorus).

5. The constituents of milk either are absorbed
directly from the blood or are synthesised in
the mammary gland from raw materials ab-
sorbed from the blood. In either case they
originate in the food of the animal.

6. The yield and composition of milk vary with
species, breed, strain within the breed, age
and stage of lactation.

7. Values for the efficiency of utilisation of
metabolisable energy for maintenance and for
milk production are related to the energy con-
centration of the diet and are very similar.

8. Concentrate foods added to the diet rarely
bring about the expected response in milk
yield, because they cause a concomitant 
decrease in roughage intake, which is greater
for high- than for low-quality roughages. Ad-
ditionally, the extra concentrate increases the
proportion of propionate in the rumen volatile
fatty acids and the response is negatively curvi-
linear in the case of milk yield and positively so
for liveweight gain.

9. High energy intakes must include a certain
level of roughage in the diet if an acceptable
rumen fermentation is to be maintained and
problems of acidosis, reduced intake and low-
fat milk are to be avoided.

10. Reduction of food intake has a profound 
effect on both the yield and the composition
of milk. In extreme cases yield may be re-
duced to very low levels in a matter of days.
Limitation of the energy of the diet leads 
to a reduction in milk protein content, proba-
bly because of diversion of amino acids to
gluconeogenesis.

11. The production of low-fat milk has tradition-
ally been explained by a lack of coarse
roughage in the diet resulting in lower
acetate and higher propionate production in
the rumen. This ruminal volatile fatty acid
profile reduces mammary supply of acetate
for milk fat synthesis and/or increases body
fat deposition. More recently, intermediaries
in the biohydrogenation of polyunsaturated
fatty acids in the rumen have been proposed
as the main mechanism controlling milk fat
reduction.

12. Protein requirements for ruminant animals are
stated in terms of metabolisable protein, and
protein supply to rumen microbes are ex-
pressed in terms of effective rumen-degrad-
able (ERDP) protein or effective
rumen-degradable nitrogen (EDN).

13. Maintenance energy requirements of lactat-
ing ewes and goats are related to metabolic
body weight, with an additional allowance
for activity, which is least for animals kept in-
doors and greatest for those on the hill in
harsh climatic conditions. Their yield of milk
will depend mainly upon breed, stage of lac-
tation and litter size. Energy and protein con-
tent are chiefly a reflection of stage of
lactation and breed.

14. The fat content of sow’s milk rises to about
the third week of lactation and falls there-
after. Protein falls in early lactation and then
rises towards the end.

15. Milk yield in the sow varies with age, litter
size and breed, with modern hybrid animals
being especially productive. Energy require-
ments may be based on the conversion of 
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QUESTIONS

16.1 Calculate the daily metabolisable energy requirements of a dairy cow weighing
625 kg, yielding 33 kg milk with 39 g/kg fat, and losing 0.5 kg/day on a diet
having a qm � 0.62, using AFRC (1993) and Feed into Milk (2004).

16.2 Calculate the daily metabolisable protein requirements of a dairy cow weigh-
ing 625 kg, yielding 33 kg milk with 39 g/kg fat and 33 g/kg protein, and
losing 0.5 kg/day using AFRC (1993) and Feed into Milk (2004) (predicted
digestible microbial true protein production � 1100 g/day and eating 20 kg
DM per day).

16.3 Calculate the daily metabolisable energy and metabolisable protein require-
ments of a 55 kg hill ewe in the third week of lactation, suckling one lamb and
receiving a diet of qm of 3.55 and losing 100 g W/day.

16.4 Calculate the net energy and digestible energy requirements of a 200 kg sow
producing 11 kg of milk per day and mobilising 0.25 kg of body lipid. If the
sow was consuming 8.0 kg of feed per day, what would the net energy and
digestible energy concentrations be (MJ/kg)?

16.5 Calculate the daily ileal digestible lysine and dietary lysine requirements of a
200 kg sow producing 11 kg of milk per day and mobilising 0.25 kg of body
lipid. If the sow was consuming 8.0 kg of feed per day, what would the ileal
digestible lysine and and dietary lysine concentrations be (g/kg)?

16.6 Calculate the digestible energy, crude protein, lysine, calcium and phospho-
rus requirements for a 600 kg mare producing 15 kg of milk per day in early
lactation.

dietary energy to milk energy with an effi-
ciency of about 0.45.

16. Sows rely heavily upon the mobilisation of
body reserves to satisfy the demands of milk
production. Current thinking favours high
dietary energy intakes at this time to min-
imise weight loss. Energy inputs during
pregnancy are restricted to avoid loss of
appetite in the subsequent lactation.

17. Dietary protein is the sole source of essen-
tial amino acids for the sow. Diets are 
usually formulated to standardised ileal 
digestible lysine, with the proportions of
the other acids to lysine being kept the
same as those in the ideal protein.

18. The milk yield of the mare is related to body
weight and stage of lactation.

19. The gross energy of mare’s milk falls to about
day 12 of lactation and shows little change
from about 2.1 MJ/kg thereafter. Energy re-
quirements are stated as digestible energy
(US NRC) or as net energy. In the French net
energy system, the unit used is the UFC (unité
fouragère cheval), equal to 1 kg of standard
barley (9.42 MJ/kg).

20. The mare’s protein requirement for mainte-
nance is related to metabolic liveweight and
breed. Production requirement depends pri-
marily on stage of lactation.

21. Dietary protein requirements are stated in
terms of crude protein or as MADC (matières
azotés digestibles cheval), the protein truly
digested in the intestine.
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17.1 Food intake in monogastric animals

17.2 Food intake in ruminants

17.3 Food intake in horses

17.4 Prediction of food intake

In previous chapters attention has been concentrated on the energy and nutrient
requirements of farm animals for maintenance and various productive processes. An
additional important factor that must be considered is the quantity of food that an animal
can consume in a given period of time. The more food an animal consumes each day,
the greater will be the opportunity for increasing its daily production. An increase in
production that is obtained by higher food intakes is usually associated with an increase
in overall efficiency of the production process, since maintenance costs are decreased
proportionately as productivity rises. There are, however, certain exceptions to the gen-
eralisation; for example, with some breeds of bacon pigs, excessive intakes of food lead
to very fat carcasses, which are unacceptable to the consumer and therefore economi-
cally undesirable.

Feeding is a complex activity that includes such actions as the search for food, recog-
nition of food and movement towards it, sensory appraisal of food, the initiation of eat-
ing and ingestion. In the alimentary tract the food is digested and the nutrients are
then absorbed and metabolised. All these movements and processes can influence food
intake on a short-term basis. In addition it is necessary to consider why, in most mature
animals, body weight is maintained more or less constant over long periods of time,
even if food is available ad libitum. Thus, the concepts of short- and long-term control
of food intake must be considered, the former being concerned with the initiation and
cessation of individual meals and the latter with the maintenance of a long-term energy
balance. Although many of these control systems are thought to be similar in all classes
of farm animals, there are important differences between species that depend mainly
on the structure and function of the digestive tract.

Control mechanisms for the food intake of farm animals can be envisaged as operat-
ing at three levels. At the metabolic level, concentrations of nutrients, metabolites or
hormones may stimulate the nervous system to cause the animal to start or stop feeding.
At the level of the digestive system, the quantities of digesta may determine whether or
not the animal ingests more food. Finally, external influences such as climatic variables
and the ease with which food can be ingested will also influence food intake. In

17 Voluntary intake of food
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monogastric animals fed on concentrated foods and protected from adverse environ-
mental features, control is primarily at the metabolic level. As diets become more fibrous,
control shifts to the digestive system, and in ruminants that are not grazing this is usually
the operative level. For grazing ruminants, environmental factors assume greater impor-
tance and may be the determinants of intake. The first part of this chapter is concerned
with monogastric animals and the second with ruminants (including grazing animals).
Finally, consideration is given to factors influencing intake in horses.

17.1 FOOD INTAKE IN MONOGASTRIC ANIMALS

Control centres in the central nervous system

Feeding in mammals and birds is controlled by centres in the hypothalamus, situated
beneath the cerebrum in the brain. It was originally proposed that there were two
centres of activity. The first of these was the feeding centre (lateral hypothalamus),
which caused the animal to eat food unless inhibited by the second, the satiety
centre (ventromedial hypothalamus), which received signals that the body as a result
of consumption of food. Quite simply it was considered that the animal would
continue to eat unless the satiety centre received signals that inhibited the activity 
of the feeding centre.There is little doubt that this is an oversimplification and, although
the hypothalamus does play an important role in intake regulation, it is now believed
that other areas of the central nervous system are also involved.

Short-term regulation
Chemostatic theories

The release of nutrients from foods in the digestive tract, their absorption and passage
via the portal system to the liver, and their presence in circulating blood all provide
opportunities for nutrients to signal their presence to the satiety centre of the hypo-
thalamus.According to chemostatic theory, the rise in concentration at these sites of
some critical substance sends a signal to the brain to cause the animal to stop eating,
and a fall in concentration causes the animal to start eating. Earlier studies concen-
trated on blood glucose concentration. Small doses of insulin, which lower the
concentration of glucose in blood, cause an animal to feel hungry and hence to start
eating. It is also known that the blood glucose level rises after a meal and then falls
slowly. It has been suggested that glucoreceptors, perhaps located in the hypothala-
mus itself, monitor either the absolute concentration of glucose in blood or the dif-
ference in concentration between arterial and venous blood. More recent studies
have investigated receptors located closer to the point of origin of glucose (and other
nutrients), in the gut and liver, which could evoke a faster response to the ingestion
of food.Thus, glucose infused into the intestine or the hepatic portal system causes a
greater reduction in intake than glucose infused into the peripheral circulation.
Glucose in the duodenum has been shown to generate signals that are transmitted
neurally and may cause the flow of digesta from the stomach to be retarded, hence
reducing food intake. Another possible means of communication between the gut
and the brain is provided by the peptide hormone cholecystokinin (CCK); this is re-
leased into the gut when digestive products such as amino acids and fatty acids reach
the duodenum (see p. 161) and is known to act on the hypothalamus. Intravenous
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injection of CCK has been shown to reduce food intake in chickens, decrease giz-
zard motility and stimulate muscular activity in the duodenum, whilst in pigs it is
thought to restrict the pylorus in the stomach, therefore restricting the passage of
food. Other gut hormones such as ghrelin and somatostatin also play a role in
controlling food intake via their effects on the hyopthalamus. In the liver, glucose
and other nutrients that are oxidised in that organ are believed to send signals via
the vagus nerve that eventually reach the hypothalamus.

The short-term control of intake in the fowl does not seem to be influenced to the
same extent by blood glucose or other nutrients, and it appears that signals are
received directly from the crop, as is explained later.

Thermostatic theory

This theory proposes that animals eat to keep warm and stop eating to prevent hy-
perthermia. Heat is produced during the digestion and metabolism of food, and it is
considered that this heat increment could provide one of the signals used in the
short-term regulation of food intake. It has been established that there are thermo-
receptors, sensitive to changes in heat, present in the anterior hypothalamus and also
peripherally in the skin, but experiments involving the heating or cooling of the
hypothalamus have not induced consistent changes in food intake. However, at a
practical level (as mentioned in Chapter 14), a high environmental temperature
causes animals to reduce their heat production by eating less.

Long-term regulation

The long-term preservation of a relatively constant body weight, combined with an
animal’s desire to return to that body weight if it is altered by starvation or forced
feeding, implies that some agent associated with energy storage acts as a signal for the
long-term regulation of food intake. One suggestion is that this might be fat deposition.
Studies with poultry tend to support this lipostatic theory of regulation. Cockerels
forced to eat twice their normal intake of food deposited fat in the abdomen and liver.
When force-feeding was stopped the birds fasted for 6–10 days, and when voluntary
feeding recommenced food intake was low. It was evident from these studies that the
birds lost weight when force-feeding ceased, and tissue fat concentration decreased to
levels approaching normal after 23 days. In pigs, it would appear that any feedback
mechanism from body fat to the controlling centres of feeding is not as sensitive as that
in poultry and other animals.This insensitivity may have arisen through early genetic
selection for rapid weight gain, when excessive carcass fat was not considered, as it is
today, an undesirable characteristic.The natural propensity of the modern pig to fatten
is usually counteracted in practice by restricted feeding and also by selection of pigs
with a smaller appetite. The role of fat depots in the regulation of food intake has
recently been confirmed by the discovery of the hormone leptin (Box 15.1).

Sensory appraisal

The senses of sight, smell, touch and taste play an important role in stimulating ap-
petite in man and in influencing the quantity of food ingested at any one meal. It is
a common assumption that animals share the same attitudes to food as man, but it is
now generally accepted that the senses play a less important role in food intake in farm
animals than they do in man.
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BOX 17.1 The role of leptin in controlling intake and performance

Leptin is a single-chain polypeptide containing 146 amino acids. This polypeptide is secreted by
white adipose tissue and acts on the hypothalamus, where it suppresses the release of neuropep-
tide Y, a potent stimulant of food intake. Leptin therefore reduces food intake and increases
physical activity and thermogenesis, probably through uncoupling ATP generation in the mito-
chondria. Its discovery arose from the study of mice that were hyperphagic and therefore obese,
and that lacked the gene for leptin. When these mice were treated with leptin, their food intake
was reduced to normal levels. Further experiments with other species, including farm animals,
have shown that injecting leptin into individuals with no genetic deficiency of the hormone has
less dramatic effects than in the obese mice. Nevertheless, leptin is regarded as a key element in
the feedback control of food intake. For example, in pigs, intracerebroventricular injection of lep-
tin reduces food intake by up to 90 per cent, whilst pregnant sows with high back fat levels of
over 25 mm have serum leptin concentrations of 5 ng/ml and intakes some 20 per cent lower than
sows with back fat levels of less than 20 mm and serum leptin concentrations of 3 ng/ml. It may
appear unusual to consider the importance of a hormone that reduces food intake, but leptin
provides the first link between the peripheral blood supply and the central nervous system that
regulates long-term energy balance.

Leptin also has direct effects on a number of other factors influencing animal production. For ex-
ample, leptin reduces fat deposition in adipose tissue, where it suppresses the expression of acetyl-
CoA carboxylase, the rate-limiting enzyme involved in fat synthesis. Leptin also has direct effects
on the reproductive system, where it induces the release of follicle-stimulating hormone and
lutenising hormone from the anterior pituitary. Its effects on reproduction and embryonic develop-
ment are broad and include factors such as inducing puberty, especially in thinner animals, and
shortening the interval from parturition to oestrus.

The term ‘palatability’ is used to describe the degree of readiness with which a
particular food is selected and eaten, but palatability and food intake are not syn-
onymous. Palatability involves only the senses of smell, touch and taste. Most do-
mestic animals exhibit sniffing behaviour, but the extent to which the sense of
smell is necessary in order to locate and select foods is difficult to measure. A va-
riety of aromatic substances, such as dill, aniseed, coriander and fenugreek, are
frequently added to animal foods. The inference is that the odour from these
spices makes the food more attractive and hence increases intake. Although tran-
sitory increases in food intake may occur, the effects of these additives have yet to
be convincingly demonstrated to be long-lasting in terms of overall increased
food intake.

Similarly, with the sense of taste, most animals show preferences for certain foods
when presented with a choice. Typical is the preference of young pigs for sucrose
solutions rather than water.The fowl is indifferent to solutions of the common sugars
but finds xylose objectionable, and it will not ingest salt solutions in concentrations
beyond the capacity of its excretory system. Every species studied has shown consid-
erable individual variability; for example, in a litter of pigs tested with saccharin
solutions of different concentrations, some animals preferred high levels of the
sweetener whereas others rejected them.
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Physiological factors

The classical experiments of E F Adolph in 1947 demonstrated that when the diets of
rats were diluted with inert materials to produce a wide range of energy concentra-
tion, the animals were able to adjust the amount of food eaten so that their energy
intake remained constant. This concept that ‘animals eat for calories’ has also been
shown to apply to poultry and other non-ruminant farm animals. The manner in
which chicks respond to diets of differing energy content is illustrated in Table 17.1,
in which a normal diet containing 8.95 MJ productive energy (or about 13.2 MJ
metabolisable energy) per kilogram was ‘diluted’ with increasing proportions of a
low-energy constituent, oat hulls.The most diluted diet had an energy concentration
that was only half that of the original and much lower than the range normally expe-
rienced by chicks.The chicks responded by eating up to 25 per cent more food, but
even so energy intake declined by up to 29 per cent. If the energy content of a diet
is increased by the addition of a concentrated source of energy such as fat, then
chicks respond in the opposite way.They eat less, but the reduction in intake may be
insufficient to prevent a rise in energy intake.Where extensive diet dilution is carried
out, by using low-digestibility materials, the ability to adjust the intake may be over-
come because gastrointestinal capacity becomes a limiting factor. The crop appears
to be concerned with intake in the fowl, since cropectomised birds eat less than nor-
mal when feeding time is restricted. Inflation or introduction of inert materials into
the crop is known to cause a decrease in food intake. In mammals, distension and
tension receptors have been identified in the oesophagus, stomach, duodenum and
small intestine. Distension in these areas of the tract increases the activity in the
vagus nerve and in the satiety centre of the hypothalamus.

Experiments similar to that shown in Table 17.1 have been made with pigs and
show the same picture. In the mid-range of energy concentration, pigs can compensate

Table 17.1 The effects of reducing the energy content of the diet on the food and
energy intakes of chicks and on their growth

Diet no.

1 2 3 4 5

Energy content of diet
Productive energy (MJ/kg) 8.95 7.91 6.82 5.73 4.64
Metabolisable energy (MJ/kg) 13.18 11.59 10.21 8.91 7.45
Metabolisable energy 

(percentage of diet no. 1) 100 88 78 68 57

Performance of chicks to 11 weeks 
of age (percentage of result for diet no. 1)

Total food intake 100 101 113 117 125
Total metabolisable energy intake 100 90 88 80 71
Liveweight gain 100 99 102 98 98

Fat content of carcass at 11 weeks of 
age (percentage of dry matter)

(Male chicks only) 26.8 23.2 21.1 18.1 16.1

After Hill F W and Dansky L M 1954 Poultry Science, 33: 112.
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for variations in concentration, but with low-energy diets (e.g. containing 9 MJ
DE/kg), compensation is incomplete and energy intake is reduced. Conversely, if the
energy content of diets is increased to 15 MJ DE/kg by the addition of fat, pigs fail
to reduce their food intake proportionately and energy intake increases. For pigs,
as for poultry, it has been suggested that energy intake with low-energy diets is
restricted by gut distension. It has also been suggested that high-energy diets tend to
be ‘overeaten’ because they fail to provide sufficient bulk.

The general relationship between food intake and energy requirement suggests
that, as with energy, intake should vary not directly with liveweight but should
vary with metabolic liveweight (W 0.75).This relationship is generally held to exist,
although it may vary with the physiological state of the animal. For example, lactation
is usually associated with a marked increase in food intake, and in the rat at the
peak of lactation, food intake may be nearly three times that of a non-lactating
animal. In sows, the smaller the amount of food given during pregnancy, the
greater is the amount consumed during lactation. If fed ad libitum on normal
diets, pregnant sows overeat and become too fat, but their energy intake can be
reduced by incorporating fibrous by-product foods, such as sugar beet pulp, in
their diet.

It would seem reasonable to assume that intake increases with exercise, and stud-
ies with rats have shown that there is a linear relationship between food intake and
the duration of exercise. However, the limited information on farm animals suggests
that exercise reduces intake in the short term, possibly because of fatigue.

Nutritional deficiencies

Utilisation by the tissues of the absorbed products of digestion depends upon the ef-
ficient functioning of the many enzymes and coenzymes of the various metabolic
pathways, and dietary deficiencies of indispensable amino acids, vitamins and min-
erals are likely to affect the intake of food. In poultry, severe deficiencies of amino
acids reduce food intake whereas moderate deficiencies, insufficient to affect growth
markedly, increase intake.When hens are given a diet containing high concentrations
of calcium (30 g/kg), intake is about 25 per cent greater on egg-forming than on non-
egg-forming days. This large variation does not occur when low-calcium diets are
given with calcium being provided separately as calcareous grit. It would appear that
laying hens ‘eat for calcium’; the hormone controlling their calcium intake appears
to be oestradiol. The effects of specific deficiencies of trace elements, especially
cobalt, copper, zinc and manganese, and also vitamins such as retinol, cholecalcif-
erol, thiamin and B12 on appetite have already been dealt with in Chapters 5 and 6.
Mammals do not need to develop a calcium appetite, because they regulate their
calcium supply by varying absorption.

Choice feeding

Animals have precise nutritional requirements, but under natural conditions they are
faced with a wide variety of foods to choose from, some of which are nutritionally
inadequate.

The domestic rat and mouse are known to regulate their intakes of foods to sat-
isfy, as far as the properties of the foods allow, their requirements for energy, protein
and certain other nutrients. In studies with farm animals, attention has concentrated
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on poultry, and it has been demonstrated that the domestic fowl has specific ap-
petites for calcium (as discussed above) and also for phosphorus, zinc, thiamin and
various amino acids.

It is possible to feed poultry on two separate dietary components, such as a whole
cereal grain (e.g. whole wheat) and a balancer food that contains relatively high lev-
els of amino acids, vitamins and minerals.This practice is known as choice feeding; it
allows the birds to balance the energy/protein ratio of their overall diet.The balancer
food is formulated so that equal proportions of the two foods are expected to be
eaten; and because milling, mixing and pelleting costs are avoided for the whole
cereal, total feeding costs can be reduced. The choice feeding system has been used
successfully with large flocks of growing turkeys, but it has not proved consistently
successful with broiler chickens and adult laying hens.The theory that poultry have
a control system that allows them to choose suitable amounts of different foods to
satisfy their nutritional requirements is regarded as being too simplistic, and other
factors such as the physical form of ingredients, composition of the food, trough
position and previous experience are also likely to be involved.

As early as 1915,T M Evvard, in the USA, reported that pigs were able to choose
a satisfactory diet when given access to several foods, and that as they grew they
changed the proportions of the foods selected to maintain a suitable balance between
protein and energy. The pigs required a period of familiarisation with the foods in
order to be able to associate some of their properties with their nutritional effects.
Recent investigations have confirmed the ability of pigs to select a diet of suitable
protein content when given a choice between pairs of foods differing in protein con-
tent. Table 17.2 shows that when offered pairs of foods ranging in protein content
from 125 g/kg to 267 g/kg, four out of six groups of pigs (groups 2–5) were able to
select the proportions giving the appropriate protein concentration for their overall
diet of about 200 g/kg. The first group was offered foods that were both too low in
protein to allow the correct selection, and the last group was given foods that both
had protein concentrations higher than the desired level. Related experiments have
shown that choice-fed pigs reduce the protein content of their selected diet as their
protein requirements decline with increasing liveweight. Furthermore, pigs with the
genetic capacity to grow more lean tissue (intact males of breeds selected for bacon
production) select diets higher in protein content.

Table 17.2 Diet selection of young pigs offered a choice of foods differing in
crude protein content

Group no. Protein content

(g/kg) of food
Food intake

(g/day)

Proportions of

foods 1 and 2

Protein content

of overall diet

(g/kg)1 2

1 125 174 1106 29:71 160
2 125 213 1013 6:94 208
3 125 267 1055 44:56 204
4 174 213 1028 31:69 202
5 174 267 1076 66:34 205
6 213 267 1054 98:2 218

Adapted from the data of Kyriazakis I, Emmans G C and Whittemore C T 1990 Animal Production 51: 189.
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17.2 FOOD INTAKE IN RUMINANTS

Although food intake can be controlled at the metabolic level in ruminants, the sig-
nals are likely to be different from those in monogastric animals.The amount of glu-
cose absorbed from the digestive tract of the ruminant is relatively small and blood
glucose levels show little relation to feeding behaviour. It would therefore seem un-
likely that a glucostatic mechanism of intake control could apply to ruminants. A
more likely chemostatic mechanism might involve the volatile fatty acids absorbed
from the rumen. Intraruminal infusions of acetate and propionate have been shown
to depress intake of concentrate diets by ruminants, and it is suggested that receptors
for acetate and propionate occur on the luminal side of the reticulo-rumen. Infusions
of these acids into the hepatic portal vein also reduce intake, apparently via signals
sent from the liver to the hypothalamus. Butyrate seems to have less effect on intake
than acetate or propionate, probably because butyrate is normally metabolised to
acetoacetate and β-hydroxybutyrate by the rumen epithelium.With diets consisting
mainly of roughages, infusions of volatile fatty acids have had less definite effects on
intake. As mentioned above, in ruminants on such diets, control of intake appears
to be exercised at the level of the digestive system, and features of the food have an
important influence on intake.

Food characteristics that determine intake

Ruminants are adapted to the utilisation of what may be termed ‘bulky’ foods, but
they may nevertheless have difficulty in processing such foods. Rumination and
fermentation are relatively slow processes, and fibrous foods may have to spend a
long time in the digestive tract for their digestible components to be extracted. If
foods and their indigestible residues are detained in the digestive tract, the animal’s
throughput – and hence its daily intake – will be reduced. In many feeding situa-
tions, intake seems to be restricted by the capacity of the rumen, with stretch and
tension receptors in the rumen wall signalling the degree of ‘fill’ to the brain, but what
constitutes the maximum – and hence critical – ‘fill’ of the rumen is uncertain. The
notion that voluminous, ‘bulky’ foods, such as hay and straw, will fill the rumen to a
greater degree than concentrates has received some support, although after being
chewed, the voluminous foods are not as ‘bulky’ as they are in the trough. Another
concept of rumen fill is that animals eat to maintain a constant amount of dry matter
in the rumen; again, there is some experimental evidence for this, although there are
some foods (e.g. some types of silage) that do not promote as great a fill of dry matter
as other foods. There is also doubt about the contribution of water to rumen fill.
Water-filled balloons in the rumen, which reduce its effective volume, will reduce
food intake, but water added to food does not have this effect. However, there is
some evidence that foods with a particularly high content (about 900 g/kg) of water
bound within plant tissues promote a lesser dry matter intake than comparable
foods of lower water content.

It has long been recognised that in ruminants there is a positive relationship be-
tween the digestibility of foods and their intake.A simple and early example of this
relationship is shown in Fig. 17.1, which is derived from experiments in which sheep
were fed to appetite on various roughages as the sole item of diet. Intake more than
doubled as the energy digestibility of the food increased from 0.4 (oat hay; the lowest
point on the graph) to 0.8 (artificially dried grass; the highest point).
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A range in digestibility like that in Fig. 17.1 can also be created by taking a single
roughage and supplementing it with increasing proportions of highly digestible con-
centrates; in these circumstances there is also a positive relationship between intake
and digestibility in ruminants (which contrasts with the negative relationship shown
for a monogastric species in Table 17.1).The effect on intake of adding a concentrate
supplement to a roughage depends on the digestibility of that roughage. If its di-
gestibility is low (e.g. cereal straw with dry matter digestibility of 0.4) total intake
will be increased more than if its digestibility is high (e.g. young grassland herbage,
0.8). To put this another way, concentrate added to roughage of low digestibility
tends to be eaten in addition to the roughage, but when added to roughage of high
digestibility it tends to replace the roughage. This rate of replacement of forage by
the concentrate is often referred to as the substitution rate.

The examination of relationships of the kind illustrated in Fig. 17.1 has shown
that intake is actually more closely related to the rate of digestion of diets than to
digestibility per se, although the two last measures are generally related to one
another. In other words, foods that are digested rapidly, and are also of high digestibil-
ity, promote high intakes.The faster the rate of digestion, the more rapidly the diges-
tive tract is emptied, and the more space is made available for the next meal. The
primary chemical component of foods that determines their rate of digestion is neu-
tral-detergent fibre (NDF), which is itself a measure of cell wall content; thus, there
is a negative relationship between the NDF content of foods and the rate at which
they are digested.

One consequence of the relationships just described is that foods that are equal in
digestibility but differ in NDF (or cell wall) content will promote different intakes.
An example is provided by the two families of pasture plants: grasses and legumes.
At equal digestibility, legumes contain less cell wall (and hence more cell contents)
and are consumed in quantities about 20 per cent greater than grasses.Another dif-
ference between legumes and grasses is that in the former lignification is restricted to
the vascular bundles, whereas in grasses the lignin is more widely distributed and
has a greater inhibitory effect on rate of digestion.

Fig. 17.1 Food consumption and digestibility in sheep fed on roughages.

After Blaxter K L, Wainman F W and Wilson R S 1961 Animal Production 3: 51.
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Although rate of digestion and intake are related to the concentration of cell walls
in ruminant foods, the physical form of the cell walls also affects intake.The mechan-
ical grinding of roughages partially destroys the structural organisation of cell walls,
thereby accelerating their breakdown in the rumen and increasing food intake. This
effect is illustrated in Table 17.3, which shows also that the increase in intake due to
grinding and pelleting was achieved despite a reduction in digestibility. The fine
particles produced in ground roughages pass rapidly out of the rumen, leaving room
for more food but allowing some digestible material to escape undigested; this may
be digested in the small intestine or – if cell wall – by fermentation in the caecum.We
shall see later (Chapter 20) that chemical treatments of forages that disrupt the cell
wall structure cause large increases in intake. Another example of the influence of
cell wall structure comes from the comparison of intakes of the leaves and stems of
pasture plants. Although the two components may be equal in digestibility, the
cell walls in leaves are more easily broken down, so animals given leaves eat about
40 per cent more dry matter per day than those offered stems.

The breakdown of food particles in the rumen and its effect on intake has been
the subject of much research. In practice it is possible, as explained above, to over-
come the resistance of plant cell walls by mechanical or chemical treatment, but the
processes involved are expensive, may have undesirable side effects (e.g. mechanical
treatment reducing digestibility), and cannot be applied to grazed forages. In the
longer term the aim is to identify new forage species or breed new varieties that are
broken down more rapidly in the rumen.

Nutrient deficiencies that reduce the activities of rumen microorganisms are liable
to reduce food intake. The most common is protein or nitrogen deficiency, which
may be corrected by supplementation with rumen-degradable protein or with a simple
source of nitrogen such as urea. However, supplements of undegradable protein may
also increase the intake of low-protein forages, either because the nitrogen of pro-
tein digested post-ruminally is partially recycled to the rumen or because of the
effect of protein on the animal’s tissue metabolism. Other nutrients whose deficien-
cies are liable to restrict food intake in ruminants are sulphur, phosphorus, sodium
and cobalt.

There are some foods that are eaten in lesser quantity than would be expected
from their digestibility or cell wall content. These include some types of silage,

Table 17.3 The effects on dry matter intake and digestibility of grinding and
pelleting roughage-based diets for sheep and cattle (mean values for three diets)

Measures Species Form of roughagea Percentage difference

Long Pelleted

Intake (g/kg W 0.75 Sheep 56.8 82.4 �45
per day) Cattle 81.8 90.7 �11

Digestibility Sheep 0.672 0.586 �13
Cattle 0.699 0.569 �19

aThe diets were dried grass, barn-dried hay and a mixture of 60 per cent hay and 40 per cent
barley. For each diet the roughage was either ground and pelleted or left unprocessed (‘long’).

Adapted from Greenhalgh J F D and Reid G W 1973 Animal Production 16: 223.
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particularly those with a high content of fermentation acids or those that have been
badly fermented and hence have a high ammonia content (see Chapter 19). The
physical form of the food may also be involved, as fine chopping of the silage – or of
the grass from which the silage is made – will increase intake, possibly because it
prevents the formation in the rumen of a dense mat of fibrous material. Sheep are
more likely than cattle to have subnormal intakes from silages and respond more to
having their foods (including silages) chopped or ground.As shown in Table 16.11 in
Chapter 16, too fine a chop length may result in a rapid fall in ruminal pH and con-
sequently reduce food intake. Attempts have been made to calculate the physically
effective NDF content (peNDF) of forages based on their NDF content and particle
size distribution measured using a series of sieves of different pore sizes. The most
widely used system is that developed by workers at Pennyslvania State University in
the USA. Such an approach appears to work effectively when relatively dry forages
are used but has difficulty in dealing with the wide range in dry matter content of
UK forages.

Foods with intakes less than expected may also be labelled as ‘unpalatable’. As
discussed earlier (see p. 464), the concept of palatability is not easily defined, but
there is some evidence, obtained with low-quality roughages, that if some food is put
directly into the rumen (via a cannula), then consumption by mouth is not decreased
proportionately and the animal therefore digests more than it would voluntarily
consume. Generally, however, palatability is not thought to be an important factor
determining intake, except where the food is protected against consumption (e.g. by
spines) or contaminated in some way (e.g. by excreta).

Animal factors affecting intake in ruminants

If the capacity of the rumen is a critical factor in determining the food intake of
ruminants, then circumstances that change the relationship between the size of the
rumen and the size of the whole animal are likely to affect intake.As ruminants of a
given species grow, their food intake follows approximately the proportionality to
metabolic body weight (W 0.75) referred to earlier. However, cattle have a greater
intake per unit of metabolic body weight than sheep; for example, a growing steer
(300 kg) on a diet containing 11 MJ ME/kg DM will consume about 90 g DM/kg
W0.75 per day (6.3 kg DM per animal per day), whereas a growing lamb (40 kg) will
consume only 60 g DM/kg W0.75 per day (0.96 kg per animal). Intake seems to be
related to fasting heat production, which is itself related to metabolic body weight
(see Chapter 14) but is smaller per unit of metabolic body weight in sheep than in
cattle. When animals become excessively fat, their intake tends to stabilise or, in
other words, not to increase as body weight continues to increase. This may be due
to abdominal fat deposits reducing the volume of the rumen, but it may also be a
metabolic effect (i.e. lipostatic limitation of intake determined by the secretion of
leptin). Conversely, in very lean animals, intake per unit of metabolic body weight
tends to be high.This effect is seen in animals showing compensatory growth after a
period of food restriction (see p. 380); it is also seen in ruminants chronically short
of food, as in some developing countries, where animals appear to be constructed of
skin and bone enclosing a large rumen.

In pregnant animals, two opposing effects influence food intake. The increased
need for nutrients for foetal development causes intake to rise. In the later stages of
pregnancy, the effective volume of the abdominal cavity is reduced as the foetus
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Fig. 17.2 Intake of gross energy and changes in milk production in lactating and
non-lactating cows.

After Hutton J B 1963 Proceedings, New Zealand Society for Animal Production 23: 39.

increases in size, and so is the space available for expansion of the rumen during
feeding.As a result, intake will be depressed, especially if the diet consists predomi-
nantly of roughage.

The increased intake in ruminants with the onset of lactation is well known.This
increase is mainly physiological in origin, although there may also be a physical
effect from the reduction in fat deposits in the abdominal cavity.There is a noticeable
lag in the response of food intake to the increased energy demand of lactation. In
early lactation, the dairy cow loses weight, which is replaced at a later phase of
lactation when milk yields are falling while intakes of DM remain high. These
changes are illustrated in Fig. 17.2 for lactating and non-lactating identical twin,
Jersey cross-bred cows fed exclusively on fresh pasture herbage over a 36-week
period. The intakes of gross energy by the lactating cows were about 50 per cent
higher than those of the non-lactating animals.

Environmental factors affecting the food intake of ruminants
Grazing ruminants

The intake of ruminants in their natural habitat (i.e. at pasture) is influenced not
only by the chemical composition and digestibility (or rate of digestion) of the pas-
ture herbage but also by its physical structure and distribution. The grazing animal
has to be able to harvest sufficient herbage to meet its needs without undue expen-
diture of energy. Its intake is determined by three factors – bite size (the quantity of
dry matter harvested at each bite), bite rate (number of bites per minute) and grazing
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time. For example, a grazing dairy cow (600 kg) has a maximum bite size of 0.6 g DM,
grazes at 60 bites per minute and hence harvests at 36 g DM per minute, or 2.16 kg
per hour.To achieve a reasonable intake of 16 kg DM per day it will therefore need to
graze for 16�2.16 � 7.4 hours per day. Cows normally graze for about 8 hours per
day, but sometimes for as much as 10 hours per day. In this instance, the cow should
be able to achieve the necessary intake in a grazing time within the 8-hour period.
For the cow to achieve maximum bite size and bite rate, the herbage must be suitably
distributed. In general, relatively short (12–15 cm) and dense swards allow maximum
bite size for cattle. Tall, spindly plants such as many tropical grasses restrict bite size
because the animal is unable to get a mouthful of herbage at each bite. Low plant
density (e.g. less than 1500 kg DM/ha for sheep) is also a restricting factor and may
be exacerbated by the animal’s desire to graze selectively. Animals tend to prefer
rapidly digested leaf to slowly digested stem, and also prefer green to dead material.
Some plants may be rejected because they are rendered unpalatable by protective
spines or by contamination with excreta. When given the choice between a pure
sward of perennial ryegrass or white clover, sheep and cattle will consume approxi-
mately 70 per cent of their daily DM intake as clover, with grass consumption being
most evident in the evening. One possible explanation for this behaviour is to in-
crease the intake of the more slowly digestible fibre in the evening in an attempt to
increase gut fill and therefore avoid having to graze during the hours of darkness.

In a good grazing environment with short, dense swards of highly digestible
herbage, ruminants will consume as much dry matter as when food is offered to them
in a trough, but in more difficult environments they often fail to achieve the intake of
food that they are capable of digesting and metabolising.

Other environmental factors

Environmental temperature influences the intake of ruminants as it does of mono-
gastric species.At temperatures below the thermoneutral zone (see p. 350), intake is
increased, and at temperatures above the thermoneutral zone, intake is reduced.
Well-fed ruminants have a broad thermoneutral zone, extending to quite low critical
temperatures at the lower end (see Table 14.4 in Chapter 14). However, at the upper
end (i.e. in hot climates), temperature can exert a strong influence on intake, espe-
cially in more productive animals with a high nutrient demand. For example, for
temperate (i.e. Bos taurus) breeds of cattle, it has been estimated that intake falls by
2 per cent for every 1 °C rise in average daily temperature above 25 °C.

Another feature of the environment that has an effect on intake is day length.This
effect is most evident in deer, which reduce their food intake very severely as day
length declines; where short days coincide with a shortage of food, the effect is a sur-
vival mechanism to ensure that the limited supplies of food last through the critical
period. Sheep also reduce their intake as days get shorter, but to a much lesser extent
than do deer. Cattle seem not to be affected by day length.

Ill-health can reduce the intake of both ruminants and non-ruminants. Contrary
to popular opinion, infestations of gastrointestinal parasites tend to reduce intake,
presumably because the interference with digestive function overrides any metabolic
stimulus arising from a reduction in the absorption of nutrients.There is also evidence
that stimulation of the animal’s immune system, as happens with parasite infestations,
may be responsible for a reduction in food intake. Infestations with external parasites,
such as ticks, also reduce intake.
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17.3 FOOD INTAKE IN HORSES

Many of the principles affecting intake that have been discussed for ruminant and
non-ruminant farm animals are relevant to horses. The digestive processes in the
horse differ, however, to those in farm animals, with the absorption of glucose and
amino acids occurring in the upper digestive tract and significant quantities of VFA
being absorbed from fermentation of forages in the hind gut. In addition, most do-
mesticated horses are now fed small volumes of high-energy feeds that are con-
sumed relatively quickly, rather than large quantities of low-energy-density,
high-fibre foods that are eaten over a long period of time. Like the situation with
pregnant sows, this can lead to behavioural stereotypes and welfare issues.As a con-
sequence, there has been a greater emphasis on factors influencing feeding behaviour
in horses than on those influencing the control of feed intake and nutrient supply.

Chemostatic control of intake in horses includes the influence of blood glucose.
For example, intravenous infusion of glucose reduces voluntary food intake within
10–15 minutes. Products of hind gut fermentation such as VFA are also involved,
and intragastric infusion of low concentrations of VFA increases intake in ponies,
whereas high concentrations are associated with a reduction in intake and a greater
intermeal period. In general, though, horses appear less sensitive to metabolic feed-
back than farm animals.

Horses spend less time chewing than ruminants, although a horse with a full set of
teeth is able to grind grains such as oats, barley and maize. It is still generally recom-
mended that only oats should be left unprocessed. Similar to pigs and poultry, horses
are able to adjust their intake to meet energy requirements, although voluntary intake
can be greatly affected by the palatability and composition of the diet. For example,
diluting the energy content of the diet fed to ponies with sawdust increases DM intake
until gut fill is achieved.As a consequence, the fibre content of hay does not appear to
have a major influence on intake, with an average daily intake value for mature horses
of approximately 2 kg DM/100 kg body weight. Mature and young horses have a max-
imal daily DM intake of approximately 3–3.2 kg/100 kg body weight, whereas ponies
have a slightly higher value at 3.9 kg/100 kg body weight.

17.4 PREDICTION OF FOOD INTAKE

For both monogastric and ruminant species it is often necessary to be able to pre-
dict intake.Animals are commonly fed to appetite, and it is not possible to predict
their performance by the use of feeding standards without an estimate of intake.
For pigs and poultry, prediction is relatively simple as it is based mainly on the
characteristics of the animals involved (but it can become more complex in monogas-
tric animals fed on fibrous foods). One simple equation used to predict the intake
of growing pigs fed on a standard diet (13.2 MJ DE) is fresh weight intake (kg/day) �
3.2[1 - exp(-0.019W)], where W is the weight of the pig (kg). For a 35 kg pig, intake
is predicted to be 1.55 kg/day; for a 90 kg pig, the corresponding value is 2.62 kg/day.

For ruminants, prediction is much more difficult, as many food variables may
have to be taken into account. For approximate predictions of intake there are some
rules of thumb.Thus, the daily dry matter intake of beef cattle is often assumed to be
about 22 g/kg liveweight, whereas that of dairy cows is higher, at about 28 g/kg in
early lactation and 32 g/kg at peak intake (see Figure 17.2).
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An example of prediction equations for intake that may be used in conjunction
with feeding standards is provided by the UK Agricultural Research Council’s Techni-
cal Committee on Responses to Nutrients, which constructed a series of equations for
predicting the intake of grass silage by cattle (both dairy and beef) fed on silage and
concentrates.The following is an example of the equations derived for beef cattle:

where SDMI � silage dry matter intake (g/kg W 0.75 per day), CDMI � concentrate
dry matter intake (g/kg W0.75 per day), SDM � silage dry matter content (g/kg), AN �
silage ammonia nitrogen content (g/kg total N), and DOMD � digestible organic matter
in silage dry matter (g/kg).

Thus, this equation estimates that silage dry matter intake will be reduced by
about 0.54 g for each 1 kg of concentrate dry matter consumed. In addition, intake
of the silage is related to three measures of quality, two positively (dry matter con-
tent and digestible organic matter content) and one negatively (ammonia nitrogen as
a proportion of total nitrogen content). Other measures of silage quality employed
in the equations were nitrogen content, butyric acid content and pH. Despite
this degree of complexity, the most precise of the equations could account for only
60–70 per cent of the variation in intake, and so their accuracy of prediction was
limited. The UK Feed into Milk (FiM) intake equation for dairy cows is even more
complicated than that described above for cattle. It accounts for around 93 per cent
of the variation in intake for grass-silage-based diets but only 75 per cent for mixed
forage diets. Additional factors in the equation include the forage intake potential
(FIP; g/kg W 0.75), which is the intake potential of a forage when provided as the sole
feed and is predicted from the near-infrared (NIR) spectrum of the forage. Other
factors include the concentrate crude protein content (g/kg DM) and body condition
score (scale 1–5). Intake is predicted to decrease by 1.1 kg/day with each unit
increase in body condition score, which is consistent with the lipostatic control of
feed intake described earlier.The inclusion of forage starch concentration (g/kg DM)
in the equation reflects the increase in DM intake that is frequently seen when
starchy forages such as maize or whole-crop wheat silages are included in dairy cow
rations. For example, providing an equal mixture of grass silage and maize silage
with 0 g/kg and 300 g/kg DM starch, respectively, is predicted to increase DM intake
by approximately 1 kg DM/day compared with feeding grass silage alone. The full
equation is detailed below:

where FIP � forage intake potential (g/kg W0.75), CDMI � concentrate DM intake
(kg/day), CS � body condition score (1–5 scale), W � liveweight (kg), El � energy
output in the milk (MJ/day; see Chapter 16),WOL � week of lactation (constrained
to a maximum of 10), FS � forage starch concentration (g/kg DM), and CCP � crude
protein concentration in the concentrate (g/kg DM).

The Australian Standing Committee on Agriculture has adopted a computer-based
model called GRAZFEED to predict the intake of grazing ruminants.The animal fac-
tors in this model include the animal’s current weight in proportion to its so-called

+  0.001988 (CCP * CDMI)

+  0.04767El - 6.43(0.6916WOL) + 0.007182 * FS

+  0.01896W + 0.7343CDMI - 0.00421(CDMI)2

DM intake (kg/d) = -7.98 + 0.1033FIP - 0.00814 (FIP * CDMI) - 1.1185 CS

SDMI = 24.96 - 0.5397CDMI + 0.1080SDM - 0.0264AN + 0.0458DOMD
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‘standard reference weight’ (SRW; see p. 366), body condition (i.e. fatness) and stage
of lactation. The food factors include herbage digestibility and any supplementary
foods.A correction is also made if the diet is deficient in rumen-degradable protein.
Environmental factors in the model are the features of the pasture that determine
the structure of the sward, and there are also adjustments of intake for climatic factors.
Expressing an animal’s liveweight as a proportion of its SRW has a large influence on
predicted intake. For example, a 400 kg steer that has reached its SRW (400 kg) is
predicted to eat 5.9 kg per day of dry matter from good-quality pasture (dry matter
digestibility 0.7), whereas a 400 kg animal of a larger breed that is only halfway
towards its SRW (800 kg), and is therefore still growing, is predicted to eat 10.1 kg
dry matter per day.

For the Cornell net carbohydrate and protein system for predicting the require-
ments of cattle, the intake of lactating cows is predicted from the net energy content
of the food and the milk yield and milk fat content of the animal. Predicted values
are then adjusted for six other factors: age, breed and body fat content of the cattle,
the inclusion in the diet of any additives, the environmental temperature, and another
component of the environment called ‘mud’.

SUMMARY

1. Control mechanisms for food intake operate at
the metabolic level (e.g. metabolite concentra-
tions signalling the need to start or stop feed-
ing) and at the level of the digestive system
(e.g. signals from the degree of ‘fill’ of the
rumen). In addition, intake is influenced by fea-
tures of the environment such as temperature.

2. In monogastric animals, control is mainly meta-
bolic. In the short term, blood concentrations
of glucose and other nutrients may control in-
take via the hypothalamus. In the longer term,
fat depots send signals to the brain by the 
hormone messenger leptin.

3. The palatability of foods is not a major deter-
minant of intake in farm animals, but it may
be of more importance in horses.

4. When the energy content of foods is changed,
animals attempt to keep their energy intake
constant by changing food intake, but there
are limits to the compensatory mechanism. 
Deficiencies of some specific nutrients, such as
phosphorus, calcium, copper and thiamin, re-
duce food intake. When given a choice of foods,
animals are often able to select a diet with 
nutrient concentrations close to their needs.

5. Food intake in ruminants fed on high-energy
diets is controlled metabolically, but in those
fed on forages it is limited by the rate at which
food can be digested in the rumen. Forages
with a high content of cell walls (or neutral-
detergent fibre) are digested slowly, are low in
digestibility and promote low intakes. Disrupt-
ing the cell walls of forages by mechanical or
chemical treatment markedly increases intake.

6. Intake is related to metabolic weight (W 0.75). In
late pregnancy it is restricted by the foetus reduc-
ing rumen volume, but it increases in lactation.

7. When animals are grazing, their intake may be
restricted by the distribution of herbage (e.g.
short herbage restricting bite size). Grazing 
animals prefer leaves to stems and may reject
herbage that is dead or contaminated with
excreta.

8. Low environmental temperatures cause
increases in intake and high temperatures
cause decreases.

9. For both monogastric and ruminant animals,
there are equations for predicting intake from
food composition and features of the animal
and its environment.
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QUESTIONS

17.1 Using the intake prediction equation for pigs provided on p. 474, what is the
predicted intake for a growing pig of (a) 20 kg and (b) 75 kg?

17.2 A beef animal weighing 350 kg is being fed 2.35 kg/day of concentrates and
provided grass silage ad libitum. The grass silage has a dry matter content of
250 g/kg, an ammonia-N content of 80 g/kg N and a DOMD value of 650 g/kg
DM and the concentrates a dry matter content of 850 g/kg. From the equation
provided on p. 474, what is the predicted silage DM intake in g/kg W 0.75,
kg DM/day and kg fresh weight/day?

17.3 Using the FiM intake equation provided on p. 475, predict the daily DM intake
of a dairy cow weighing 600 kg, in body condition score 2.5, producing 30 kg
of milk with a fat content of 40 g/kg and in week 8 of lactation.The cow is fed
a basal ration of 50 : 50 grass silage and maize silage with a combined forage
intake potential of 100 g/kg W 0.75 and starch content of 140 g/kgDM, and is
fed 10 kg/day of a concentrate with a DM of 850 gDM/kg and a crude protein
content of 250 g/kg DM.

17.4 From the information provided for horses on p. 474, what is the predicted DM
and fresh weight intake of a 550 kg horse offered hay with a DM content of
850 g/kg?
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PART 5

The nutritional characteristics of foods

This part provides details of the foods that are commonly given to animals, including their
main nutrient content and factors that need to be taken into account when they are used in
animal diets.

Grass and forage crops form the basis of the diet of herbivores and are considered in Chapter 18.

In order to supply food to animals throughout the year, forages and straws need to be har-
vested at the appropriate time and conserved for feeding during the winter, when forage
growth has declined. In some parts of the world, forages produced in the rainy season need to
be conserved for feeding during the dry period. In recent years, the most popular method of
conservation of grass has been as silage, and the ensilage process and nutritive value of the
product are described in Chapter 19.

The other major method of conservation of forages is by drying, either naturally in the field as
hay or straw or artificially as dried grass or lucerne. These foods are the subject of Chapter 20.

For ruminants, forages alone are not sufficient to achieve the levels of production required and
for monogastric animals, such as pigs and poultry, most forages are not appropriate since their
digestion relies on microbial fermentation in the gut. In these situations, concentrated sources
of nutrients are required and these foods are covered in the remaining chapters in this part.

The concentrated sources of energy in roots, tubers and cereals grains are described in
Chapters 21 and 22. Many energy and protein crops are grown primarily for human consump-
tion, but during their processing by-products are created that are used as animal foods. The
by-products of cereal use by man are also considered in Chapter 22. Chapter 23 gives 
details of the major protein foods, both plant- and animal-derived, and specialist products
such as synthetic amino acids and non-protein nitrogen sources.

In addition to the main foods considered above, other materials are often added to the diets
of animals in order to enhance the efficiency of nutrient use or modify conditions in the gut
so that they are beneficial to the animal. These food additives are described in Chapter 24.
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18 Grass and forage crops

18.1 PASTURES AND GRAZING ANIMALS

From a nutritional point of view, the simplest pastures are those created by sowing a
single species of pasture plant, which may be a grass such as Italian ryegrass or a
legume such as lucerne (alfalfa). These pastures have a limited life (1–4 years) and
are described as temporary pastures. Sown permanent pastures normally include
several species of both grasses and legumes. Natural grasslands have an even greater
spread of species, which will include herbs and shrubs (some of which may be regarded
as weeds). In this chapter we shall describe first the nutritional value of grasses
(i.e. species of the Gramineae), and then the value of legumes (Leguminoseae).
The chapter concludes with a description of special crops grown in association with
pastures.

The nutrition of the grazing animal is different from that of housed livestock, for
several reasons. In the first place, its diet is variable.As indicated above, the variabil-
ity may be due to the botanical composition of pastures. There is also variability
over time, for different species may grow at different times of the year, and even a
single species will change in composition and nutritive value as it grows to maturity.
A second important feature of the grazing animal is that it has to spend time and en-
ergy in harvesting its food.Thus, a cow consuming 15 kg of dry matter a day from a
pasture yielding 1000 kg of dry matter per hectare must harvest an area of 150 m2

per day with a mowing apparatus only 0.1 m wide.The diet of the grazing animal is
therefore difficult to evaluate; moreover, even if its nutritive value is known, the op-
portunities for correcting its deficiencies may be limited.

At its best, pasture herbage is a food of high nutritive value for ruminants. For ex-
ample, young, leafy herbage from a perennial ryegrass pasture may contain 12 MJ of
metabolisable energy and 200 g crude protein per kilogram of DM, and be eaten in
quantities sufficient for the needs of a dairy cow for maintenance and the production
of 25 kg of milk per day. Unfortunately, the nutritive value of herbage often falls far
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below its optimum; soil and climate may be unsuitable for growing the most nutri-
tious pasture plants, and the grazing management system employed may fail to
ensure that herbage is consistently grazed at the stage of growth when its nutritive
value is at its highest. In many grazing situations, the herbage barely supplies the
maintenance needs of the animal.Achieving the optimal nutrition of grazing animals
is a continuing challenge for nutritional scientists and farmers.

18.2 GRASSES

Pattern of growth

In cold and temperate climates, grass starts to grow in the spring when soil temper-
atures reach 4–6 °C. From then on, the pattern of growth is very much the same,
irrespective of species or cultivar. There is a rapid production of leaf, followed by
an increase in the growth of the stem, leading to the ultimate emergence of the
flowering head and, finally, to the formation of the seed. As the grass grows in the
spring, the concentration of DM in the crop increases, at first slowly and then more
rapidly as the stems grow and the ears emerge and, finally, more slowly as the ears
begin to ripen.

In hot climates, soil temperature is likely to be high enough to allow grass growth
throughout the year, but growth is commonly restricted by lack of water.Where the
climate is characterised by clearly defined wet and dry seasons, grass growth is very
rapid during a warm wet season, but as the soil dries out the herbage matures and
dies, leaving a feed resource that is sometimes described as ‘standing hay’. Even in
wetter conditions, plants in deep shade at the base of the sward may die, thus giving
senescent herbage of inferior nutritive value.

The rate at which grass grows is dependent upon the environment, the nutrients
available and the amount of leaf within the sward that is intercepting light. Immedi-
ately after harvesting there is a period of slow regrowth, followed by an accelerated
rate and finally a period of decreasing growth as the herbage matures. As grass
swards increase in leaf area, the photosynthetic capacity of successive newly ex-
panded leaves is progressively reduced because of the increasing shade in which they
develop.The rate at which regrowth occurs depends upon the maturity of the crop at
the time of harvesting. If the grass is young and leafy, it recovers more quickly and
starts regrowth earlier than when mature herbage is harvested. Typical growth rates
for temperate pastures in the spring are 40–100 kg DM per hectare per day.

Chemical composition

The composition of the dry matter of pasture grass is very variable; for example, the
crude protein content may range from as little as 30 g/kg in very mature herbage to
over 300 g/kg in young, heavily fertilised grass.The fibre content is, broadly, related
inversely to the crude protein content, and the acid-detergent fibre may range from
200 g/kg to over 450 g/kg in very mature moorland species of grasses.

The moisture content of grass is of particular importance when a crop is being
harvested for conservation; it is high in very young material, usually 750–850 g/kg,
and falls to about 650 g/kg as the plants mature.Weather conditions, however, greatly
influence the moisture content.



Table 18.1 Composition of the dry matter of a sample of Italian ryegrass cut at a
young leafy stage (g/kg)
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The composition of the dry matter is dependent on the relative proportions of cell
walls and cell contents.The cell walls consist of cellulose and hemicelluloses, reinforced
with lignin.The cellulose content is generally within the range of 200–300 g/kg DM and
that of hemicelluloses may vary from 100 g/kg to 300 g/kg DM.The concentrations
of both these polysaccharide components increase with maturity; so also does that
of lignin, which reduces the digestibility of the polysaccharides.

The cell contents include the water-soluble carbohydrates and much of the pro-
tein.The water-soluble carbohydrates of grasses include fructans and the sugars glu-
cose, fructose, sucrose, raffinose and stachyose (see Table 18.1). In temperate grasses
the storage carbohydrate fructan is the most abundant of the soluble carbohydrates
and is found mainly in the stem. Grasses of tropical and subtropical origin accumu-
late starches, instead of fructans, in their vegetative tissues and these are stored
primarily in the leaves. The water-soluble carbohydrate concentration of grasses is
very variable, ranging from as little as 25 g/kg DM in some tropical species to over
300 g/kg DM in some cultivars of ryegrass.

Proteins are the main nitrogenous compounds in herbage, with true protein
accounting for about 80 per cent of total nitrogen.Although the total protein content
decreases with maturity, the relative proportions of amino acids do not alter greatly.
Similarly, the amino acid composition of proteins varies little among grass species.
This is not surprising, as up to half of the cellular protein in grasses is in the form of
a single enzyme, ribulose bisphosphate carboxylase, which plays an important role
in the photosynthetic fixation of carbon dioxide. Grass proteins are particularly rich
in the amino acid arginine and also contain appreciable amounts of glutamic acid
and lysine.They have high biological values for growth compared with seed proteins,
with methionine being the first and isoleucine the second limiting amino acid for
growth. However, because of the considerable metabolism of amino acids in the
rumen, this factor is of little significance to ruminant animals. In general, the protein
contents of tropical grasses tend to be lower than those of temperate species.

The amino acid composition of forages is clearly important when the feeds are
used as protein sources for non-ruminants. For ruminants, however, the most impor-
tant characteristics of forage proteins are their rumen degradability and their overall
digestibility. In immature forages, both measures are commonly very high (0.7–0.8),

Proximate
composition

Carbohydrates Nitrogenous
components

Other
constituents

Crude protein 190 Glucose 16 Total N 30 Lignin 52
Ether extract 45 Fructose 13 Protein N 27
Crude fibre 208 Sucrose 45 Non-protein N 3
Nitrogen-free Oligosaccharidesa 19

extractives 449 Fructans 70
Ash 108 Galactan 9

Araban 29
Xylan 63
Cellulose 202

aExcluding sucrose.
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but they decline as the forages mature (and their total protein content declines). In
mature herbage, a significant proportion of the protein may be indigestible because
it is bound to fibre (acid-detergent insoluble nitrogen,ADIN; see p. 328).

The non-protein nitrogenous fraction of herbage varies with the physiological
state of the plant. Generally, the more favourable the growth conditions, the higher
is the non-protein nitrogen content and the total nitrogen value, and as the plants
mature the contents of both decrease. The main components of the non-protein
nitrogen fraction are amino acids, and amides such as glutamine and asparagine,
which are concerned in protein synthesis; nitrates may also be present, and these
may be toxic for grazing animals.

The lipid content of grasses, as determined in the ether extract fraction, is com-
paratively low and rarely exceeds 60 g/kg DM.The components of this group include
triacylglycerols, glycolipids, waxes, phospholipids and sterols.Triacylglycerols occur
only in small amounts and the major components are galactolipids, which constitute
about 60 per cent of the total lipid content.The main fatty acids in forages are listed
in Table 3.5 in Chapter 3.The most abundant is alpha linolenic acid (18:3n-3), which
comprises about 50 per cent of the total.This plant fatty acid is important in animal
nutrition because it is the precursor of longer-chain polyunsaturated acids, which in
human nutrition are regarded as being beneficial to health (see Chapter 25). Despite
the hydrogenation of unsaturated fatty acids in the rumen (see Chapter 8), some of
the n-3 acids in grasses are absorbed unchanged by ruminants and influence the n-3
content of meat and milk fats. Hydrogenation of the polyunsaturated fatty acids in
grasses gives rise to conjugated linoleic acid, another acid with health-protecting
properties (see Chapter 25).

The mineral content of pasture is very variable, depending upon the species, stage
of growth, soil type, cultivation conditions and fertiliser application; an indication of
the normal range in content of some essential elements is given in Table 18.2.

Green herbage is an exceptionally rich source of β-carotene, a precursor of vitamin
A, and the dry matter of the young green crop may contain as much as 550 mg/kg.

Table 18.2 Ranges of essential mineral contents of temperate
pasture grasses

Element Low Normal High

g/kg DM
Potassium �12 15–30 �35
Calcium �2.0 2.5–5.0 �6.0
Phosphorus �2.0 2.0–3.5 �4.0
Sulphur �2.0 2.0–3.5 �4.0
Magnesium �1.0 1.2–2.0 �2.5

mg/kg DM
Iron �45 50–150 �200
Manganese �30 40–200 �250
Zinc �10 15–50 �75
Copper �3.0 4.0–8.0 �10
Molybdenum �0.40 0.5–3.0 �5.0
Cobalt �0.06 0.08–0.25 �0.30
Selenium �0.02 0.03–0.20 �0.25
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Herbage of this type supplies about 100 times the vitamin A requirement of a graz-
ing cow when eaten in normal quantities.

It has generally been considered that growing plants do not contain vitamin D,
although precursors are usually present. Studies suggest, however, that vitamin D may
be present in herbage but in relatively small amounts.The greater vitamin D content
of mature herbage than of young material may be caused in part by the presence of
dead leaves in which vitamin D2 has been produced from irradiated ergosterol.

Most green forage crops are good sources of vitamin E and of many of the B vita-
mins, especially riboflavin.

Factors influencing the nutritive value of herbage

Stage of growth

Stage of growth is the most important factor influencing the composition and nutri-
tive value of pasture herbage. As plants grow there is a greater need for fibrous tis-
sues to maintain their structure, and therefore the main structural carbohydrates
(cellulose and hemicelluloses) and lignin increase, and the concentration of protein
decreases; there is therefore an inverse relationship between the protein and fibre
contents in a given species, although this relationship can be upset by the application
of nitrogenous fertilisers.

The variations in chemical composition of two species of grasses, perennial rye-
grass (Lolium perenne) and purple moor grass (Molinea caerulea), at three stages of
growth, are shown in Table 18.3. In addition to the changes in organic components,
changes also occur in the mineral or ash constituents.The total ash content decreases
as the plant matures.This is reflected in the calcium content, which follows a similar

Table 18.3 Composition and nutritional value of Lolium perenne and Molinea
caerulea grown in Scotland and harvested at three stages of maturity 

Lolium perenne Molinia caeruleaa

24 May 7 July 4 Aug 3 July 16 Aug 6 Oct

Proportion of leaf 0.63 0.29 0.27 0.95 0.87 0.78
DM (g/kg) 165 338 300 374 468 428

Components of DMb

g/kg DM
CP 143 69 48 149 97 59
Ash 88 68 74 27 29 20
ADF 227 316 347 327 414 435
Lignin 16 41 49 52 95 95

Organic matter
Digestibilityc 0.80 0.68 0.59 0.67 0.54 0.48
Intakec (g/kg W0.75/day) 73 56 39 70 44 28

aHarvested from a hill sward containing about 80 per cent M. caerulea.
bCP � crude protein; ADF � acid-detergent fibre.
cDetermined using sheep.

After Armstrong R H, Common T G and Smith H K 1986 Grass and Forage Science 41: 53–60.



Chapter 18 Grass and forage crops

486

pattern to that of the total ash in grasses.The magnesium content is generally high in
the early spring but falls off sharply; during the summer it rises, reaching high values
in the autumn.

The digestibility of the organic matter is one of the main factors determining the
nutritive value of forage; this may be as high as 0.85 in young spring pasture grass
and as low as 0.45 in winter forage. The basic determinant of forage digestibility is
the plant anatomy. Plant cell contents, being mainly soluble carbohydrates and pro-
teins, are almost completely digestible, but cell walls vary in digestibility according
to their degree of reinforcement with lignin.Thus, digestibility decreases as plants in-
crease in maturity, but the relationship is complicated by there being a spring period
of up to a month during which the herbage digestibility remains fairly constant.This
period has been described as the ‘plateau’. The end of this period is associated in
some plant species with ear emergence, after which digestibility of organic matter
may decrease abruptly. In grasses grown in the UK, this rate of decrease is about
0.004 units per day.

Digestibility of grasses is also influenced by leaf/stem ratios.Techniques involving
fermentation in vitro have enabled the digestibility of different fractions of plants to
be determined. In very young grass the stem is more digestible than the leaf, but
whereas with advancing maturity the digestibility of the leaf fraction decreases very
slowly, that of the stem fraction falls rapidly.As plants mature, the stem comprises an
increasing proportion of the total herbage and hence has a much greater influence
on the digestibility of the whole plant than the leaf.

The decrease in digestibility with stage of growth is also reflected in the metabolis-
able and net energy values of grasses, as illustrated in Table 18.4.The low net energy
value of mature herbage is not only due to a low organic matter digestibility but is
also associated with a high concentration of cellulose. The digestion of this polysac-
charide in the rumen and the metabolism of the end products give rise to a high heat
increment (see Chapter 11).

Species

The Gramineae form a very large family that has been subdivided into 28 tribes, of
which the six largest contain most pasture grasses of economic importance.All six of

Constituents (g/kg DM)
Crude protein 186 153 138 97
Crude fibre 212 248 258 312
Cellulose 253 284 299 356

Energy (MJ/kg DMa)
Metabolisable 13.1 12.2 11.6 8.9
Net (for maintenance) 10.3 9.3 8.8 7.3
Net (for liveweight gain) 6.9 6.9 5.6 3.8

aDetermined using mature sheep.

After Armstrong D G 1960 Proceedings of the Eighth International Grassland Congress, p. 485.

Cut 1, 

young leafy

Table 18.4 Nutritional value of four cuts of perennial ryegrass 

Cut 4, 

full seed
Cut 3, ear

emergence

Cut 2, late

leafy
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these tribes have a wide distribution, but their importance in any particular region is
determined largely by the temperature and to a lesser extent by the rainfall.The dis-
tribution of these tribes, and some agriculturally important members of them, are
shown in Table 18.5.

In temperate areas with a reasonably uniform distribution of rainfall, grasses
grow and mature relatively slowly and thus can be utilised at an early stage of
growth when their nutritive value is high. In warmer climates, however, grasses
mature more rapidly, their protein and phosphorus contents falling to very low lev-
els, and their fibre content rising (see Table 18.6). In the wet tropics the herbage
available is commonly fibrous but lush (i.e. high in water content); in drier areas the
mature herbage becomes desiccated and is grazed as ‘standing hay’. In both cases
digestibility is low, typical values for tropical herbage being 0.1–0.15 units lower
than for temperate herbage.The differences in composition between temperate and
tropical grasses are not only a result of climate.Temperate species of grasses belong
to the C3 category of plants, in which the three-carbon compound phosphoglycer-
ate is an important intermediate in the photosynthetic fixation of carbon dioxide.
Most tropical grasses have a C4 pathway of photosynthesis, in which carbon dioxide

Table 18.5 The main tribes of the Gramineae, their areas of major importance,
and some examples of their grassland species

Tribe Major areas Examples

Agrosteae All temperate Agrostis spp. – bent grasses
Phleum pratense – timothy

Aveneae Cold and temperate Holcus lanatus – Yorkshire fog
Danthonia pilosa – tussock grass

Festuceae Temperate,
particularly USA

Lolium spp. – ryegrasses
Festuca spp. – fescues
Bromus spp. – bromes
Eragrostis curvula – weeping love grass

Andropogon gayanus – gamba
Hyparrhenia rufa – Jaragua

Tropical and 
warm temperate

Eragrosteae

Andropogoneae Tropics, particularly 
SE Asia

Paniceae Tropics and subtropics Digitaria decumbens – pangola grass
Panicum maximum – Guinea grass
Paspalum dilatatum – dallis grass
Pennisetum purpureum – elephant grass

Table 18.6 Composition (g/kg DM) and ME values (MJ/kg DM) of three cuts of
Jaragua grass (Hyparrhenia rufa) grown in Brazil 

Stage of growth Composition ME

Crude protein Crude fibre Ether extract Ash

Vegetative 92 289 26 149 8.4
Full bloom 35 314 19 136 7.0
Milk stage 28 337 15 115 6.5

Adapted from Gohl B 1981 Tropical Feeds, FAO, Rome.
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is first fixed in a reaction involving the four-carbon compound oxalacetate. The
low-protein contents often found in tropical grasses are an inherent characteristic of
C4 plant metabolism, which is associated with survival under conditions of low soil
fertility. Another feature of tropical species is their storage of carbohydrates as
starch, rather than as fructans.

A further factor of nutritional importance is that the anatomy of the leaves of
tropical grasses differs from that of temperate grasses. In tropical grasses there are
more vascular bundles and thick-walled bundle sheaths, and hence more lignin, and
in the central tissue of the leaf the mesophyll cells are more densely packed than
those in temperate grasses.Thus, in tropical grasses, intercellular air spaces represent
only 3–12 per cent of leaf volume compared with 10–35 per cent in temperate species.
This may partly explain why tropical grasses have a higher tensile strength than tem-
perate grasses, a feature that retards both mechanical and microbial degradation in the
rumen.The consequences of this are lower digestibility of tropical grasses and lower
voluntary dry matter intake.

The selection of pasture species and cultivars is based on such agronomic charac-
ters as persistency and productivity, but nutritive value is also taken into account.
Cultivars within a species generally differ to only a small degree in nutritive value, if
the comparison is made at the same stage of growth, but differences between compa-
rable species may be larger.A classical example for the temperate grasses is the dif-
ference between British cultivars of perennial ryegrass (Lolium perenne) and of
cocksfoot or orchard grass (Dactylis glomerata).At the same stage of growth, cocks-
foot has a lower concentration of soluble carbohydrates and is lower in dry matter
digestibility than ryegrass.

Pasture species may also influence the value of the herbage through their growth
habit.As discussed in Chapter 17, tall and spindly (as opposed to short dense) swards
are difficult for the animal to harvest efficiently, and so its intake may be reduced.

In Britain, perennial ryegrass is the most important species of sown pastures, but
Italian ryegrass (Lolium multiflorum), timothy (Phleum pratense), cocksfoot and the
fescues (Festuca spp.) are also common. In older pastures these are accompanied by
weed species, particularly meadowgrass (Poa pratensis),Yorkshire fog (Holcus lanatus)
and the bents (Agrostis spp.). In the uplands, however, some of these weed species, such
as the bents, along with other species such as mat grass (Nardus stricta) and purple
moor grass (Molinia caerulea) (see Table 18.3), are valued constituents of the sward.

Soils, fertilisers and weather

The type of soil may influence the composition of the pasture, especially its mineral
content. Plants normally react to a mineral deficiency in the soil either by limiting
their growth or by reducing the concentration of the element in their tissues, or more
usually by both. In addition, deficiencies of mineral elements may affect the utilisa-
tion of herbage; thus, in sheep, sulphur deficiency reduces the digestibility of herbage.
The most common mineral deficiencies of grass herbage are those of phosphorus,
magnesium, copper and cobalt.

The acidity of the soil is an important factor that can influence, in particular, the
uptake of many trace elements by plants. Both manganese and cobalt are poorly
absorbed by plants from calcareous soils, whereas low molybdenum levels of
herbage are usually associated with acid soils.The induced copper deficiency known
as teart (see p. 123), associated with high herbage molybdenum levels, generally oc-
curs on pasture grown on soils derived from Lower Lias clay or limestone.
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Liberal dressings of fertilisers can markedly affect the mineral content of plants; it
is also known that the application of nitrogenous fertilisers increases leaf area and
rate of photosynthesis.As a consequence, the crude protein content, and frequently
the amide and nitrate contents, are increased.

Application of nitrogenous fertilisers also depresses the water-soluble carbohy-
drate content of temperate grasses, which may have an adverse effect on fermenta-
tion if the crop is preserved as silage (see p. 499). Fertilisers may also affect, indirectly,
the nutritive value of a sward by altering the botanical composition. For example,
legumes do not thrive on a lime-deficient soil, while heavy dressings of nitrogen
encourage growth of grasses and at the same time depress clover growth.

Such factors as climate and season may influence the nutritive value of pasture.
The concentration of sugars and fructans, for example, can be influenced markedly
by the amount of sunshine received by the plant. Generally, on a dull cloudy day, the
soluble carbohydrate content of grass will be lower than on a fine sunny day. Rain-
fall can affect the mineral composition of pasture herbage. Calcium, for example,
tends to accumulate in plants during periods of drought but to be present in smaller
concentration when the soil moisture is high; on the other hand, phosphorus appears
to be present in higher concentrations when the rainfall is high.

Grazing system

In many traditional grazing systems, animals are kept on the same area of pasture
throughout the year (continuous grazing). In such systems, the ideal ‘stocking rate’
(i.e. animals per unit area) is one that maintains a perfect balance between the
growth of new herbage and its harvesting by animals; in this situation, the animal is
presented with a constant supply of young (and therefore nutritious) herbage. In
practice, this ideal situation is rarely achieved. If the rate of growth exceeds the rate
of harvesting, herbage accumulates and matures, thus reducing the nutritive value
of the material on offer. However, an increase in the amount of herbage on offer allows
the animals to graze selectively, and they are able to compensate to some extent for
the general fall in nutritive value by selecting plants, or parts of plants, that are
higher in nutritive value than the rest. For example, leaf may be selected in prefer-
ence to stem. Such selective grazing is particularly important with pastures contain-
ing a wide variety of plants (e.g. shrubs and trees as well as grasses and herbaceous
legumes). If the rate of harvesting exceeds the rate of growth of the pasture, then the
‘grazing pressure’ on the sward is said to increase. Selection by animals is reduced,
and the pasture plants may be so denuded of foliage that their root reserves are de-
pleted and they fail to regrow. Both under- and overgrazing of pastures may change
their botanical composition and therefore the nutritive value of their herbage.

In rotational grazing systems, pastures are grazed for short periods at a high
stocking rate and grazing pressure; animals harvest most of the herbage on offer, and
the pastures are then rested for longer periods of recovery. For example, farmers
might divide their pastures into 28 paddocks and graze each for 1 day, thus allowing
27 days for regrowth. Once a rotation has been established, animals should receive
herbage of reasonably constant nutritive value. In these systems the balance between
herbage grown and herbage harvested may also be controlled by varying the numbers
of animals or paddocks (e.g. some paddocks may be cut for silage).

Pastures are not necessarily harvested by grazing. In some areas, grass may be cut
by machine and transported to housed animals.This practice of ‘zero grazing’ allows
greater control over the diet of grass-fed livestock.
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Nutrient balance

The effects of the factors already considered may often be attributed to the balance
of the three major groups of nutrients in grasses, namely protein, fibre and soluble
carbohydrates. High fibre levels reduce digestibility and energy value. High contents
of water-soluble carbohydrates are rapidly fermented in the rumen and may depress
the pH and so reduce fibre digestion. Conversely, low contents of these carbohy-
drates reduce microbial protein synthesis in the rumen, leading to an increased up-
take of ammonia, with consequent energy costs of urea synthesis. An additional
feature of grass proteins is that their rumen-undegradable fraction is often low. The
effect of an imbalance is illustrated by the comparison of spring and autumn
herbages.Autumn grass is generally high in protein but low in water-soluble carbohy-
drate. It is as digestible as spring grass, but its net energy value is lower, typically by
15–20 per cent.

Ideally, nutrient imbalances in grazed herbages should be corrected by giving sup-
plements, and in practice animals may be given, for example, starchy concentrates to
correct a shortage of soluble carbohydrates. Supplements, however, may not be fully
effective because they cannot be mixed with the herbage and therefore do not act
evenly in the rumen. In the recent past, plant breeders have been successful in in-
creasing the soluble carbohydrate content of pasture plants, particularly ryegrasses.

Nutritional disorders associated with grasses

Nitrate poisoning

As mentioned earlier, nitrate can accumulate in grasses. Nitrate per se is relatively
non-toxic to animals. The toxic effect in ruminants is caused by the reduction of ni-
trate to nitrite in the rumen. Nitrite, but not nitrate, oxidises the ferrous iron of
haemoglobin to the ferric state, producing a brown pigment, methaemoglobin,
which is incapable of transporting oxygen to the body tissues. Toxic signs include
trembling, staggering, rapid respiration and death. It has been reported that toxicity
may occur in animals grazing herbage containing more than 0.7 g nitrate-N/kg DM
(2.8 g NO3), although the lethal concentration is much higher than this. Some au-
thorities have quoted a lethal figure for nitrate-N of 2.2 g/kg DM, whereas others
have suggested a value far in excess of this.A sudden intake of nitrate may be partic-
ularly dangerous; experimentally this may be brought about by drenching, but it may
occur in practice when herbage that is normally non-toxic is eaten unusually quickly.
Nitrate is sometimes less toxic if the diet also contains soluble carbohydrates.The ni-
trate content of grasses varies with species, variety and manuring, although the
amount present is generally directly related to the crude protein content. Cereal
grasses, maize and weeds such as thistles and docks may also contain toxic concen-
trations of nitrate.

Mycotoxicoses

Several related disorders of grazing animals have as their primary cause the invasion
of grasses by fungi, which produce substances known as mycotoxins. The condition
known as ‘ryegrass staggers’ occurs in ruminants and horses grazing perennial rye-
grass in New Zealand,Australia, North America and (occasionally) Europe.Affected
animals are uncoordinated and may collapse, although mortality is low. The endo-
phytic fungus involved, Acremonium loliae, produces the neurotoxic alkaloid
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lolitrem B.The tropical pasture plant Paspalum is associated with the related condi-
tion, paspalum staggers, but the fungus involved in this case is Claviceps paspali,
which is related to the ergot fungus (see p. 68), and the toxins are known as paspali-
nine and paspalitrem A and B.An ergot alkaloid, ergovaline, is also produced by the
fungus Acremonium coenophialum, which infects the grass tall fescue. Ergovaline
causes the condition known as ‘fescue foot’, in which grazing animals become lame
and develop gangrene at their extremities owing to vasoconstriction.The last myco-
toxin to be considered is sporidesmin; this is produced by the fungus Pithomyces
chartarum, which grows in the pasture litter. In Australasia it causes liver damage in
grazing animals, which leads to the release into the circulation of bile and the chloro-
phyll breakdown product phylloerythrin. These compounds cause jaundice and
photosensitisation of the skin, hence the name of the disorder, ‘facial eczema’.

Control of these mycotoxicoses is based on the use of fungicides on pasture, on
the selection of resistant plants and animals, and on the modification of grazing
practices to avoid consumption of infected herbage (e.g. avoiding the grazing of in-
fected dead plant material close to the ground).

Grass sickness

Horses grazing pasture after a dry period can develop this condition, for which the
scientific name is equine dysautonomia. It is characterised by muscular tremors, dif-
ficulty or inability in swallowing, regurgitation of stomach contents, abnormal
stance, impaction of the colon and loss of weight.These signs are the results of dam-
age to the autonomic nervous system.This damage extends to the nerve cells in the
autonomic ganglia and in the enteric nervous system, the plexus of neurons within
the intestinal wall. The exact cause of grass sickness is not known but there is evi-
dence that a botulinum toxin is involved, this arising from the organism Clostridium
botulinum type C in the soil or on the herbage. Large amounts of the toxin have
been found in the gut of animals suffering acute signs of the condition, and anti-
bodies have been isolated in chronically ill animals. It is thought that the animal’s
susceptibility to the toxin is affected by its immune defences in the gut mucosa and is
also influenced by a nutritional trigger involving the biochemical status of the grass.

18.3 LEGUMES

Pasture and field crop legumes

The family Leguminoseae contains about 18000 species, which are valued for their
ability to grow in a symbiotic relationship with nitrogen-fixing bacteria and for their
drought resistance. The commonest legumes found in pastures are the clovers
(Trifolium spp.), the main representatives being red clover (T. pratense) and white
clover (T. repens) in the cooler and wetter regions such as Europe and New Zealand,
and subterranean clover (T. subterraneum) in drier areas such as southern Australia.

Nutritionally, the clovers are superior to grasses in protein and mineral content
(particularly calcium, phosphorus, magnesium, copper and cobalt), and their nutri-
tive value falls less with age. Studies with white clover have shown that the rates of
reduction in particle size and of movement of particulate matter from the rumen are
more rapid than with grass. Sheep and cattle offered white clover as fresh forage con-
sumed 20 per cent more dry matter than from grass of the same metabolisable energy
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content. Similar high voluntary intakes of dry matter have been obtained from red
clover and other legumes.

The sugars present in clovers are similar to those found in grasses, the main sugar
being sucrose. Fructans are generally absent, but starch is present and concentrations
of this polysaccharide as high as 50 g/kg DM have been reported in the dried leaves
of red clover.

Many tropical pastures are deficient in indigenous legumes, but determined ef-
forts are being made to introduce them. In Australia, for example, the South Ameri-
can legume centro (Centrosema pubescens) has been introduced into pastures of the
wet tropical type, and siratro (Macroptilium atropurpureum) has been bred from
Mexican cultivars for use in drier areas. Because tropical legumes are similar anatom-
ically to temperate legumes, they differ much less in digestibility than do tropical and
temperate grasses.

Lucerne or alfalfa (Medicago sativa) also occurs in pastures, but like many other
legumes it is more commonly grown on its own. It is found in warm temperate areas
and in many tropical and subtropical countries.The protein content is comparatively
high and declines only slowly with maturity (Table 18.7). Lucerne grown in the UK
tends to be high in fibre, particularly the stem, and at the late flowering stage crude
fibre may be as high as 500 g/kg DM. Lucerne cultivars are distinguished by the time
of flowering, and for UK conditions early-flowering types are recommended. These
varieties usually flower in the second week of June, but to obtain a cut with accept-
able digestibility the crop should be first harvested at the early bud stage (end of
May), when the expected digestible organic matter (DOM) content would be
620–640 g/kg DM, and subsequently cut at 6- to 8-week intervals to give DOM values
of 560–600 g/kg DM.

In Britain, the small area of lucerne grown is harvested mainly for silage or for
artificial drying (see Chapter 20), but in other parts of the world, notably the USA
(where it is known as alfalfa), the crop is also used for grazing.

Berseem or Egyptian clover (Trifolium alexandrinum) is an important legume
grown in the Mediterranean area and India. It is valued for its rapid growth in the
cooler winter season in the subtropics and for its good recovery after cutting or graz-
ing. It has a nutritive value very similar to that of lucerne.

Sainfoin (Onobrychis viciifolia) is a legume of less economic importance than
lucerne, and in the UK it is confined to a few main areas in the south. In common
with most green forages, the leaf is richer than the stem in crude protein, ether ex-
tract and minerals, especially calcium. Changes that occur in the composition of the
plant are due mainly to variation in stem composition and leaf/stem ratio.The crude
protein content in the dry matter may vary from 240 g/kg at the early flowering

Table 18.7 Composition of the dry matter of lucerne 

Pre-bud In-bud Early flower

Crude fibre (g/kg) 220 282 300
Ash (g/kg) 120 82 100
Crude protein (g/kg) 253 205 171
Digestible organic matter (g/kg) 670 620 540
Metabolisable energy (MJ/kg) 10.2 9.4 8.2

Adapted from MAFF 1975 Energy Allowances and Feeding Systems for Ruminants, technical bulletin 
no. 33, London, HMSO, p. 70.
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stage to 140 g/kg at full flower. Corresponding crude fibre values at similar stages of
growth may be 140 g/kg and 270 g/kg DM.

Peas (Pisum sativum), beans (Vicia faba) and vetches (Vicia sativa) are sometimes
grown as green fodder crops.When cut at the early flowering stage, they are similar in
nutritive value to other legumes.

Leguminous trees and shrubs

Animals grazing mature grass pastures are often able to supplement their diet by con-
suming the foliage of trees and shrubs, many of which are legumes.The collective term
applied to food obtained in this way is ‘browse’; in addition to being harvested by ani-
mals, browse may be cut and carried to housed livestock. The foliage of leguminous
trees is high in protein (200–300 g/kg DM) and minerals, but it is also high in fibre
(500–600 g neutral-detergent fibre per kilogram of DM).Tannins (see below) and possi-
bly other constituents reduce the palatability of browse, and so its nutritional value may
be as a food reserve, to be consumed when grass herbage is no longer available.

One of the best-known browse species is leucaena (Leucaena leucocephala), also
known as ipil-ipil, which is a valuable tropical legume cultivated extensively in many
parts of the world, notably in SE Asia, Latin America and the West Indies. It is a valu-
able source of protein and minerals and is also rich in β-carotene. However, it also
contains the toxic amino acid mimosine (see below). Other examples of legume
forages are gliricidia (Gliricidia sepium), sesbania (Sesbania sesban) and acacia (Acacia
angustissima), all of which are cultivated in Africa.

Condensed tannins in legumes

Many legumes, especially the browse species, contain appreciable concentrations of
condensed (i.e. non-hydrolysable) tannins whose role in nutrition is problematical.
Low to moderate concentrations precipitate soluble plant proteins and thus protect
them against degradation in the rumen (see Chapter 8), but if the proteins are too
firmly bound to the tannins they are not digested in the small intestine. For foliage with
a high concentration of condensed tannins (55 g/kg DM), digestibility (especially of
protein) tends to be low. However, lower levels of condensed tannins (20–45 g/kg DM),
found typically in some pasture legumes such as sainfoin and birdsfoot trefoil, are
considered to be beneficial to ruminants. By protecting proteins from hydrolysis in
the rumen, they increase amino acid absorption from the small intestine. They also
modify gas production in the rumen, thereby reducing the danger of bloat (see below)
and possibly reducing methane production. Condensed tannins are also claimed to
restrict the growth of gut parasites.The most common pasture legumes (the clovers)
do not contain appreciable amounts of condensed tannins, but attempts are being
made to introduce them by plant breeding.

Nutritional disorders associated with legumes

A disorder that is frequently encountered in cattle and sheep grazing on legume-
dominated pastures is bloat. The most serious problems are associated with clovers
and lucerne.The primary cause of bloat is the retention of the fermentation gases in
a stable foam (frothy bloat), preventing their elimination by eructation. Soluble leaf
proteins are thought to play the major role in the formation of the foam (see p. 178).
As discussed above, legumes that contain significant concentrations of condensed



Chapter 18 Grass and forage crops

494

tannins (20 g/kg), such as sainfoin, are unlikely to cause bloat, probably because of
the ability of tannins to precipitate soluble proteins. Frothy bloat can be treated by
administration of vegetable oils or chemical surfactants, and in New Zealand these
substances may be sprayed on to legume-rich pastures to prevent bloat.

Associated with grazing sheep on pure lucerne is a sudden death syndrome
termed ‘redgut’.This is thought to be caused by the rapid passage of highly digestible
forage through the rumen that causes increased fermentation in the large intestine. In
early weaning experiments in New Zealand, 1–3 per cent of lambs grazing lucerne
died of this disorder.The incidence was reduced when the lucerne was supplemented
with meadow hay.

A large number of species of plants are known to contain compounds that have
oestrogenic activity. Pasture plants containing these phytoestrogens are mainly of
the species Trifolium subterraneum (subterranean clover), T. pratense (red clover),
Medicago sativa (lucerne) and M. truncatula (barrel medic).The oestrogens in Trifolium
sp. are mainly isoflavones, whereas those in Medicago sp. are usually coumestans.

Naturally occurring isoflavones and coumestans have relatively weak oestro-
genic activity, but this activity can be increased as a result of metabolism in the
rumen. For example, the main isoflavone in subterranean clover, formononetin, is
converted to equol in the rumen. Some plants, e.g. T. repens (white clover), are nor-
mally non-oestrogenic but when infected with fungi can produce high concentrations
of coumestan.

The consumption of oestrogenic pasture plants by sheep leads to severe infertility
and postnatal death in lambs. The infertility can persist for long periods after the
ewes have been taken off the oestrogenic pastures. The main cause of the infertility
is a cystic glandular hyperplasia of the uterus, which causes an increased flow of
mucus and hence poor sperm penetration to the oviduct.A temporary infertility may
occur in ewes grazing oestrogenic pastures at the time of mating. Fertility is restored
when sheep are moved to other pastures. Improved cultivars of subterranean clover
containing lower contents of oestrogenic substances are now grown in Australia.

Cattle grazing oestrogenic pastures do not appear to suffer the severe infertility
problems that affect sheep.

Leucaena contains the toxic amino acid mimosine. In the rumen this is converted
to dihydroxypyridine (DHP), a compound with goitrogenic properties (see p. 127).
Ruminants consuming large quantities of leucaena may suffer weight loss, thyroid
dysfunction and loss of hair or wool (alopecia). In countries with a natural popula-
tion of leucaena, grazing animals possess a rumen microorganism capable of destroy-
ing DHP (Synergistes jonesii). In Australia, the ill-effects of introduced leucaena
have been ameliorated by inoculating grazing animals with rumen contents taken
from animals in Hawaii.

18.4 OTHER FORAGES

Cereals

Cereals are sometimes grown as green forage crops, either alone or mixed with
legumes. Like the grain, the forage is rich in carbohydrate and low in protein, its
nutritive value depending mainly on the stage of growth when harvested (see
Table 18.8).The crude protein content of the cereal at the grazing stage is generally
within the range of 60–120 g/kg DM.At the time of ear formation, the concentration
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of crude fibre falls as a result of the great increase in starch, which tends to maintain
the digestibility value.

Sugarcane

Sugarcane (Saccharum officinarum) is a tropical or subtropical perennial grass that
grows to a height of 4.5–6.0 m or more. The crop is processed for its sugar, which
leaves two by-products: molasses and a fibrous residue termed bagasse. Sugarcane
molasses is a high-energy, low-protein food similar in composition to the molasses
obtained as a by-product from sugar beet (see p. 536). Bagasse is a high-fibre, low-
protein product of very low digestibility that is sometimes mixed with the cane mo-
lasses for cattle feeding.The unmolassed bagasse has a digestibility of about 0.28, but
this can be dramatically increased to about 0.55 by short-term (5–15 min) treatment
with wet steam at 200°C. Steam-treated bagasse, supplemented with urea, has been
shown to be suitable as a maintenance feed for beef cows.

In some countries, the whole sugarcane crop is used as forage for ruminants.The
whole crop on a dry matter basis has an ME value of about 9 MJ/kg and a low crude
protein content of about 40 g/kg.

Brassicas

The genus Brassica comprises some 40 species, of which the following are of agricul-
tural importance: kales, cabbages, rapes, turnips and swedes. Some of the brassicas
are grown primarily as root crops, and these will be discussed in Chapter 21.

Table 18.8 Composition of whole barley at different stages of growth 

Stage of growtha

1 2 3 4 5 6 7

Dry matter (g/kg) 191 200 258 293 353 387 425

Components of DM (g/kg)
Crude protein 103 87 72 67 56 60 66
Crude fibre 313 321 286 253 204 195 254
WSCb 193 200 265 326 255 185 86
Fructose 60 50 41 31 29 31 22
Glucose 60 60 42 29 28 20 11
Sucrose 19 15 23 33 21 20 4
Fructans 31 33 72 128 122 66 23
Starch 3 3 4 10 185 348 413
Calcium 5.1 5.5 5.2 4.1 3.5 2.3 1.9
Phosphorus 2.3 2.0 1.8 1.7 1.6 1.7 2.1
D valuec 62 54 58 61 63 61 55

aStage of growth: 1 � heading completed, 2 � flowering, 3 � watery kernels, 4 � milky
kernels, 5 � early mealy ripe, 6 � late mealy ripe, 7 � ripe for cutting.

bWater-soluble carbohydrates.
cDigestible organic matter as a percentage of the dry matter (in vitro).

Adapted from Edwards R A, Donaldson E and MacGregor A W 1968 Journal of the Science of Food and
Agriculture 19: 656–60; and MacGregor A W and Edwards R A 1968 Journal of the Science of Food and
Agriculture 19: 661–6.
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Kales (Brassica oleracea)

The kales include a very wide variety of plant types, which range from short leafy
plants 30 cm high, to types 2 m tall with stems strong enough to be used in building.The
commonest short type is thousandhead kale (var. fruticosa) and the commonest tall
type is marrowstem kale (var. acephala), which is known in Australasia as chou moelier.
They are grown in temperate parts of the world to provide green fodder during winter,
but in drier areas they may also be used to supplement summer grazing.

Kales are low in dry matter content (about 140 g/kg), which is rich in protein
(about 150 g/kg), water-soluble carbohydrates (200–250 g/kg) and calcium (10–20 g/kg),
and their digestibility is generally high. The woody stems of marrowstem kale are
lower in digestibility than the rest of the plant and may be rejected by animals.

Rapes

The rapes grown in Britain are usually swede-rapes (B. napus), although turnip-rapes
(B. campestris) also occur. Rape may be included in seed mixtures for pastures, in
order to provide forage until the grasses become established. The nutritive value of
rapes is similar to that of the kales.A forage rape and kale hybrid (var. Swift) is val-
ued for fast growth combined with winter hardiness.

Cabbages (B. oleracea, var. capitata)

These are grown for both human and animal consumption and range in type from
open-leaved to drumhead.All have a low proportion of stem and hence are less fibrous
than either kales or rapes.

Toxicity of brassica forage crops

All brassicas, whether grown as forage, root or oilseed crops, contain goitrogenic
substances (see p. 127). In the forage crops these are mainly of the thiocyanate type,
which interferes with the uptake of iodine by the thyroid gland and whose effects
can be overcome by increasing the iodine content of the diet.All animals grazing on
forage brassicas may develop goitre to some extent, but the most serious effects are
found in lambs born to ewes that have grazed on brassicas during pregnancy; these
lambs may be born dead or deformed. It has been suggested (but not adequately
confirmed) that cows grazing on kales may secrete sufficient goitrogen in their milk
to cause goitre in children drinking it.

Forage brassicas may also cause a haemolytic anaemia in ruminants, in extreme
cases of which the haemoglobin content of the blood falls to only one-third of its nor-
mal value and the red cells are destroyed so rapidly that haemoglobin appears in the
urine (haemoglobinuria).The condition is due to the presence in brassicas of the unusual
amino acid S-methylcysteine sulphoxide, which in the rumen is reduced to dimethyl
disulphide:

2CH3 S.CH2CHNH2COOH  +  H2

O

CH3.S.S.CH3  +  2CH3CO.COOH  +  2NH3

S-methylcysteine sulphoxide Dimethyl
disulphide

Pyruvic
acid

The dimethyl disulphide is known to damage the red cells. Green brassicas con-
tain 10–20 g S-methylcysteine sulphoxide per kilogram of DM. The condition is



Summary

497

best avoided by ensuring that when kale or rape is consumed for an extended period
(i.e. more than a month), it contributes no more than half of the animal’s total dry
matter intake.

Green tops

Mangel, fodder beet, sugar beet, turnip and swede tops may all be used for feeding
farm animals. Care is required when feeding with mangel, fodder and sugar beet
tops, since they contain a toxic ingredient that may lead to extensive scouring and
distress and, in extreme cases, death.The risk appears to be reduced by allowing the
leaves to wilt.The toxicity has been attributed to oxalic acid and its salts, which are
supposed to be reduced or removed by wilting.A recent study casts some doubt on
this theory, since the oxalate content of the leaves is practically unaffected by wilting.
It is possible that the toxic substances are not oxalates but other factors that are
destroyed during wilting.

Swede and turnip tops are safe for feeding and may have a crude protein content in
the dry matter as high as 200 g/kg, the digestibility of the organic matter being about
0.70; like kale, rape and cabbage, they may cause haemolytic anaemia in ruminants.

Sugar beet tops generally contain the upper part of the root as well as the green
leaves and are more digestible, about 0.77.All these green tops are excellent sources
of β-carotene.

SUMMARY

1. Temporary pastures often consist of a single,
sown plant species, whereas permanent pas-
tures include several species of grasses and
legumes. Natural grasslands consist of a wide
variety of plants, including shrub species.

2. As grazing animals are free to select their diet,
their nutrient intake is generally unknown.
They generally have to work hard to harvest
their food.

3. Grasses grow from green leafy material to 
mature stems and flowering heads, and their
pattern of growth is reflected in their chemical
composition. Fructans and other soluble carbo-
hydrates decline from about 250 g/kg to 
25 g/kg DM, and protein from 250 g/kg to 
50 g/kg DM. Fibre, in the form of cellulose 
and hemicelluloses, increases to as much as 
600 g/kg DM. If not restricted by soil supplies,
grasses are good sources of minerals (and also
of vitamins, except vitamin D). Digestibility and
metabolisable energy value of grasses decrease
as they mature.

4. Although growth stage is the main determinant
of the nutritive value of grasses, there are rela-
tively small differences among temperate species
but large differences between temperate and
tropical species. The latter differences are due
to plant anatomy and photosynthetic path-
ways. Variations in soils and fertiliser applica-
tions have major effects on minerals in grasses,
but may also affect other nutrients; thus, 
fertiliser nitrogen increases plant protein 
content.

5. Grazing systems that allow selection by ani-
mals tend to cause the accumulation of mature
herbage of low nutritive value.

6. Nutritional disorders associated with grass 
pastures include nitrate poisoning, various
mycotoxicoses and (in horses) grass sickness.

7. In comparison with grasses, pasture legumes
contain more protein and minerals, and starch
in place of fructans. They are digested more
rapidly than grasses and therefore promote
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QUESTIONS

18.1 Outline the advantages and disadvantages of including legumes in mixed-
species pastures.

18.2 What are the main differences between tropical and temperate grass species?
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higher intakes. Clovers are grown with grasses,
but other legumes, such as lucerne (alfalfa),
are often grown alone. Shrub and tree
legumes, such as leucaena, provide browse for
grazing animals.

8. The disorder bloat, in which gas accumulates
in the rumen of grazing animals, is caused by
legumes such as the clovers that contain high
concentrations of soluble leaf proteins and low

concentrations of the condensed tannins,
which precipitate proteins.

9. Other forage crops include immature cereals,
sugarcane (and its fibrous by-product bagasse),
various brassica species and the green tops of
root crops. Brassicas such as kale contain
goitrogens and also the unusual amino acid 
S-methylcysteine sulphoxide, which causes
haemolytic anaemia in ruminants.
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19 Silage

19.1 SILAGE, ENSILAGE AND SILOS

Silage is the material produced by the controlled fermentation of a crop of high
moisture content. Ensilage is the name given to the process, and the container, if
used, is called the silo.Almost any crop can be preserved as silage, but the common-
est are grasses, legumes and whole cereals, especially wheat and maize.

The first essential objective in preserving crops by natural fermentation is the
achievement of anaerobic conditions. In practice this is done by chopping the crop
during harvesting, by rapid filling of the silo, and by adequate consolidation and seal-
ing.The main aim of sealing is to prevent re-entry and circulation of air during stor-
age. Where oxygen is in contact with herbage for any period of time, aerobic
microbial activity occurs and the material decays to a useless, inedible and fre-
quently toxic product.

The second essential objective is to discourage the activities of undesirable micro-
organisms such as clostridia and enterobacteria, which produce objectionable fermen-
tation products. These microorganisms can be inhibited either by encouraging the
growth of lactic acid bacteria or by using chemical additives. Lactic acid bacteria fer-
ment the naturally occurring sugars (mainly glucose and fructose) in the crop to a mix-
ture of acids, but predominantly lactic acid.The acids produced increase the hydrogen
ion concentration to a level at which the undesirable bacteria are inhibited.The critical
pH at which inhibition occurs varies with the dry matter content of the crop ensiled.
The attainment of the critical pH is more difficult with crops of high buffering capacity.
Legumes are more highly buffered than grasses and are consequently more difficult to
ensile satisfactorily.With grass crops having a dry matter content of about 200 g/kg, the
achievement of a pH of about 4.0 will normally preserve the crop satisfactorily, as long
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as the silo remains airtight and is free from penetration by rain. Wet crops are very
difficult to ensile satisfactorily and should either be prewilted under good weather
conditions or treated with a suitable additive. Similarly, crops low in water-soluble car-
bohydrates, and those that are highly buffered, must also be treated with an effective
additive before ensiling. In the tropical regions, conservation of forage is difficult owing
to the short rainy season and high temperatures. Crops have to be harvested at an
early stage of growth and often in wet conditions.Therefore, haymaking is difficult and
ensilage of the crop is often the only option.Tropical grasses and legumes are difficult
to ensile as they have a low water-soluble carbohydrate content and a high buffering
capacity.Therefore, steps must be taken to ensure satisfactory ensilage. Options include
wilting of very wet crops, the use of acid or inoculant additives, mixing of legumes with
cereal crops, and adding cereals or molasses at ensilage to provide a source of water-
soluble carbohydrates.

The types of silo in which the farmer may choose to ferment the crop are very
varied, ranging from small plastic bags to large cylindrical towers built of concrete,
steel or wood. In recent years the amount of silage conserved as big bales, usually
weighing 0.5–0.75 tonnes and encased in plastic bags or wrapped in plastic film, has
increased dramatically. Provided the bags are well sealed and not punctured during
storage, this method of conserving grass is satisfactory.The development of effective
chopper balers has increased the efficiency of the technique and improved the
preservation and nutritional quality of the silage. Currently, about 20–25 per cent of
UK silages are made by this method, but the commonest silo used is still of the
clamp or bunker type. This generally consists of three solid walls some 2–3 m in
height and often built beneath a Dutch barn to protect the silage from the weather.
When full, the surface of these silos is covered with plastic sheeting and weighted
with some suitable material such as tyres or bales of straw.

19.2 ROLE OF PLANT ENZYMES IN ENSILAGE

Immediately after cutting the crop and during the early stages of ensiling, chemical
changes occur as a result of the activity of enzymes present in the plant tissue. The
processes of respiration and proteolysis are of particular importance in influencing
the nutritional value of the final product.

Respiration

Respiration may be defined as the oxidative degradation of organic compounds to
yield usable energy. In higher plants, as in animals, oxygen is the terminal electron ac-
ceptor. Carbohydrates are the major respiratory source and the substrate for oxida-
tion is usually a hexose sugar, which undergoes glycolysis and subsequent oxidation
via the tricarboxylic acid cycle to carbon dioxide and water. In the harvested plant,
biosynthetic reactions are limited and virtually all the energy in the hexose is con-
verted into heat. In the isolated plant this heat energy would be dissipated into the at-
mosphere, but in the silo the heat is retained in the mass of herbage, causing an
increase in temperature. This loss of soluble carbohydrates, through respiration, is a
wasteful process and may result in such a depletion of substrate that subsequent fer-
mentation may be adversely affected. Plant respiration will continue in the silo as
long as both oxygen and a supply of substrate are available. The simplest method of
limiting respiration is to achieve anaerobic conditions in the silo as rapidly as possible.
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Proteolysis

In fresh herbage, 75–90 per cent of the total nitrogen is present as protein.After har-
vesting, rapid proteolysis (hydrolysis of peptide bonds) occurs and, after a few days of
wilting in the field, the protein content may be reduced by as much as 50 per cent.The
extent of protein degradation varies with plant species, DM content and temperature.
Once the material is ensiled, proteolysis continues but the activity declines as the pH
falls.The products of proteolysis are amino acids and peptides of varying chain length.

Further breakdown of amino acids occurs as a result of plant enzyme action, al-
though this is considered to be limited. Most destruction of amino acids in silage is
brought about by microbial activity rather than by plant enzymes.

19.3 ROLE OF MICROORGANISMS IN ENSILAGE

Aerobic fungi and bacteria are the dominant microorganisms on fresh herbage, but as
anaerobic conditions develop in the silo they are replaced by bacteria able to grow in
the absence of oxygen.These include lactic acid bacteria, clostridia and enterobacteria.

Lactic acid bacteria

The lactic acid bacteria, which are facultative anaerobes (able to grow in the pres-
ence or absence of oxygen), are normally present on growing crops in small numbers
but usually multiply rapidly after harvesting, particularly if the crop is chopped or
lacerated. They can be divided into two categories: the homofermentative bacteria
(e.g. Lactobacillus plantarum, Pediococcus pentosaceus and Enterococcus faecalis)
and the heterofermentative bacteria (e.g. Lactobacillus brevis and Leuconostoc
mesenteroides). When the crop is ensiled, the lactic acid bacteria continue to in-
crease, fermenting the water-soluble carbohydrates in the crop (see p. 483) to or-
ganic acids, mainly lactic acid, which reduce the pH value. The homofermentative
lactic acid bacteria are more efficient at producing lactic acid from hexose sugars
than are the heterofermentative organisms (see Table 19.1). During ensilage, some
hydrolysis of hemicelluloses also occurs, liberating pentoses, which may be fer-
mented to lactic and acetic acids by most types of lactic acid bacteria.

Clostridia

Clostridia are present on crops, but the main source in silage is soil contamination.
They occur in the form of spores and grow only under strict anaerobic conditions.
They can be divided into two major groups: saccharolytic clostridia and proteolytic
clostridia. The saccharolytic bacteria (e.g. Clostridium butyricum and Clostridium
tyrobutyricum) ferment lactic acid and residual water-soluble carbohydrates to bu-
tyric acid, resulting in a rise in the pH. Proteolytic clostridia (e.g. Clostridium bifer-
mentans and Clostridium sporogenes) ferment mainly amino acids to a variety of
products, including acetic and butyric acids, amines and ammonia (see Table 19.1).

Clostridia grow best at pH 7.0–7.4. They cannot tolerate acid conditions, and a
pH of 4.2 is usually considered to be low enough to inhibit their growth.The nature
of the acids responsible for lowering the pH is important, with undissociated organic
acids being the most potent. Clostridia are particularly sensitive to water availability
and require very wet conditions for active growth. With very wet crops (i.e. those
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Table 19.1 Some fermentation pathways in ensilage

Lactic acid bacteria
Homofermentative

Glucose : 2 lactic acid
Fructose : 2 lactic acid
Pentose : lactic acid � acetic acid

Heterofermentative
Glucose : lactic acid � ethanol � CO2

3 Fructose : lactic acid � 2 mannitol � acetic acid � CO2

Pentose : lactic acid � acetic acid

Clostridia
Saccharolytic

2 Lactic acid : butyric acid � 2CO2 � 2H2

Proteolytic
Deamination

Glutamic acid : acetic acid � pyruvic acid � NH3

Lysine : acetic acid � butyric acid � 2NH3

Decarboxylation
Arginine : putrescine � CO2

Glutamic acid : γ-aminobutyric acid � CO2

Histidine : histamine � CO2

Lysine : cadaverine � CO2

Oxidation/reduction (Stickland)
Alanine � 2 glycine : 3 acetic acid � 3NH3 � CO2

Enterobacteria
Glucose : acetic acid � ethanol � 2CO2 � 2H2

with a DM concentration of about 150 g/kg), even the achievement of a pH value as
low as 4 may not inhibit their activity. Growth of clostridia is severely restricted if
the dry matter of the ensiled material is above 300 g/kg, but complete inhibition
may require considerably higher figures, perhaps as much as 400 g/kg.

As well as being inimical to preservation, clostridia may be a health hazard to an-
imals on diets based on contaminated silage.A number of cases of botulism, caused
by Clostridium botulinum, have been reported in horses and cattle receiving such
diets. The condition is uncommon in the UK but is more common in the USA and
the Baltic countries. It has been claimed to be the causative organism of grass sick-
ness of horses, although a nutritional trigger has also been postulated.

Listeria

Low dry matter silages contaminated with soil may also contain Listeria monocyto-
genes, a bacterium known to be responsible for several diseases such as meningo-
encephalitis, anterior uveitis, and placentitis and subsequent abortion in cattle. A
number of fatalities in ruminant animals (mainly sheep) on silage diets have been
confirmed as listerioses. Listeriosis in horses is uncommon, probably because silage
is rarely given to horses.

Meningoencaphalitis, abortion and fatal septicaemias of foals have been reported
following infection with L. monocytogenes.The organism has not been isolated from
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silages with a pH below 4.7. Big bale silages are particularly at risk, owing to their
high surface area/volume ratio and consequent increased susceptibility to the ingress
of air and mould infestation.

Enterobacteria

The enterobacteria associated with silage, sometimes described as ‘acetic acid bacte-
ria’ or ‘coliform bacteria’, are usually present in very low numbers on crops. Unlike
the clostridia, they are facultative anaerobes, and consequently they compete with
the lactic acid bacteria for the water-soluble carbohydrates.They ferment these to a
mixture of products including acetic acid, ethanol and hydrogen. Like the clostridia,
they can decarboxylate and deaminate amino acids, with consequent production of
large concentrations of ammonia.The optimum pH for the growth of these organisms
is about 7.0, and they are usually active only in the early stages of fermentation,
when the pH is favourable for their growth. Examples of species commonly found in
silage are Escherichia coli and Erwinia herbicola.

Bacillus species

These species are widespread contaminants of harvested grass, but their growth in
well-preserved silage is limited by the development of lactic acid. However, they are
abundant in silage that has undergone aerobic deterioration. Bovine abortions have
been attributed to the consumption of silage contaminated with Bacillus lichiniformis.

Fungi

Fungi, which are present in soil and on vegetation, grow either as single cells, the
yeasts, or as multicellular filamentous colonies, the moulds. Yeasts associated with
silages include species of Candida, Saccharomyces and Torulopsis. They play a par-
ticularly important role in the deterioration of silage when it is exposed to air.

The majority of moulds are strict aerobes and are active on the surface layers of
silage. A wide variety have been isolated from different types of silage, particularly
when aerobic decomposition has occurred. Many of them are capable of producing
mycotoxins. Some of the commoner mycotoxergenic fungi found in silage are
shown, along with their associated mycotoxins, in Table 19.2.

Table 19.2 Some fungi, and their mycotoxins, found in silage

Fungus Mycotoxin

Penicillium roqueforti Roquefortine A, B and C; PR toxin; microfinolic
acid; penicillic acid

Byssochlamys nivea Patulin
Paecilomyces viriotii Patulin
Aspergillus clavatus Patulin; cytochanasin E; tryptoquinolins
Aspergillus fumigatus Fumiclavines A and C; fumitoxins A, B and C;

gliotoxin, several tremorgens
Aspergillus flavus Aflatoxins; cyclopiazonic acid
Fusarium culmorum Dioxynivalenol; T2 toxin; HT toxin; zearelenone
Fusarium crookwellense Zearelenone
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There have been relatively few cases in which mycotoxicosis has been definitively
identified as the cause of disease in animals consuming silage or in human beings
handling it. In part, this may be because of the ability of the rumen microbes to
metabolise some of the toxins, as is the case with zearelenone, ochratoxin and some
of the trichothecenes. In addition, the ruminant appears to be able to metabolise in-
gested trichothecenes with considerable efficiency. Failure to prove a causative effect
does not preclude the occurrence of disease at subclinical levels. Many of the proven
effects of the mycotoxins on fertility, the immune system and the nervous system are
long-term and may show only after continued exposure.The potential for deleterious
effects on animals consuming spoiled silage and workers handling it does exist, as
does the danger of transfer of the toxins into the human food chain. Silage that has
undergone aerobic deterioration owing to mould infestation should not be given to
animals, and workers handling such material should do so with great care.

The achievement of adequate compaction and sealing during the making of silage
should reduce aerobic deterioration to a minimum as long as access of air during stor-
age is denied. This may be a particular problem with silage made in big bales. Even
small perforations of the plastic may be very serious owing to the large surface
area/volume ratio in the bales. Birds can be a particular problem in this respect, but net-
ting of the bale stacks can provide an effective deterrent.The bagged silages, as distinct
from the wrapped silages, are also susceptible at the neck, where fungal infestation
results from an inadequate tie.

In most cases deterioration occurs after opening of the silo and during feeding.
Good management of the exposed surface to limit access of air is essential in the
case of clamp and bunker silos at this time. In this context, the width of the face and
the rate of usage of the silage will be the important factors to be taken into account.
Silages made with additives that restrict fermentation, and that have raised pH and
significant amounts of residual water-soluble carbohydrate, are particularly suscepti-
ble. Some measure of protection against fungal infestation may be provided by addi-
tives containing organic acids or their salts.

BOX 19.1 Practical steps to ensure the successful ensilage of crops

In order to retain the maximum amount of nutrients in the crop and to ensure a successful preser-
vation, certain practical steps must be taken during the silage-making process.These reflect the need
to minimise the plant enzyme activity and to promote the appropriate microbial fermentation de-
scribed in the text:

■ Cut the crop after a period of sunshine to ensure the maximum sugar content.
■ Wilt to achieve a dry matter content of 250 g/kg to reduce effluent.
■ Eliminate contamination with soil at all stages to avoid clostridial fermentation.
■ Chop to aid compaction in the silo and exclusion of air.
■ When filling the silo, prevent air movement and oxidation and heating resulting from plant 

enzyme action.
■ Consolidate to expel trapped air (plant enzyme activity).
■ Completely seal the silo against entry of air as soon as filling is completed to restrict plant

enzyme activity and promote anaerobic fermentation.
■ For big bales, wrap well and move and stack carefully to avoid damage to the wrap and entry of air.



Nutrient losses in ensilage

505

19.4 NUTRIENT LOSSES IN ENSILAGE

Field losses

With crops cut and ensiled the same day, nutrient losses are negligible and even over
a 24-hour wilting period losses of dry matter of not more than 1–2 per cent may be
expected. Over periods of wilting longer than 48 hours, considerable losses of nutri-
ents can occur, depending upon weather conditions. Dry matter losses as high as 6
per cent after 5 days and 10 per cent after 8 days of wilting in the field have been re-
ported.The main nutrients affected are the water-soluble carbohydates and proteins,
which are hydrolysed to amino acids.

Oxidation losses

These result from the action of plant and microbial enzymes on substrates, such as
sugars, in the presence of oxygen, with the concomitant formation of carbon dioxide
and water. In a silo that has been rapidly filled and sealed, the oxygen trapped within
the plant tissues is of little significance and causes dry matter losses of about only 
1 per cent. Continuous exposure of herbage to oxygen, as sometimes occurs on the
sides and upper surface of ensiled herbage, leads to the formation of inedible com-
posted material. Measurements of this as surface waste can be misleading, since
losses of dry matter of up to 75 per cent can occur in its formation, and the visible
waste is only a small part of the lost material. Such losses may be particularly impor-
tant when silage is made in big bales, owing to the high surface area/weight ratio and
the vulnerability of the bales to air penetration.

Fermentation losses

Although considerable biochemical changes occur during fermentation, especially to
the soluble carbohydrates and proteins, overall dry matter and energy losses arising
from the activities of lactic acid bacteria are low. Dry matter losses can be expected to
be less than 5 per cent and gross energy losses, because of the formation of high-energy
compounds such as ethanol, are even less. In clostridial and enterobacterial fermenta-
tions, nutrient losses will be much higher than in lactic acid bacterial fermentations be-
cause of the evolution of the gases carbon dioxide, hydrogen and ammonia.

Effluent losses

In most silos, free drainage occurs and the liquid, or effluent, carries with it soluble
nutrients.The amount of effluent produced depends largely upon the initial moisture
content of the crop. Several equations, based on the dry matter of the ensiled mate-
rial, have been suggested for estimating effluent loss.Typical is that of Bastiman:

where Vn � volume of effluent produced (litre/t of herbage) and D � dry matter con-
tent of herbage (kg/t).

As well as dry matter, factors such as type of silo, degree of consolidation and the
nature and pretreatment of the crop all affect effluent loss, but this will be increased
if the silo is left uncovered so that rain enters. Effluent contains sugars, soluble
nitrogenous compounds, minerals and fermentation acids, all of which are valuable

Vn = 767 - 5.34D + 0.00936D2
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Table 19.3 Energy losses in the preservation of grass as silage 

Process Classified as Approximate Causing factor

loss (%)

Residual respiration Unavoidable 1–2 Plant enzymes
Fermentation Unavoidable 2–4 Microorganisms
Effluent or field losses Mutually unavoidable 5–�7 or 2–�5 DM content, weather,

by wilting technique, management, crop
suitability

Secondary fermentation Avoidable 0–�5 Crop suitability, environment
in silo, DM content

Aerobic deterioration Avoidable 0–�10 Filling time, density, silo,
during storage sealing, crop suitability

Aerobic deterioration after Avoidable 0–�15 As above, DM content silage,
unloading (heating) unloading technique, season

Total 7– 40

After Zimmer E 1980 British Grassland Society Occasional Symposium No. 11 Brighton 1979 pp. 186–97.

>

Silage

Naturally fermented Additive-treateda

Well-preserved Badly preserved

Unwilted Wilted

Stimulants Inhibitors

Sugars Formic acid
Lactic acid bacteria Sulphuric acid

Enzymes Formaldehyde

Fig. 19.1 Classification of silages.
aOnly a few commonly used examples are given.

nutrients. Ensiling crops with a dry matter content of about 150 g/kg may result in
effluent dry matter losses as high as 10 per cent.With crops wilted to about 300 g/kg
DM, there may be little or no effluent loss.

A summary of the potential losses of energy occurring from cutting the crop
through to feeding out the silage is shown in Table 19.3.

19.5 CLASSIFICATION OF SILAGES

Silages may be classified into two main categories, naturally fermented and additive-
treated.These may be further subdivided as shown in Fig. 19.1.

Naturally fermented silages

Well-preserved unwilted silages

In this type of silage, commonly made from grasses and whole cereal crops, lactic acid
bacteria have dominated the fermentation.A typical composition is shown inTable 19.4.
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Table 19.4 Typical composition of well-preserved silages made from perennial
ryegrassa and maize

Grass silages Maize silage

Unwilted Wilted

DM (g/kg) 186 316 285
pH 3.9 4.2 3.9
Total N (g/kg DM) 23.0 22.8 15.0
Protein N (g/kg TNb) 235 289 545
Ammonia N (g/kg TN) 78 79 63
WSCc (g/kg DM) 10 47 16
Starch (g/kg DM) – – 206
Acetic acid (g/kg DM) 36 24 26
Butyric acid (g/kg DM) 1.4 0.6 0
Lactic acid (g/kg DM) 102 59 53
Ethanol (g/kg DM) 12 6.4 �10

aBoth ryegrass silages made from the same ryegrass source.
bTN � total nitrogen.
cWSC � water-soluble carbohydrates.

Adapted from Donaldson E and Edwards R A 1976 Journal of the Science of Food and Agriculture 27:
536–44; and Wilkinson J M and Phipps R H 1979 Journal of the Science of Food and Agriculture,
Cambridge 92: 485–91.

These silages are characterised by having low pH values, usually between 3.7 and 4.2,
and containing high concentrations of lactic acid. In grass silages, the lactic acid contents
generally lie in the range 80–120 g/kg DM, although higher amounts may be present if
silages are made from wet crops rich in water-soluble carbohydrates. In maize silages,
lactic acid contents are usually much lower than those of well-preserved grass silages
because of the higher DM content and lower buffering properties of the original crop.

The silages usually contain small amounts of acetic acid and may also contain traces
of propionic and butyric acids.Variable amounts of ethanol and mannitol derived from
the activities of lactic acid bacteria and yeasts are present. Only very small quantities of
water-soluble carbohydrates remain after fermentation, usually less than 20 g/kg DM.

The nitrogenous components of well-preserved silages are mainly in a soluble non-
protein form in contrast to those present in fresh forage crops, where most of the total
nitrogen (TN) is present as protein. Some deamination of amino acids may occur during
fermentation, but this activity is likely to be low and consequently the ammonia con-
tent of these silages will also be low, usually less than 100 g NH3 nitrogen/kg TN.

Because of the extensive changes to the water-soluble carbohydrates resulting in the
formation of high-energy compounds such as ethanol (gross energy � 29.8 MJ/kg), the
gross energy concentrations of these silages are higher than those of the parent material.

Well-preserved wilted silages

Wilting a crop before ensiling restricts fermentation increasingly as dry matter con-
tent increases. In such wilted silages, clostridial and enterobacterial activities are
normally minimal, although some growth of lactic acid bacteria occurs, even in
herbage wilted to dry matter contents as high as 500 g/kg. With very dry silages of
this type, anaerobic storage in bunker silos is difficult and tower silos are preferred
because there is less risk of air penetration. For bunker-type silos, a more normal aim
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is to prewilt the crop to a dry matter content of 280–320 g/kg.The composition of a
typical wilted grass silage is shown in Table 19.4. In general, fermentation is re-
stricted as dry matter content increases, and this is reflected in higher pH and solu-
ble carbohydrate values, and in lower levels of fermentation acids.Wilting does not
prevent proteolysis occurring, but if it is carried out rapidly, under good weather
conditions, then deamination of amino acids will be reduced.The gross energy con-
tents are normally similar to those of the parent material.

Badly preserved silages

The term ‘badly preserved silages’ refers to silages in which either clostridia or entero-
bacteria, or both, have dominated the fermentation. It does not include those silages
that have deteriorated as a result of oxidation. Such aerobically deteriorated mate-
rial is liable to be toxic and should never be offered to animals (see above).

Badly preserved silages are frequently produced from crops that either are ensiled
at too high a moisture content or contain low levels of water-soluble carbohydrates.
They may also be produced if the ensiled forage is deficient in lactic acid bacteria.
The composition of two typical badly preserved silages, one made from cocksfoot
and one from lucerne, both low in dry matter and water-soluble carbohydrates, is
shown in Table 19.5.

In general, silages of this type are characterised by having high pH values, usually
within the range 5.0–7.0. The main fermentation acid present is either acetic or
butyric acid. Lactic acid and residual water-soluble carbohydrates are present in
low concentrations or are absent. The ammonia nitrogen levels are usually above 
200 g/kg TN.This ammonia, which is derived from the catabolism of amino acids, is
accompanied by other degradation products such as amines and various keto acids
and fatty acids (see Table 19.1).

Additive-treated silages

Silage additives can be classified into two main types: fermentation stimulants, such
as sugar-rich materials, inoculants and enzymes, which encourage the development
of lactic acid bacteria; and fermentation inhibitors, such as acids and formalin, which
partially or completely inhibit microbial growth.

Table 19.5 The composition of two badly preserved silages made from
either cocksfoot (Dactylis glomerata) or lucerne (Medicago sativa) 

Cocksfoot Lucerne

pH 5.4 7.0
DM (g/kg) 162 131
Total N (g/kg DM) 37 46
Protein N (g/kg TN) 302 260
Ammonia N (g/kg TN) 323 292
WSC (g/kg DM) 4 nil
Acetic acid (g/kg DM) 37 114
Butyric acid (g/kg DM) 36 8
Lactic acid (g/kg DM) 1 13

Adapted from McDonald P, Henderson A R and Heron S J E 1991 The Biochemistry of Silage,
Marlow, Chalcombe Publications, p. 271.
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Fermentation stimulants

Molasses, which is a by-product of the sugar beet and sugarcane industries (see p. 536),
was one of the earliest silage additives to be used as a source of sugars.The by-prod-
uct has a water-soluble carbohydrate content of about 700 g/kg DM; the additive has
been shown to increase the dry matter and lactic acid contents, and to reduce the pH
and ammonia levels in treated silages.

It was originally considered that, provided the general principles of silage making
were adhered to, the natural lactic acid bacterial population on an ensiled crop
would be sufficient to ensure a satisfactory fermentation. However, it is now known
that growing crops are often poor sources of lactic acid bacteria and that some
strains of these organisms are not ideally suited for ensiling purposes. A number of
commercial inoculants containing freeze-dried cultures of homofermentative lactic
acid bacteria are available and some of these have proved effective in improving
silage fermentation. Successful control of fermentation, using these inoculants, de-
pends upon a number of factors, including the inoculation rate, which should be at
least 105 (but preferably 106) colony-forming units (cfu)/g fresh crop, and the pres-
ence of an adequate level of fermentable carbohydrates.The rapid domination of the
fermentation by homolactic bacteria ensures the most efficient use of the water-soluble
carbohydrates and, when levels of these in the crop are critical, increases the chances
of producing a well-preserved silage. An illustration of the beneficial effects of a
mixture of two homofermentative strains of lactic acid bacteria on the fermentation
of an ensiled ryegrass crop is shown in Table 19.6.

When compared with the untreated control silage, the inoculated material had a
lower pH, higher concentrations of water-soluble carbohydrates and lactic acid, and
lower concentrations of acetic acid and ethanol.

Table 19.6 Composition and nutritive value of grass silages inoculated
with lactic acid bacteria compared with an untreated control 

Untreated Inoculateda

DM (g/kg) 168 181
pH 4.6 4.1
Total N (g/kg DM) 33 32
Protein N (g/kg TN) 386 407
Ammonia N (g/kg TN) 130 88
WSC (g/kg DM) 0 20
Acetic acid (g/kg DM) 46 30
Butyric acid (g/kg DM) 5 5
Lactic acid (g/kg DM) 59 84
Ethanol (g/kg DM) 13 7
DM digestibilityb 0.74 0.77
ME (MJ/kg DM) 11.4 12.5
Silage DM intake (g/dayb) 681 792
Liveweight gain (g/dayb) 71 129

aLactobacillus plantarum � Pediococcus pentosaceus (106 colony-forming units/g).
bUsing lambs.

Adapted from Henderson A R, Seale D R, Anderson D H and Heron S J E 1990 In:
Proceedings of the Eurobac Conference, Uppsala, August 1986, pp. 93–8.
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Some commercial silage additives now contain enzymes along with an inoculum
of suitable strains of lactic acid bacteria. The enzymes are usually cellulases and
hemicellulases, which degrade the cell walls of plants, thus releasing sugars, which
are then available for fermentation by the lactic acid bacteria. The enzymes appear
to be most effective when added to young herbage ensiled at low dry matter content.

Fermentation inhibitors

A large number of chemical compounds have been tested as potential fermentation in-
hibitors, but very few have been accepted for commercial use. One of the earliest was
a mixture of mineral acids proposed by A I Virtanen, the technique being referred to as
the AIV process.The acids, usually hydrochloric and sulphuric acids, were added to the
herbage during ensiling in sufficent quantity to lower the pH value below 4.0. This
process was for many years very popular in the Scandinavian countries and, if carried
out effectively, is a very efficient method of conserving nutrients. In recent years, how-
ever, formic acid has largely replaced mineral acids in Scandinavia, and this organic
acid, which is less corrosive than mineral acids, has also been accepted as an additive
in many other countries. In the UK, it is commonly applied in the form of an aqueous
solution of ammonium tetraformate. The recommended application rate varies in the
range 2.5–5 l/tonne of fresh crop, depending on the dry matter content of the crop.
Complete inhibition of microbial growth does not take place, some lactic acid fermen-
tation occurring.The beneficial effects of formic acid on the fermentation characteris-
tics of crops low in water-soluble carbohydrates, such as legumes and grasses, have
been well established and are shown in Table 19.7.

Table 19.7 Composition and nutritive value of grass silages treated with two
different additives 

Untreated Formic acida Sulphuric acid +

formalinb

DM (g/kg) 181 184 176
pH 3.8 3.7 4.0
Total N (g/kg DM) 27 23 25
Protein N (g/kg TN) 400 490 509
Ammonia N (g/kg TN) 65 49 44
WSC (g/kg DM) 7 84 81
Acetic acid (g/kg DM) 34 15 25
Butyric acid (g/kg DM) 0.02 0.03 0.21
Lactic acid (g/kg DM) 98 44 64
Ethanol (g/kg DM) 7 9 18
DM digestibilityc 0.74 0.74 0.72
ME (MJ/kg DM) 12.1 11.3 10.3
Silage DM intake (g/dayc) 1020 1106 1020
Liveweight gain (g/dayc) 200 231 236

a3.4 l/tonne of 85 per cent formic acid.
b4.6 l/tonne containing 15 per cent sulphuric acid and 23 per cent formaldehyde.
cUsing sheep.

Adapted from Henderson A R, McDonald P and Anderson D H 1982 Animal Feed Science and 
Technology 7: 303–14.
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Formalin, a 40 per cent solution of formaldehyde in water, has been used as a fer-
mentation inhibitor. It is applied either on its own or more effectively with an acid
such as sulphuric or formic acid.Typical results of a sulphuric acid/formalin mixture
applied to ryegrass at the rate of 4.6 l/tonne are shown in Table 19.7; the formalde-
hyde combines with the protein, protecting it from hydrolysis by plant enzymes and
microorganisms in the silo. The acid in the mixture acts as a fermentation inhibitor,
preventing, in particular, the development of undesirable bacteria in the silage. For-
malin is now used only in conjunction with formic acid, which has proved to be more
effective than sulphuric acid. In Europe, the use of formaldehyde as an additive has
been banned owing to concern about its carcinogenic properties.

Table 19.8 Gross energy contents (MJ/kg DM) of silages and the grasses from
which they were made

No. Gross energy Standard Increase (%)

deviation (�/�)

Grasses 18 18.3 0.68
Lactate silages 18 20.0 1.06 9.0

Grasses 7 18.4 0.45
Wilted silages 7 19.1 0.40 3.8

Grasses 7 18.7 0.45
Additive-treated silages 7 20.0 0.95 7.0

19.6 NUTRITIVE VALUE OF SILAGES

The nutritional value of a silage depends first upon the species and stage of growth
of the harvested crop (see Chapter 18), and second upon the changes resulting from
the activities of plant enzymes and microorganisms during the harvesting and stor-
age period.

Energy

Gross energy

Owing to the production during ensilage of high-energy compounds, silages tend to
have higher gross energy values than the materials from which they were made.The
magnitude of the increase will depend upon the degree of fermentation which has
occurred during ensiling.This is well illustrated by the data in Table 19.8.

In each case, ensilage has resulted in an increase in gross energy, but this is smaller
for the prewilted and additive-treated materials.

Metabolisable energy

The energy requirements of ruminant animals and the energy values of foods are cur-
rently expressed in the UK in terms of metabolisable energy (see Chapters 11 and 12).

Faecal losses of energy when silages are consumed by animals usually lie between
25 and 35 per cent and are mainly dependent upon the nature of the source mate-
rial. The effects of the ensiling process on energy losses in the faeces are generally
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considered to be small. However, when the prewilting period is prolonged, and espe-
cially when accompanied by adverse conditions such as high winds and intermittent
rain, they may be increased by as much as 8 per cent. It has been claimed that the
use of formic acid as an additive in silage making has reduced faecal losses of energy
by up to 7 per cent, but most work shows the reduction to be in the range of 0–2 per
cent. Formaldehyde, used as an additive at the rate of 6.4 l/tonne of fresh grass, has
been shown to reduce the digestibility of energy by 4–5 percentage units.

Losses of energy in urine, on silage diets, are variable, ranging from 3 to 7 per cent
of the gross energy. For most silages, a value of about 5 per cent would appear to be ac-
ceptable.The major determinant of urinary energy loss appears to be the intake of ni-
trogen. Following an intake of silage, the concentration of ammonia in rumen contents
rises sharply. It is generally considered that when the concentration exceeds 150 mg/l,
the rumen microorganisms cannot fully utilise the nitrogen and the excess is lost as
urea. It is important that a readily available source of energy is provided along with the
silage at this time if the rumen microorganisms are to make full use of the ammonia
and thus reduce potential loss of energy and nitrogen to the animal.

The most comprehensive studies involving energy losses as methane were those
carried out at the Rowett Research Institute (see Further reading). For 48 silages,
mean energy loss as methane was 7.7 per cent of the gross energy, with a standard
deviation of 0.71.

In practice, the metabolisable energy contents of silages vary widely, and it would
be very unwise to rely on an average figure for silages of any one class and even
more so for individual materials. For over 2000 samples of farm grass silages
analysed at the Scottish Agricultural College in the 2008–09 season, the range of
metabolisable energy contents was 6.6–12.3 MJ/kg DM.

Routine determination of the ME of silages is frequently based on determination
of organic matter digestibility and an assumed relationship between digestible or-
ganic matter and metabolisable energy. A comparison of some common methods of
estimating the organic matter digestibility of silage is given in Table 19.9. Clearly the
NIRS method performs better than the chemical predictors, and even the in vitro
technique, and it is now routinely used by the advisory services in the UK to assess
the nutritive value of silages.

Table 19.9 Comparison of several laboratory methods for predicting the organic
matter digestibility in vivo of grass silage

Validation statisticsaMethod

R2 SEP Slope Bias

NIRS (8-term) 0.76 2.6 0.93 -0.79
In vitro OMDb 0.64 3.6 0.89 1.85
Pepsin–cellulase 0.40 4.7 0.71 2.33
Modified acid-detergent fibre 0.20 5.1 0.52 -0.59
Acetyl bromide lignin 0.14 5.3 0.48 1.18

aR2 � proportion of variation explained by the regression equation; SEP � standard error of
prediction (%).

bOMD � organic matter digestibility.

After Barber et al. 1990 Animal Feed Science and Technology 28: 115–28.
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The following equation is typical of the type of relationship with digestible or-
ganic matter in dry matter (DOMD), which is used for calculating metabolisable
energy:

which assumes an energy loss in urine and methane of 15 per cent of the gross en-
ergy, assumed to be 18.4 MJ/kg DM. For silages, this factor is likely to underestimate
metabolisable energy owing to the higher gross energy content of their dry matter.

Net energy

The net energy value of silages, like that of other foods, is related to metabolisable
energy by efficiency factors (k factors; see p. 271). For maintenance, the efficiency of
utilisation of metabolisable energy in good-quality silages (ME/GE qm � 0.56 - 0.70)
has been found to vary over a narrow range of km � 0.68 - 0.71.As with other for-
ages, efficiency of utilisation of silage metabolisable energy for growth and fattening
is lower and more variable (kg � 0.21 � 0.61; approximate mean 0.45). Calorimetric
measurements of the efficiency of utilisation of silage metabolisable energy for lacta-
tion are few in number, but they lie in the range 0.53–0.58 and are therefore lower
than the commonly assumed value of 0.62.

In practice, most estimates of the productive potential of silages are based on k
values calculated from the metabolisable energy concentration of the dry matter of
the diet.A typical equation is that currently used in the UK for estimating kf:

This is based on calorimetric data and is derived from a general and not a silage
population. Frequently, an assumed value of 18.4 MJ/kg DM is used for GE in calcu-
lating qm. This is acceptable for the general run of foods but is clearly inappropriate
for the majority of silages. Thus, for a silage with a metabolisable energy content of
10.5 MJ/kg DM, the calculated value for kf would be 0.45, assuming a gross energy
content of 18.4, but 0.42, assuming a value of 19.6, which would be more appropri-
ate for silage. Estimates of the productive potential of silages based on experimen-
tally determined or book metabolisable energy values frequently appear to be
optimistic and this may, in part, be due to a failure to use an appropriate figure for
GE in such equations.

Protein

The process of ensilage results in proteolysis and an increase in the proportion of am-
monia nitrogen and free α-amino acid nitrogen in the silage compared with the origi-
nal material.The proportion of potentially degradable nitrogen is reduced whereas the
undegradable nitrogen, that associated with the cell walls, remains almost unchanged.
Overall, there is an increase in the nitrogen that is readily available to the rumen mi-
crobes and that may be regarded as rapidly degraded.

Prewilting, and the use of formic acid or formaldehyde as an additive in ensilage,
will reduce the extent of proteolysis and give silages with lower contents of both am-
monia nitrogen and free α-amino acid nitrogen, and will reduce the rate of degrada-
tion of the nitrogen fraction.The use of bacterial inoculants and enzyme preparations as
additives will increase proteolysis and result in silages of higher effective degradability.

kf = 0.78qm + 0.006

ME (MJ/kg DM) = DOMD (g/kg DM) * 0.016
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The reduction in degradation rate will be beneficial with regard to nitrogen capture by
the rumen microbes and will reduce energy losses in urea. In the case of formalde-
hyde, the beneficial effect in reducing degradability is accompanied by a lowered
digestibility in the lower gut.This may be significant when high levels of the additive
are used.

Nitrogen degradability values for silages show great variability, as illustrated in
Table 19.10, and the use of tabulated values to characterise individual samples may
lead to unacceptable errors in ration formulation.

The highly degradable nature of the nitrogen in most silages points to the need
for adequate supplementation of silage-based diets with a readily available supply
of carbohydrate, so that the rumen microbes can cope with the rapid influx of am-
monia following an intake of silage and so maximise the synthesis of microbial
protein and minimise the loss of both nitrogen and energy. Silages, despite their
high gross energy contents, are generally considered to be poor sources of energy
for the microbes. This is recognised in the UK Metabolisable Protein System (see
Chapter 13), where the metabolisable energy associated with fermentation acids
produced during ensilage is discounted to give the fermentable metabolisable en-
ergy (FME) that the rumen microbes can use. Similarly, in the Feed into Milk (FiM)
system, for the calculation of the effectively degraded dry matter, the total fatty
acids are subtracted from the soluble components so that they are discounted in
the calculation of ATP yield for microbial synthesis. Silage-based diets must, there-
fore, contain a supplemental source of energy to maximise the utilisation of the ni-
trogen of the diet. The addition of starch and certain sugars has been shown to
increase microbial protein synthesis in the rumen. A similar increase has been ob-
tained by supplementing silage diets with soya bean meal, presumably by making
amino nitrogen available to rumen microorganisms otherwise dependent upon am-
monia as their main source of nitrogen.

In general, the degradability of silage nitrogen is high, with most figures in the
range of 75–85 per cent. Effective rumen degradability figures for various silages at
different outflow rates are given in Appendix 2, Table A.2.2.1. As previously indi-
cated, such figures should be used only when valid estimates of degradability are not
available, e.g. those based on NIRS (see Chapter 13).

Dry matter intake

The major determinant of nutrient intake on a silage diet is not the concentrations of
the various nutrients the silage contains but the amount of it that is eaten.A number
of factors have been shown to affect dry matter intake (see Chapter 17).We are here

Table 19.10 Variation in rumen degradability of the protein of silages 

Material No. Mean Standard Coefficient of 95% confidence

degradability deviation variation (%) limits

Pit, 1st cut 374 0.73 0.05 6.9 0.63–0.83
Pit, 2nd cut 172 0.71 0.04 5.6 0.63–0.79
Bale 15 0.74 0.05 6.8 0.64–0.84

After Weddell J R, Scottish Agricultural Colleges.
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concerned with the silage characteristics that affect intake, and particularly those
that may be used to give valid prediction of its potential intake. Among the charac-
teristics that have been shown to be related to intake are:

■ pH;
■ buffering capacity;
■ lactate (g/kg DM);
■ acetate (g/kg DM);
■ butyrate (g/kg DM);
■ ammonia nitrogen (g/kg TN);
■ digestible organic matter (g/kg DM);
■ rate of digestion;
■ fibre (g/kg DM).

A number of these factors interact. Thus, the organic acids contribute to the acidity
and to the buffering capacity of the silage, and their effects on intake will be re-
flected in the effect of these two parameters. Similarily, high fibre concentrations, re-
flecting the maturity of the crop, are associated with poor digestibility, slow rates of
digestion and low intakes. However, if oxidation losses are high, there will be an in-
crease in fibre content. Thus, we may be faced with similar levels of fibre of a very
different kind – one due to maturity of the crop and the other due to a concentration
effect.The effect on dry matter intake will be different in each case.The complicated
nature of the problem is highlighted further by pH. Here, the relationship with
intake is not linear. Low pH reduces intake but so does high pH, the latter reflecting
the influence of the concentration of ammonia nitrogen in decreasing intake while
increasing pH.

There is general acceptance of dry matter, digestible organic matter and ammonia
nitrogen as the major determinants of silage dry matter intake, and it behoves the
silage maker to optimise fermentation and to minimise secondary fermentation,
clostridial activity and aerobic deterioration if satisfactory intakes of the product are
to be achieved.

For the ration formulator, the problem is to predict how much silage dry matter a
particular animal will consume, so that its contribution to the animal’s nutrient re-
quirements can be calculated. The traditional approach to the problem has been to
use regression equations based on one or more of the parameters listed above.Typi-
cal is the following equation (Lewis 1981) predicting the potential intake of silage
dry matter (I) by dairy cattle:

where DM � dry matter (g/kg), DOMD � digestible organic matter (g/kg DM), and
NH3-N � ammonia nitrogen (g/kg total nitrogen).

Such equations have worked well in practice, but published work would suggest
that the use of NIRS for predicting intake significantly improves prediction. A com-
parison of some methods of prediction is given in Table 19.11.

Similar findings have been obtained by other workers, who quote a standard
error of prediction of 4.7 g/kg W0.75 and an R2 value of 0.79 from using an NIRS
technique for estimating silage dry matter intake in beef cattle.

Such estimates of silage dry matter intake have to be modified in the light of various
factors, such as the class of animal to which it is to be offered, the level of concentrate

I (g/kg W0.75/day) = (0.103 * DM) + (0.0516 * DOMD) - (0.05 * NH3-N) + 45
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supplementation, the level of production, feeding technique and environmental fac-
tors. For example, the equation for calculating I above is expanded for use with mixed
diets as follows:

Table 19.11 Comparison of the accuracy of some methods of predicting silage dry
matter intake (expressed as the standard error of cross validation, g/kg metabolic
liveweight per day)

Method Lambs Cows

Best equation based on traditional laboratory determinations (basal) 0.81 7.3
Basal � fermentation values (HPLCa) 0.81 7.3
Basal � fermentation values (ETb) 0.75 5.9
NIRS on silage DM 0.52 5.1
NIRS on wet silage 0.56 2.5

aHPLC � high-pressure liquid chromatography.
bET � electrometric titration.

After Offer N W et al. 1998 Animal Science 66: 357–67.

where C � concentrate dry matter intake (g/kg W0.75/day) and Y � milk yield (kg/day).
The UK Agricultural and Food Research Council proposed in 1992 the following

equation for predicting the intake of silage by cattle:

where F � P � yield of fat and protein (kg/day), Wn � weight of the cow in the week
under consideration, C � concentrate dry matter (kg/day), and DOMD � digestible
organic matter (g/kg DM).

The equation is claimed to be more accurate overall than the Lewis equation. More
recently, a two-stage approach, similar to that of Lewis, has been adopted by FiM.
Near-infrared reflectance spectroscopy is used to predict the forage intake potential
(FIP), i.e. the intake of the silage when fed alone. Then the total dry matter intake
(TDMI) is predicted using FIP (g/kg W0.75), the concentrate dry matter intake (CDMI,
kg/day), the condition score of the cow (CS), the weight of the cow (W, kg), the milk
energy output (El MJ/day), the week of lactation (WOL), the forage starch concentra-
tion (FS, g/kg DM) and the crude protein content of the concentrate (CCP, g/kg DM):

The intake potential of silages in horses has received less attention than that for rumi-
nants. Horses consume high dry matter content silages and haylages well with daily
dry matter intakes of around 60–100 g/kg W0.75. Low dry matter silages are not so
well consumed and dry matter intake may be only half of that of drier silages.

 - 6.45(0.6919WOL) + 0.007182FS + 0.001988CCP * CDMI

 + 0.01896W + 0.7343CDMI - 0.00427CDMI2
+ 0.04767El

TDMI (kg/day) =  -7.98 + 0.1033FIP - 0.00814(FIP * CDMI) - 1.1185CS

+ 0.0136(DOMD)

SDMI(kg/day) = -3.74 - 0.387C + 1.48(F + P) + 0.0066Wn

+ 0.00175Y2

SDMI(kg/day) = (1.0681 - 0.002447IC - 0.00337C2
- 10.9)W0.75>1000
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However, this effect is not due to the dry matter content alone, since low dry matter
silages made from clover and lucerne have higher dry matter intake characteristics
than grass silages of the same dry matter content. Dry matter intake is also related to
nutrient requirements, with working horses showing higher intakes than those at
maintenance.

19.7 WHOLE CROP CEREAL AND LEGUME SILAGES

Wheat, barley and oat silage

The aim of preserving cereals as whole crop silage is to harvest the crop when the
yield of digestible nutrients is at the maximum.As the crop matures the nutrients in
the grain increase as more starch is deposited but the digestibility of the straw de-
creases. There is an optimum point where the yield from the grain and the straw
combined reach a maximum. For barley this occurs when the grain is at the firm
dough stage and is hard. However, by this time, the moisture content of the crop is
rapidly decreasing and consolidation of the material in the silo can be difficult, re-
sulting in the possibility of poor fermentation. In addition, the hard grains are not
broken sufficiently by cattle during chewing, and this leads to a waste in the form of
undigested grains passing out in the faeces. Therefore, traditionally, whole crop bar-
ley, wheat and oat silages are made at a dry matter content of 250–450 g/kg while
the crop is still mainly green and the grains are at the milky/soft cheese stage. This
produces a material that ferments well; the grains are efficiently digested and the
metabolisable energy content is similar to grass silage, but the starch content is
higher and the crude protein content is lower.

As discussed above, the yield of dry matter and nutrients increases beyond this
stage.To avoid fermentation problems, whole crop cereal silages have been made at
a dry matter of 500–600 g/kg using urea as an additive.This is converted to ammo-
nia, which preserves the material. However, the problem of undigested grains still
persists, leading to disappointing metabolisable energy values for this material.Also,
as some of the material is still green at this stage, there was concern that the ammo-
nia might react with sugars producing compounds called imidazoles, which have ef-
fects on the brain (see ammonia treatment of hay in Chapter 20). More recently, the
problem of unbroken grains has been overcome by harvesting the crop with a forage
harvester fitted with a grain processor to produce the material known as cracked
whole crop silage. In this way, the crop can be harvested when near to ripe, the grains
are full and the dry matter content is 650–800 g/kg.To ensure satisfactory preserva-
tion and prevention of deterioration when the silage face is exposed to the air, when
the silo is opened, the material must be treated with an additive.There are two com-
mon alternatives: for the lower dry matter content material (around 650–750 g/kg),
an inoculant can be used that multiplies in the silo to produce acids to reduce the pH
and metabolites that have mould-inhibiting properties to prevent aerobic deteriora-
tion. Crops at a higher dry matter content (above 700 g/kg) can be treated with urea.
For successful preservation, it is essential that a source of the enzyme urease is in-
cluded to ensure that the urea is rapidly converted to ammonia after incorporation
into the crop during ensilage. If any acidic fermentation occurs and there is little
urease present, the urea remains unchanged. Unlike other silages, which are acidic,
this material is alkaline. The typical composition of whole crop cereal silages is
shown in Table 19.12.
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Maize silage

The digestibility of the whole maize plant does not alter as the plant matures to the
extent seen in the small grain cereals.This allows a wider period for harvesting, with
the grains ranging from the milky to the hard dough stage and the dry matter con-
tent ranging from 250 g/kg to 320 g/kg. The stem of the green crop contains a high
level of sugars, which provide a satisfactory lactic acid fermentation in the silo.
Maize has a lower buffering capacity than grass, and a satisfactory lower pH is more
easily attained. The crop should not be left to mature beyond the hard dough stage
because it becomes difficult to compact at high dry matter contents and the hard
grains will not be broken and digested efficiently by cattle. In the past it was sug-
gested that to aid compaction, the chop length should be short, at around 7–15 mm,
but more recently it has been recommended that a chop length of up to 20 mm is
used so that the particles stimulate rumination more effectively. Although maize
silage ferments well, it is prone to aerobic deterioration when the silo face is ex-
posed. For this reason, a long, narrow silage pit is ideal, since the material in the
clamp face will be used rapidly.

Whole crop legume silage

Whole crop legumes have comparable metabolisable energy values to whole crop ce-
reals but substantially higher crude protein contents.Thus, they are valuable compo-
nents of the ration to balance cereal silages. However, the nature of the legume crop
presents challenges to successful ensilage. They have low soluble carbohydrate con-
tents, and thus acid production can be limited and the proteins are prone to exten-
sive degradation. The leaves become brittle when wilted and can shatter, causing
high field losses of nutrients. Peas are harvested for whole crop silage when the pods
are filling.The crop can be cut and wilted to around 300 g dry matter/kg and picked
up with a forage harvester or cut directly with a forage harvester after treatment
with a dessicant. Beans are harvested when the pods are fully developed and the fo-
liage is still green. As with peas, they can be wilted or treated with a dessicant.
Lupins are harvested when the pods are full and the foliage is turning yellow.Again,
they should be wilted before ensilage.

Table 19.12 Typical composition of whole crop cereal silages

DM (g/kg) CP (g/kg DM) Starch (g/kg DM) ME (MJ/kg DM)

Fermented whole crop
Barley 300 95 150 10.0
Wheat 400 95 200 10.5
Maize 280 90 250 11.0

Cracked whole crop
Barley 700 85 260 10.0
Wheat 700 85 300 10.5
Wheat � urea 750 130 280 10.8
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SUMMARY

1. Silage is the material produced by controlled
fermentation of a crop of high moisture con-
tent. Ensilage is the name given to the
process.

2. Ensilage is succesful if the activities of un-
desirable organisms and the production of
objectionable fermentation products are
minimised, which is achieved by encouraging
the growth of lactic acid bacteria, which
lower the pH of the mass.

3. Stability of the preserved mass is maintained
by compaction and by efficient sealing of
the silo.

4. In recent years, preservation in big bales has
increased greatly at the expense of the more
common bunker silo.

5. As a result of the activity of plant enzymes,
water-soluble carbohydrates in the preserv-
ing mass are dissipated as carbon dioxide and
water; temperature rises and preservation
may be put at risk owing to a shortage of
substrate for lactic acid production.

6. Plant enzymes also bring about proteolysis
and the production of amino acids and
peptides from the protein of the original
material.

7. The most efficient preservation is achieved by
the action of heterofermentative lactic acid
bacteria.

8. Saccharolytic clostridia break lactic acid down
to acetic and butyric acids, causing a rise in
pH and putting preservation at risk. Prote-
olytic clostridia break down amino acids with
the production of a number of unpleasant
substances. Clostridium botulinum is the
causative organism of botulism and has been
associated with grass sickness in horses.

9. There has been an increasing appreciation in
recent years of the importance of fungi in
ensilage owing to their action on cell wall
structures. A number of the fungi present in
silage, particularly aerobically spoiled mate-
rial, are capable of producing mycotoxins,

which can have very unpleasant effects on
farm animals and human beings.

10. Losses of nutrients arising from normal fer-
mentation are minimal. Most losses occur as
a result of aerobic deterioration before the
material is ensiled, or as a result of ingress of
air during storage or after opening the silo.

11. Significant losses of dry matter may occur as
a result of loss of effluent when crops of very
high moisture content are ensiled.

12. Additives are used in silage making if there is
any doubt as to whether natural fermenta-
tion is capable of ensuring satisfactory
preservation, or routinely as an insurance
against poor preservation. Stimulants provide
substrate for lactic acid production or boost
the population of desirable bacteria in the
material to be ensiled. Fermentation in-
hibitors are used to render the environment
inimical to the development of undesirable
microorganisms.

13. The metabolisable energy contents of silages
are highly variable and difficult to predict
satisfactorily by laboratory means. Currently,
near-infrared reflectance appears to be the
best single predictor.

14. Nitrogen degradability values are highly vari-
able, and tabulated values are little more
than a rough guide.

15. Silage dry matter intakes tend to be low and
are strongly influenced by a number of fac-
tors, particularly pH, concentration of or-
ganic acids, buffering capacity and ammonia
nitrogen content.

16. In silages made from the whole cereal crop,
yields of dry matter and nutrients, especially
starch, increase as the crop matures, but at
late maturity the material must be processed
at harvest to ensure efficient digestion of the
hard grains by cattle.

17. Whole crop legume silages can be difficult to
ensile successfully. They have higher crude pro-
tein contents than whole crop cereal silages.
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QUESTIONS

19.1 Explain the role of plant enzymes and microbes in the process of ensilage.

19.2 What are the two classes of silage additive and how do they work? Give examples
of each type and describe the effect that the additives have on silage composition.

19.3 What factors affect the voluntary intake of silage?

19.4 Describe the causes of the losses of nutrients that can occur during silage making.
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20.1 Hay

20.2 Artificially dried forages

20.3 Straws and related by-products

20 Hay, artificially dried forages,
straws and chaff

20.1 HAY

The traditional method of conserving green crops is that of haymaking, the success
of which until fairly recently was entirely dependent upon the chance selection of a
period of fine weather. The introduction of rapid drying techniques using field ma-
chinery and barn drying equipment has, however, considerably improved the effi-
ciency of the process and reduced the need to be dependent upon the weather.
Although in many countries of western Europe, including Britain, ensilage has over-
taken haymaking as the preferred mode of conservation of green forages, haymaking
is generally the more common process.

The aim in haymaking is to reduce the moisture content of the green crop to a
level low enough to inhibit the action of plant and microbial enzymes.The moisture
content of a green crop depends on many factors, but may range from about 
650 g/kg to 850 g/kg, tending to fall as the plant matures. In order that a green crop
may be stored satisfactorily in a stack or bale, the moisture content must be reduced
to 150–200 g/kg.The custom of cutting the crop in a mature state when the moisture
content is at its lowest is clearly a sensible procedure for rapid drying and maximum
yield, but unfortunately the more mature the herbage, the poorer is the nutritive
value (see Chapter 18).

Chemical changes and losses during drying

Chemical changes resulting in losses of valuable nutrients inevitably arise during the
drying process. The magnitude of these losses depends to a large extent upon the
speed of drying. In the field the loss of water from the swath is governed by the nat-
ural biological resistance of the leaf and swath to water loss, the prevailing weather
conditions and swath microclimate, and the mechanical treatment of the crop during
harvesting and conditioning.The losses of nutrients during haymaking arise from the
action of plant and microbial enzymes, chemical oxidation, leaching and mechanical
damage.
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Action of plant enzymes

In warm, dry, windy weather, the wet herbage, if properly handled and mechanically
agitated, will dry rapidly and losses arising from plant enzyme activity will be small.
The main changes involve the soluble carbohydrates and nitrogenous components. In
the early stages of the drying process, changes in individual components of the water-
soluble carbohydrates occur, such as the formation of fructose from hydrolysis of fruc-
tans. During extended periods of drying, there is a considerable loss of hexoses as a
result of respiration, and this loss leads to an increase in the concentration of other con-
stituents in the plant, especially the cell wall components, which are reflected in the
neutral-detergent fibre content. In the freshly cut crop, proteases present in the plant
cells rapidly hydrolyse the proteins to peptides and amino acids, hydrolysis being fol-
lowed by some degradation of specific amino acids.The effects of wilting ryegrass under
ideal dry conditions and in a poor humid environment are compared in Table 20.1.

A number of devices and methods of treatment are used to speed up the drying
process in the field. Grass for hay made on a large scale is commonly cut with a
mower that incorporates a conditioner with rollers that break the cellular structure
of the plant and allow the air to penetrate the resulting swath more easily.Additional
machinery is used for turning, or tedding, the swath. For smaller-scale haymaking, a
more traditional method that is practised notably in Switzerland, Italy, Germany and
Scandinavia is to make hay on racks, frames or tripods.Table 20.2 shows a comparison

Table 20.1 Changes in nitrogenous components of ryegrass/clover during the early stages of field drying

Dry matter Water-soluble Total N

(DM) (g/kg) carbohydrates (g/kg DM)

N components (g/kg total N)

(g/kg DM)

Protein N Non-protein N Ammonia N

Fresh grass 173 213 26.6 925 75 1.2
Wilted 6 hours 
(dry conditions) 349 215 28.2 876 124 1.1

Wilted 48 hours 
(dry conditions) 462 203 28.9 835 165 2.6

Wilted 48 hours 
(humid conditions) 199 211 29.9 753 247 2.6

Wilted 144 hours 
(humid conditions) 375 175 31.0 690 310 26.4

From Carpintero M C, Henderson A R and McDonald P 1979 Grass and Forage Science 34: 311.

Table 20.2 Composition (g/kg DM) and nutritive value of perennial ryegrass and of
hay made from it by two methods in south-east Scotland

Fresh grass Tripod hay Field-cured hay

Organic matter 932 908 925
Crude fibre 269 324 362
Crude protein 128 121 99
Digestible crude protein 81 72 47
Digestible organic matter 711 614 547
Metabolisable energya (MJ/kg DM) 10.7 9.2 8.2

aCalculated from digestible organic matter.
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in composition and nutritive value between hay made by tripoding and the
traditional field-curing method. The difference between these two methods is
reflected in the crude fibre, digestible crude protein, digestible organic matter and
metabolisable energy values.

Action of microorganisms

If drying is prolonged because of bad weather conditions, then changes brought
about by the activity of bacteria and fungi may occur. Bacterial fermentation takes
place in cut herbage that has lain in the field for a few days, and leads to the produc-
tion of small quantities of acetic and propionic acids. Mouldy hay is unpalatable and
may be harmful to farm animals and man because of the presence of mycotoxins.
Such hay may also contain actinomycetes, which are responsible for the allergic
disease affecting man known as ‘farmer’s lung’.

Oxidation

When herbage is dried in the field, a certain amount of oxidation occurs.The visual
effects of this can be seen in the pigments, many of which are destroyed. The pro-
vitamin carotene is an important compound affected and may be reduced from
150–200 mg/kg in the dry matter of the fresh herbage to as little as 2–20 mg/kg in
the hay. Rapid drying of the crop by tripoding or barn drying conserves the carotene
more efficiently, and losses as low as 18 per cent in barn-dried hay have been
reported. On the other hand, sunlight has a beneficial effect on the vitamin D content
of hay because of irradiation of the ergosterol present in the green plants.

Leaching

Losses due to leaching by rain mainly affect the crop after it has been partly dried.
Leaching causes a loss of soluble minerals, sugars and nitrogenous constituents, and
hence a concentration of cell wall components, which is reflected in a higher fibre
content. Rain may prolong the enzyme action within the cells, thus causing greater
losses of soluble nutrients, and may also encourage the growth of moulds.

Mechanical damage

During the drying process, the leaves lose moisture more rapidly than the stems, so be-
coming brittle and easily shattered by handling. Excessive mechanical handling is liable
to cause a loss of this leafy material, and since the leaves at the hay stage are richer in
digestible nutrients than are the stems, the resultant hay may be of low feeding value.
Leaf loss during haymaking is particularly likely to occur with legumes such as lucerne.
There are a number of modern machines available that reduce the losses caused by leaf
shattering. If the herbage is bruised or flattened, the drying rates of stems and leaves
differ less. Baling the crop in the field at a moisture content of 300–400 g/kg, and sub-
sequent drying by artificial ventilation, will reduce mechanical losses considerably.

Stage of growth

The stage of growth at the time of cutting is the most important crop factor deter-
mining the nutritive value of the conserved product.The later the date of cutting, the
larger will be the yield, the lower the digestibility and net energy value, and the
lower the voluntary intake of dry matter by animals. It follows that if their drying
conditions are similar, then hays made from early-cut crops will be of higher nutri-
tive value than hays made from mature crops.
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Plant species

The differences in chemical composition between species have already been dis-
cussed in Chapter 18. Hays made from legumes are generally richer in protein and
minerals than grass hay. Pure clover swards are not commonly grown for making into
hay in the UK, although many ‘grass’ hays contain a certain amount of clover.
Lucerne or alfalfa (Medicago sativa) is a very important legume that is grown as a
hay crop in many countries. The value of lucerne hay lies in its relatively high con-
tent of crude protein, which may be as high as 200 g/kg DM if it is made from a crop
cut in the early bloom stage.

Cereals are sometimes cut green and made into hay, and this usually takes place
when the grain is at the ‘milky’ stage. The nutritive values of cereal hays cut at this
stage of growth are similar to those of hays made from mature grass, although the
protein content is generally lower.Table 20.3 shows the composition of a number of
hays made from different species.These are representative values and give no indica-
tion of the ranges in nutritive value. If extremes are considered, then it is possible to
produce hay of excellent quality with a digestible crude protein content of 115 g/kg
DM and an ME value in excess of 10 MJ/kg DM (see Table 20.4). On the other hand,
poor-quality hay made from mature herbage harvested under bad weather conditions
may have a negative digestible crude protein content and an ME value below 7 MJ/kg
DM; material of this type is no better in feeding value than oat straw.

Table 20.3 Composition and nutritive value of hays 

Dry matter basis  

No. of Crude fibre Crude Digestible Metabolisable

samples (g/kg) protein crude protein energya

(g/kg) (g/kg) (MJ/kg)

Grasses
Meadow 686 298 113 67 8.8
Mixed grass 68 301 114 63 8.6
Cocksfoot 17 356 82 42 8.0

(orchard grass)
Fescue 22 315 90 48 8.6
Ryegrass 39 305 96 48 8.9
Timothy 218 341 77 36 8.2

Legumes
Clover 284 319 143 89 8.6
Lucerne 474 322 165 118 8.3
Vetches 28 277 213 163 9.1
Soya bean 42 366 156 101 7.8

Cereals
Barley 19 265 93 52 8.6
Oat 48 329 80 41 8.5
Wheat 20 268 82 44 7.8

aCalculated from TDN values.

After Watson S J and Nash M J 1960 The Conservation of Grass and Forage Crops, Edinburgh, Oliver and
Boyd.
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Table 20.4 Composition (g/kg) and nutritive value of the dry matter of 47 grass
haysa made during 1963–65 in England and Wales 

Range Mean SD

Ash 57–117 80 �11
Crude fibre 274– 412 335 �31
Crude protein 63–167 96 �22
Digestible crude proteinb 21–115 51 –
Digestible organic matter 391–711 563 �61
Metabolisable energy (MJ/kg) 5.7–11.5 8.5 �1.1

aMainly ryegrass, but also including some timothy and meadow fescue hays.
bEstimated from crude protein.

Adapted from MAFF 1972 ADAS Science Arm Report, London, HMSO, p. 95.

Changes during storage

The chemical changes and losses associated with haymaking do not completely
cease when hay is stored in the stack or barn. The stored crop may contain
100–300 g/kg moisture. At the higher moisture levels, chemical changes brought
about by the action of plant enzymes and microorganisms are likely to occur.

Respiration ceases at about 40 °C, but the action of thermophilic bacteria may go
on up to about 72°C.Above this temperature, chemical oxidation can cause further
heating.The heat tends to accumulate in hay stored in bulk, and eventually combus-
tion may occur.

Prolonged heating during storage can have an adverse effect on the proteins of
hay. New linkages are formed within and between peptide chains. Some of these
linkages are resistant to hydrolysis by proteases, thereby reducing the solubility and
digestibility of the proteins.

Susceptibility of proteins to heat damage is greatly enhanced in the presence of sug-
ars, the damage being done by Maillard-type reactions (see p. 61).Temperature has an
important effect on the reaction rate, which is 9000 times faster at 70 °C than at 
10 °C. The amino acid lysine is particularly susceptible to reactions of this type. The
products are colourless at first, but eventually they turn brown; the dark brown colour
of overheated hays and other foods can be attributed mainly to Maillard reactions.

Losses of carotene during storage depend to a large extent on the temperature.
Below 5 °C little or no loss is likely to occur, whereas in warm weather losses may be
considerable.

The changes that take place during storage increase the proportion of cell wall
constituents and reduce nutritive value.

Overall losses

The overall losses during haymaking can be appreciable under poor weather condi-
tions. In a study on six commercial farms carried out over a 3-year period in north-
east England by the Agricultural Development and Advisory Service (ADAS), losses
of nutrients were measured between harvesting and feeding.Total dry matter losses
averaged 19.3 per cent, made up of 13.7 per cent field loss and 5.6 per cent loss in
the bale. The losses of digestible organic matter and digestible crude protein were
both about 27 per cent.
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Hay preservatives

The main objective in using hay preservatives is to allow hay to be stored at moisture
levels that, in the absence of the preservative, would result in severe deterioration
through moulding. The chemical preservatives tested have included propionic acid
and its less volatile derivative ammonium bispropionate. In the laboratory, propionic
acid applied at a rate of 10 g/kg water (i.e. 3 kg/t of forage with a moisture content
of 300 g/kg) will prevent moulding and preserve the hay. However, in the field, it is
difficult to apply the preservative uniformly, and a higher application rate of 12 kg
propionic acid per tonne of forage with 300 g/kg of moisture is recommended. Hays
with moisture contents as high as 400–500 g/kg can, after propionate treatment, be
stored satisfactorily, provided the additive is both applied in sufficient quantity and
distributed uniformly. Propionic acid should preferably be in a buffered form to
improve its handling characteristics. Biological additives such as lactic acid producing
bacteria and enzyme preparations, as used for silage (see Chapter 19), have also
been used for hay. The bacterial additives need a supply of sugars and so should be
used for early-cut (i.e. less fibrous) hays.

Anhydrous ammonia and urea, which are used to improve the nutritive value of
straw (see p. 529), have also been used to preserve hay.Anhydrous ammonia injected
into plastic-covered stacks of bales of moist hay has increased its stability, under aer-
obic and anaerobic conditions, and has improved the nutritional value of the hay
(but with some danger of the formation of toxins; see below).

ARTIFICIALLY DRIED FORAGES

The process of artificial drying is a very efficient, though expensive, method of con-
serving forage crops. In northern Europe grass and grass–clover mixtures are the
commonest crops dried by this method, whereas in North America lucerne (alfalfa) is
the primary crop that is dehydrated. In both regions, artificially dried forage accounts
for less than 1 per cent of all conserved forage dry matter. The drying is brought
about by passing the herbage rapidly through a rotating drum, where it meets hot
gases at a temperature of about 800 °C.The temperature and time of drying are con-
trolled very carefully so that the forage is never completely desiccated, and the final
product usually contains about 50–100 g/kg of moisture.As long as some moisture re-
mains in the material, the temperature of the herbage is unlikely to exceed 100 °C.
It is obvious, however, that if the material is left in contact with the hot gases too
long, then it will be charred or even completely incinerated.After drying, the forage
is generally hammer milled and passed through a rotary die press to form pellets.
Coarser products may be made by passing chopped material through a die press to
form cobs or through a piston-type machine to form wafers.

Nutritive value

As a conservation technique, artificial drying is extremely efficient. Dry matter
losses from mechanical handling and drying are together unlikely to exceed 10 per
cent, and the nutritive value of the dried product is therefore close to that of the
fresh crop.Typical analytical values from the British Association of Green Crop Dri-
ers show dried grass to contain 200 g protein, 130 g sugars and 280 g acid-detergent

20.2
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fibre per kilogram of dry matter, and 10.2 MJ metabolisable energy per kilogram of
dry matter. Dried lucerne had a similar value for protein but contained less sugar 
(5 g/kg DM) and more ADF (360 g/kg DM). For horses, dried lucerne contains 
9.5–10.0 MJDE/kg DM. High-temperature drying may reduce the digestibility of
forage proteins, but it has the advantage of increasing the proportion of protein that
escapes rumen fermentation to about 0.4 (i.e. rumen protein degradability � 0.6).

With regard to minor nutrients, the carotene content of grass meal is quoted in
the above analytical data as 57 mg/kg DM, but high-quality dried grass could contain
as much as 150 mg/kg. During storage under ordinary commercial conditions for 
6 months, dried forage exposed to light and air can lose as much as half its carotene
by oxidation. Dried forages may therefore be stored under refrigeration or inert
gases to conserve carotene (and also vitamin E and the plant pigment xanthophyll).
Because irradiation of sterols cannot take place during the rapid drying process, the
vitamin D content of dried forage will be very low.

To convert 4–5 tonnes of fresh grass to 1 tonne of dried material requires about
300 l of oil, and so although dried forages could be regarded as excellent feeds for
ruminants, the high cost of preparing them restricts their use to speciality feeds for
non-ruminants. In Britain, much of the dried forage is consumed by horses. Else-
where, and especially in the USA, dried lucerne is used for poultry as a source of
vitamins and also to provide xanthophyll as an egg-yolk colourant.

STRAWS AND RELATED BY-PRODUCTS

Straws consist of the stems and leaves of plants after the removal of the ripe seeds
by threshing, and are produced from most cereal crops and from some legumes.
Chaff consists of the husk or glumes of the seed, which are separated from the grain
during threshing. Modern combine harvesters put out straw and chaff together, but
older methods of threshing (e.g. hand threshing) yield the two by-products sepa-
rately. A by-product similar in composition to straw is sugarcane bagasse, described
earlier (see Chapter 18). Other fibrous by-products of cereals are referred to in
Chapter 22.All the straws and related by-products are extremely fibrous, most have
a high content of lignin, and all are of low nutritive value. Their high fibre content
restricts their use to that as food for ruminants.

On a world scale, the total production of straws and related materials has been
calculated to be sufficient to meet the maintenance needs of all ruminant livestock.
However, the actual usage of straw as a food for livestock varies a great deal from
one part of the world to another. Much straw is produced in regions, such as the
North American prairies, that have relatively few livestock, and the cost of transport-
ing a bulky, low-value food to other regions is too great to permit its export. Other
parts of the world, such as Europe, produce a great deal of straw but are also well
supplied with better-quality forages. In many tropical and subtropical countries that
cannot afford to use land for forage production, straw is the essential basal food for
ruminant livestock.

Maize, wheat and rice crops are the main sources of world straw supplies, but in
the UK barley provides much of the 15–20 per cent of total straw production that is
used for animal feeding.When oats were grown for horses, oat straw was preferred
for animal feeding, but the decline in the area of this crop has made its straw less
important.

20.3
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Barley and oat straw

Of the cereal straws, oat straw used to be popular in many areas of the UK as a
bulky food for store cattle, along with roots and concentrates, and in limited quanti-
ties as a source of fibre for dairy cows. With the increasing use of barley grain as a
major concentrate food for farm animals, especially in northern Europe, large quan-
tities of barley straw are available and attention has concentrated in recent years on
methods of trying to improve the nutritional value of this low-grade material.

The composition of both barley and oat straw may vary, although this is influenced
more by the stage of maturity of the crop at harvesting and environment than by the
cultivar grown.The crude protein content of the dry matter of both straws is low, usu-
ally in the range 20–50 g/kg, with the higher values obtained in crops grown under cold
and wet conditions where they do not mature completely.The rumen degradability of
the protein is relatively low (0.4), and of the undegradable protein much is likely to be
indigestible. The major component of the dry matter is the fibre, which contains a
relatively high proportion of lignin. The dry matter of barley straw consists of about
400–450 g/kg of cellulose, 300–500 g/kg of hemicellulose and 80–120 g/kg of lignin.

The digestibility of the organic matter of these straws rarely exceeds 0.5 and the
metabolisable energy value is about 7 MJ/kg DM or, in the case of winter barley
cultivars, less than this. Of the ash fractions, silica is the main component and straws
generally are poor sources of essential mineral elements, as can be seen from the
results of a comparison between hays and barley straws shown in Table 20.5.

Apart from the low digestibility of these cereal straws, a major disadvantage is the
low intake obtained when they are given to ruminant animals.Whereas a 650 kg cow
will consume up to 12 kg of medium-quality hay, it will eat only about 9 kg of straw.
Improvements in both digestibility and intake can be obtained by the addition of
nitrogen in the form of protein or urea.

Maize straw

Maize straw, or corn stover, has a higher nutrient content and is more digestible than
most other straws. It has a crude protein content of about 60 g/kg DM and a
metabolisable energy value of about 9 MJ/kg DM. In North America, corn stover is

Table 20.5 Some mineral contents of hay and barley straw obtained from 50 farms
in south-east Scotland, 1964–66 

Hay Barley straw

Range Mean Range Mean

g/kg DM
Ca 3.0–6.3 4.6 1.5–4.5 3.1
Mg 0.6–1.4 1.1 0.3–0.6 0.5
Na 0.2–1.9 1.0 0.1–1.0 0.5

mg/kg DM
Cu 1.5–10.0 6.0 0.6–4.0 2.4
Mn 30–150 80 1.8–22.0 12.1
Fe 30–120 106 18–170 78

Adapted from Mackenzie E J and Purves D 1967 Edinburgh School Agricultural Experimental Work, p. 23.
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frequently used as a major part of the diet for dry, pregnant beef cows. The animals
may be turned into the cornfields after the grain has been harvested or the stover may
be chopped, ensiled and consumed in a similar way to maize silage.Alternatively, the
stover, after drying in the field, can be stacked or harvested as large round bales.

Rice straw

In many of the intensive rice-growing areas of the world, particularly Asia, this straw
is used as a food for farm animals. Its protein content and metabolisable energy
value are similar to those of spring barley straw. It has an exceptionally high ash con-
tent, about 170 g/kg DM, which consists mainly of silica. The lignin content of this
straw, about 60–70 g/kg DM is, however, lower than that of other cereal straws. In
contrast to other straws, the stems are more digestible than the leaves.

Wheat and rye straws

Wheat and rye straws are considered to be lower in nutritional value than barley
straw. However, the digestibility of most cereal straws can be markedly improved
with alkali treatment (see below).

Legume straws

The straws of beans and peas are richer in protein, calcium and magnesium than the
cereal straws and, if properly harvested, are useful roughage foods for ruminant ani-
mals. Because of their thick fibrous stems, they are more difficult to dry than cereal
straws and frequently become mouldy during storage.

Alkali treatment of straws and other forages

When straw is exposed to an alkali, the ester linkages between lignin and the cell
wall polysaccharides, cellulose and hemicelluloses, are hydrolysed, thereby causing
the carbohydrates to become more available to the microorganisms in the rumen.
This effect was first used to improve the digestibility of straw in Germany in the
early 1900s, by a process that involved soaking straw for 1–2 days in a dilute solution
(15–30 g/l) of sodium hydroxide and then washing to remove excess alkali. In the
process currently used, chopped or milled straw is sprayed in a mixer with a small
volume of concentrated sodium hydroxide (typically 170 l/t of straw of a solution of
300 g/l of NaOH, supplying 50 kg NaOH).The product is not washed and the alkali
forms sodium carbonate, which gives the product a pH of 10–11.This process gives a
product that may be mixed with other foods and may also be pelleted.

An alternative alkali to sodium hydroxide is ammonia, which may be applied to
straw in the anhydrous form or as a concentrated solution. As both forms are
volatile, the process has to be carried out in a sealed container, which may be
formed by wrapping a stack of straw bales in plastic sheeting. As ammonia is a
weaker alkali than sodium hydroxide, it reacts slowly with the straw; the time
required for treatment ranges from 1 day, if heat is applied to raise the temperature
to 85 °C, to 1 month at winter temperatures.The ammonia is added at 30–35 kg/t of
straw, and when the stack is exposed to the air about two-thirds of this is lost by
volatilisation.The remainder is bound to the straw and raises its crude protein content



Chapter 20 Hay, artificially dried forages, straws and chaff

530

Table 20.6 Performance of cattle and sheep fed on diets containing treated
and untreated roughagesa

Species Treatment Alkali

NaOH NH3

� � � �

Cattle No. of experiments 17 10
Roughage in diet (%) 64 61
Digestibilityb 0.56 0.64 0.58 0.63
Intake (kg/day)b 7.2 8.1 6.8 7.8
Liveweight gain (kg/day) 0.62 0.82 0.40 0.71

Sheep No. of experiments 10 7
Roughage in diet (%) 66 65
Digestibilityb 0.57 0.65 0.52 0.62
Intake (g/day)b 994 1259 1156 1147
Liveweight gain (g/day) 39 126 73 99

a The roughages used were mainly wheat and barley straws but included rice straw,
and also maize by-products such as cobs and stalks. Some of the roughages were
ground and pelleted.

bOf dry matter in total diet.

Adapted from Greenhalgh J F D 1983 Agricultural Progress 58: 11.

by about 50 g/kg. In addition to this advantage over sodium hydroxide, ammonia
does not leave a residue of sodium (which increases the water intake of animals).

Both sodium hydroxide and ammonia have been used on a wide range of low-
quality forages, including straws, husks and hays. Table 20.6 summarises the results
of 44 experiments in which animals were fed on diets containing a high proportion
of forage, either untreated or treated with sodium hydroxide or ammonia. It should
be noted that, in addition to improving digestibility, the alkali treatments caused
increases in intake.

A danger arising from ammonia treatment is that it may cause the production of
toxic imidazoles, which arise from reactions between ammonia and sugars. Forages
containing more sugars than do straws, such as hays, are more likely to form imida-
zoles, and their production is encouraged by high temperatures. The toxins cause a
form of dementia, which in cattle is sometimes called ‘bovine bonkers’.

A chemical for treatment of forages that is easier to handle, and often cheaper,
than ammonia is urea. When exposed to the enzyme urease, urea is hydrolysed to
yield ammonia:

NH2—CO—NH2 � H2O S 2NH3 � CO2

Straw normally carries bacteria that secrete the necessary urease; it is important
that the straw should be wet enough (about 300 g water per kilogram) to allow the
hydrolysis to take place.After the application of urea, the straw is sealed in the same
way as for treatment with ammonia. Urea ammoniation of straw has proved reason-
ably effective in improving its nutritive value but is not as consistently effective as
ammonia or sodium hydroxide.

Urea can also be used simply as a supplement to straw (i.e. be added at the time
of feeding). Table 20.7 compares the effects of adding urea at this time (in this
experimental situation, by intra-ruminal infusion) with adding it to the straw a

dc dc

dc dc
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Table 20.7 A comparison of urea used to ammoniate rice straw with urea used as 
a dietary supplement for sheep 

Straw treatmenta None None Urea Urea

Supplementb None Urea None Urea

(1) (2) (3) (4)

Dry matter digestibility 0.42 0.48 0.54 0.55
Dry matter intake (g/day) 682 951 931 1114
Liveweight change (g/day) �138 �20 �10 38
Rumen ammonia-N (mg/litre) 12 104 57 203

aStraw sprayed with 1 l/kg of a solution containing 60 g urea, and then sealed for 28 days.
b11.5 g urea and 2.35 g sodium sulphate per kilogram dry matter consumed, given by
continuous intra-ruminal infusion.

Adapted from Djajanegara A and Doyle P T 1989 Animal Feed Science and Technology 27: 17.

month beforehand to generate ammonia. Both of these treatments, when applied
separately (columns 2 and 3 versus column 1), improved intake and digestibility, and
reduced the weight loss of the sheep, but the double treatment (column 4) gave the
best results, possibly because the urea-ammoniated straw (column 3) did not main-
tain a sufficient concentration of ammonia in the rumen.

In addition to treating straw and hay, alkalis may be applied to whole crop cereal
forages. In Chapter 19 the ensiling of cereals cut when immature was mentioned. If
they are cut later, the grain forms a greater proportion (e.g. 60 per cent) of the crop
and its dry matter content is greater. Ammonia or sodium hydroxide raises the
digestibility of the straw in the crop and also acts as a preservative by preventing
mould growth.

Other chemicals that have been used effectively to improve the digestibility of
straw include alkaline hydrogen peroxide and mineral acids, but these are probably
too expensive for practical use.

Supplementation of straws

Chemical treatments of straws have attracted a great deal of research interest, but
their use in practice is somewhat limited. Countries that would benefit most from
them have neither sufficient resources of chemicals nor the technology needed to
apply them.The key to improvements in the utilisation of straw is supplementation.
The first type of supplement required for straw is one that provides adequate sup-
plies of nutrients for the rumen microorganisms, the critical nutrients being nitrogen
and sulphur, and perhaps phosphorus, sodium and cobalt. In the case of the nitrogen
supplement, the aim is to provide a reasonably constant rumen ammonia concentra-
tion; if the nitrogen is in a soluble and rapidly degradable form, such as urea, the
supplement needs to be taken in frequently, in small quantities. Supplementary
nutrients can be supplied as a solution sprayed on to the straw; alternatively, they
may be added to a small amount of concentrate food or offered to animals as feed
blocks or licks. None of these methods is consistently effective, but the first ensures
that straw and supplement are consumed together.

The second type of supplement required for straw is one that provides the animal
with additional protein that is not degraded in the rumen (digestible undegradable
protein; see Chapter 13).This often stimulates intake (see Chapter 17) and ensures a
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proper balance between the protein and energy supplied to the animal’s tissues.
However, supplements of this second type, which are often based on specially treated
vegetable protein sources, are in limited supply and expensive and therefore are un-
suitable for widespread use in developing countries. In those countries, there is now
much interest in supplementing straw with locally available materials, especially for-
ages from protein-rich leguminous shrubs such as Leucaena leucocephala and
Gliricidia sepium (see Chapter 19).These are valuable as sources of minerals and vita-
mins, but they are less effective as sources of digestible undegradable protein.

SUMMARY

1. Hay is made mainly by the sun-drying of grass
and other forage crops. After the crop has
been cut, its treatment in the field is intended
to minimise losses of valuable nutrients caused
by the action of plant respiration, by micro-
organisms, by oxidation, by leaching and by
mechanical damage.

2. The nutritive value of hay is determined by
the growth stage and plant species of the
parent crop, by field losses of nutrients and
by changes taking place during storage
(which can be reduced by the use of chemical
preservatives). Even under good conditions
overall loss of dry matter may be about 
20 per cent.

3. Artificially dried forages are higher in nutritive
value than hays; they are expensive to produce
and may be given to non-ruminant livestock as
sources of minerals and vitamins.

4. Straws, mainly from cereals, are of low nutri-
tive value but are important foods for rumi-
nants, especially in developing countries.

5. The digestibility and intake of straws may be
improved by treatment with sodium hydroxide
or ammonia (as a gas or derived from urea).
Such treatment is expensive, and the more
appropriate way of making the best use of
straws is to supplement them, especially with a
source of rumen-degradable protein.

QUESTIONS

20.1 Review the factors that determine the nutritive value of hays.

20.2 Discuss the advantages and disadvantages of alternative methods for improving
the nutritive value of straws.
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21.1 Roots

21.2 Tubers

The most important root crops used in the feeding of farm animals are turnips, swedes
(or rutabagas), mangels (or mangolds) and fodder beet. Sugar beet is another impor-
tant root crop, but it is grown primarily for its sugar content and is normally not given
as such to animals. However, the two by-products of the sugar-extraction industry, sugar
beet pulp and molasses (from both sugar beet and sugarcane), are important and
nutritionally valuable animal foods.

The main tubers are potatoes, cassava and sweet potatoes, the last two being
tropical crops.

ROOTS

The main characteristics of roots are their high moisture content (750–940 g/kg) and
low crude fibre content (40–130 g/kg DM). The organic matter of roots consists
mainly of sugars (500–750 g/kg DM) and is of high digestibility (about 0.80–0.87).
Roots are generally low in crude protein content, although like most other crops this
component can be influenced by the application of nitrogenous fertilisers. The
degradability of protein in the rumen is high, at about 0.80–0.85.

21 Roots, tubers and related 
by-products

BOX 21.1 Importance of some root and tuber crops

In Britain the main root crops (turnips, swedes and fodder beet) were important feeds for ruminants
in the eighteenth and nineteenth centuries.They gave high yields in unfavourable environments and
could be stored for the duration of the winter. Increasing use of silages for winter feeding has
reduced the importance of root crops. By 2007 the area in Britain devoted to these crops had declined
to 140 000 ha (1997: 166 000 ha).

In contrast, the crops grown mainly for human consumption, but partly used to feed animals,
have maintained their popularity, their current world areas (million hectares) being potatoes 18.5,
sweet potatoes 8.1, cassava 19.0 and sugar beet 5.2.World production of cassava tubers is estimated
to be about 200 mt, of which about 20 per cent is used for animal feeding.

21.1
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The composition is influenced by season and the variation may be quite large:
low DM roots are produced in a wet season and relatively high DM roots in a hot dry
season. The composition also varies with size, the large root having lower DM and
fibre contents and being of higher digestibility than the small root.Winter hardiness
is associated with higher DM content and keeping quality. In the past, root crops
have been considered as an alternative to silage in ruminant diets, but their value as
cereal replacements is now recognised. Roots are not a popular food for pigs and
poultry because of their bulky nature, although those that have higher DM contents,
such as fodder beet, are given to pigs. The root crops listed in Table 21.1 are poor
sources of vitamins.

Roots are often stored in clamps during winter; during this period, losses of dry
matter of up to 10 per cent are not uncommon.

Swedes and turnips

Swedes (Brassica napus), which were introduced into Britain from Sweden about
200 years ago, and turnips (Brassica campestris) are chemically very similar, al-
though turnips generally contain less DM than swedes (see Table 21.1). Of the two
types of turnip that are grown, the yellow-fleshed cultivars are of higher DM content
than the white-fleshed cultivars.The ME value of swedes is usually higher than that
of turnips, i.e. about 13 MJ/kg and 11 MJ/kg DM, respectively (see Table 21.1).The
main sugars present are glucose and fructose.

Both swedes and turnips are liable to taint milk if given to dairy cows at or just
before milking time. The volatile compound responsible for the taint is absorbed
from the air by the milk and is not passed through the cow.

Table 21.1 Typical composition and nutritional values of roots, root by-products and tubers (dry
matter basis)

Dry matter Organic  Crude protein Crude fibre Rumen degradability MEa

(g/kg) matter (g/kg) (g/kg) (g/kg) of protein (MJ/kg)

Roots
Swedes 120 942 108 100 0.85 12.8
Turnips 80 922 122 111 0.85 11.2
Mangels 110 933 100 58 0.85 12.4
Fodder beet 185 925 62 53 0.85 11.8
Sugar beet 230 970 48 48 – 13.7

Root by-products
Beet molasses 750 931 40 0 0.80 12.0

Sugar beet pulp 860 918 110 132 0.70 12.5
(molassed)

Tubers
Cassava 370 970 35 43 0.80 12.8
Potatoes 210 957 110 38 0.85 13.3
Sweet potatoes 320 966 39 38 – 12.7

aFor ruminants.
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Mangels, fodder beet and sugar beet

These three crops are all members of the same species, Beta vulgaris, and for con-
venience they are generally classified according to their dry matter content. Mangels
are the lowest in DM content, richest in crude protein and lowest in sugar content of
the three types. Fodder beet can be regarded as lying between mangels and sugar
beet in terms of DM and sugar content, while sugar beet is richest in DM and sugar
content but poorest in crude protein. On a DM basis, the ME values range from
about 12 MJ/kg to 14 MJ/kg, the higher values applying to sugar beet. The main
sugar present in these roots is sucrose.

Mangels

Low-dry-matter mangels have a DM content of 90–120 g/kg. Medium-dry-matter
mangels have a DM content of 120–150 g/kg; this group is usually smaller in size
than the low-dry-matter group but usually develops fairly large tops.

It is customary to store mangels for a few weeks after lifting, since freshly lifted
mangels may have a slightly purgative effect. The toxic effect is associated with the
nitrate present, which on storage is converted into asparagine. Unlike turnips and
swedes, mangels do not cause milk taints when given to dairy cows.

Fodder beet

Medium-dry-matter fodder beet contains 140–180 g/kg of dry matter, whereas the
high-dry-matter varieties may contain up to 220 g/kg. In addition to varietal type,
the DM content is also influenced by the stage of growth at harvesting and environ-
mental conditions. Fodder beet is a poor source of protein (see Table 21.1).

Fodder beet is a popular food in Denmark and the Netherlands for dairy cattle
and young ruminants. Care is required in feeding cattle on high-dry-matter fodder
beet, since excessive intakes may cause digestive upsets, hypocalcaemia and even
death.The digestive disturbances are probably associated with the high sugar content
of the root.

The use of fodder beet as the bulk ration for feeding pigs has given satisfactory
results, but experiments have shown that the fattening period is slightly longer than
when sugar beet is used.The digestibility of the organic matter of fodder beet is very
high (about 0.90).

Sugar beet

Most sugar beet is grown for commercial sugar production, though it is sometimes
given to animals, especially cows and pigs. Because of its hardness, the beet should
be pulped or chopped before feeding.

After extraction of the sugar at a sugar beet factory, two valuable by-products are
obtained, which are given to farm animals: sugar beet pulp and beet molasses.

Sugar beet pulp

The sugar beet on arrival at the factory is washed, sliced and soaked in water, which
removes most of the sugars.After extraction of the sugar, the residue is called sugar
beet pulp. The water content of this product is 800–850 g/kg; the pulp may be sold
in the fresh state for feeding farm animals, but because of transport difficulties it is
frequently dried to a moisture content of 100 g/kg. Since the extraction process
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removes the water-soluble nutrients, the dried residue consists mainly of cell wall
polysaccharides, and consequently the crude fibre content is relatively high (about
200 g/kg DM); the crude protein and phosphorus contents are low, the former being
about 100 g/kg DM.

Most sugar beet pulp is now sold after drying and the addition of molasses; the
molasses provides about 20 per cent of the dry matter and raises the water-soluble
carbohydrate (i.e. sugar) content from 200 g/kg to 300 g/kg DM. Molassed sugar
beet pulp is used extensively as a food for dairy cows and is also given to fattening
cattle and sheep. Originally, the pulp was considered to be too fibrous a food for
pigs, but recent studies have shown that the digestibility of beet pulp fibre is high, at
about 0.80–0.85, even for young pigs. It is recommended that up to 15 per cent mo-
lassed sugar beet pulp may be included in the diet of growing pigs and up to 20 per
cent in the diets of finishers and sows.The product is not a suitable food for poultry.

Sugar beet pulp may be combined with other by-products such as distiller’s grains
(see Chapter 22).

Beet molasses

After crystallisation and separation of the sugar from the water extract, a thick black
liquid termed beet molasses remains. This product contains 700–750 g/kg DM, of
which about 500 g consists of sugars. The molasses dry matter has a crude protein
content of only 20–40 g/kg, most of this being in the form of non-protein nitroge-
nous compounds, including the amine betaine, which is responsible for the ‘fishy’
aroma associated with the extraction process.

Beet molasses is a laxative food and is normally given to animals in small quanti-
ties. Usually molasses is added to beet pulp (as mentioned above) or to other foods,
including bran, grains, malt culms, spent hops and sphagnum moss. Molasses is also
used, generally at levels of 5–10 per cent, in the manufacture of compound cubes
and pellets. The molasses not only improves the palatability of the product but also
acts as a binding agent. An additional use of molasses is as a constituent (and bind-
ing agent) in the compressed feed blocks that are used as protein, mineral and vita-
min supplements for ruminants. Since beet molasses is a rich and relatively cheap
source of soluble sugars, it is sometimes used as an additive in silage making.

Molasses is used as the feedstock for a number of industrial fermentations.When
the sugars have been fermented and the fermentation products removed, there is a
residue rich in nitrogen-containing substances and ash.This is partially dried to give
a material known as condensed molasses solubles (CMS), which contains about 
350 g of crude protein per kilogram of DM.The CMS is then mixed with molasses in
the ratio 20 : 80 to give a protein-fortified food.

Cane molasses

Although sugarcane is not a root or tuber crop, one of its major by-products, cane
molasses, is a similar food to beet molasses, and its use is therefore described in this
chapter. In the tropical and subtropical countries where sugarcane is grown, there is
often a serious shortage of sugar- or starch-containing animal foods, and so cane mo-
lasses is a valuable resource. In addition to its uses as a carrier for supplements such
as urea (see Chapter 23) and as a conditioner of compound foods, cane molasses is
used as a source of supplementary energy for forage diets, and even as the main
component of diets. In Cuba, for example, diets for beef cattle have been based on
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cane molasses offered ad libitum and providing 500–800 g/kg of total dry matter in-
take, together with some forage and a supplement of protein (preferably protein of
low rumen degradability). Such diets can give liveweight gains of about 1 kg/day but
sometimes induce a condition in cattle known as molasses toxicity. This is charac-
terised by uncoordination and blindness caused by deterioration of the brain similar
to that seen in cerebrocortical necrosis (see p. 89) and is associated with an unusual
rumen fermentation that gives rise to volatile fatty acid mixtures rich in butyrate and
poor in propionate.The condition is best avoided by ensuring that animals have suf-
ficient good-quality forage available.

TUBERS

Tubers differ from the root crops in containing either starch or fructan instead of
sucrose or glucose as the main storage carbohydrate. They have higher dry matter
and lower fibre contents (see Table 21.1) and consequently are more suitable than
roots for feeding pigs and poultry.

Potatoes

In potatoes (Solanum tuberosum) the main component is starch.The starch content
of the dry matter is about 700 g/kg; this carbohydrate is present in the form of gran-
ules that vary in size depending upon the variety.The sugar content in the dry mat-
ter of mature, freshly lifted potatoes rarely exceeds 50 g/kg, although values in
excess of this figure in stored potatoes have been obtained. The amount present is
affected by the temperature of storage, and values as high as 300 g/kg have been
reported for potatoes stored at 21°C.

The crude protein content of the dry matter ranges from about 90 g/kg to 123 g/kg,
with a mean value of about 110 g/kg.About half of this is in the form of non-protein
nitrogenous compounds. One of these compounds is the alkaloid solanidine, which
occurs free and also in combination as the glyco-alkaloids chaconine and solanine.
Solanidine and its derivatives are toxic to animals, causing gastroenteritis.The alka-
loid levels may be high in potatoes exposed to light.Associated with light exposure
is greening due to the production of chlorophyll. Green potatoes should be regarded
as suspect. Removal of the eyes and peel, in which the solanidine is concentrated,
will reduce the toxicity, but this is not a practical proposition in feeding farm
animals.Young shoots, even if white, are also likely to be rich in solanidine and these
should be removed and discarded before feeding. Immature potatoes have been
found to contain more solanidine than mature tubers.The risk of toxicity is reduced
considerably if potatoes are steamed or otherwise cooked, the water in which the
tubers have been boiled being discarded. Ensiling also destroys some of the toxin,
and so inclusion of slightly greened potatoes with grass should be acceptable. Rumi-
nants are more resistant to toxicity than monogastric animals, presumably because
of partial destruction of the toxin in the rumen.

The crude fibre content of potatoes is very low, usually less than 40 g/kg DM,
which makes them particularly suitable for pigs and poultry. However, the protein in
uncooked potatoes is frequently poorly digested by these animals, and protein di-
gestibility coefficients as low as 0.23 have been reported for pigs. In similar trials
with cooked potatoes, digestibility coefficients for protein generally exceed 0.70.

21.2
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Potatoes contain a protease inhibitor that reduces the digestibility not only of potato
protein but also of protein in other components of the diet. The inhibitor is de-
stroyed by heating; it is normal practice to cook potatoes for pigs and poultry,
although cooking is unnecessary for ruminants, presumably because the inhibitor is
destroyed in the rumen. For pigs and poultry the ME value of cooked potatoes is
similar to that of maize, about 14–15 MJ/kg DM.

Potatoes are a poor source of minerals, except for the abundant element potas-
sium; the calcium content is particularly low. The phosphorus content is rather
higher, since this element is an integral part of the potato starch molecule, but some
20 per cent of it is in the form of phytates (see p. 115).

During the storage of potatoes considerable changes in composition may occur.
The main change is a conversion of some of the starch to sugar and the oxidation of
this sugar, with the production of carbon dioxide during respiration.The respiration
rate increases with an increase in temperature. There may also be a loss of water
from the tubers during storage.

Dried potatoes

The difficulty of storing potatoes satisfactorily for any prolonged period of time has
led to a number of processing methods. Several methods of drying are used. In one
method the cooked potatoes are passed through heated rollers to produce dried po-
tato flakes. In another method sliced tubers are dried directly in flue gases; the re-
sultant potato slices are frequently ground to a meal before marketing.The products
are valuable concentrate foods for all classes of animal.

Potato processing wastes

These products are the dried residues obtained in the processing of potatoes for can-
ning and chipping for human consumption. A typical product consists of peel and
small pieces of tubers that have been coarsely ground and dried. Potato processing
wastes are of variable composition, the crude fibre content ranging from about 
30 g/kg to 70 g/kg DM and the crude protein from 70 g/kg to 140 g/kg DM. Pro-
vided the products are free from soil contamination, they are useful foods if given in
small quantities to pigs, poultry and ruminants.

Cassava

Cassava (Manihot esculenta), also known as manioc, is a tropical shrubby perennial
plant that produces tubers at the base of the stem.The chemical composition of these
tubers varies with maturity, cultivar and growing conditions. About 80 per cent of
the carbohydrate is starch, and cassava tubers are used for the production of tapioca
starch for human consumption, although the tubers are also given to cattle, pigs and
poultry. The ME value of cassava is similar to that of potatoes, but it has higher dry
matter and lower crude protein contents (see Table 21.1).

The use of fresh cassava tubers for animal feeding is limited by their low protein
content and also their poor storage capability. The tubers can be stored by burial in
pits or can be ensiled (i.e. fermented). Another limiting factor is that cassava plants
(both tubers and foliage) are to a certain degree poisonous since they contain vary-
ing proportions of two cyanogenetic glucosides (linamarin and lotaustralin), which
readily break down to give hydrocyanic acid (see p. 23). In all cases care must be
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taken in the use of the tuber; wherever the plant is grown, indigenous methods of re-
moving the glucosides have been devised. Such treatments include boiling; grating
and squeezing; and grinding to a powder and then pressing.

For export to temperate countries, cassava is dried and pelleted. Dried cassava can
be used as a partial cereal grain replacer, provided the protein deficiency is rectified.

Cassava pomace is the residue from the extraction of starch from cassava tubers.
Because of its high crude fibre content (about 270 g/kg DM), its use in the diets of
non-ruminant animals should be restricted.

Sweet potatoes

The sweet potato (Ipomoea batatas) is a very important tropical plant whose tubers
are widely grown for human consumption and as a commercial source of starch.The
tubers are of similar nutritional value to ordinary potatoes although of much higher
dry matter and lower crude protein contents (see Table 22.1). Fresh tubers that are
surplus to requirements are often cut into small pieces, sun-dried and then ground to
produce a sweet potato meal, a high-energy food of low protein content. Sun-drying
does not destroy the trypsin inhibitors believed to be present in the tubers, and
levels in the diets of farm animals are usually restricted.

SUMMARY

1. The fodder root crops of temperate climates
(turnips, swedes, mangels and fodder beet) are
characterised by their high water content
(750–940 g/kg), low crude fibre content
(40–130 g/kg DM) and high sugar content
(500–750 g/kg DM). Digestibility and ME value
are high (11–13 MJ/kg DM). They are mainly
given to ruminants.

2. Sugar beet, grown mainly for extraction of
sugar, yields two by-products for animal feed-
ing. Sugar beet pulp is similar in composition
to cereals, except for the replacement of starch
by a high fibre content (200 g/kg DM). Beet
molasses (and also sugarcane molasses) contain
sugars and only 20–40 g protein per kilogram
(mainly non-protein nitrogen). Excessive
amounts of molasses in ruminant diets give

rise to butyric acid in the rumen and may be
toxic.

3. Potato tubers are rich in starch and low in
fibre, their ME value for pigs and poultry
being 14–15 MJ/kg DM. Potato processing
wastes (mainly peel) are higher in fibre than
whole potatoes.

4. The tropical plant cassava has tubers rich in
starch but low in protein. Dried cassava meal
and by-products from starch extraction are
used in animal feeds, but they must be pre-
pared in such a way that cyanogenetic gluco-
sides are inactivated.

5. Sweet potatoes may be dried for animal feed-
ing, but they contain a trypsin inhibitor.

QUESTIONS

21.1 Describe the main differences in composition between roots and tubers.

21.2 Give three examples of potentially toxic constituents in roots and tubers.
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Cereal grains and cereal 
by-products

22

22.1 THE NUTRIENT COMPOSITION OF GRAINS

The name ‘cereal’ is given to the members of the Gramineae that are cultivated for
their seeds. Cereal grains are essentially carbohydrate concentrates, the main com-
ponent of the dry matter being starch, which is concentrated in the endosperm 
(Fig. 22.1). The dry matter content of the grain depends on the harvesting method
and storage conditions but is generally within the range of 800–900 g/kg.

Of the nitrogenous components 85–90 per cent are in the form of proteins. The
proteins occur in all tissues of cereal grains, but higher concentrations are found in the
embryo and aleurone layer than in the starchy endosperm, pericarp and testa.Within
the endosperm, the concentration of protein increases from the centre to the periph-
ery.The total content of protein in the grain is very variable; expressed as crude pro-
tein it is normally in the range 80–120 g/kg DM, although some cultivars of wheat
contain as much as 220 g/kg DM. Cereal proteins are deficient in certain indispens-
able amino acids, particularly lysine and methionine. It has been shown that the value
of cereal proteins for promoting growth in young chicks is in the order oats > barley
> maize or wheat. The high relative value of oat protein for growth has been attrib-
uted to its slightly higher lysine content.This is demonstrated in Fig. 22.2, which com-
pares the main limiting amino acid components of a number of cereal grains.

The lipid content of cereal grains varies with species.Wheat, barley, rye and rice con-
tain 10–30 g/kg DM, sorghum 30–40 g/kg DM and maize and oats 40–60 g/kg DM.The
embryo, or germ, contains more oil than the endosperm; in wheat, for example, the
embryo has 100–170 g/kg DM of oil, while the endosperm contains only 10–20 g/kg
DM.The embryo of rice is exceptionally rich in oil, containing as much as 350 g/kg DM.
Cereal oils are unsaturated, the main acids being linoleic and oleic; because of this they
tend to become rancid quickly and also produce a soft body fat in pigs and poultry.
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Fig. 22.1 Longitudinal section of caryopsis (grain) of wheat.

Fig. 22.2 Main limiting indispensable amino acids of cereal grains (g/16 g N). Straight lines
indicate requirements for chicks; dotted lines indicate requirements for growing pigs.
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The crude fibre content of the harvested grains is highest in those, such as oats
and rice, that contain a husk or hull formed from the fused glumes (palea and
lemma), and is lowest in the ‘naked’ grains, wheat and maize.The husk has a diluent
effect on the grain as a whole and reduces the energy value proportionally. Of the
grains as harvested, oats has the lowest metabolisable energy value and maize has
the highest, the respective values (MJ/kg DM) for poultry being around 12 and 16
and for ruminants 12 and 14.

Starch occurs in the endosperm of the grain in the form of granules, whose size
and shape vary with different species. Cereal starches consist of about 25 per cent
amylose and 75 per cent amylopectin, although ‘waxy’ starches contain greater pro-
portions of amylopectin.

The cereals are all deficient in calcium, containing less than 1 g/kg DM.The phos-
phorus content is higher, being 3–5 g/kg DM, but part of this is present as phytic acid
(see p. 115), which is concentrated in the aleurone layer. Cereal phytates have the
property of being able to bind dietary calcium and probably magnesium, thus pre-
venting their absorption from the gut; oat phytates are more effective in this respect
than barley, rye or wheat phytates.The cereal grains are deficient in vitamin D and,
with the exception of yellow maize, in provitamins A.They are good sources of vita-
min E and thiamin, but they have a low content of riboflavin. Most of the vitamins
are concentrated in the aleurone layer and the germ of the grain.

Calves, pigs and poultry depend upon cereal grains for their main source of en-
ergy, and at certain stages of growth as much as 90 per cent of their diet may consist
of cereals and cereal by-products. Cereals generally form a lower proportion of the
total diet of ruminants, although they are the major component of the concentrate
ration.

22.2 BARLEY

Barley (Hordeum sativum) has always been a popular grain in the feeding of farm
animals, especially pigs. In most varieties of barley the kernel is surrounded by a
hull, which forms about 10–14 per cent of the weight of the grain.

The metabolisable energy value (MJ/kg DM) is about 13.3 for ruminants and 13.2
for poultry, and the net energy value for growing pigs is 11.0.The crude protein con-
tent of barley grain ranges from about 60 g/kg to 160 g/kg DM, with an average
value of about 115 g/kg DM. As with all cereal grains, the protein is of low quality,
being particularly deficient in the amino acid lysine. High-lysine mutants of barley
have been produced by plant breeders and the superior nutritional value of two such
mutants – Notch 1 and Notch 2 – is shown in Table 22.1. Unfortunately, with many
of these mutants the yields of grain are much lower (about 30 per cent) than from
parent varieties, and the starch contents may be reduced.

The lipid content of barley grain is low, usually less than 25 g/kg DM.The range in
dry matter composition of 179 samples of barley grain harvested in Wales is given in
Table 22.2.

In many parts of the world, and in particular in the UK, barley forms the main con-
centrate in the diets of pigs and ruminants. In the ‘barley beef’ system of cattle feed-
ing, beef cattle are fattened on concentrate diets consisting of about 85 per cent
bruised barley without the use of roughages. In this process the barley is usually
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Table 22.1 Composition and nutritive value of whole-grain barley samples of
parent variety NP 113, and of mutant varieties Notch 1 and Notch 2 

NP 113 Notch 1 Notch 2

Protein (g/kg) 117 157 146
Lysine (g/16 g N) 3.88 4.00 3.96
Starch (g/kg) 662 396 414
Crude fibre (g/kg) 70 104 128
BVa 0.76 0.86 0.88
NPUa 0.66 0.68 0.73

a Biological value and net protein utilisation with rats.

After Balaravi S P et al. 1976 Journal of the Science of Food and Agriculture 27: 545.

Table 22.2 Dry matter composition of 171 oat and 179 barley grain samples grown in Wales, 1961–63

Oats Barley

Range Mean Coeff. of Range Mean Coeff. of 

variationa variationa

Proximate constitutents (g/kg)
Crude protein 72–145 107 13.4 66–153 108 15.7
Crude fibre 80–179 125 13.6 38–73 56 12.5
Ether extract 9–80 52 20.2 11–32 19 15.8
Ash 22–41 31 8.7 17–42 25 12.4

Major mineral elements (g/kg)
Ca 0.7–1.8 1.1 18.2 0.5–1.6 0.8 25.6
Mg 1.0–1.8 1.3 13.1 0.9–1.6 1.2 8.3
K 3.1–6.5 4.7 17.0 3.5–6.3 4.9 12.2
Na 0.04–0.6 0.2 47.8 0.06–0.4 0.2 41.2
P 2.9–5.9 3.8 10.5 2.6–5.2 3.8 11.8
Cl 0.4–1.8 0.9 33.3 0.8–2.2 1.4 21.4

Trace elements (mg/kg)
Cu 3.0–8.2 4.7 17.0 3.5–19.8 6.6 27.3
Co 0.02–0.17 0.05 53.0 0.02–0.18 0.07 48.6
Mn 22–79 45 28.9 5–47 16 31.3
Zn 21–70 37 27.0 19–77 37 77.0

Energy (MJ/kg)
Metabolisable energy for poultry 9.5–14.4 12.1 7.2 12.9–15.0 14.1 2.6

a Standard deviation as % of mean.

After Morgan D E 1967 and 1968 Journal of the Science of Food and Agriculture 18: 21; and 19: 393.

treated so that the husk is kept in one piece and at the same time the endosperm is
exposed, the best results being obtained by rolling grain at a moisture content of
160–180 g/kg. Storage of high-moisture barley of this type can present a problem be-
cause of the possibility of mould growth. Satisfactory preservation of the moist grain
can be obtained if it is stored anaerobically.An additional or alternative safeguard is
to treat the grain with a mould inhibitor such as propionic acid (see p. 526). Grain
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stored at high moisture loses its vitamin E content. Certain hazards, such as rumen
acidosis (rapid fermentation of the starch to lactic acid, resulting in depression
of digestion of fibre and food intake) and bloat (see p. 178), can be encountered
with high-concentrate diets given to ruminants, and it is necessary to introduce
this type of feeding gradually over a period of time. It is important that a protein
concentrate with added vitamins A and D and minerals be used to supplement high-
cereal diets of this type.

Barley should always have the awns removed before it is offered to poultry,
otherwise digestive upsets may occur.

Barley by-products
By-products of the brewing industry (Fig. 22.3)

In brewing, barley is first soaked and allowed to germinate. During this process,
which is allowed to continue for about 6 days, a complete enzyme system for hy-
drolysing starch to dextrins and maltose develops.Although the enzymatic reactions
have been initiated in this germination, or malting, process, the main conversion of
the starch in the grain to maltose and other sugars takes place during the next
process, described as mashing. After germination but before mashing, the grain or
malt is dried, care being taken not to inactivate the enzymes. The sprouts are re-
moved and are sold as malt culms or coombs. The dried malt is crushed, and small
amounts of other cereals such as maize or rice may be added.Water is sprayed on to
the mixture and the temperature of the mash increased to about 65 °C.

The object of mashing is to provide suitable conditions for the action of enzymes
on the proteins and starch, the latter being converted to dextrins, maltose and small

Beer or
lager

Spent hops

Wet spent grain: brewer’s grains

Dried rootlets: malt culms

Brewer’s yeast

Wort

Steep water

Barley + water

Cereals + water

Hops

Yeast

Fig. 22.3 The brewing process and its by-products.
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amounts of other sugars. After the mashing process is completed, the sugary liquid,
or wort, is drained off, leaving brewer’s grains as a residue. Brewer’s grains are sold
wet or dried as food for farm animals.

The wort is next boiled with hops, which give it a characteristic flavour and
aroma; the hops are then filtered off and after drying are sold as spent hops. The
wort is then fermented in an open vessel with yeast for a number of days, during
which time most of the sugars are converted to alcohol and carbon dioxide. The
yeast is filtered off, dried and sold as brewer’s yeast.

The by-products obtained from the brewing process are therefore malt culms,
brewer’s grains, spent hops and brewer’s yeast.

Malt culms

Malt culms consist of the plumule and radicle of barley and are relatively rich in crude
protein (about 280 g/kg DM).They are also produced as a by-product of the distilling
industry (see below).They are not a high-energy food, however, and because of their
fibrous nature their use is generally restricted to the feeding of ruminants and horses.
The quality of protein in malt culms is poor and this, together with the high fibre con-
tent, limits their use for pigs to diets for pregnant sows, or at low levels in finishing
diets. Malt culms have a bitter flavour owing to the presence of the amino acid as-
paragine, which forms about one-third of the crude protein. However, when mixed
with other foods they are accepted readily by cattle and have been included in concen-
trate mixes at levels up to 500 g/kg. A related by-product is malt residual pellets,
which comprise malt culms and other malt screenings. These have lower fibre and
higher starch contents than plain malt culms, giving a slightly higher ME for ruminants
(11.5 MJ/kg v. 11 MJ/kg DM) and lower crude protein (220 g/kg v. 280 g/kg DM).

Brewer’s grains

Brewer’s grains, or draff, consist of the insoluble residue left after removal of the
wort. In addition to the insoluble barley residue, this product may contain maize and
rice residues and, because of this, the composition of the product can be very vari-
able, as illustrated in Table 22.3.

Table 22.3 The nutritional value of fresh brewer’s grainsa

Mean Range

Dry matter (g/kg) 263 244–300
Crude protein (g/kg DM) 234 184–262
Crude fibre (g/kg DM) 176 155–204
Ether extract (g/kg DM) 77 61–99
Total ash (g/kg DM) 41 36–45
Digestible organic matter (g/kg DMb) 594 552–643
Metabolisable energy (MJ/kg DMc) 11.2 10.5–12.0
Digestible crude protein (g/kg DMc) 185 139–213

a Results for seven samples selected from widely different sources in the UK.
b In vitro.
c Measured in sheep.

Adapted from Barber W P and Lonsdale C R 1980 Occasional Publication no. 3, Reading, British Society of
Animal Production, pp. 61–9.
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The fresh brewer’s grains contain about 700–760 g water/kg and may be given to
cattle, sheep and horses in this fresh state or alternatively preserved as silage. More
brewer’s grains are produced in summer than winter, and therefore ensilage is a pop-
ular form of storage for winter feeding.The wet product can be dried to about 100 g
water/kg and sold as dried brewer’s grains.The rumen degradability of the protein of
the dried product is about 0.6 compared with about 0.8 in the original barley.
Brewer’s grains are a concentrated source of digestible fibre, and energy losses from
the rumen as methane are lower than with high-starch feeds.They are high in phos-
phorus but low in other minerals. Brewer’s grains have always been a popular food
for dairy cows, but they are of little value for poultry.They are not very suitable for
pigs except for pregnant sows, which have a large intake capacity and an active hind
gut fermentation, which enables them to utilise this material.

Spent hops

Dried spent hops are a fibrous product and comparable to poor hay in nutritive value,
but they are less palatable, probably because of their bitter flavour. This product is
rarely used as a food for animals today, most of it being sold for use as fertiliser.

Dried brewer’s yeast

Dried yeast is a protein-rich concentrate containing about 420 g crude protein/kg. It
is highly digestible and may be used for all classes of farm animal. The protein is of
fairly high nutritive value and is specially favoured for feeding pigs and poultry. It is
a valuable source of many of the B group of vitamins, is relatively rich in phosphorus
but has a low calcium content. Other yeasts are now available as protein concen-
trates; these are described in Chapter 23.

By-products of the distilling industry

In distilling, the soluble materials may be extracted, as in brewing, or the whole mass
fermented, the alcohol then being distilled off. The residue after filtration is sold as
wet or dried distiller’s grains. In Scotland, whisky distilleries are either malt or grain
types (Fig. 22.4).The former use barley malt alone, whereas the latter use a mixture
of cereals, which may include barley, maize, wheat and oats.

Distiller’s grains (draff)

The composition of distiller’s grains depends on the starting materials and can vary
widely (Table 22.4). Malt distiller’s grains are less variable in composition. Grain
distiller’s grains have a higher energy content than malt distiller’s grains but have a
lower content of some minerals. In general, distiller’s grains are low in soluble min-
erals, sodium and potassium, and also in calcium and magnesium. As with brewer’s
grains, distiller’s grains are a useful feed for dairy cows and are often ensiled for win-
ter feeding. Most of the lipid in the original grain is retained in this by-product, and
it has a high content of unsaturated fatty acids, which reduces microbial digestibility
of fibre in the rumen and depresses intake. Digestibility and intake can be improved
by the addition of calcium carbonate, which forms insoluble calcium soaps of the
unsaturated fatty acids, thereby overcoming their effects on the rumen microbes.The
low dry matter and high fibre contents restrict the inclusion of distiller’s grains in pig
diets to those for pregnant sows.The production of dried distiller’s grains (distiller’s
light grains) has now ceased owing to the high costs of drying.
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Distiller’s solubles

After distilling off the alcohol, the liquor (‘spent wash’ in grain distilleries and ‘pot
ale’ in malt distilleries) remaining in the whisky still is evaporated and then spray
dried to produce a light-brown powder of variable composition known as ‘distiller’s
solubles’. Lime is added to aid drying so that it is rich in calcium. Only small
amounts of dried solubles are produced because of the high cost of drying, and their
use is usually restricted to low levels in diets for pigs and poultry.They are a valuable
source of the B group of vitamins.Although the protein content is high, the heating
during drying reduces the availability of the amino acids. The dried solubles are re-
ported to stimulate the activity of the rumen microflora.A cruder preparation of pot
ale is the condensed form ‘pot ale syrup’, which contains about 300–500 g DM/kg

Barley + water

Dried rootlets: malt culms
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Wet spent malt: malt draff
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Pot ale

Superdraff

Malt distiller’s
light grains

Malt distiller’s
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( )a
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water
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Fig. 22.4 (a) The malt distilling process and its by-products. (b) The grain distilling
process and its by-products.
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and 350 g crude protein/kg DM and has a metabolisable energy value for ruminants
of 14.2 MJ/kg DM. Much of the crude protein is in the form of breakdown products
such as peptides and amino acids and is virtually all degradable in the rumen. How-
ever, the heat treatment results in the protein being of poor quality for pigs, and it
should be offered with good-quality protein sources, such as fishmeal. The mineral
content of pot ale syrup is unbalanced, with low calcium and sodium but high phos-
phorus and potassium contents. It should be given with caution to sheep because of
its high content of copper, present as a contaminant from copper stills.

Distiller’s dark grains

The spent wash or pot ale is often mixed (in proportions of 1 : 2–1 : 4) with the
distiller’s grains and dried together to yield a material sold as ‘distiller’s dried grains
with solubles’ or ‘dark grains’ (see Table 22.4).The mixture from malt distilleries is re-
ferred to as ‘malt’ or ‘barley dark grains’, whereas that from grain distilleries is referred
to as ‘grain’, ‘wheat’ or ‘maize dark grains’.They are usually pelleted. Grain dark grains
have the higher energy value owing to higher fat and protein contents and a lower
fibre content. Dark grains generally are a balanced feed for ruminants, but the
degradability of the protein may vary according to the drying process.Additionally,
the quality of the undegradable protein may be poor as a result of heat damage.This
factor also limits the value of the protein for pigs, although with appropriate sup-
plementation with amino acids the grains can form up to 15 per cent of the diets for
growing and finishing pigs. Dry sows can be fed at higher levels. Like other distill-
ery by-products, dark grains are a good source of phosphorus and the copper con-
tent may be high, especially in malt distiller’s dark grains. Some distilleries sell the
mixed draff and pot ale syrup in the fresh state, a material known as ‘superdraff’,
whereas others distil the alcohol directly from the fermented grain mixture, leaving
a combined grain and solubles product that is then also sold fresh or dried.Thus, the

Table 22.4 The nutritive value of distiller’s grains

Malt distiller’s Grain distiller’s Malt distiller’s Grain distiller’s 

grains grains (supergrains) dark grains dark grainsa

Dry matter (g/kg) 230 (270b) 260 900 890 (890)
Crude protein (g/kg DM) 198 320 275 340 (317)
Ether extract (g/kg DM) 125 106 35 69 (110)
Crude fibre (g/kg DM) 174 160 121 89 (91)
Ash (g/kg DM) 36 16 60 52 (46)
Metabolisable energy (ruminants) 

(MJ/kg DM) 11.1 (10.8b) 13.0 12.2 13.5 (14.0)
Degradability of crude protein 0.80 0.80 0.70 0.70 (0.70)
Digestible energy (pigsc) (MJ/kg DM) 11.7 12.0 10.0 10.5
Lysine (g/kg DM) 5.8 6.9 8.9 7.8

a Values are for wheat-based (maize-based) dark grains.
b Values for ensiled grains are given in parentheses.
c Values are applicable for growing/finishing pigs, corrected for less efficient use of products of fermentation;
values for dry sows are likely to be 10–15 per cent higher.

Adapted from Black H et al. 1991 Distillery By-products as Feeds for Livestock, Aberdeen, Scottish Agricultural College.
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BOX 22.1 Animal food by-products from the biofuel industries

The production of biofuels (ethanol, butanol and biodiesel) falls into two categories:

■ the fermentation of starch or sugar to produce alcohol, which is then obtained by distillation;
■ the crushing and expelling of oil from oilseeds (e.g. rapeseed).

Both processes yield by-products that are useful foods for animals.
The fermentation of starch from cereals produces ethanol.Wheat is the main grain in Europe and

maize in the USA.The process is analogous to grain whisky distilling described above (see p. 548).
The cereal is ground, cooked, liquefied and allowed to cool, then yeast is added with nutrients and
enzymes, the mash is fermented and the alcohol is distilled off. However, since in the industrial
process enzymes are used to extract more starch from the grain, the resulting product, which is a
combination of spent grains (like draff) and yeast (like spent wash), has less starch than the distiller’s
dried grains and solubles (DDGS, or dark grains) product from whisky distilleries.The DDGS from
biofuel production has a similar feeding value for ruminants to dark grains.The nutritional value of
the product varies with the processing plants, which is of concern to pig and poultry nutritionists
with respect to the digestibility and availability of amino acids. Enzyme preparations have been
produced to improve the nutritional value of the product.

Sugars are extracted from sugar beet roots, as described on p. 535, and are fermented to produce
butanol. The by-product is the familiar sugar beet pulp (see p. 535), which is a valuable fibrous
energy source for ruminants and can also be fed to pigs. In the Americas, sugars extracted from
sugarcane are also fermented to produce alcohol; the fibrous by-product, bagasse (see p. 495), is of
low quality and is only appropriate for feeding to ruminants.

The crushing and expelling of oil from oilseeds is described on p. 563 and yields rapeseed meal.
The meal from the expeller process has higher oil and lower protein contents than solvent-extracted
meals and has a higher energy value. In some cases the seed is merely crushed and even higher levels
of oil remain.The oil is refined and hydrolysed, yielding fatty acids for biodiesel and glycerol, which
has several uses, including medical, pharmaceutical, cosmetic and industrial applications and as
animal food.The gross energy of pure glycerol is 18.1 MJ/kg but the process results in materials with
varying degrees of water content and contamination. One contaminant that must be controlled is
methanol, which causes digestive and metabolic disorders. Glycerol is used to alleviate ketosis in
dairy cows since it is a glucose precursor. Commercial products have a ruminant ME value of
around 15 MJ/kg and DE and NE values in growing pigs of around 15.5 MJ/kg and 14 MJ/kg,
respectively.

distilleries differ in details of the distilling process, resulting in versions of by-products
that are specific to the distillery.

A detailed account of the processes and by-products of the brewing and distilling
industries is given by Crawshaw (see Further reading).

By-products of the pearl barley industry

In the preparation of pearl barley for human consumption, the bran coat is removed
and the kernel is polished to produce a white shiny grain. During this process three by-
products, described as coarse, medium and fine dust, are produced; these are frequently
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mixed and sold as barley feed. Barley feed contains about 140 g crude protein/kg DM
and about 100 g crude fibre/kg DM.The amount of this product available in the UK is
very small.

22.3 MAIZE

A number of different types of maize (Zea mays) exist, and the grain appears in a
variety of colours, yellow, white and red.Yellow maize contains a pigment, cryptox-
anthin, that is a precursor of vitamin A. In the USA, where it is known as corn, large
amounts of this cereal are grown, the yellow varieties being preferred for animal
feeding.The pigmented grain tends to colour the carcass fat, which in the UK is not
considered desirable, so that white maize varieties are preferred for fattening ani-
mals. However, the pigment is useful in diets for laying hens, where it contributes to
the production of the orange coloration of egg yolk.

Maize, like the other cereal grains, has certain limitations as a food for farm
animals.Though an excellent source of digestible energy it is low in protein, and the
proteins present are of poor quality (see Fig. 22.2). Maize contains about 730 g
starch/kg DM, is very low in fibre and has a high metabolisable energy value. The
starch in maize is digested more slowly in the rumen than that of other grains, and at
high levels of feeding a proportion of the starch passes into the small intestine,
where it is digested and absorbed as glucose.This may have advantages in conditions
such as ketosis (see p. 265), although some of the glucose is used by the viscera and
this reduces the amount reaching the liver.When the starch is cooked during process-
ing, it is readily fermented in the rumen.The oil content of maize varies from 40 g/kg
to 60 g/kg DM and is high in linoleic acid, which is an important factor in the diet
controlling the egg size of hens. However, it tends to produce a soft body fat.

The crude protein content of maize is very variable and generally ranges from
about 90 g/kg to 140 g/kg DM, although varieties have been developed containing
even higher contents. In the USA, the tendency has been to develop hybrid varieties
of lower protein content.

The maize kernel contains two main types of protein. Zein, occurring in the
endosperm, is quantitatively the more important, but this protein is deficient in the
indispensable amino acids tryptophan and lysine (see Fig. 22.2). The other protein,
maize glutelin, occurring in lesser amounts in the endosperm and also in the germ, is
a better source of these two amino acids. Varieties of maize have been produced
with amino acid components different from those present in normal maize. One such
variety is Opaque-2, which has a high lysine content. The difference between this
variety and normal maize is primarily attributed to the zein/glutelin ratio.

Opaque-2 has been reported to be nutritionally superior to normal maize for the
rat, pig, man and chick, but only in methionine-supplemented diets.A newer variety,
Floury-2, has increased contents of both methionine and lysine and has been shown
in studies with chicks to be superior to Opaque-2 maize in diets not supplemented
with methionine.

Maize by-products

In the manufacture of starch and glucose from maize, a number of by-products are
obtained that are suitable for feeding farm animals (Fig. 22.5).
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The cleaned maize is soaked in a dilute acid solution and is then coarsely ground.
The maize germ floats to the surface and is removed for further processing. The
degermed grain is then finely ground and the bran is separated by wet screening.
The remaining liquid consists of a suspension of starch and protein (gluten), which
are separated by centrifugation. The process gives rise to three by-products – germ,
bran and gluten.

The germ is very rich in oil, which is valued by the human food industry, and most
is extracted before producing the germ meal. Maize germ meal is a variable product,
depending on the degree of separation at milling (starch and fibre content) and the
extraction process – screw versus solvent (oil content). In a study of five samples of
the meal, the starch, neutral-detergent fibre and oil contents were in the ranges
435–570 g/kg, 220–572 g/kg and 35–127 g/kg DM, respectively. In the UK, the
Feeding Stuffs Regulations require the declaration of oil and protein content. The
protein has a good amino acid balance.The oil in high oil content meals can oxidise
rapidly if they are not stored under the appropriate conditions. Maize gluten
(prairie) meal has a very high protein content (up to about 700 g/kg DM) and is high
in pigments, and so it is valued in poultry diets. The three by-products (germ, bran
and gluten) are frequently mixed together and sold as maize gluten feed. This food
has a variable protein content, normally in the range 200–250 g/kg DM, of which
about 0.6 is degraded in the rumen. Dark brown material indicates heat damage,
which will decrease the digestibility of the protein. Maize gluten feed has a crude
fibre content of about 80 g/kg DM, and metabolisable energy values of about
9 MJ/kg and 12.5 MJ/kg DM for poultry and ruminants, respectively, and a net
energy value for growing pigs of 8 MJ/kg DM. Since it is a milled product, the fibre
will not have the same effect as a long roughage in ruminant diets. Nevertheless,

Maize grain

Soak in dilute acid

Coarse grind

Fine grind
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Centrifuge
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Extract

Maize germ meal Oil
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Starch Gluten
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Fig. 22.5 The processing of maize to produce starch and the by-products formed.
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maize gluten feed has been used as a substantial proportion of the concentrate feed
of dairy cows. It is generally limited to about 10–20 per cent in pig foods.

22.4 OATS

The oat (Avena sativa) has always been a favourite cereal for ruminant animals and
horses but has been less popular in pig and poultry feeding because of its compara-
tively high fibre content and low energy value.

The nutritive value of oats depends to a large extent on the proportion of kernel
(groat) to hull. The proportion of hull in the whole grain depends upon the variety,
environment and season, and can vary from 23 per cent to 35 per cent (average
27 per cent). Oats of high hull content are richer in crude fibre and have a lower
metabolisable energy value than low-hulled oats.

The crude protein content, which ranges from 70 g/kg DM to 150 g/kg DM, is in-
creased by the application of nitrogenous fertilisers. Oat proteins are of poor quality
and are deficient in the essential amino acids methionine, histidine and tryptophan,
the amount of each of these acids in oat protein being generally below 20 g/kg.The
lysine content is also low but is slightly higher than that of the other cereal proteins.
Glutamic acid is the most abundant amino acid of oat protein, which may contain up
to 200 g/kg.

The oil content of oats is higher than that of most of the other cereal grains, and
about 60 per cent of it is present in the endosperm. As mentioned earlier, the oil is
rich in unsaturated fatty acids and has a softening effect on the body fat.The range in
dry matter composition of 171 samples of oat grain harvested in Wales is shown in
Table 22.2.

The husk of a variant of oats, naked oats (Avena nuda), is removed easily during
threshing, leaving the kernel. Originally the yield and nutritional quality were low,
but an improved variety, Rhiannon, was subsequently developed by the Welsh Plant
Breeding Station (now the Institute for Biological and Environmental Rural Sciences).
Naked oats have about 130–140 g crude protein, 6 g lysine and 100 g oil/kg DM.

Oat by-products

During the commercial preparation of oatmeal for human consumption, a number of
by-products are obtained that are available for animal feeding. When the oats are
received at the mill they contain a number of foreign grains, mainly other cereals
and weed seeds, which are removed as cockle before processing.The cleaned oats are
then stabilised by steaming to inactivate the enzyme lipase, which is located almost
entirely in the pericarp of the kernel. After stabilisation, the oats are kiln dried
before passing on to the huller, which removes the husks. The kernels are then
brushed or scoured to detach the fine hairs that cover much of their surface.

The main by-products of oatmeal milling are oat husks or hulls, oat dust and
meal seeds.The hulls form the main by-product, about 70 per cent of the total, and
the commercial product consists of the true husks with a variable proportion, up to
10 per cent, of kernel material. Oat hulls are of very low feeding value, being little
better than oat straw. Their crude protein content is so low (about 30 g/kg DM)
that in digestibility studies negative digestibility coefficients for nitrogen are likely
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to be obtained, as the amount of metabolic nitrogen excreted is greater than that
digested from them. The crude fibre content is usually in the range 350–380 g/kg
DM, which makes the by-product valueless as food for animals other than ruminants.

Oat dust is rich in kernel material and includes the kernel hairs removed from the
grain during brushing. It has a protein content of about 100 g/kg DM. Meal seeds con-
sist of slivers of husk and fragments of kernels in approximately equal proportions.

Oat hulls may be combined with oat dust in the proportion in which they
come from the mill (4 : 1) to produce a product sold as ‘oat feed’. This material is
rather better in feeding value than the hulls alone, but the digestibility of the
protein is still low. In the UK oat feed should not, by legal definition, contain
more than 270 g crude fibre/kg. An alternative use for the hulls is in the brewing
industry, where they are often added to the malt to assist in the drainage of wort
from the mash tun.

The dehusked oats themselves (kernels or groats) are of high nutritive value, con-
taining about 180 g crude protein/kg DM and less than 30 g crude fibre/kg DM.The
groats are generally too expensive to give to farm animals and are ground into oat-
meal after removal of the tips.The tips are mixed with any residues that accumulate
during the flow of the oats during milling and the product is designated ‘flowmeal’.
Flowmeal can be a very valuable food, since it may contain the germ; most of this
by-product, however, is absorbed by the compound trade.

Cooked oatflakes, although expensive, are a useful ingredient in the diet of very
young piglets.

22.5 WHEAT

Grain of wheat (Triticum aestivum) is very variable in composition.The crude pro-
tein content, for example, may range from 60 g/kg DM to 220 g/kg DM, though it
is normally in the range 80–140 g/kg DM. Climate, soil fertility and variety influ-
ence the protein content. The amount and properties of the proteins present in
wheat are very important in deciding the quality of the grain for flour production.
The most important proteins present in the endosperm are a prolamin (gliadin)
and a glutelin (glutenin).The mixture of proteins present in the endosperm is often
referred to as ‘gluten’. The amino acid composition of these two proteins differs,
glutenin containing about three times as much lysine as that present in gliadin.The
main amino acids present in wheat gluten are the dispensable acids glutamic acid
(330 g/kg) and proline (120 g/kg). Wheat glutens vary in properties, and it is
mainly the properties of the gluten that determine whether the flour is suitable for
bread or biscuit making. All glutens possess the property of elasticity. Strong
glutens are preferred for bread making and form a dough that traps the gases
produced during yeast fermentation.

This property of gluten is considered to be the main reason why finely ground
wheat is unpalatable when given in any quantity to animals. Wheat, especially if
finely milled, forms a pasty mass in the mouth and rumen, and this may lead to
digestive upsets. Poultry are less susceptible, although wheat with a high gluten con-
tent should not be given since a doughy mass may accumulate in the crop. Newly
harvested wheat is apparently more harmful in this respect than wheat that has been
stored for some time.



Other cereals

555

Wheat by-products

The wheat grain consists of about 82 per cent endosperm, 15 per cent bran or seed coat,
and 3 per cent germ. In modern flour milling, the object is to separate the endosperm
from the bran and germ.The wheat, after careful cleaning and conditioning, is blended
into a suitable mix (grist), depending upon the type of flour required, and is passed
through a series of rollers arranged in pairs.The first pair of rollers have a tearing action
and release the bran coat from the endosperm.The rollers gradually break up the ker-
nels and at the end of the various stages the flour is removed by sieving.The proportion
of flour obtained from the original grain is known as the extraction rate.The mechani-
cal limitations of milling are such that in practice about 75 per cent is the limit of white
flour extraction; higher extraction rates result in the inclusion of bran and germ with
the flour. In the UK, wholemeal and brown flour are frequently made by adding all, or
some of, the milling by-products, respectively, to the straight-run white flour. Alterna-
tively, the whole grain may be ground between stones to form a coarse wholemeal.

In the production of white flour, the extraction rate varies in different countries,
but in the UK it is about 74 per cent. The remaining 26 per cent constitutes the
residues, or offals. Before roller milling replaced stone milling, many different grades
of wheat offals were sold.The names of these varied in different parts of the country
and even from mill to mill. Some names simply indicate the quality of the by-
product or the stage of the process at which they arose, for example middlings and
thirds. In modern roller milling, the offals may be sold complete as straight-run
wheat feed or as three separate products – germ, fine wheat feed (shorts in the USA;
pollard in Australia) and coarse wheat feed or bran.

The germ or embryo is very rich in protein (ca. 250 g/kg DM), low in fibre, and an
excellent source of thiamin and vitamin E. It may be collected separately or may be
allowed to flow on to the fine wheat feed by-product.

Fine wheat feed varies considerably in composition, depending on the original
grist and the extraction rate.The crude protein content is generally within the range
160–210 g/kg DM and the crude fibre content about 40–100 g/kg DM. Fine wheat
feed can be safely used for all classes of farm animals and levels up to 30 per cent
can be used satisfactorily in diets for finishing pigs.

Coarse wheat feed, or bran, contains more fibre and less protein than fine wheat feed
and has always been a popular food for horses. It is not considered to be a suitable food
for pigs and poultry because of its high fibre content. However, very little bran is now
available for feeding animals, as most of it is used in the preparation of breakfast cereals.

22.6 OTHER CEREALS

Rice

Rice (Oryza sativa), the main cereal crop of eastern and southern Asia, requires a sub-
tropical or warm temperate climate, and little is grown in Europe north of latitude 49°.

Rice, when threshed, has a thick fibrous husk or hull like that of oats, and in this
state is known as rough rice.The hull amounts to some 20 per cent of the total weight
and is rich in silica.The hull is easily removed to leave a product known as brown rice.
Brown rice is still invested in the bran, which may be removed with the aleurone
layer and the germ by skinning and polishing, thus producing polished rice.
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Rough rice may be used as a food for ruminants and horses, but brown rice is
preferable for pigs and compares favourably with maize in protein and energy value.
Most rice, however, is used for human consumption and little is available in the UK
for farm animals.

The two main by-products obtained from rice milling are the hulls and rice meal.
The hulls are high in fibre content and can contain up to 210 g/kg DM of silica.They
also have sharp edges, which may irritate the intestine and should never be given to
animals. Rice meal or rice bran comprises the pericarp, the aleurone layer, the germ
and some of the endosperm, and is a valuable product containing about 120–145 g
crude protein/kg DM and 110–180 g oil/kg DM. The oil is particularly unsaturated
and may become rancid very quickly; if it is removed, a product, extracted rice bran,
of better keeping quality is obtained. The amounts of oil, crude protein and crude
fibre in rice meal sold in the UK must be declared.

In the preparation of starch from rice, a product known as rice sludge or rice slump is
left as a residue.The dried product has a crude protein content of about 280 g/kg DM
and low crude fibre and oil contents, and is suitable for ruminants and pigs.

Rye

The use of rye (Secale cereale) in the UK is relatively small and little is grown for
feeding farm animals. Rye grain is very similar to wheat in composition, although rye
protein has higher lysine and lower tryptophan contents than wheat protein. It is re-
garded as being the least palatable of the cereal grains. It is also liable to cause diges-
tive upsets and should always be given with care and in restricted amounts.

Rye contaminated with ergot (Claviceps purpurea) may be dangerous to animals.
This fungus contains a mixture of alkaloids, of which ergotamine and ergometrine
are the most important and, in view of their action on uterine muscle, have been im-
plicated as a cause of abortion in cattle consuming ergot-infested rye. However, it is
not certain that the quantity of ergotamine could be sufficient to cause abortion.
More importantly, chronic poisoning by the alkaloids causes injury to the epithelium
of the capillaries, reducing blood flow and resulting in coldness and insensitivity of
the extremities. Subsequently, lameness and necrotic lesions occur in the feet, tail
and ears of mammals and the comb, tongue and wattle of birds.

Like wheat, rye should be crushed or coarsely ground for feeding to animals. Rye
is not commonly given to poultry. Studies with chicks have shown that rye contains
at least two detrimental factors, an appetite-depressing factor located primarily in
the bran, and a growth-depressing factor found in all parts of the grain.

Most of the rye grown in the UK is used for the production of rye breads and
speciality products for human consumption. Some is used for brewing and distilling.
The offals from the production of rye malt are rye bran and rye malt culms, but these
are available in such small amounts in the UK as to be of little importance.

Triticale

Triticale is a hybrid cereal derived from crossing wheat with rye. Its name is derived
from a combination of the two generic terms for the parent cereals (Triticum and
Secale). The objective in crossing the two cereals was to combine the desirable
characteristics of wheat, such as grain quality, productivity and disease resistance,
with the vigour and hardiness of rye.
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Triticale is grown commercially in central and northern Europe, North America
and South America, mainly for animal feeding. Its composition is very variable; Hun-
garian strains, for example, can range in crude protein content from 110 g/kg DM to
185 g/kg DM. Recent strains of triticale are at least equal in protein content to
wheat, and the quality of protein in the hybrid is better than that in wheat because
of its higher proportion of lysine and sulphur-containing amino acids. However, it is
deficient in tryptophan. As with rye, triticale is subject to ergot infestation. Studies
using this hybrid have demonstrated increased liver abscesses in steers when com-
pared with sorghum diets. Triticale contains trypsin inhibitors and alkyl resorcinols,
and both of these have been implicated in problems of poor palatability and per-
formance in pigs. It is generally recommended that triticale be limited to 50 per cent
of the grain in the diets of farm animals.

Millet

The name ‘millet’ is frequently applied to several species of cereals that produce small
grains and are widely cultivated in the tropics and warm temperate regions of the world.

The most important members of this group include Pennisetum americanum
(pearl or bulrush millet), Panicum miliaceum (proso or broomcorn millet), Setaria
italica (foxtail or Italian millet), Eleusine coracana (finger or birdsfoot millet),
Paspalum scorbiculatum (kodo or ditch millet) and Echinochloa crusgalli (Japanese
or barnyard millet).

The composition of millet is very variable, the crude protein content being
generally within the range 100–120 g/kg DM, the ether extract 20–50 g/kg DM and
the crude fibre 20–90 g/kg DM.

Millet has a nutritive value very similar to that of oats and contains a high content
of indigestible fibre owing to the presence of hulls, which are not removed by ordi-
nary harvesting methods. Millet is a small seed and is usually ground for feeding
animals other than poultry.

Sorghum

Sorghum (Sorghum bicolor) is the main food grain in Africa and parts of India and
China.This cereal is also grown in the southern parts of the USA, where it is the second
most important feed grain. It is more drought-resistant than maize, for which it is used
as a replacement. There are many different types of sorghum (e.g. dari, milo) and, as
they vary in grain size, typical analyses can be misleading when applied to individual
samples.

The kernel of sorghum is very similar to that of maize, although it is smaller in size.
It generally contains rather more protein but less oil than maize and has no pigment-
ing xanthophylls. Dark varieties contain tannins, which reduce protein digestibility.
Whole sorghum grains can be given to sheep and poultry but are usually ground for
other animals. Care is needed in the grinding process, as this may produce a fine
powder, which is pasty and unpalatable.

Cereal grain screenings

Grain screenings are the residues from the preparation, storage and shipment of cereal
products and comprise broken pieces of grain, small grains and the dust from the outer
layers of the grain. Their properties and nutritional quality vary widely according to
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factors such as type and method of processing of grain and collection point in the sys-
tem. Screenings from the individual cereals may be sold separately or in combination.
Problems associated with their use include the presence of weed seeds and, in old
products, mycotoxins and rancidity of oils.

22.7 CEREAL PROCESSING

The processing of cereals for use as animal foods, by simple techniques such as
rolling or grinding, has been common practice for many years. More recently, a range
of other techniques have become available, and these can be classified into two basic
types – hot processes, in which heat is either applied or created during the treatment
process, and cold processes, in which the temperature of the grain is not increased
significantly. The hot treatments include steam flaking, micronisation, roasting and
hot pelleting. Steam flaking is often carried out on maize by cooking the grain with
steam, and then passing it through rollers to produce a thin flake, which is then
dried. Flaked maize is considered to be more acceptable to animals and is of slightly
higher digestibility than the unprocessed grain. Steaming and flaking are also known
to increase the proportion of propionic acid in the volatile fatty acids in the rumen.
Whereas about 75 per cent of the starch of ground maize is digested in the rumen,
this is increased to about 95 per cent following steaming and flaking. Even larger
effects have been recorded with sorghum (ground 42 per cent v. steam processed
91 per cent). Conversely, the starch of ground barley is well digested in the rumen, as
is that of ground wheat.

The term ‘micronisation’, in the context of grain processing, is used specifically to
describe cooking by radiant heat followed by crushing in a roller mill. In this process
the starch granules swell, fracture and gelatinise, thus making them more available to
enzyme attack in the digestive tract. For poultry, hot (steam) pelleting appears to be
superior to cold pelleting, as measured by growth rate and feed conversion effi-
ciency. Steam-processed or pressure-cooked sorghum grains also appear to be better
utilised than unprocessed sorghum by chicks. Cooked cereals are also desirable in
the diet of young pigs, which have a limited capacity to digest raw starch.

The ‘cold processes’ include grinding, rolling, cracking or crimping, cold pelleting,
and addition of organic acids or alkalis. Grinding of cereals is essential for maximum
performance of poultry kept under intensive conditions as they do not have access
to grit, which is used in the gizzard to break down grains. Pigs are rather poor chew-
ers of food; when given whole cereal grains, a high proportion passes through the gut
undigested. Therefore, pigs are usually given ground grains; those receiving ground
barley generally perform better than those given crimped barley. Efficient rolling to
produce flattened grains is also successful. The degree of grinding should not be
excessive, as grinding beyond a certain fineness does not improve digestibility or
performance and can precipitate problems with regard to the health of the pigs. Fine
grinding can produce dusty material that can be inhaled and can cause irritation to
the eyes and may induce vomiting. In addition, feeding with finely ground cereals,
particularly wheat and maize, is associated with ulceration of the oesophageal region
of the stomach. Here, the fine particles result in very fluid stomach contents, and
pepsin and acid are transported very easily within the stomach and reach the unpro-
tected oesophageal region. The increased fluidity may also result in regurgitation of
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duodenal digesta.With wheat there is the additional problem of fine grinding produc-
ing an unpalatable pasty mass in the mouth. However, coarse grinding of wheat re-
sults in poor digestibility; efficient rolling of the grain produces the best product, but
this can be difficult to achieve. Owing to their high fibre content, fine grinding of oats
produces the best response.

In the case of horses, starch digestibility from cereals over the whole gut is high,
irrespective of the cereal source. However, this masks the extent of digestion in the
different segments of the gut. It is important that the starch is mainly digested pre-
caecally, since starch that reaches the large intestine will be fermented by the micro-
bial population to produce acids, including lactic acid.Although the fermentation of
starch in the large intestine has improved the utilisation of very poor roughages, such
as straw, probably by providing additional nutrients to the microbes, lactic acid
production is detrimental to the health of the horse. Lactic acid reduces the pH of
the digesta, irritates the gut wall, and causes the death of the normal fibre-digesting
bacteria with the release of endotoxins, which are absorbed into the bloodstream
and can cause laminitis. Opportunity for starch digestion in the small intestine of the
horse is limited by a rapid transit of digesta and limited �-amylase activity. The
capacity for digestion of starch in the small intestine is around 3 g/kg body weight
per meal, depending on the source of the starch.Thus, methods of processing cereals
to ensure rapid digestion of starch in the small intestine are desirable. In the case of
oats, the size of the grain is appropriate for effective disruption by chewing, and the
starch granules are small and easily digested, and so oats can be given whole to
horses. Barley and wheat grains are small and escape efficient breakage during chew-
ing, and they need to be physically broken in order to expose the endosperm. Maize
grains, on the other hand, are large but tend to be hard, and so they also require
breakage. Bruising or coarse grinding of cereal grains rather than complete disinte-
gration by fine grinding is more desirable since the latter does not give a further
increase in starch digestion and creates an unpalatable, pasty product that is less
stable in storage. Heat treatment by steam flaking, micronisation or extrusion
increases the susceptibility of the starch to digestion in the small intestine and
reduces the amount reaching the large intestine.

It is generally accepted that for cattle, barley grain should be coarse ground or
rolled.When consumed whole, a large proportion of the grains escape chewing and
digestion, the amount being greater for older animals, possibly owing to their larger
reticulo-omasal orifice allowing the grains to escape from the rumen more easily.
The proportion escaping digestion also depends on the forage/grain ratio in the diet.
In high-grain diets, such as those used for ‘barley beef’ production, more of the
whole grain is digested and the proportion appearing in the faeces can drop signifi-
cantly, especially with light barley. In such cases, the benefit from processing must
be weighed against its cost. Studies with grains in nylon bags suspended in the
rumen of cattle have shown that only minor damage to the seed coat is required for
efficient digestion by the microflora. Therefore, the degree of processing should be
minimal, as this avoids acidic conditions in the rumen.With sheep, however, because
they masticate their feed so well, there is generally no advantage in processing
grains.This is illustrated in Table 22.5, which shows the results of a study with early-
weaned lambs given whole grains or ground and pelleted grains. There were no
marked effects of grinding and pelleting on liveweight gain and food conversion ef-
ficiency, although there were differences between cereals. Although processing had
no effect on nitrogen digestibility, it significantly depressed the organic matter
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digestibility of barley and increased that of wheat. Furthermore, whole grain feed-
ing had two additional advantages over pelleted grain. First, high levels of pelleted
barley for lambs resulted in unacceptably soft fat, which was due to the deposition
of increased amounts of branched chain and odd-numbered fatty acids. This oc-
curred as a result of a failure of the liver to metabolise the increased propionate,
leading to its direct incorporation into fatty acids (odd-numbered chains) and the
utilisation of methyl malonate (branched chains). Second, the occurrence of ru-
menitis in lambs fed on high-concentrate diets was less pronounced with whole bar-
ley than with rolled and pelleted barley.This may be related to the lower rumen pH
with processed barley. One exception to the use of whole grain in sheep diets is that
it should not be given to ewes as a supplement to silage. Here, a significant propor-
tion of the grains would escape digestion.

Organic acids, such as propionic acid, are sometimes added to high-moisture
grain, especially barley, as a mould inhibitor. Unless the acid is effectively distrib-
uted, patches of mouldy grain may present a health hazard. Certain Fusarium
species have been associated with such mouldy grain, and these are known to pro-
duce metabolites such as zearalenone, which has oestrogenic activity and can cause
vulvovaginitis and the characteristic splay-leg syndrome in pigs.The required rate of
application of the acid increases with the moisture content of the grain. With grain
containing up to 250 g moisture/kg (750 g dry matter/kg), barley can be treated and
stored whole and processed at the time of feeding. Alternatively, the grain can be
processed and the acid applied before sealing in a pit. This technique generally re-
quires a higher rate of application (by about 10 per cent) of acid.With higher mois-
ture contents of 350–450 g/kg, the grain can be crimped and the propionic acid, in
combination with other short-chain fatty acids and formaldehyde, is applied before
storage of the grain in a sealed pit. The latter two methods result in a product that
does not require further processing before being given to cattle.

Chemical treatment with sodium hydroxide, in granular form or solution, has
been used as an alternative to mechanical treatment (e.g. rolling) of barley and other
cereal grains.The intention is to soften the husk but not to expose the endosperm to
rapid fermentation in the rumen, which would create excessively acid conditions.
Originally, in practice it proved difficult to achieve these objectives by sodium

Table 22.5 Performance and digestibility of early weaned lambs given four cereals 

Cereal Processing Liveweight Feed conversion Digestibility

gain (g/day) efficiency Organic matter Nitrogen

(kg feed/kg gain) 

Barley Whole, loose 340 2.75 0.81 0.72
Ground, pelleted 347 2.79 0.77 0.66

Maize Whole, loose 345 2.52 0.84 0.75
Ground, pelleted 346 2.62 0.82 0.69

Oats Whole, loose 241 3.07 0.70 0.78
Ground, pelleted 238 3.33 0.68 0.77

Wheat Whole, loose 303 2.97 0.83 0.71
Ground, pelleted 323 2.56 0.87 0.76

Adapted from Ørskov E R, Fraser C and Gordon J G 1974 British Journal of Nutrition 32: 59; and Ørskov E R, Fraser C and McHattie I
1974 Animal Production 18: 85.
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hydroxide treatment of barley. However, a method of treating barley and wheat
grains has been developed using a mixer wagon. Sodium hydroxide and water
(depending on the moisture content of the grain) are added, followed by mixing and
then spreading the treated grain to allow it to cool. It is then heaped up and is ready
for feeding after 4 days. Treated wheat grain is considered to have beneficial effects
on dairy cows, especially in counteracting very acid or highly buffered silages, in
addition to any effects of reducing the rate of fermentation in the rumen.

Satisfactory liveweight gains have been achieved with ammonia-treated whole
moist barley and wheat given to beef cattle. Use of ammonia preserves the grain and
increases its crude protein (rumen-degradable protein) content in addition to elimi-
nating the need to dry and process the grain. Ammonia-treated grain was eaten at a
slower rate than processed grain, which is advantageous in that it reduces the chance
of the development of acid conditions in the rumen. Although some whole grain
passed through the animal undigested, this had no effect on performance. Treating
grain with ammonia requires specialised equipment.A more simple method of treat-
ment has now been adopted that uses a solution of urea and employs the natural
urease enzyme activity of the grain to release ammonia, which dissolves in the mois-
ture on the grain.This method is easily applied on farm and retains all the advantages
of ammonia treatment outlined above. Grain is harvested at 250–300 g moisture/kg
and a concentrated urea solution is applied using an auger at the rate of 30 g urea/kg
DM for wheat or 40 g/kg DM for barley.The grain is then sealed in a clamp and left
for 4 weeks, during which time the urea is converted to ammonia, which attacks the
seed coat.

SUMMARY

1. Cereals are the principal sources of energy in
diets for non-ruminants and in concentrates
for ruminants.

2. Cereals are characterised by high starch and
low fibre contents.

3. The crude protein content of cereals ranges
from 80 g/kg to 130 g/kg dry matter.

4. The calcium content is low. The phosphorus
content is moderate but has a reduced avail-
ability to non-ruminants, much of it being in
the form of phytate phosphorus.

5. There are many cereal by-products from the
human food-processing industry that are use-
ful as foods for animals. The by-products of
the brewing industry are malt culms, brewer’s
grains, spent hops and dried brewer’s yeast.
The main by-products of the distilling industry
are distiller’s grains, pot ale syrup and dried
distiller’s dark grains. Maize by-products from
starch production include maize germ meal,

prairie meal and maize gluten feed. Oat
milling by-products include oat hulls, oat feed
and flowmeal. Wheat bran and wheat feed are
by-products of flour milling.

6. There are several methods of processing of
cereals. The extent of or need for processing
varies between the grains and the target
animals. Generally, the outer layer of the grain
has to be disrupted in some way in order to
ensure efficient digestion of the starchy en-
dosperm. Inapproproiate processing can lead
to problems such as gastric ulcers in pigs and
acidosis in the hind gut of horses. Poultry that
have access to grit, and sheep, can be given
whole grains.

7. Organic acids are used to preserve high-
moisture grain.

8. Chemical treatment with sodium hydroxide,
ammonia or urea can be used as an alternative
to physical processing of grains for ruminants.



Chapter 22 Cereal grains and cereal by-products

562

QUESTIONS

22.1 How should cereal grains be processed for cattle, sheep, pigs, poultry and
horses?

22.2 What problems can occur with diets containing large amounts of cereals
when fed to cattle?

22.3 Describe the limitations of cereal proteins for livestock.

22.4 Describe the by-products of the brewing and distilling industries that are
used as animal foods.
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23 Protein concentrates

23.1 OILSEED CAKES AND MEALS

Oilseed cakes and meals are the residues remaining after removal of the greater part
of the oil from oilseeds.The residues are rich in protein (200–500 g/kg) and most are
valuable foods for farm animals.The total usage of these products by the animal feed
industry in Britain in 2008 was of the order of 2.6 million tonnes. This is similar to
the figure of 2.7 million in 1999, but less than the 3.5 million tonnes used in 1991.

Soya bean meal made up about 45 per cent of the total in 2008 (compared with
38 per cent in 1999), and rapeseed, at 29 per cent, was again the next largest contrib-
utor (Table 23.1).The trend from 2005 to 2008 indicates an increased usage of both
soya bean and rapeseed meal, but particularly for soya bean meal. By contrast, usage
of sunflower meal and whole seeds decreased, contributing 8 per cent and 1.5 per cent
in 2008, respectively. The remaining 16 per cent encompassed a wide range of less
well-known products such as sheanut, sesame and guar as well as the more familiar
products such as linseed and cotton seed meals.

Most oilseed residues are of tropical origin; they include groundnut, cotton seed
and soya bean. Some seeds such as castor bean yield residues are unsuitable for ani-
mal consumption because they contain toxic substances.

Two main processes are used for removing oil from oilseeds. One uses pressure to
force out the oil, and the other uses an organic solvent, usually hexane, to dissolve
the oil from the seed. Some seeds, such as groundnut, cotton seed and sunflower,
have a thick coat or husk, rich in fibre and of low digestibility, which lowers the nu-
tritive value of the material. It may be completely or partially removed by cracking
and riddling, a process known as decortication. The effect of decortication of cotton
seed upon the nutritive value of the cake derived from it is shown in Table 23.2.
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Table 23.1 Usage of oilseed products by the British feed-compounding industry,
2005–2008

Raw material Usage per year (million tonnes)a

2005 2006 2007 2008

Soya bean meal 0.888 0.982 1.161 1.198
(40.0) (40.3) (44.4) (45.3)

Rapeseed meal 0.606 0.666 0.712 0.768
(27.8) (27.3) (27.5) (29.0)

Sunflower meal 0.266 0.286 0.256 0.204
(12.0) (11.7) (9.8) (7.7)

Whole oilseeds 0.049 0.051 0.058 0.04
(2.2) (2.1) (2.2) (1.5)

Others 0.399 0.452 0.421 0.434
(18.0) (18.6) (16.1) (16.4)

Total 2.217 2.438 2.614 2.643

a Figures in parenthesis are percentages of the total.

Removal of the husk lowers the crude fibre content and has an important effect in
improving the apparent digestibility of the other constituents.As a result, the nutritive
value of the decorticated cake is raised significantly above that of the undecorticated
cake. The latter is suitable for feeding adult ruminants only. In this class of animal, it
may have a particular role in maintaining the fibre levels of the diets. Undecorticated
cakes are rarely produced nowadays but partial decortication is widely practised.

In the press process, the seed from which oil is to be removed is cracked and
crushed to produce flakes about 0.25 mm thick, which are cooked at temperatures up
to 104 °C for 15–20 minutes. The temperature is then raised to about 110–115 °C
until the moisture content is reduced to about 30 g/kg. The material is then passed
through a perforated horizontal cylinder in which revolves a screw of variable pitch
that gives pressures up to 40 MN/m2. The residue from screw pressing usually has 
an oil content of 25–40 g/kg. The cylindrical presses used for extraction are called 
expellers and the method of extraction is usually referred to as the expeller process.

Only material with an oil content of less than 350 g/kg is suitable for solvent
extraction. If material of higher oil content is to be so treated, it first undergoes a
modified screw pressing to lower the oil content to a suitable level.The first stage in

Table 23.2 Composition and nutritive value of cotton seed cakes

Composition (g/kg)

Dry matter Crude protein Ether extract N-free extractives Crude fibre Ash

Undecorticated 880 231 55 400 248 66
Decorticated 900 457 89 293 87 74

Digestibility Metabolisable

Crude protein Ether extract N-free extractives Crude fibre
energy (MJ/kg DM)

Undecorticated 0.77 0.94 0.54 0.20 8.5
Decorticated 0.86 0.94 0.67 0.28 12.3
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solvent extraction is flaking; after this, the solvent is allowed to percolate through
the flakes, or a process of steeping may be used.The oil content of the residual ma-
terial is usually below 10 g/kg and it still contains some solvent, which is removed by
heating. Some meals may benefit from being heated, and advantage is taken of the
evaporation of the solvent to do this; soya bean meal, for example, is toasted at this
stage in its production.

About 950 g/kg of the nitrogen in oilseed meals is present as true protein, which
has an apparent digestibility of 0.75–0.90 and is of good quality. When biological
value is used as the criterion for judging protein quality, that of the oilseed proteins
is considerably higher than that of the cereals (Table 23.3).

Some of the oilseed proteins approach animal proteins such as fishmeal and meat
meal in quality, though as a class they are not as good. Certainly the oilseed proteins
are of poorer quality than the better animal proteins such as those of milk and eggs.
The figures for protein efficiency ratio and gross protein value confirm the good
quality of the oilseed proteins, but their chemical scores are low. This means that
they have a poorly balanced amino acid constitution, having a large deficit of at least
one essential amino acid. In general, oilseed proteins have a low cystine and methio-
nine content and a variable but usually low lysine content. As a result, they cannot
provide adequate supplementation of the cereal proteins with which they are com-
monly combined, and they are often used in conjunction with an animal protein
when given to simple-stomached animals. The quality of the protein in a particular
oilseed is relatively constant, but that of the cake or meal derived from it may vary
depending upon the conditions used for the removal of the oil. The high tempera-
tures and pressures of the expeller process may denature the protein and reduce its
digestibility, with a consequent lowering of its nutritive value. For ruminant animals,
such a denaturation may be beneficial owing to an associated reduction in degrad-
ability. The high temperatures and pressures also allow control of deleterious sub-
stances such as gossypol and goitrin. Solvent extraction does not involve pressing,
temperatures are comparatively low, and the protein value of the meals is almost the
same as that of the original seed.

Owing to EU legislation prohibiting the use in ruminant diets of animal-derived
protein sources, which are generally high in undegradable protein, sources of rumi-
nally protected vegetable protein sources have been developed.These sources have a

Table 23.3 Nutritive value of some food proteins

Source Biological Chemical Protein efficiency Gross protein 

value (rat) score ratio (rat) value (chick)

Oats 0.65 0.46
Wheat 0.67 0.37 1.5
Maize 0.55 0.28 1.2
Cotton seed meal 0.80 0.37 2.0 0.77
Groundnut meal 0.58 0.24 1.7 0.48
Soya bean meal 0.75 0.49 2.3 0.79
White fishmeal 0.77 1.02
Milk 0.85 0.69 2.8 0.90
Whole egg 0.95 1.00 3.8
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reduced rumen-degradable protein content and subsequently increased undegrad-
able protein content when compared with unprotected sources.They are most useful
when fed to higher-producing animals such as high-yielding dairy cows, lactating
ewes, and young growing animals that have a higher digestible undegradable protein
requirement. Several methods to reduce the rate and extent of ruminal degradation
of feed proteins have been developed, including heat treatment and the use of chem-
ical agents such as formaldehyde or lignosulphate, a by-product of the wood pulp
industry that contains a variety of sugars, particularly xylose. Heat processing
decreases protein degradation in the rumen by denaturing proteins and the forma-
tion of protein–carbohydrate cross-links (Maillard reactions) and protein–protein
cross-links. Underheating results in little effect on ruminal degradability, whereas
overheating reduces intestinal digestibility and a significant loss of lysine. Chemicals
such as aldehydes introduce cross-linkages in proteins that are resistant to microbial
attack, whereas the combination of heat and xylose enhances non-enzymic browning
(Maillard reactions) due to the increased availability of sugar aldehydes that react
with the protein. In general, these protected sources decrease rumen-degradable
protein and increase the rumen-undegradable protein content by approximately
100–350 g/kg dietary protein, although it also reduces intestinal digestibility. In the
Cornell net carbohydrate and protein system, Maillard products are assumed to be
totally indigestible.

The oilseed cakes may make a significant contribution to the energy content of
the diet, particularly when the oil content is high.This will depend upon the process
used and its efficiency. Expeller soya bean meal may have an oil content of 66 g/kg
DM and a metabolisable energy concentration for ruminants of 14 MJ/kg DM,
whereas solvent-extracted meal has 17 g of oil and 12.3 MJ of metabolisable energy
per kilogram of dry matter. Digestive disturbances may result from uncontrolled use
of cakes rich in oil and, if the oil is unsaturated, milk or body fat may be soft and the
carcass quality lowered.

The oilseed meals usually have a high phosphorus content, which tends to aggra-
vate their generally low calcium content. They may provide useful amounts of the 
B vitamins but are poor sources of carotene and vitamin E.

Soya bean meal

Soya beans contain 160–210 g/kg of oil and are normally solvent-extracted; the
residual meal has an oil content of about 10 g/kg. Hi-Pro soya does not have the
hulls reblended and is therefore generally higher in protein and energy and lower in
fibre than other sources.The meal is generally regarded as one of the best sources of
protein available to animals, and in 2008 it was the major protein source used in
animal feeding in the UK.The protein contains all the essential amino acids, but the
concentrations of cystine and methionine are suboptimal. Methionine is the first lim-
iting amino acid and may be particularly important in high-energy diets.

Soya bean meal contains a number of toxic, stimulatory and inhibitory substances
including allergenic, goitrogenic and anticoagulant factors. Of particular importance
in nutrition are the protease inhibitors, of which six have been identified. Two of
these, the Kunitz anti-trypsin factor and the Bowman–Birk chymotrypsin inhibitor,
are of practical significance. The protease inhibitors are partly responsible for the
growth-retarding property of raw soya beans and unheated soya bean meal. The
retardation has been attributed to inhibition of protein digestion, but there is evidence
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that pancreatic hyperactivity results in increased production of trypsin and chy-
motrypsin.The consequent loss of cystine and methionine accentuates the marginal
status of soya bean meal with regard to these acids and results in induced deficien-
cies of both. The Kunitz factor, but not the Bowman–Birk factor, is inactivated
(30–40 per cent) by human gastric juice in vivo at pH 1.5–2.0. However, the pH of
the stomach is above 2.0 most of the time. The Bowman–Birk factor is inactivated 
in its passage through the intestine of the chick.

Another substance contributing to the growth retardation is a haemagglutenin,
which is capable of agglutinating red blood cells in rats, rabbits and human beings
but not in sheep and calves.The toxic agent belongs to a group of compounds known
as lectins.These are proteins capable of recognising and binding reversibly to the car-
bohydrate moieties of glycoproteins on the surface of cell membranes, and they
have been shown to be responsible for impaired growth and death in test animals.
They exert their toxicity by binding to the epithelial cells lining the small intestine,
disrupting the brush border and reducing the efficiency of the absorption of nutri-
ents. Lectins have also been shown to cause inhibition of brush-border hydrolases. It
has been suggested that lectins impair the body’s defence system against bacterial
infection, and there is then an increased tendency for invasion of the body by the gut
microflora. Others have postulated that lectins encourage colonisation of the small
intestine by coliforms. About half the growth-retarding effect of soya bean meal in
monogastric animals has been attributed to the lectin content. Their toxicity varies,
being extreme in the castor bean but relatively mild in the soya bean.The inhibitors
are inactivated by heating, which accounts for the preference shown for toasted meals
for simple-stomached animals. For ruminant animals, the inhibitors are not impor-
tant and toasting is unnecessary.The process of toasting must be carefully controlled
since overheating will reduce the availability of lysine and arginine and reduce the
value of the protein.

Provided the meal has been properly prepared (has less than a specified maxi-
mum urease activity of 0.4 mg N/g per minute), it forms a very valuable food for
farm animals. However, if soya bean meal is used as the major protein food for
simple-stomached animals, certain problems arise.The meal is a poor source of B vi-
tamins, and these must be provided either as a supplement or in the form of an ani-
mal protein such as fishmeal. If such supplementation is not practised, sows may
produce weak litters that grow slowly because of reduced milk yields; older pigs
show lack of coordination and failure to walk. On such diets, breeding hens produce
eggs of poor hatchability, giving chicks of poor quality; such chicks may have an
increased susceptibility to haemorrhages owing to a shortage of vitamin K. Soya bean
meal is a better source of calcium and phosphorus than the cereal grains, but when it
replaces animal protein foods, adjustments must be made in the diet, particularly for
rapidly growing animals and laying hens. As long as adequate supplementation is
practised, it may form up to 400 kg/t of poultry diets and 250 kg/t of pig diets.

Soya bean meal contains about 1 g/kg of genistein, which has oestrogenic proper-
ties and a potency of 4.44 � 10�6 times that of diethylstilboestrol.The effect of this
constituent on growth rate has not been elucidated.

The oil in the soya bean has a laxative effect and may cause soft body fat to be
produced. The extracted meal does not contain sufficient oil to cause this problem,
but it should be borne in mind in view of the increasing tendency to use full-fat soya
bean products in dietary formulations, especially for pigs. The full-fat products are
produced by batch pressure cooking or extrusion of the whole bean. The extruded
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product has a higher metabolisable energy content, but this advantage is nullified if
the products are ground and pelleted.

Soya protein concentrates are produced by solvent extraction and removal of
insoluble carbohydrate. Protein concentration is of the order of 70 per cent. During
processing, antigenic and antinutritional substances are removed and the materials
are suitable for inclusion in calf milk replacers and baby pig diets.

Cotton seed meal

The protein of cotton seed meal is of good quality but has the common disadvantage
of oilseed proteins of having a low content of cystine, methionine and lysine, lysine
being the first limiting amino acid.The calcium content is low and, since the calcium
to phosphorus ratio is about 1:6, deficiencies of calcium may easily arise. It is a good
though variable source of thiamin but a poor source of carotene.

When cotton seed meal is used as a protein source for young, pregnant or nursing
pigs, or young or laying poultry, it needs to be supplemented with fishmeal to make
good a shortage of essential amino acids and calcium. A supplement of vitamins A
and D should also be provided. Pigs and poultry do not readily accept the meal,
mainly because of its dry, dusty nature. No such difficulty is encountered with lactat-
ing cows, although complications may arise when large amounts are given, since the
milk fat tends to become hard and firm. Butter made from such fat is often difficult
to churn and tends to develop tallowy taints.Another factor to be considered when
using cotton seed meal is its costive action.This is not normally a problem and may
indeed be beneficial in diets containing large amounts of laxative constituents.

Cotton seeds may contain from 0.3 g/kg to 20 g/kg DM of a yellow pigment
known as gossypol, and concentrations of 4–17 g/kg DM have been quoted for the
kernels. Gossypol is a polyphenolic aldehyde (alkanal), which is an antioxidant and
polymerisation inhibitor toxic to simple-stomached animals. The general symptoms
of gossypol toxicity are depressed appetite, loss of weight, laboured breathing and
cardiac irregularity. Death is usually associated with a reduced oxygen-carrying ca-
pacity of the blood, haemolytic effects on the erythrocytes and circulatory failure.
Post-mortem examinations usually show extensive oedema in the body cavities, in-
dicating an effect on membrane permeability.Although acute toxicity is uncommon,
ingestion of small amounts over a prolonged period can be lethal. In the past it has
been considered important to distinguish between free (soluble in 70–30 v/v aque-
ous acetone) and bound gossypol, since only the former was considered to be phys-
iologically active. It is now considered that some of the bound material is active, but
this does not negate the general thesis that it is the free gossypol content that deter-
mines the toxic potency of the material. The free gossypol content of cotton seed
meal decreases during processing and varies according to the methods used. Screw-
pressed materials have 200–500 mg free gossypol/kg, prepressed solvent-extracted
meals 200–700 mg/kg and solvent-extracted 1000–5000 mg/kg. Processing condi-
tions have to be carefully controlled to prevent loss of protein quality owing to the
binding of gossypol to lysine at high temperatures. Fortunately, the shearing effect of
the screw press in the expeller process is an efficient gossypol inactivator at temper-
atures that do not reduce protein quality.

It is generally considered that pig and poultry diets should not contain more than
100 mg free gossypol/kg and that inclusions of cotton seed meal should be in the
range 50–100 kg/t. Particular care is required with laying hens, since comparatively
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low levels of the meal may cause an olive-green discoloration of the yolk in storage.
An associated pink discoloration of the albumen is now considered to be due to
cyclopropenoids and not gossypol, as was once thought.Treatment with ferrous sul-
phate can ameliorate the effects of gossypol, with doses ranging from 1 to 4 parts
ferrous sulphate to 1 part gossypol. Ruminant animals do not show ill effects, even
when they consume large quantities of cotton seed meal.

In the UK, the free gossypol content of foods is strictly controlled by law. Straight
foods, except cotton cake and meal, must not contain more than 20 mg/kg; the same
limit applies to complete foods for laying hens and piglets. For poultry and calves,
the limit is 100 mg/kg, for pigs 60 mg/kg and for cattle, sheep and goats 500 mg/kg.
Cotton cakes and meals are allowed to contain up to 1200 mg free gossypol/kg.The
concentrations refer to foods with a moisture content of 120 g/kg.

Coconut meal

The oil content of coconut meal varies from 25 g/kg to 65 g/kg, meals of higher oil
content being very useful in the preparation of high-energy diets. However, they suf-
fer the disadvantage of being susceptible to becoming rancid in store.The protein is
low in lysine and histidine, and this, together with the generally high fibre content of
about 120 g/kg, limits the use of the meal for simple-stomached animals. It is usually
recommended that it should form less than 25 kg/t of pig diets and less than 50 kg/t
of poultry diets. When low-fibre coconut meals are available for simple-stomached
animals, they have to be supplemented with animal proteins to make good their
amino acid deficiences. Neither protein quality nor fibre content is limiting for rumi-
nant animals, and coconut meal provides an acceptable and very useful protein sup-
plement. In diets for dairy cows it is claimed to increase milk fat content. Some
published work has shown increased butterfat contents in the milk of cows given
supplements of coconut meal, but the basal diet had a fat content of about 10 g/kg
only. The milk fats produced on diets containing considerable amounts of coconut
meal are firm and excellent for butter making.

Coconut meal has the valuable property of absorbing up to half its own weight of
molasses and as a result is popular in compounding.

Palm kernel meal

Palm kernel meal generally refers to the product obtained after solvent extraction of
palm oil from the oil palm, whereas palm kernel cake is produced by mechanical ex-
traction. In practice, the term ‘palm kernel meal’ is often used to describe either
product. This food has a comparatively low content of protein, and the balance of
amino acids is poor. The first limiting amino acid is lysine. The ratio of calcium to
phosphorus is more favourable than in many other oilseed residues.The meal is dry
and gritty, especially the solvent-extracted product, and is not readily eaten; it is
therefore used in mixtures with more acceptable foods. Attempts to use it mixed
with molasses, as molassed palm kernel cake, have not been successful. It has a rep-
utation for increasing the fat content of milk, and its chief use is for dairy cows. Palm
kernel meal has been described as being balanced for milk production, but in fact it
contains too high a proportion of protein to energy.

Palm kernel meal has traditionally not been used widely in pig and poultry diets.
This is partly because it is unpalatable and partly because of its high fibre content
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(150 g/kg DM), which reduces its digestibility for such animals. The highest level of
palm kernel meal recommended in the diet of simple-stomached animals is about 
50 kg/t. More recent studies have demonstrated acceptable performance in chicks,
with inclusion rates of up to 400 kg/t, provided the diets are balanced for amino
acids and metabolisable energy. Additionally, the relatively high content of β-man-
nan in palm kernel meal has been suggested to act as a prebiotic and reduce intes-
tinal load of Salmonella and improve the immune system in birds. In dairy cows,
palm kernel meal has been included at up to 150 g/kg DM without an adverse effect
on milk yield or composition.

Linseed meal

Linseed meal is unique among the oilseed residues in that it contains 30–100 g/kg 
of mucilage.This is almost completely indigestible by non-ruminant animals but can
be broken down by the microbial population of the rumen. It is readily dispersible in
water, forming a viscous slime. Immature linseed contains a small amount of a
cyanogenetic glycoside, linamarin, and an associated enzyme, linase, which is capa-
ble of hydrolysing it with the evolution of hydrogen cyanide; this is extremely toxic.
Death results from combination of the cyanide with cytochrome oxidase, leading to
an immediate cessation of cellular respiration and anoxia. Low-temperature removal
of oil may produce a meal in which unchanged linamarin and linase persist; such
meals have proven toxic when given as a gruel, since cyanide production begins as
soon as the water is added.The meals are safe if given in the dry state, since the pH
of the stomach contents of the pig is sufficiently low to inactivate linase. Normal pro-
cessing conditions destroy linase, and most of the linamarin and the resultant meals
are quite safe. In ruminant animals the hydrogen cyanide formed by linase action is
absorbed into the blood very slowly and this, coupled with its rapid detoxification in
the liver and excretion via the kidney and lungs, ensures that it never reaches toxic lev-
els in the blood. In the UK, linseed cake and meal must, by law, contain less than 
350 mg of hydrocyanic acid per kilogram of food with a moisture content of 120 g/kg.

It has been reported that linseed meal has a protective action against selenium
poisoning.The protein of linseed meal is of poorer quality than those of soya bean or
cotton seed meals, having lower methionine and lysine contents. Linseed meal has
only a moderate calcium content but is rich in phosphorus, part of which is present
as phytate. It is a useful source of thiamin, riboflavin, nicotinamide, pantothenic acid
and choline.

Linseed meal has a very good reputation as a food for ruminant animals, which 
is not easy to justify on the basis of its proximate analysis. Part of the reputation 
may be the result of the ability of the mucilage to absorb large amounts of water,
resulting in an increase in the bulk of the meal; this may increase retention time in
the rumen and give a better opportunity for microbial digestion. The lubricating
character of the mucilage also protects the gut wall against mechanical damage and,
together with the bulkiness, regulates excretion and is claimed to prevent constipa-
tion without causing looseness. Linseed meal given to fattening animals results in
faster gains than other vegetable protein supplements making the same protein con-
tribution; cattle attain a very good sleek appearance, though the body fat may be
soft.The meal is readily eaten by dairy cows but tends to produce a soft milk fat that
is susceptible to the development of oxidative rancidity. Both of these observations
relate to residual levels of α-linolenic acid in the meal.
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Linseed meal is an excellent protein food for pigs as long as it is given with an
animal protein supplement to make good its deficiencies of methionine, lysine and
calcium.This is particularly important with diets containing large amounts of maize.

Linseed meal is not a satisfactory food for inclusion in poultry diets. Retardation
of chick growth has been reported on diets containing 50 kg/t of linseed meal and
deaths in turkey poults with 100 kg/t of diet. These adverse effects can be avoided 
by autoclaving the meal or by increasing the levels of vitamin B6 in the diet; the 
untreated meal is thought to contain an unidentified antipyridoxine factor. Some
workers consider the adverse effects of the meal to be due to the mucilage, since this
collects as a gummy mass on the beak, causing necrosis and malformation and 
reducing the bird’s ability to eat. Pelleting or coarse granulation can overcome this
trouble. If linseed meal has to be included in poultry diets, then the levels should not 
exceed 30 kg/t.

Rapeseed meal

The 2006 world production of rapeseed was estimated at about 47 million tonnes, up
considerably from the 11.5 million tonnes produced in 1981. The largest rapeseed-
producing country in 2006 was China, at 12 million tonnes, compared with approx-
imately 2 million tonnes harvested in the UK. Usage of rapeseed meal in the animal
feed industry in Britain has increased from 0.57 million tonnes in 1996 to 0.77 mil-
lion tonnes in 2008. Extraction of the oil by a prepress solvent extraction procedure
leaves a residue containing about 400 g protein/kg DM. It contains more fibre (140
g/kg DM) than soya bean meal; its metabolisable energy value is lower, about 7.4
MJ/kg DM for poultry and 12.0 MJ/kg DM for ruminants, and it has a digestible en-
ergy content of 11.8 and 12.3 for pigs and horses, respectively. Both protein content
and digestibility are lower than for soya bean meal, but the balance of essential
amino acids compares favourably, the rapeseed meal having less lysine but more me-
thionine. The balance of calcium and phosphorus is satisfactory and it contains a
higher phosphorus content than other oilseed residues.

In the past, the use of rapeseed meals produced from rape (Brassica napus) grown
in Europe was restricted, particularly for pigs and poultry, by the presence of glucosi-
nolates (thioglucosides) accompanied by a thioglucosidase known as myrosinase.
Under a variety of conditions, these may give rise to isothiocyanates, organic thio-
cyanates, nitriles and 5-vinyloxazolidine-2-thione (goitrin).They exhibit a variety of
toxic effects manifested as goitres, and liver and kidney poisoning.Their presence is
not serious for ruminant animals, although there is some evidence of reduced intake,
minor liver damage and reduced volatile fatty acid production when the toxins have
been administered orally.With pigs, meals with high glucosinolate levels may reduce
food intake, growth and carcass quality. Piglets have shown poor survival rates and
enlarged thyroids when maternal diets included high levels of glucosinolates.

Rapeseeds contain erucic acid, which has been known to cause heart lesions in
experimental animals, but it is unlikely to be a problem for farm animals since it
partitions with the oil during extraction.

A certain measure of control of the goitrogenic activity of meals is achieved by
manipulating the pretreatment of the seed before extraction so as to ensure the
earliest possible destruction of myrosinase. Such control is only partial, since bac-
terial thioglucosidases produced in the gut may hydrolyse residual glucosinolate in
the meal.
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Glucosinolates are no longer a problem when rapeseed meals are consumed as
the meals are now produced from varieties that have greatly reduced contents of
glucosinolates and erucic acid (often referred to as ‘double-zero varieties’). The po-
tential for using low-glucosinolate meals in pig and poultry diets is considerable, but
account must be taken of the need for amino acid supplementation, especially with
lysine, when high levels of inclusion are practised. It must be borne in mind that
antinutritional factors are still present, even if at reduced levels, in the low-
glucosinolate meals. This is of particular importance with the early-weaned pig,
where reduction in intake may be significant, and with breeding animals, owing to
the possible effects on the foetus. Rapeseed meal is often referred to in North Amer-
ica as Canola (a trademarked brand name).This was a variety of rapeseed developed
in the early 1970s by Canadian plant breeders to remove the antinutritional compo-
nents (erucic acid and glucosinolates) from rapeseed.

Rapeseed meals frequently contain tannins. These are polyphenolic compounds
that complex with proteins and carbohydrates to form enzyme-resistant substrates
with a consequent lowering of digestibility. This may also result from the combina-
tion of the tannins with digestive enzymes, with a consequent loss of activity.
Tannins may cause damage to the intestinal mucosa and are known to interfere with
iron absorption.

Evidence on permissible levels of inclusion of rapeseed meals in the diet is con-
flicting; some acceptable values for different animals are given in Box 23.1.

The highly variable responses to dietary inclusions of rapeseed meals require that,
in practice, such figures are applied with caution. Some authorities, for example,
consider that rapeseed meals should not be used in starter or sow diets and that lev-
els in grower and finisher diets should not exceed 50 kg/t and 100 kg/t, respectively.

Chick growth may be adversely affected if inclusion rates exceed 50 kg/t.The eggs
of some hens producing brown-shelled eggs are susceptible to the development of
fishy taints when rapeseed meals are included in the diet. This is because of the
inability of these birds to oxidise trimethylamine produced from the polyphenolic
choline ester sinapine.

For ruminant animals, rapeseed meal may be used as the sole source of dietary
protein.

In the UK, whole foods must, by law, contain less than 1000 mg 5-vinyloxazolidine
thione per kilogram, except those for laying hens, which must contain less than
500 mg/kg. Levels of isothiocyanates in whole foods are strictly prescribed, and rape

BOX 23.1 Best estimates of permissible levels of inclusion of rapeseed meal in pig 
diets (kg/t)

High-glucosinolate rapeseed meal Low-glucosinolate rapeseed meal

UK Canada

Starting pigs (7–15 kg W) 40 50 80
Growing pigs (15–45 kg W ) 50 100 120
Finishing pigs (>45 kg W ) 80 150 150
Gilts 0 100 120
Sows 30 120 120
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cakes and meals must contain less than 4000 mg allylthiocyanate per kilogram
referred to a moisture content of 120 kg/t.

Groundnut meal

The seeds of the groundnut are borne in pods, usually in pairs or threes. The seeds
contain 250–300 g/kg of crude protein and 350–600 g/kg of lipid material.The pod
or husk is largely fibrous. Groundnut meal is now usually made from the kernels,
and only occasionally is the whole pod used as the source of an undecorticated 
meal. The most common method of extraction is screw pressing, giving a meal with
50–100 g/kg of oil. Lower oil levels can be achieved only by solvent extraction, but
this has to be preceded by screw pressing to reduce the initially high oil content.The
composition of the meal will depend on the raw material and the method of extrac-
tion used.

The protein of groundnut meal has suboptimal amounts of cystine and methio-
nine, although the first limiting amino acid is lysine.When the meal is used in high-
cereal diets, adequate supplementation with animal protein is necessary. This also
ensures that the deficiencies of vitamin B12 and calcium are made good. Such sup-
plementation is particularly important for young fast-growing animals such as pigs
and poultry. The palatability of the meal for pigs is high, but it should not form
more than 25 per cent of the diet, as it tends to produce a soft body fat and may
have a troublesome laxative action. This also limits its use for lactating cows, for
whom it otherwise forms an excellent and acceptable protein source. It has been
reported that both a growth factor and an antitrypsin factor occur in groundnut
meal. The latter has antiplasmin activity and so shortens bleeding time; it is
destroyed by heating.

In 1961, reports appeared that implicated certain batches of groundnut meal 
in the poisoning of turkey poults and ducklings. The toxic factor was shown to be 
a metabolite of the fungus Aspergillus flavus and was named aflatoxin. This is now
known to be a mixture of four compounds designated aflatoxins B1, G1, B2 and G2,
of which B1 is the most toxic. There are considerable species differences in the sus-
ceptibility to these toxins: turkey poults and ducklings are highly susceptible, and
calves and pigs are susceptible, but mice and sheep are classed as resistant. Young
animals are more susceptible than adults of the same species. A common feature in
affected animals is liver damage with marked bile duct proliferation, liver necrosis
and, in many cases, hepatic tumours. In fact, aflatoxin has been shown to be a potent
liver toxin and a very active carcinogen.

There are several reports of deaths in calves under 6 months of age when fed 
on contaminated groundnut meal. Older cattle are more resistant, but cases of deaths
in store cattle, and loss of appetite and reduced milk yield in cows, have been
reported. Deaths have occurred in 6-month-old steers given 1 mg/kg of aflatoxin B1
in their diet for a period of 133 days, and liveweight gains were generally signifi-
cantly reduced. Administration of 0.2 mg/kg of aflatoxin B1 in the diets of Ayrshire
calves significantly reduced liveweight gains. Experiments on the inclusion of
150–200 kg/t of toxic groundnut in dairy cow diets have shown significant falls in
milk yield.A metabolite of aflatoxin known as aflatoxin M1, which causes liver dam-
age in ducklings, has been shown to be present in the milk of cows fed on toxic
meals. The effect of aflatoxin on human beings has not been clearly established.
There have been no reports of clinical poisoning in sheep.



Chapter 23 Protein concentrates

574

Aflatoxins are relatively stable to heat, and methods of eliminating them from
meals are elaborate.The best method of control is suitable storage to prevent mould
growth, although aflatoxins may be produced in the growing crop. In the UK,
prescribed maximum limits for aflatoxins in foods for animals are laid down by law
(see Box 23.2).

The stringency of these standards, together with the difficulty of ensuring that
groundnut products comply with them, has been a major factor contributing to the
decline in the usage of groundnut products in the UK compounding industry, where
they now occupy a minor position.

Sunflower seed meal

The meal is produced when the oil is removed from the seed by hydraulic pressure
or solvent extraction.The hulls are usually partially rather than completely removed,
but the resulting high-fibre meals (up to 420 g NDF/kg DM) are readily accepted by
older animals, provided they are finely ground. Removing the hulls from the meal
produces a more digestible product with a higher crude protein content and is often
referred to as HiPro sunflower meal.

Solvent-extracted meals contain, on average, about 220 g crude fibre and 430 g
crude protein per kilogram of dry matter and have metabolisable energy contents 
of 8.1 MJ/kg DM, 10.4 MJ/kg DM and 11.2 MJ/kg DM for poultry, cattle and sheep,
respectively. For pigs and horses, a digestible energy content of 10.6 MJ/kg DM and
10.1 MJ/kg DM respectively would be appropriate. Expeller meals have higher fat,
lower crude fibre and crude protein contents and metabolisable energy values of
about 13 MJ/kg DM for cattle. Sunflower oil has a high content of polyunsaturated
fatty acids and may cause soft body fat in pigs, particularly when expeller meals are
given. The oil is very susceptible to oxidation, and the meals have a short shelf life
owing to the development of rancidity, which renders them unpalatable. The meals
are useful sources of protein, which is low in lysine, the main limiting amino acid,
but has about twice as much methionine as soya protein.

BOX 23.2 UK prescribed limits for aflatoxins in foods for animals (mg aflatoxin B1/kg
referred to a moisture content of 120 g/kg)

Straight feeding stuffs 0.05
Except groundnut, copra, palm kernel, cotton seed, babasu, maize and 

products derived from the processing thereof 0.02
Complete feeding stuffs for cattle, sheep and goats (except dairy animals,

calves, lambs and kids) 0.05
Complete feeding stuffs for pigs and poultry (except piglets and chicks) 0.02
Other complete feeding stuffs 0.01
Complementary feeding stuffs for cattle, sheep and goats (except 

complementary feeding stuffs for dairy animals, calves and lambs) 0.05
Complementary feeding stuffs for pigs and poultry (except young animals) 0.03
Other complementary feeding stuffs 0.005
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Maximum rates of inclusion in diets are 200 kg/t for adult cattle, 150 kg/t for
adult sheep, 25 kg/t for growing pigs, 50 kg/t for finishing pigs and 100 kg/t for sows.
They are not recommended for calves, lambs or young pigs. For adult poultry, sun-
flower meals may be included at 100 kg/t of the diet, but they are not recommended
for young birds.

Sesame seed meal

The meals currently available may be produced by hydraulic pressing or solvent
extraction. The former have the lower protein content (about 400 g/kg DM com-
pared with 500 g/kg DM for the solvent-extracted material) but have oil contents of
more than 100 g/kg DM compared with 20 g/kg DM for the extracted meal and
make a significantly greater contribution to the energy of the diet.

The protein is rich in leucine, arginine and methionine but is relatively low in
lysine.The meal therefore needs to be combined with foods rich in lysine when given
to pigs and poultry. For ruminants, the protein has a degradability of 0.65–0.75,
depending upon the rate of passage through the rumen.

The residual oil of the cake or meal is highly unsaturated and may result in soft
body and milk fat if consumed in excessive amounts and may also impart a disagree-
able flavour to milk.The oil rapidly becomes rancid and unpalatable, and meals con-
taining it have been implicated in cases of vitamin E deficiency.The meal has a high
content of phytic acid, which makes much of its phosphorus unavailable; rations
containing the meal may also need extra supplementation with calcium.

The hulls of sesame seeds contain oxalates, and it is essential that meals should be
completely decorticated in order to avoid toxicity.

Meals in good condition are palatable but have a laxative action. The diets of
young ruminants should not contain more than 50 kg/t, whereas the maximum in-
clusion rate for adults is 100–150 kg/t. The meal should not be given to young pigs
or poultry, but it may be included at up to 50 kg/t for adults of these species.

23.2 OILSEED RESIDUES OF MINOR IMPORTANCE

A number of less well-known meals are available in relatively small amounts.
These are usually of poor feeding value and low palatability and frequently con-
tain toxic material.Their use is thus limited to certain classes of animal at low rates
of inclusion.

Extracted cocoa bean meal

The meals contain varying concentrations of theobromine, an alkaloid that is lethal
to chickens and toxic to other monogastric animals and young ruminants.The mate-
rials are therefore suitable only for adult ruminants. They have a protein content of
about 150 g/kg DM, with an apparent digestibility for cattle of about 0.40. Quoted
metabolisable energy values range from 5.3 MJ/kg DM for cattle to 9.0 MJ/kg DM
for sheep. The suggested maximum dietary inclusion rate for adult ruminants is 
30 kg/t of the total ration. Owing to the risk of a positive drug test, cocoa products
should not be given to racing horses.
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Sheanut meal

There is an increased interest in sheanut meal due to a greater demand for shea fat in
cosmetics and as a cocoa butter substitute in chocolate.The meals are very variable
in their nutritive value, with a mean protein content of about 150 g/kg DM, but this
can range from 80 g/kg DM to 250 g/kg DM. Their protein digestibility (cattle) is
very low, at about 0.12.The energy value for adult ruminants is usually considered to
be about half that of barley.They contain an alkaloid, saponine, which causes injury
to the digestive mucosa and haemolytic changes in the blood. It is particularly toxic
to pigs but can be tolerated by adult ruminants.The meals are bitter to the taste and
of low palatability and can contain substantial quantities of tannins and theo-
bromine (3,7-dimethylxanthine), a purine derived alkaloid that can be toxic.
Sheanut meal may be included at a maximum inclusion rate of 100 kg/t in the total
ration of adult beef cattle and 50 kg/t for other adult ruminants.The product should
carry a guarantee of saponine content if its use is to be considered. Soaking with
water and fermentation of the meal before feeding has been shown to reduce the
negative effects of some of the antinutritional factors. Even relatively low inclusion
rates (25 g/kg) in poultry diets can, however, decrease performance.

23.3 LEGUMINOUS SEEDS

The Leguminosae are a large family of plants, with about 12 000 recognised species.
Four tribes within the family are of particular importance, since they include all the
common peas and beans.The Hedysareae contain the groundnut; the Vicieae include
the genera Vicia, Cicer, Pisum, Lens and Lathyrus; the Genisteae contain the genus
Lupinus; and the Phaseoleae include the genera Phaseolus, Dolichos and Glycine.

The combined usage of peas and beans by British compounders decreased from
174 500 tonnes in 1999 to 118 500 tonnes in 2005 and 68 500 tonnes in 2008, with
beans forming about 60 per cent of the total.

Many leguminous plants are toxic to animals. Consumption of certain species
within the genus Lathyrus, such as the Indian pea (L. sativus), may result in the con-
dition known as lathyrism. This may take the form of osteolathyrism (caused by the
presence in the seed of β-L-glutamylaminopropionitrile) or neurolathyrism (the form
affecting human beings and of which β-N-oxalyl-L-α,β-diaminopropionic acid is
thought to be the causative agent).The former is characterised by bone deformations
and weakness in connective tissue.The latter is characterised by retardation of sexual
development and increasing paralysis, which may prove fatal if the larynx is affected.

Vicia faba (broad bean) may cause the condition in man known as favism.This is
characterised by haemolytic anaemia, and affected individuals have nausea, short-
ness of breath, abdominal pain, fevers and sometimes renal failure. The disease
occurs in individuals with a genetic deficiency of glucose-6-phosphate dehydroge-
nase in their erythrocytes. It has been suggested that the causative agents are
divicine and isouramil, pyrimidine derivatives present in the seed.

Phaseolus lunatus beans (lima bean, Java bean) contain the cyanogenetic gluco-
side phaseolunatin, which is extremely toxic when hydrolysed.The glucoside is present,
but only in small quantities, in cultivated varieties of P. lunatus such as the butter
bean. A number of species, including Cicer ensiformis, Dolichus biflorus, D. lablab,
P. lunatus, P. vulgaris and P. communis, are known to contain lectins, which are toxic
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upon oral ingestion. Unfamiliar leguminous seeds should be treated with caution
until they have been proved to be safe.

Beans

Beans belong mainly to the Vicieae and Phaseoleae and are used as food for human
beings and animals all over the world.The chief member of the Vicieae is Vicia faba,
known as the broad bean, horse bean, tick bean and field bean.The most numerous
genus in the Phaseoleae is Phaseolus, and the best-known species is P. vulgaris, with
a number of varieties known as French, dwarf and navy beans. There are a large
number of other Phaseolus species that are locally important as sources of food,
such as butter beans (P. lunatus) and runner beans (P. coccineus), as are several other
genera, such as Vigna, Dolichus and Canavalia. Nutritionally, the species are very
similar, being good sources of protein with a high lysine content; they are good
sources of energy and phosphorus but have low contents of calcium. Beans have
little or no carotene or vitamin C, but they may contain significant amounts of
thiamin, nicotinamide and riboflavin.

There are a large number of varieties of field bean, which fall into two classes:
winter and spring.The winter varieties outyield the spring varieties, the yield levels
in the UK being about 3.8 and 3.4 tonnes/hectare, respectively. Spring varieties usu-
ally have a higher protein content than winter varieties, about 270 g/kg DM com-
pared with 230 g/kg DM, and a lower fibre content, about 69 g/kg DM compared
with 78 g/kg DM. These fibre levels are higher than in the common cereals, except
for oats. The ether extract concentration in both winter and spring beans is low,
about 13 g/kg DM, but it has a high proportion of linoleic and α-linolenic acids.The
mineral composition of beans is similar to that of the cereals and the oilseed
residues, with high phosphorus and low calcium concentrations. They contain little
or no sodium or chlorine and are poor sources of manganese.

Beans are regarded primarily as sources of protein of relatively good quality.This
is a reflection of the amino acid composition characterised by a high lysine content
similar to that of fishmeal protein; levels of cystine and methionine are lower than in
common animal and vegetable proteins.

As well as being a good source of protein, beans make a significant contribution
to the energy economy of the animal, having a metabolisable energy content of 
13.5 MJ/kg DM for ruminants and 12.0 MJ/kg DM for poultry and a digestible energy
content of 13.3 MJ/kg DM for pigs.

Beans are used in the diets of all the major classes of farm animal. Levels in the
diets of calves up to 3 months of age are usually of the order of 150 kg/t but can be
increased considerably thereafter. Mixtures containing 400 kg/t have been used
quite satisfactorily for intensively fed steers. The beans are usually cracked, kibbled
or coarsely ground for feeding, but it would appear that whole beans are quite satis-
factory for older ruminants, which rapidly adapt to chewing them. Dairy cow con-
centrates may contain 150–200 kg/t of beans, and recent work has shown that levels
of up to 350 kg/t may be used with no loss of milk yield.

For pigs, beans are usually ground to pass a 3 mm screen and are used in sow,
weaner and fattening diets; it is not usual to include them in creep feeds.Although there
is no objective evidence in its support, the view is widely held that newly harvested
beans should be allowed to mature for several weeks before being given to pigs. The
usual rate of inclusion of beans is 50–150 kg/t and should not exceed 200 kg/t.
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Cystine and methionine are important in the diets of poultry owing to the de-
mands of feathering, and beans may be expected to be of limited value for poultry.
Traditionally, they have been little used in poultry diets, but evidence indicates that
field beans can be used to replace soya bean meal as long as adequate methionine
supplementation is practised.

Many species of beans, including the field bean, have been shown to contain
antitryptic factors. In beans grown in the UK, the latter have not been shown to have
any significant effect on performance.

Peas

The peas grown as a source of protein for animals in the UK (Pisum sativum) belong
to the Vicieae. Other species, such as the chick pea (Cicer arietinum) in India, are im-
portant locally. Peas are basically similar to beans but have lower contents of crude
protein (260 g/kg DM) and crude fibre (<60 g/kg DM). The oil content is slightly
higher than that of beans, but the degree of saturation is similar. Like beans, peas are
regarded primarily as a source of protein. That of peas has the better balance of
amino acids, having higher contents of lysine, methionine and cystine. However,
methionine is still the main limiting amino acid. Peas make a significant contribution
to the energy intake of the animal, having a metabolisable energy content of 
13.4 MJ/kg DM for ruminants and 12.7 MJ/kg DM for poultry, and a digestible
energy content of 15.0 MJ/kg DM for pigs.

The maximum rate of inclusion of peas in ruminant diets may be as high as 400 kg/t,
but problems of mixing and cubing limit their inclusion in pelleted foods to a maximum
of 200 kg/t.They are particularly useful in that they are able to replace soya bean meal
in pig and poultry diets, whereas beans are largely confined to ruminant diets.

Lupin seed meal

Lupin seed meal is made by grinding the whole seeds. It is a useful European-grown
source of protein.There are three species of lupin, distinguished by the colour of the
flowers.Those of Lupinus albus are white, those of L. angustifolius blue and those of
L. luteus yellow.Within species, there are sweet and bitter varieties. The latter con-
tain 10–20 g/kg of toxic alkaloids such as lupinin and angustifolin and should not be
given to animals; even sweet varieties may contain low levels of alkaloids. For safety,
the alkaloid content must be less than 0.6 g/kg.

The seed coat is fibrous, and its inclusion in the meal adversely affects its di-
gestibility, especially for young monogastric animals.White varieties have the lowest
fibre and highest oil and protein contents, and meals made from them are more valu-
able for pigs and poultry than are the blue and yellow varieties. A typical meal will
have a metabolisable energy content of 11.5 MJ/kg DM for poultry and 13.2 MJ/kg DM
for ruminants, and a digestible energy content for pigs of 17.3 MJ/kg DM.The amino
acid pattern is not well balanced, and diets containing significant quantities of the
meal may require supplementation with methionine, which is the first limiting 
amino acid.

Maximum levels of inclusion are 150 kg/t for ruminant diets, 100 kg/t for adult
poultry and pigs, and 50 kg/t for growing pigs and broilers.

Because of rapid oxidation of the oil, the meal has to be used immediately or an
antioxidant must be incorporated.
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ANIMAL PROTEIN CONCENTRATES

These materials are given to animals in much smaller amounts than the foods so far
discussed, because they are not used primarily as sources of protein per se but are
used to make good deficiencies of certain essential amino acids from which non-ru-
minants may suffer when they are fed on all-vegetable-protein diets. In addition,
they often make a significant contribution to the animal’s mineral nutrition and sup-
ply various vitamins of the B complex. A further reason why these products are
given in limited quantities to farm animals is that they are expensive, which makes
their large-scale use uneconomic.Total usage of animal substances in the compound
industry in the UK in 1992 was 409 000 tonnes, but this had fallen to 177 700 tonnes
in 1999 and 117 800 tonnes in 2008. In 1992, over half was meat and bone meal,
the rest being fishmeal with minor contributions from other sources such as blood
meal and feather meal.

Production of animal protein foods in the UK is controlled by the Processed Ani-
mal Protein Order 1989.This states that producers must be registered and lays down
procedures for the sampling and testing of foods for Salmonella bacteria. Samples
must be taken on each day that a consignment leaves the premises, and then submit-
ted for testing. When food produced on the premises is incorporated in a feeding
stuff for livestock or poultry kept on those premises, then on each day immediately
before any supplies of any such processed animal protein are incorporated in such
feeding stuff, a sample must be taken and submitted for testing.The Order also lays
down procedures in the event of a sample failing a test.

Although Salmonella infection from meat and bone meal continues to be a mat-
ter of concern, the greater concern at the time of writing is that of infection of
animal (and human) consumers with forms of spongiform encephalopathy. Under
current UK legislation (the Bovine Spongiform Encephalopathy (No. 2) Order 1996
(SI 1996 No. 3163)), mammalian meat and bone meal cannot be given to ruminant
or non-ruminant animals; mammalian protein other than meat and bone meal may
be given to non-ruminant animals but not to ruminant animals.

A European Council decision of 4 December 2000, which remains in force but
under review, defined ‘processed animal proteins’ as meat and bone meal, meat
meal, bone meal, blood meal, dried plasma and other blood products, hydrolysed
proteins, hoof meal, horn meal, poultry offal meal, dry greaves, fishmeal, dicalcium
phosphate and gelatin. It directs that member states shall prohibit the use of
processed animal proteins as food for farmed animals that are kept, fattened or bred
for the production of food for human beings. Fishmeal may be given to non-ruminants,
and the prohibition does not apply to milk and milk products.

Meat by-products

Although animal foods based on mammalian meat are prohibited from being used as
food for farmed animals in the UK and Europe, there are areas where this may be
allowed. For this reason, we have decided to include a few general comments on the
nutritive value of such products. It may also be that, at some future date, current pro-
hibitions on their use in Europe may be lifted.

The protein of meat by-products is of good quality (BV approximately 0.67 for
adult man) and is particularly useful as a lysine supplement. Unfortunately, it is a
poor source of methionine and tryptophan. Various unidentified beneficial factors

23.4
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have been claimed to be present in meat meals, among them the enteric growth
factor from the intestinal tract of swine, the Ackerman factor and a growth factor
located in the ash.

Meat products are more valuable for simple-stomached than for ruminant animals
since the latter have less need of a dietary supply of high-quality protein. The low
methionine and tryptophan levels of the meals reduce their value, since they cannot
adequately make good the deficiencies of these amino acids in the high-cereal diets
of pigs and poultry. This is especially so when high proportions of maize are given,
maize being particularly low in tryptophan. Usually meat meal is given in conjunc-
tion with another animal or vegetable protein to complement its low content of me-
thionine and tryptophan. Both meat meal and meat and bone meal are eaten readily
by pigs and poultry and may be given at levels of up to 150 kg/t of the diet for lay-
ing hens and young pigs; for fattening pigs, the level is usually kept below 100 kg/t.
As well as being less beneficial for ruminants than for simple-stomached animals,
these products are not readily accepted by ruminants and must be introduced into
their diets gradually. Considerable care is required in storing meat products to
prevent the development of rancidity and loss of vitamin potency.

Fishmeal

The use of fishmeal by the British animal feed industry decreased from 193 000 tonnes
in 1996 to 118 000 tonnes in 2008. Fishmeal is produced by cooking fish and then
pressing the cooked mass to remove most of the oil and water.The aqueous liquor is
concentrated and added to the pressed mass and the whole dried. In the UK, fish-
meal is legally defined as ‘the product obtained by processing whole or parts of fish
from which part of the oil may have been removed and to which fish solubles may
have been re-added’. Fish solubles are ‘the product obtained during the manufacture
of fishmeal which has been separated and stabilized by acidification or drying’
(Feeding Stuffs Regulations 2005). About 90 per cent of the raw material used in
fishmeal production consists of oily species such as anchovies, capelin and men-
haden, the remaining 10 per cent consisting of fish (plus some of the offal) of species
such as haddock and cod.

Nutritionally, the drying process is very important, since overdrying may signifi-
cantly reduce the quality of the product. There are two main types of dryer: direct
and indirect. In the former, hot air (at about 500°C) is passed over the material as it
is tumbled in a cylindrical drum. The temperature of the material should remain in
the range 80–95 °C, but it may be much higher if the process is not carefully con-
trolled. In the indirect method, the dryers are steam-jacketed cylinders or cylinders
containing steam-heated discs, which again tumble the material during drying. The
latter process is slower but controlled more easily. The dried product is ground so
that less than 10 per cent passes a 1 mm screen and more than 90 per cent passes a
10 mm screen.

In well-produced meals the protein has a digestibility of between 0.93 and 0.95,
but meals that are heated too strongly in processing may have values as low as 0.60.
The quality of protein in fishmeal is high though variable, as indicated by values of
0.36 and 0.82 quoted as the biological value for rats. Processing conditions, particu-
larly the degree and length of time of heating, are probably the major determinants
of protein quality, as shown by the figures for available lysine quoted in Table 23.4.
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Values of 0.58 for r � 0.02, 0.44 for r � 0.05 and 0.38 for r � 0.08 (r � passage
rate from the rumen; see p. 325) have been quoted for the rumen degradability of
fishmeal protein, and it is pre-eminent as a source of undegradable protein for rumi-
nant animals, although EU legislation currently bans its use.

The protein contents of various fishmeals vary over a range of about 500–750 g/kg,
but the composition of the protein is relatively constant. It is rich in the essential
amino acids, particularly lysine, cystine, methionine and tryptophan, and is a valu-
able supplement to cereal-based diets, particularly where they contain much maize.
The essential amino acid composition is compared with that of ideal protein (see
Table 13.7 in Chapter 13) in Box 23.3.

Fishmeals have a high mineral content (100–220 g/kg), which is of value nutri-
tionally since it contains a high proportion of calcium and phosphorus and a number
of desirable trace minerals, including manganese, iron and iodine. They are a good
source of B complex vitamins, particularly choline, B12 and riboflavin, and have en-
hanced nutritional value because of their content of growth factors known collec-
tively as the animal protein factor (APF).

Fishmeals contain high levels of polyunsaturated fatty acids, and the ratio of 
omega-3 to the more abundant omega-6 acids is particularly desirable; they also

Table 23.4 Effect of various heat treatments on the available
lysine contents of fishmeals

Treatment Available lysine (g/kg CP)

Freeze dried 86
Oven dried

105 °C for 6 hours 83
170 °C for 6 hours 69

BOX 23.3 Ratio of the essential amino acids to lysine in fishmeal protein and ideal
protein for growing pigs

Amino acid Fishmeal Ideal protein

Lysine 1.0 1.0
Methionine + cystine 0.45 0.59
Trytophan 0.14 0.19
Threonine 0.57 0.65
Leucine 1.01 1.00
Isoleucine 0.62 0.58
Valine 0.73 0.70
Histidine 0.29 0.34
Phenylalanine � tyrosine 1.04 1.00
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contain significant amouts of eicosapentaenoic and docosohexenoic acids (see 
Chapter 3). Increased levels of these substances are advantageous to human beings
consuming them.

The energy of fishmeals is present entirely in the form of fat and protein and is
largely a reflection of the oil content. In the past, the energy value for animals has
been underestimated, particularly in the case of ruminants, for which average values
in the region of 14 MJ/kg of metabolisable energy are now accepted as realistic.

A wide variety of fishmeals are available, depending upon the country of origin,
the raw material and the process used. For convenience, the meals currently avail-
able in the UK may be grouped into:

■ South American fishmeals;
■ herring-type fishmeals;
■ UK-produced meal, which may contain a proportion of offal.

Typical figures for composition and nutritive value are given in Table 23.5.
The current trend in the marketing of fishmeals is towards specialised products

tailored to suit particular species.Thus, special low-temperature meals are produced
for aquaculture and for early-weaned pigs, and ruminant-grade products have
strictly controlled levels of soluble nitrogen.

Fishmeals find their greatest use with simple-stomached animals. They are used
mostly in diets for young animals, whose demand for protein and the indispensable
amino acids is particularly high and for whom the growth-promoting effects of APF
are valuable. Such diets may include up to 150 kg/t of fishmeal.With older animals,
which need less protein, the level of fishmeal in the diet is brought down to about
50 kg/t, and it may be eliminated entirely from diets for those animals in the last
stages of fattening. This is partly for economic reasons, since the protein needs of
such animals are small, and partly to remove any possibility of a fishy taint in the
finished carcass.This possibility must also be considered carefully with animals pro-
ducing milk and eggs, which are vulnerable to taint development. Fully ruminant
animals are able to obtain amino acids and B vitamins by microbial synthesis, and
the importance of fishmeal for such animals is as a source of undegradable protein.
This is of particular importance for actively growing and pregnant animals. Rates of
inclusion in the diet are usually about 50 kg/t. For lactating cows, the daily intake of
fishmeal should be limited to not more than 1 kg.Above this, the intake of oil could
exceed 100 g/day, which would have detrimental effects on fermentation in the
rumen.

Table 23.5 Composition and nutritive value of some typical fishmeals

Herring South American UK-produced

Crude protein (g/kg) 730 660 640
Oil (g/kg) 70 60 65
Calcium (g/kg) 20 45 80
Phosphorus (g/kg) 15 30 50
ME (MJ/kg DM)

Ruminant 17.8 14.6 14.6
Poultry 14.9 13.9 13.4

DE (MJ/kg DM, pigs) 19.6 19.0 17.0
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The nitrite content of fishmeals sold in the UK is strictly controlled by legislation. It
may not be more than 60 mg/kg of food referred to a moisture content of 120 mg/kg
and stated as sodium nitrite.This is equivalent to 14 mg nitrite nitrogen/kg DM.

Blood meal

In the UK, blood meal is defined as ‘the product obtained by drying the blood of
slaughtered warm-blooded animals.The product must be substantially free of foreign
matter’ (Feeding Stuffs Regulations 2005).

It is manufactured by passing live steam through blood until the temperature
reaches 100 °C. This ensures efficient sterilisation and causes the blood to clot. It is
then drained, pressed to express occluded serum, dried by steam heating and
ground.

Blood meal is a chocolate-coloured powder with a characteristic smell. It contains
about 800 g/kg of protein, small amounts of ash and oil, and about 100 g/kg of
water. It is important nutritionally only as a source of protein. Blood meal is one of
the richest sources of lysine and a rich source of arginine, methionine, cystine and
leucine, but it is deficient in isoleucine and contains less glycine than fish, meat, or
meat and bone meals. Owing to the poor balance of amino acids, its biological value
is low; in addition, it has a low digestibility. It has the advantage, in certain situa-
tions, that its protein has a very low rumen degradability (about 0.20).

The meal is unpalatable and its use has reduced growth rates in poultry so that it
is not recommended for young stock. For older birds, rates of inclusion are limited to
about 10–20 kg/t of the diet. It should not be included in creep foods for pigs. Nor-
mal levels of inclusion for older animals are of the order of 50 kg/t of diet, and it is
usually used along with a high-quality protein source. At levels over 100 kg/t of 
the diet, it tends to cause scouring and is best regarded as a food for boosting dietary
lysine levels.

Hydrolysed feather meal

The Feeding Stuffs Regulations 2005 define this material as the ‘product obtained by
hydrolysing, drying and grinding poultry feathers’.

The meal is produced by steam cooking under pressures of 2.8–3.55 kg/cm2 for
30–45 minutes, when temperatures of 140–150 °C are achieved.

Feather meal has a high protein content, typically about 850 g/kg, with individual
samples varying from 610 g/kg to 930 g/kg. Histidine and lysine are joint first limiting
amino acids, with methionine being third limiting. Ileal digestibility is of the order 
of 0.5, with digestibility values for individual amino acids varying from 0.20 to 0.70.
There is some evidence that protein digestibility may be improved if processing is car-
ried out at higher pressures for a shorter time.Typically, the meal has a digestible energy
value for pigs of 12.6 MJ/kg DM and metabolisable energy values of 13.7 MJ/kg DM,
12.5 MJ/kg DM and 13.6 MJ/kg DM for poultry, cattle and sheep, respectively.Varia-
tions in processing conditions may have a marked effect on nutritive value.

The meal is of low palatability and must be introduced into the diet gradually.
Dietary rates of inclusion are generally low, being of the order of 25–30 kg/t of the
total ration for adult ruminants, 25 kg/t for layers, broilers and turkeys, and 10 kg/t
for calves, lambs, sows, and growing and finishing pigs. The meal is not used for
weaner and creep-fed pigs or chicks.
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MILK PRODUCTS

Whole milk

Whole milk from cows contains about 875 g/kg of water and 125 g/kg of dry matter,
usually referred to as the total solids. Of this, about 37.5 g/kg is fat. The remainder,
termed the solids-not-fat (SNF), consists of protein (33 g/kg), lactose (47 g/kg) and
ash (7.5 g/kg). Most of the fat consists of neutral triacylglycerols having a character-
istically high proportion of fatty acids of low molecular weight and providing an
excellent source of energy. It has about 2.25 times the energy value of the milk sugar
or lactose.The crude protein fraction of milk is complex, about 5 per cent of the ni-
trogen being non-protein. Casein, the chief milk protein, contains about 78 per cent
of the total nitrogen and is of excellent quality, but it is marred by a slight deficiency
of the sulphur-containing amino acids, cystine and methionine. Fortunately,
β-lactoglobulin is rich in these acids and so the combined milk proteins have a bio-
logical value of about 0.85.The most economical use of the protein is in supplement-
ing poor-quality proteins such as those of the cereals, for which purpose it is better
than either the meat or fish products.When milk products are used to replace fish-
meal or meat and bone meal, the diet must be supplemented with inorganic ele-
ments, particularly calcium and phosphorus, since the ash content of milk is low.
Milk has a low magnesium content and is seriously deficient in iron. Normally milk
is a good source of vitamin A but a poor one of vitamins D and E. It is a good source
of thiamin and riboflavin and contains small amounts of vitamin B12.

Whole milk is consumed by suckled calves, lambs, young dairy and bull calves,
and animals being prepared for competition. Two milk by-products are widely used
and are valuable foods for farm animals.

Skim milk

This is the residue after the cream has been separated from milk by centrifugal force.
The fat content is very low, below 10 g/kg, and the gross energy is much reduced,
about 1.5 MJ/kg as compared with 3.1 MJ/kg for whole milk. Removal of the fat in
the cream also means that skim milk is a poor source of the fat-soluble vitamins, but
it does result in a concentration of the SNF constituents. Skim milk finds its main use
as a protein supplement in the diets of simple-stomached animals and is rarely used
for ruminant animals; it is particularly effective in making good the amino acid
deficiencies of the largely cereal diets of young pigs and poultry. It is usually given to
pigs in the liquid state and is limited to a per capita consumption of 2.8–3.4 l
(3.0–3.6 kg) per day.When the price is suitable, it may be given ad libitum, and up to
23 l (24 kg) per pig per day may be consumed along with about 1 kg of meal. Scour-
ing may occur at these levels but can be avoided with reasonable care. Liquid skim
milk must always be given in the same state, either fresh or sour, if digestive upsets
are to be avoided. It may be preserved by adding 1.5 l of formalin to 1000 l of skim
milk. For feeding poultry, skim milk is normally used as a powder and may form up

23.5

There is a risk of contamination of the base material with Salmonella, and it is
important that strict control of processing conditions should be maintained in order
to minimise the risk of this in the finished product.
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to 150 kg/t of the diet. It contains about 350 g/kg of protein, the quality of which
varies according to the manufacturing process used: roller-dried skim milk is sub-
jected to a higher drying temperature than the spray-dried product and has a lower
digestibility and biological value (Table 23.6). For poultry, skim milk has the disad-
vantage of having a low cystine content.

Whey

When milk is treated with rennet in the process of cheese making, casein is precipi-
tated and carries down with it most of the fat and about half the calcium and phos-
phorus.The remaining serum is known as whey, which, as a result of the partitioning
of the milk constituents in the rennet coagulation, is a poorer source of energy 
(1.1 MJ/kg), fat-soluble vitamins, calcium and phosphorus. Sweet whey (pH > 5.6) is
produced from rennet-coagulated cheese production, whereas acid whey (pH < 5.1)
is produced from the manufacture of cottage cheese. Quantitatively, whey is a poorer
source of protein than milk, but most of the protein is β-lactoglobulin and is of very
good quality.Whey is usually given ad libitum in the liquid state to pigs. Dried skim
milk and whey find their main use as constituents of proprietary milk replacers for
young calves. Unlike those of skim milk, whey proteins do not clot in the stomach
and may give rise to digestive problems at high rates of inclusion. The major carbo-
hydrate present in whey is lactose, which has been shown to be antiprotozoal and 
increase microbial protein synthesis within the rumen. Lactose has also been
demonstrated to have a stabilising effect on ruminal pH when included at rates of 
50 g/kg DM, which is independent of its effect on protozoal numbers.

Table 23.6 Effect of processing on the nutritive value of skim milk

Digestibility Biological value Available lysine 

of protein of protein (g/kg CP)

Spray-dried 0.96 0.89 81
Roller-dried 0.92 0.82 59

23.6 SINGLE-CELL PROTEIN

Protein for feeding animals has been produced by microbial fermentation. Single-
cell organisms such as yeasts and bacteria grow very quickly and can double their
cell mass, even in large-scale industrial fermenters, in 3–4 hours.A range of nutrient
substrates can be used, including cereal grains, sugar beet, sugarcane and its by-
products, hydrolysates from wood and plants, and waste products from food manu-
facture. Bacteria such as Pseudomonas spp. can be grown on more unconventional
materials such as methanol, ethanol, alkanes, alkanals and organic acids.The figures
in Table 23.7 show that the material obtained by culturing different organisms varies
considerably in composition.

The protein content of bacteria is higher than that of yeasts and contains higher
concentrations of the sulphur-containing amino acids but a lower concentration of
lysine. Single-cell protein (SCP) contains unusually high levels of nucleic acids, rang-
ing from 50 g/kg DM to 120 g/kg DM in yeasts and from 80 g/kg DM to 160 g/kg DM
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in bacteria. Some of the purine and pyrimidine bases in these acids can be used for
nucleic acid biosynthesis. Large amounts of uric acid or allantoin, the end products
of nucleic acid catabolism, are excreted in the urine of animals consuming SCP.The
oil content of yeasts and bacteria varies from 25 g/kg DM to 236 g/kg DM, and the
oils themselves are rich in unsaturated fatty acids. Although SCP does contain a
crude fibre fraction, which can be quite high in some yeasts, it is not composed of
cellulose, hemicelluloses and lignin as in foods of plant origin; the fibre consists
chiefly of glucans, mannans and chitin.

Studies with pigs have yielded digestibility coefficients for energy varying from
0.70 to 0.90 for yeasts grown on whey and n-paraffins, respectively, and a value of
0.80 was obtained for a bacterium grown on methanol.The inclusion of up to 150 kg/t
of SCP in pig diets has given levels of animal production comparable with those
obtained with diets containing soya bean meal or fishmeal. Similarly encouraging
results have been obtained with calves, although it is usually recommended that the
maximum level of inclusion of alkane yeasts in calf milk substitutes should be 80 kg/t.

In the case of poultry, dietary SCP concentrations of 20–50 kg/t have proved
optimal for broilers, and 100 kg/t has been suggested for diets for laying hens.

Table 23.7 Chemical composition of single-cell protein (SCP) grown on different substrates (g/kg DM) 

Substrates Microorganism DM (g/kg) Organic Crude Crude Crude Ash

used matter protein fat fibre

Gas oil Candida lipolytica 916 914 678 25 44 86
Gas oil Candida lipolytica 903 917 494 132 41 84
n-Paraffin Candida lipolytica 932 934 644 92 47 66
n-Paraffin Candida lipolytica 914 933 480 236 47 67
n-Alkanes Pichia guillerm 971 941 501 122 76 59
Whey (lactic acid) Candida pseudotropicalis 900 900 640 56 50 100
Methanol Candida boidinii 938 939 388 77 107 61
Methanol Pseudomonas methylica 967 903 819 79 5 97
Sulphite liquor Candida utilis 917 925 553 79 13 75
Molasses Saccharomyces cerevisiae 908 932 515 63 18 68
Extract of malt Saccharomyces carlsbergensis 899 926 458 31 11 74

After Schulz E and Oslage H J 1976 Animal Feed Science and Technology 1: 9.

23.7 SYNTHETIC AMINO ACIDS

Meeting the requirements of non-ruminants for a balanced supply of essential
amino acids requires the use of expensive protein sources, such as fishmeal, or high
levels of less well-balanced protein sources such as soya bean meal (see Chapter 13).
Economics dictate that the latter option is usually taken, and, in order to meet the
requirements for the limiting amino acid, an excess of total protein has to be sup-
plied. This is deaminated and the nitrogen is excreted; both processes require
energy, and such protein oversupply is wasteful in terms of both protein and energy
metabolism. In addition, the excreted nitrogen may be a source of pollution in the
environment.
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An alternative to the use of high dietary levels of unbalanced proteins is to use
them at lower levels, but in combination with supplements of free amino acids.This
reduces the total amount of protein given and, since the amino acid balance is more
appropriate, the efficiency of energy and protein use is improved and less nitrogen is
wasted. Amino acids can be produced industrially by chemical and microbial
processes and are readily available.

Pig and poultry diets based on cereals and vegetable protein sources are now
routinely supplemented with L-lysine hydrochloride (supplying 780 g lysine/kg), DL-
methionine and L-threonine. A diet for a finishing pig, which has to contain 10 g
lysine/kg, required a combination of 750 g barley and 250 g soya bean meal/kg, and
this mix has a crude protein content of 185 g/kg (see Appendix 2, Table A.2.2.2).
With the inclusion of 2 g of lysine hydrochloride, the same lysine content can be
achieved with a mix of 808 g barley and 190 g soya bean meal, and the protein con-
tent is reduced to 165 g/kg. Such reductions in crude protein content have main-
tained a balanced supply of amino acids and resulted in improved rates of liveweight
gain and food conversion efficiency. It is important that the supplementary acids are
not used excessively to satisfy the animal’s requirements, since this may bring about
an undersupply of other essential amino acids.

In high-producing ruminant animals such as dairy cows, the first limiting amino
acid is generally methionine, followed by lysine, particularly if the diet is high in
maize silage or grain.To increase tissue methionine or lysine supply in ruminants re-
quires the supplement to be protected against microbial activity in the rumen but
subsequently be available for absorption in the small intestine. Protection is gener-
ally in the form of surface coating with a fatty acid, pH-sensitive polymer, mineral
mixture, or chemically modified molecules such as D,L-2-hydroxy-4-(methylthio)-
butanoic acid. The surface coating of amino acids causes problems when pelleting.
The bioavailability (i.e. the proportion absorbed to that fed) of protected methionine
products is in the range 500–810 g/kg. The response to feeding protected amino
acids on milk production in dairy cows is variable and dependent on factors includ-
ing the basal ration and animal production level.

23.8 NON-PROTEIN NITROGEN COMPOUNDS 
AS PROTEIN SOURCES

Non-protein nitrogen compounds are recognised as useful sources of nitrogen for
ruminant animals, and simple nitrogenous compounds such as ammonium salts of
organic acids can be utilised to a very limited extent by pigs and poultry. Commer-
cially, non-protein nitrogen compounds are important for ruminants only. Their use
depends upon the ability of the rumen microorganisms to use them in the synthesis of
their own cellular tissues (see Chapter 8), and they are thus able to satisfy the microbial
portion of the animal’s demand for nitrogen and, by way of the microbial protein, at
least part of its nitrogen demand at tissue level.The compounds investigated include
urea, ammonium salts of organic acids, inorganic ammonium salts and various amides
as well as thiourea, hydrazine and biuret. Studies in vitro have shown that ammo-
nium acetate, ammonium succinate, acetamide and diammonium phosphate are bet-
ter substrates for microbial protein synthesis than urea, but from considerations of
price, convenience, palatability and toxicity, urea has been the most widely used and
investigated non-protein nitrogen compound in foods for farm animals.
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Urea

Urea is a white, crystalline, deliquescent solid with the following formula:

Pure urea has a nitrogen content of 466 g/kg, which is equivalent to a crude protein
content of 466 � 6.25 � 2913 g/kg. Feed urea contains an inert conditioner to keep
it flowing freely, and this reduces its nitrogen content to 464 g/kg, equivalent to
2900 g/kg crude protein. Urea is hydrolysed by the urease activity of the rumen
microorganisms with the production of ammonia:

The ease and speed with which this reaction occurs when urea enters the rumen
gives rise to two major problems owing to excessive absorption of ammonia from the
rumen.Thus, wastage of nitrogen may occur, and there may be a danger of ammonia
toxicity. This is characterised by muscular twitching, ataxia, excessive salivation,
tetany, bloat and respiration defects (both rapid, shallow and slow, deep breathing
have been reported). Dietary levels of urea vary in their effects and it is not possible
to give accurate safety limits for any particular animal.Thus, sheep receiving as little
as 8.5 g per day have died, whereas others have consumed up to 100 g per day
without ill effects. Toxic symptoms appear when the ammonia level of peripheral
blood exceeds 500 µmol/l, and the lethal level is about 1500 µmol/l. Such levels are
usually associated with ruminal ammonia concentrations of about 800 mg/l, the ac-
tual level depending upon pH.Ammonia, which is the actual toxic agent in urea poi-
soning, is most toxic at high ruminal pH owing to the increased permeability of the
rumen wall to un-ionised ammonia compared with the ammonium ion, which pre-
dominates at low pH.

Urea should be given in such a way as to slow down its rate of breakdown and
encourage ammonia utilisation for protein synthesis. It is most effective when given
as a supplement to diets of low protein content, particularly if the protein is resistant
to microbial breakdown. The diet should also contain a source of readily available
energy so that microbial protein synthesis is enhanced and wastage reduced. At the
same time, the entry of readily available carbohydrate into the rumen will bring
about a rapid fall in rumen pH and so reduce the likelihood of toxicity. Many of the
difficulties encountered with urea would be avoided if the amount and size of meals
were restricted. To avoid the danger of toxicity, not more than one-third of the
dietary nitrogen should be provided as urea and, where possible, this should be in
the form of frequent and small intakes.

Urea, like other non-protein nitrogen sources, will not be used efficiently by the
ruminant animal unless the diet does not contain sufficient degradable protein to
satisfy the needs of its rumen microorganisms.

NH2

C:O

NH2

NH2

C:O H2O

NH2

2NH3            CO2+ +
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Although urea provides an acceptable protein source, there is evidence that
where it forms a major part of dietary nitrogen, deficiencies of the sulphur-
containing amino acids may occur. In such cases, supplementation of the diet with a
sulphur source may be necessary. An allowance of 0.13 g of anhydrous sodium sul-
phate per gram of urea is generally considered to be optimal. Urea does not provide
energy, minerals or vitamins for the animal, and when it is used to replace conven-
tional protein sources care must be taken to ensure that satisfactory dietary levels of
these nutrients are maintained by adequate supplementation.

Urea is available in proprietary foods in several forms. It may be included in solid
blocks that provide vitamin and mineral supplementation and contain a readily
available source of energy, usually starch. Animals are allowed free access to the
blocks, intake being restricted by the blocks having to be licked and by their high
salt content.There is some danger of excessive urea intakes if the block should crum-
ble or if there should be a readily available source of water that allows the animal to
cope with the high salt intakes. Solutions of urea containing molasses as the energy
source and carrying a variable amount of mineral and vitamin supplementation 
are also in use. Like the blocks, they contain 50–60 g urea and about 250 g sugar 
per kilogram and are supplied in special feeders in which the animal licks a ball
floating in the solution.

Several proprietary concentrate foods contain urea at levels in the range of
10–30 g/kg. Protein supplements for balancing cereals usually contain about
100 g/kg urea but there are some highly concentrated products with as much as
500 g/kg.When urea is included in the concentrate diet, thorough mixing is essential
to prevent localised concentrations, which may have toxic effects. Urea is sometimes
added to the roughage or concentrate portion of the ration as a solution containing
about 350 g urea and 100 g molasses per kilogram.

Urea may be used for all classes of ruminants but is less effective in animals in
which the rumen is not fully functional. Low-intensity, ranch-like conditions, in
which animals are fed on diets containing poor-quality protein in low concentra-
tion, are very suitable for the use of block or liquid foods. Under such conditions,
raising the nitrogen content of the diet may increase the digestibility and intake
of the roughage owing to stimulation of microbial activity. Beef cattle and sheep
consuming small amounts of concentrates are able to utilise urea efficiently, as are
animals receiving large quantities of concentrate ad libitum, resulting in small and
frequent intakes of food. Low-yielding dairy cows use urea-containing concen-
trates efficiently owing to their low concentrate intakes; cows of moderate and
high yield receiving large meals of concentrates at milking do not. There is much
evidence for reduced performance by such animals given diets containing urea.

When straws and other low-quality roughages are treated with ammonia (see 
p. 529), about 0.3–0.5 of the ammonia is retained by the roughage and may be
utilised by the rumen microorganisms in the same way as ammonia derived from
urea. Similarly, urea treatment of whole crop cereals can be used to produce an alka-
line preserved forage with a pH of approximately pH 8.0, and increase the crude
protein content by 40–80 g/kg DM.

Slower-release urea-based sources

Means to reduce the rate of nitrogen release from urea in the rumen (and subse-
quent post-feeding peak in rumen and plasma ammonia concentrations) have been
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developed, with varying degrees of success. Sources evaluated include calcium-
chloride-bound urea, isobutylidene diurea, acetyl urea, tung- and linseed-oil-coated
urea, formaldehyde-treated urea, natural zeolite, polymer-coated or fatty-acid-coated
urea, and biuret.

Biuret is produced by heating urea. It is a colourless, crystalline compound with
the following formula:

NH2 
. CO . NH . CO . NH2

It contains 408 g N/kg, equivalent to 2550 g CP/kg. Biuret is utilised by rumi-
nants, but a considerable period of adaptation is required.Adaptation is speeded by
inoculation with rumen liquor from an adapted rumen.The nitrogen of biuret is not
utilised as efficiently as that of urea, and it is very much more expensive. It has the
considerable advantage that it is non-toxic even at levels very much higher than
those likely to be found in foods.

Compound foods containing urea, must by law carry a declaration of:

■ the name of the material;
■ the amount present;
■ the proportion of nitrogen, expressed as protein equivalent, provided by the non-

protein nitrogenous content of the food;
■ directions for use specifying the animals for which the food is intended and the

maximum level of non-protein nitrogen, which must not be exceeded in the daily
ration.

Poultry waste

In the UK, poultry waste is legally defined as ‘the product obtained by drying and
grinding waste from slaughtered poultry. The product must be substantially free of
feathers’ (Feeding Stuffs Regulations 2005).

Despite aesthetic objections, dried poultry excreta have been used successfully
for ruminants.

Poultry manures vary considerably in composition, depending upon their origins.
That from caged layers has a lower fibre content than broiler litter, which has a base
of the straw, wood chips or sawdust used as bedding. Broiler litters also vary in com-
position depending upon the number of batches put through between changes of
bedding. Both types of waste have a high ash content, particularly that of layers, usu-
ally about 280 g/kg DM. Digestibility is low and, although metabolisable energy val-
ues of 6–9 MJ/kg DM have been quoted, 7.5 MJ/kg DM is probably a realistic figure.
Protein (N � 6.25) contents are variable, between 250 g/kg DM and 350 g/kg DM,
with a digestibility of about 0.65. Most of the nitrogen (600 g/kg at least) is present
as non-protein compounds, mostly urates, which must be converted first into urea
and then into ammonia in order to be utilised by the animal.The conversion to urea
is usually a slow process, and wastage and the danger of toxicity are both less than
with foods containing urea itself. Layer wastes are excellent sources of calcium
(about 65 g/kg DM), but the ratio of calcium to phosphorus is rather wide, at 3 : 1;
broiler litters have less calcium, with ratios closer to 1 : 1.

Dietary inclusion rates of up to 250 kg/t for dairy cows and up to 400 kg/t for fat-
tening cattle have been used and have supported very acceptable levels of perform-
ance. Thus, dairy cows given 110 kg per tonne of diet to replace half the soya bean
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of a control diet yielded 20 kg milk, the same as the control, but gained only 
0.58 kg/day compared with 0.95 kg/day for the controls.With fattening steers, con-
centrate diets containing wastes have supported gains of the order of 1 kg/day, but it
has been estimated that for each inclusion of 100 kg excreta per tonne of diet,
liveweight gains are reduced by about 40 g/kg.

One of the major anxieties constraining the use of poultry wastes in animal diets
has been the fear of health hazards arising from the presence of pathogens such as
Salmonella and the presence of pesticide and drug residues. The heat treatment
involved in drying and the ensiling procedures used for storing the materials appear
to offer satisfactory control of pathogens, and pesticides have not proved to be a
problem. Drug residues may be a hazard, but this can be overcome by having a with-
drawal period of 3 weeks before slaughter.

The best method of treating poultry wastes for use as animal foods is by drying,
but this is costly; ensiling, either alone, with forage, or with barley meal and malt,
has proved satisfactory.

The Feeding Stuffs Regulations 2005 state that ‘no person shall put into circula-
tion for use as a feeding stuff, or use as a feeding stuff, any material which contains
faeces, urine or separated digestive tract contents resulting from the emptying or re-
moval of the digestive tract, irrespective of any form of treatment or admixture’.
Taken in conjunction with the requirements of the Processed Animal Protein Order
(see above), this makes the use of poultry waste virtually impossible.

Poultry wastes must, by law, carry a declaration of the amount of protein equiva-
lent of uric acid if 1 per cent or greater and of calcium if in excess of 2 per cent.

SUMMARY

1. Oilseed cakes and meals are the residues re-
maining after oil is removed from oilseeds.
They are rich in protein and are valuable 
foods for animals.

2. About 2.6 million tonnes were used by the
British food-compounding industry in 2008, of
which soya bean meal contributed 45 per cent,
rapeseed meal 29 per cent, and sunflower meal
8 per cent.

3. They usually have a high content of phospho-
rus, which tends to exacerbate the generally
low calcium content.

4. The quality of oilseed protein is higher than that
of the cereals, and the best may approach that
of some animal proteins. In general, they have 
a low content of methionine and cystine, and a
variable though usually low lysine content.

5. Oilseeds contain antinutritional factors, and
some, such as castor oil seeds, are so toxic as to

preclude their use as foods unless stringent
conditions are attached to their use.

6. Protein quality of leguminous seeds such as
peas and beans is good, with methionine the
main limiting amino acid.

7. Animal protein concentrates are used primarily
in small amounts to make good deficiencies of
certain indispensable amino acids, minerals and
B vitamins in the diets of non-ruminant animals.

8. The use of various meat by-products as food
for certain animals is currently prohibited in
the UK and Europe.

9. About 120 000 tonnes of fishmeal was con-
sumed by animals in Britain in 2008 (although
its use is now restricted to non-ruminants). 
The quality of the protein is high and it is, 
in addition, an excellent source of calcium,
phosphorus, choline, vitamin B12 and
riboflavin. Fishmeals transmit high levels 
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QUESTIONS

23.1 Compare and contrast the nutritive value of soya bean meal, rapeseed meal
and linseed meal in pig and poultry diets.

23.2 Discuss the antinutritive factors present in groundnut meal and sheanut meal
and explain how these limit their inclusion in farm animal diets.

23.3 Compare and contrast the use of urea sources and protected amino acids in the
diet of high-yielding dairy cows and poultry.
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of polyunsaturated acids to animals consuming
them, which may benefit human beings con-
suming their products.

10. Milk products supply protein of high quality.
They are used mainly in pig diets and for
young animals in general, such as calves.

11. The use of synthetic amino acids as dietary
supplements has increased in the past few
years and it is now routine to add L-lysine hy-
drochloride, DL-methionine and L-threonine

to pig and poultry diets. Ruminally protected
amino acids such as methionine or lysine may
be useful in the diets of high-producing rumi-
nants such as dairy cows.

12. Non-protein materials such as urea are used
to provide a supply of degradable nitrogen
for the rumen bacteria and thus protein for
the host ruminant. Care is needed to ensure
an adequate supply of energy and sulphur for
the bacteria.
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24.1 Antibiotics

24.2 Probiotics

24.3 Oligosaccharides

24.4 Enzymes

24.5 Organic acids

24.6 Spray-dried plasma

24.7 Modifiers of rumen fermentation

Food additives are materials that are administered to the animal to enhance the effec-
tiveness of nutrients and exert their effects in the gut or on the gut wall cells. There are
clear theoretical reasons why these additives should be effective but, given the dynamic
nature of the gut physiology, it is often very difficult to demonstrate the effects in prac-
tice. For example, the effects of added organic acids within the gut lumen are difficult
to quantify, even when re-entrant cannulae are employed.

Food additives24

24.1 ANTIBIOTICS

Antibiotics are chemical compounds that, when given in small amounts, halt the
growth of bacteria. They are produced by other microorganisms, e.g. fungi, and are
also synthesised in the laboratory.They are used at therapeutic levels, by injection or
in food or water, to treat diseases caused by bacteria. In addition, subtherapeutic lev-
els of antibiotics are added to the food to enhance the rate of growth. The various
groups of antibiotics act in different ways to reduce the numbers of specific bacteria
in the gut (see Box 24.1), and thereby increase the efficiency of nutrient utilisation.
This is brought about by:

■ reduction or elimination of the activity of pathogenic bacteria that may cause
subclinical infection, thus allowing the host to achieve production levels closer to
their potential;

■ elimination of bacteria that produce toxins that reduce the growth of the host
animal;

■ stimulation of the growth of microorganisms that synthesise unidentified
nutrients;
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BOX 24.1 Modes of action of antibiotics

Antibiotics halt the growth of bacteria by interfering with their cellular metabolism. There are
four groups:

■ Antibiotics that interfere with the synthesis of the material forming the bacterial cell wall and
cause the cell to burst: These are high-molecular-weight (>1200) compounds that act on Gram-
positive bacteria. They are poorly absorbed by the host and thus are non-toxic, leave no de-
tectable residues and have no withdrawal period (i.e. a period of time during which the
compound must be removed from the food before the animal is slaughtered). Avoparcin and
flavomycin are examples of this type of antibiotic.

■ Inhibitors of bacterial protein synthesis: These are also primarily active against Gram-positive
bacteria and have a medium molecular weight (>500). Although they are absorbed to a greater
extent than the higher-molecular-weight compounds, they do not have a withdrawal period.
Examples of this type of antibiotic include tylosin and virginiamycin.

■ Inhibitors of bacterial DNA synthesis: These can have a broad spectrum of activity, have a low
molecular weight (about 250) and require withdrawal periods. Nitrofurans and quinoxaline-N-
oxides fall into this category of antibiotics.

■ Ionophore antibiotics:These interfere with the electrolyte balance (Na/K) of the bacterial cell by
transporting potassium into the cell, which then requires energy to pump it out. Eventually the
ion pump fails to operate efficiently and potassium accumulates inside the cell.Water enters by
osmosis and the cell ruptures. Monensin sodium is an example of this type of antibiotic.

■ reduction of the growth of microorganisms that compete with the host animal (the
fermentation of nutrients by bacteria is a wasteful process compared with direct
absorption);

■ increased absorptive capacity of the small intestine through a decrease in the
thickness of the intestinal wall.

These effects may be coupled with a reduced turnover of mucosal cells and reduced
mucous secretion.The gut accounts for a large proportion of the energy and protein
required to maintain an animal, and any reduction in the mass of the gut and cell
turnover will release nutrients for other purposes such as growth.

Antibiotic growth promoters have been used mainly in pig and poultry foods, typ-
ically at levels of 20–40 mg/kg, which give improvements of 4–16 per cent in growth
rate and 2–7 per cent in efficiency of food conversion. The response is greatest in
young animals and animals consuming diets containing vegetable protein rather than
animal protein. Mortality in young pigs is also reduced. The effect is less in healthy
herds and flocks. Young pre-ruminant calves also respond to growth-promoting anti-
biotics in the same manner as non-ruminants. Since ruminants depend primarily on
bacteria in the rumen for their nutrient supply, the use of antibiotics in ruminant diets
might be considered to be disadvantageous. However, certain antibiotics of the
ionophore type (e.g. monensin sodium) have been found to be effective, particularly
with low-roughage/high-concentrate diets, in controlling the proportion of undesir-
able bacteria in the rumen without disturbing the overall fermentation. There are
small changes in the fermentation, however, such as reduced methane production and
increased propionic acid proportions, which improve productivity. Monensin sodium
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at 20–30 mg/kg of food improves the efficiency of food conversion by increasing the
rate of gain with the same food intake or by maintaining the rate of gain at a lower
food intake. Amino acid degradation is decreased and the additional propionic acid
may, under certain circumstances, spare amino acids for gluconeogenesis.

The widespread use of antibiotics coupled with the ability of resistant bacterial
strains to evolve over a short period of time and transfer resistance to other strains has
resulted in populations of bacteria that are resistant to many antibiotics.This has lim-
ited the effectiveness of antibiotic treatment against disease and, whereas at one time
a bacterial infection could be treated with a range of antibiotics, now some bacteria
are sensitive to a single antibiotic only.There is concern that if such bacteria gain resist-
ance to this antibiotic, then the disease becomes untreatable. For this reason, the use of
antibiotics as growth promoters has been curtailed by legislation in recent years, and in
the EU the use of antibiotics as growth promoters is no longer permitted.

Another material that enhances the growth of pigs, and is thought to act via the
antibacterial effects described above, is copper (see Chapter 6).When added to their
food, as copper sulphate, at levels far in excess of the requirement for normal func-
tions (e.g. 200 mg Cu/kg compared with 5 mg Cu/kg), pigs grow faster. Concern over
the accumulation of copper in the environment, and the potential toxic effect of apply-
ing manure of high copper content to pasture grazed by sheep, has resulted in legis-
lation in the EU to control the amount of copper that may be added to pig foods.The
food of young pigs up to 12 weeks of age may contain 170 mg Cu/kg, but this must
be reduced to 25 mg/kg thereafter, as for other classes of pig.

24.2 PROBIOTICS

In contrast to the use of antibiotics as nutritional modifiers, which destroy bacteria,
the inclusion of probiotics in foods is designed to encourage certain strains of bac-
teria in the gut at the expense of less desirable ones.A probiotic is defined as a live
microbial food supplement that beneficially affects the host animal by improving
the intestinal microbial balance.Although the digestive tract of all animals is sterile
at birth, contact with the mother and the environment leads to the establishment of
a varied microflora. The beneficial microorganisms produce enzymes that comple-
ment the digestive ability of the host, and their presence provides a barrier against
invading pathogens. Digestive upsets are common at times of stress (e.g. weaning),
and feeding desirable bacteria such as Lactobacilli in these situations is preferable
to using antibiotics, which destroy the desirable bacteria as well as the harmful
species.

It has been suggested that the desirable bacteria exert their effects in a number
of ways:

■ Adhesion to the digestive tract wall to prevent colonisation by pathogenic micro-
organisms: Detrimental bacteria, such as E. coli, need to become attached to the
gut wall to exert their harmful effects. Attachment is achieved by means of hair-
like structures, called fimbriae, on the bacterial surface.The fimbriae are made up
of proteins, called lectins, which recognise and selectively combine with specific
oligosaccharide receptor sites on the gut wall. Lactobacilli successfully compete
for these attachment sites, as shown in Fig. 24.1.
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■ Neutralisation of enterotoxins produced by pathogenic bacteria that cause fluid
loss: There is some evidence that live probiotic bacteria can neutralise these tox-
ins, but the active substance has not been identified.

■ Bactericidal activity: Lactobacilli ferment lactose to lactic acid, thereby reducing
the pH to a level that harmful bacteria cannot tolerate. Hydrogen peroxide is also
produced, which inhibits the growth of Gram-negative bacteria. It has also been
reported that lactic acid producing bacteria of the Streptococcus and
Lactobacillus species produce antibiotics.

■ Prevention of amine synthesis: Coliform bacteria decarboxylate amino acids to
produce amines, which irritate the gut, are toxic and are concurrent with the inci-
dence of diarrhoea. If desirable bacteria prevent the coliforms proliferating, then
amine production will also be prevented.

■ Enhanced immune competence: Oral inoculation of young pigs with Lactobacilli
has elevated serum protein and white blood cell counts.This may aid the develop-
ment of the immune system by stimulation of the production of antibodies and
increased phagocytic activity.

Other postulated effects include beneficial interaction with bile salts, increased diges-
tive enzyme production, more efficient absorption of nutrients, and greater vitamin
production.

In a review of the response of pigs of various ages to the administration of pro-
biotics, it was concluded that probiotics were effective for young pigs, in which the
digestive tract is still developing after weaning. However, probiotics were less effec-
tive for growing and finishing pigs, which already have a balanced population of
microorganisms.To be effective, the desirable microorganism should not be harmful
to the host animal, should be resistant to bile and acid, should colonise the gut effi-
ciently, should inhibit pathogenic activity, and should be viable and stable under
manufacturing and storage conditions.

Fig. 24.1 (a) A mixed population of bacteria with substantial attachment
of pathogenic bacteria. (b) Competitive exclusion of pathogens due to
preferential attachment of non-pathogens. It should be noted that the
recognition of receptor sites (carbohydrates) by the bacterial fimbriae
(lectins) is very specific to different types of organism.

Adapted from Ewing W N and Cole D J A 1994 The Living Gut, Dungannon, Context.
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In monogastric animals, strains of Lactobacilli,Bacillus subtilis and Streptococci have
been used as probiotics. In ruminant animals, the application of yeast (Saccharomyces
cerevisiae) in the form of live culture, or dead cells with culture extracts, has proved
successful in beneficially modifying rumen fermentation.

Yeast cultures can stimulate forage intake by increasing the rate of digestion of
fibre in the rumen in the first 24 hours after its consumption. Overall digestibility is
not affected. It is likely that this improvement in early digestion and intake is
brought about by alterations in the numbers and species of microorganisms in the
rumen. The precise means by which the effect is achieved have not yet been con-
firmed, but there are a number of probable mechanisms (Fig. 24.2).

It is thought that metabolites of dead and live yeast cells (B vitamins, branched-
chain fatty acids, amino acids and peptides) stimulate the growth of the bacterial
species Megasphaera elsdenii.This utilises the lactic acid produced from the rapid fer-
mentation of starch and sugars associated with high-concentrate diets. Live yeasts fer-
ment sugars derived from the degradation of starch, thus competing with the
lactic-acid-producing bacteria, and thereby stabilise rumen pH and reduce the risk of
acidosis. Live yeast cultures also scavenge oxygen in the rumen, helping to maintain
anaerobic conditions and favouring the growth of cellulolytic bacteria.The increase in
forage intake can result in improved liveweight gain, milk yield and milk fat content,
although the effects are often small in dairy cows. The addition of yeast to intensive
beef diets has increased daily liveweight gain and food conversion efficiency. Improved
fibre digestion has also been reported in horses when yeast cultures have been given.

Increased
removal of hydrogen

Removal of
starch/sugars

Lower lactic
acid production

Buffering
action

Improved rumen
pH stability

Increased rates of
fibre digestion

Provision of
growth factors

Increased nutrient
absorption

Reduced methane
production

Increased microbial
protein production

Increased cellulolytic numbers
and activity

Increased forage
intake

Increased animal
performance

Fig. 24.2 Suggested modes of action of yeast cultures in the rumen.

Adapted from Offer N W 1991 Yeast culture: its role in maximising fibre digestion in the rumen. Feed
Compounder January: 16–19.
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24.3 OLIGOSACCHARIDES

Oligosaccharides (2–20 monosaccharide units; see Chapter 2) have been claimed as
beneficial nutritional modifiers for monogastric farm animals.They fall into the group
of materials also known as prebiotics, which are defined as compounds other than
dietary nutrients that modify the balance of the microfloral population by promot-
ing the growth of beneficial bacteria and thereby provide a healthier intestinal
environment. Oligosaccharides occur naturally in foods: soya bean meal, rapeseed
meal and legumes contain �-galactooligosaccharides (GOS); cereals contain fructo-
oligosaccharides (FOS); milk products have trans-galactooligosaccharides (TOS);
and yeast cell walls contain mannanoligosaccharides (MOS).They are also produced
commercially.

It has been suggested that these compounds achieve their beneficial effects in the
gut in two ways. First, although they are not easily digested by the host digestive en-
zymes, compounds such as FOS can be fermented by the favourable bacteria (e.g.
Bifidobacteria and Lactobacilli), giving them a competitive advantage. This shifts the
microbial population towards such microorganisms and away from the harmful species.

Second, the gut microbial population may be altered by the oligosaccharide inter-
fering with the attachment of harmful bacteria to the gut wall. As a means of cell
recognition, all cell types have a unique configuration of carbohydrate-containing
compounds (glycoproteins and glycolipids) on their surface. As described above in
the section on probiotics, pathogenic bacterial cells have surface compounds called
lectins that recognise these carbohydrates and by which they attach to the gut cells.
Once attached, the bacteria are able to multiply and produce their harmful effects.
Species such as Salmonella and E. coli have a mannose-specific lectin that binds to
mannose residues on the gut mucosal surface. By introducing mannose-containing
compounds (MOS) into the diet, the binding by pathogenic bacteria is disrupted and
instead they bind to the oligosaccharide and are carried out of the gut with the pas-
sage of the digesta (Fig. 24.3).Yeasts have mannans in the cell wall structure and form
the basis of some commercial products that are claimed to act in this way. Indeed,

Fig. 24.3 The lectin–carbohydrate combination is specific to a particular organism.
However, if the same carbohydrate (e.g. an oligosaccharide) is provided in the
diet, harmful bacteria can be encouraged to attach to these and they do not
adhere to the gut wall but are excreted without producing toxins.

From Ewing W N and Cole D J A 1994 The Living Gut, Dungannon, Context.
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the presence of such yeast fragments has been said to be the reason why yeast prod-
ucts are beneficial.

The efficacy of products containing oligosaccharides is currently the subject of ac-
tive experimentation. There can be no guarantee that an oligosaccharide will favour
the growth of beneficial species in a complex microflora such as that found in the pig
intestine. Experiments have shown that piglets given an oral challenge of E. coli
responded to GOS with a reduced pH of ileal digesta and reduced population of col-
iforms. Supplements of FOS and TOS have reduced the numbers of aerobic bacteria
in the gut of weaned piglets, and there are reports of a reduced incidence of diarrhoea.
Under farm conditions, improvements in gain and food conversion efficiency of the
order of 4–6 per cent have been recorded. In other experiments, reduced digesta pH has
been reported, but without a detectable change in the composition of the microflora,
microbial metabolites or production responses. These conflicting results may have
arisen because the diet already contained some oligosaccharides or because experi-
mental conditions tend to be less stressful than those on farms.

24.4 ENZYMES

The mammalian digestive enzymes are described in Chapter 8. Not all compounds
in foods are broken down by these enzymes, and so some potential nutrients are un-
available. The chemical structure of plant cells (fibre), the limited time available for
activity in certain parts of the gut and the presence of antinutritive compounds in
some foods hinder the release of nutrients. Early experiments with supplemental
enzymes to overcome these limitations yielded variable responses, mainly because
they were impure materials.As a result of advances in biotechnology, more effective
enzyme preparations can now be produced in large quantities and relatively inex-
pensively. Therefore, supplementation of the diet as a means of improving nutritive
value is becoming commonplace.

The enzymes used as food additives act in a number of ways. First, they can im-
prove the availability of plant storage polysaccharides (e.g. starch), oils and proteins,
which are protected from digestive enzymes by the impermeable cell wall structures.
Thus, cellulases can be used to break down cellulose, which is not degraded by en-
dogenous mammalian enzymes. Even in ruminant animals, in which the rumen
microflora possess cellulase, fibrolytic enzymes have been used, but responses have
been variable owing to the complex nature of the rumen fermentation system and
other factors such as lignin encrustation of cellulose. Responses in pigs and poultry
of the order of 5–10 per cent improvement in liveweight gain and 10 per cent im-
provement in food conversion efficiency have been recorded. Supplementation of a
wheat by-product diet with cellulase increased the ileal digestibility of non-starch
polysaccharides from 0.192 to 0.359 and crude protein from 0.65 to 0.71.

Second, enzymes are employed to break down materials that interfere with the
digestion, absorption and utilisation of nutrients.The major application in this area has
been to break down carbohydrate fractions in cereal cell walls, the �-glucans and
arabinoxylans, which are resistant to attack by digestive enzymes.These materials hin-
der the digestion and absorption of other nutrients by forming a viscous gum in the
digestive tract. In pigs, it has been suggested that the increased viscosity brought about
by �-glucans in the stomach contents may affect the natural sieving of particles.Thus,
large particles are suspended in the viscous digesta and pass through to the duodenum
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Table 24.1 Effect of �-glucanase addition to hulless barley (Scout) on food
consumption, weight gain and food to gain ratio of broilers 

Broilers 0–6 weeks

Diet type Intake (g) Gain (g) Gain : food

Wheat 2910 1529 0.525
Barley 2941 1473 0.501
Barley + enzyme 2992 1638 0.547

Broilers at 3 weeks

Diet type Cumulative intake (g) Body weight (g) Gain : food

Maize 1002 756 0.713
Barley 987 593 0.569
Barley + enzyme 1001 746 0.705

Adapted from Rotter B A, Marquardt R R and Guenter W 1989 Enzymes in feed: they really can be made
to work, Alltech European Lecture Tour, February–March 1989.

instead of falling to the bottom of the stomach, resulting in less efficient digestion. It
is also possible that the increase in viscosity disturbs peristalsis and pancreatic secre-
tion. In poultry, the viscous nature of the digesta results in poor performance and
sticky droppings, which present a problem in the management of litter waste. Sup-
plements of �-glucanase to barley-based diets improved the rate of gain and food
conversion efficiency of broilers to values similar to those for wheat- or maize-based
diets (Table 24.1). The �-glucanase also reduced litter problems and improved the
metabolisable energy of the diet.

Supplementation of pig foods improves ileal and whole tract digestibility of nu-
trients. In breaking down the �-glucans, the enzymes reduce the viscosity of the
digesta, thus allowing better movement of endogenous enzymes through the mass
and more efficient digestion and absorption of nutrients. It is still not clear
whether viscosity per se is responsible for the effects or whether it is an indicator
of conditions pertaining in the gut lumen that cause the problems. The response
differs between pigs and poultry because of differences in digestive physiology
between the two species (see Box 24.2).

BOX 24.2 Enzyme action in pigs and poultry

Enzymes have found major commercial application in pig and poultry diets and are used extensively
for the latter. Differences in efficiency have been reported between the species, the effect generally
being greater in poultry; this is possibly due to the differences in gut physiology between the two
species.There is a greater reduction in the viscosity of digesta in the small intestine by enzymes in poul-
try, probably because of the lower water content than in pigs.The longer retention time in the stomach
and acidic nature of stomach contents in the pig (around pH 3) is more destructive to enzymes than the
milder conditions in the crop (pH 4–5). New commercial enzymes have been selected for their pH sta-
bility. Finally, pigs have a longer small intestine than poultry and the resultant increased retention time
allows more time for the endogenous enzymes to act.Thus, there is more opportunity for supplemental
enzymes to have an effect in poultry owing to their limited digestive tract.
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Phytase is in this category of enzyme. It releases the orthophosphate groups from
phytic acid, which is only partially broken down by non-ruminants and is the major
form of phosphorus in cereal grains and oilseeds (see p. 115).This results in a greater
availability of phosphorus to the animal, and the amount of inorganic phosphorus
added to the diet can be reduced, with beneficial effects on the environment through
reduced phosphorus excretion.

In the third area of enzyme application, the aim is to supplement the enzyme
complement of young animals, in which the rate of endogenous enzyme production
may be limiting. Early-weaned pigs have limited amylase, protease and lipase activ-
ity (see Chapter 8), and enhancement of the extent of digestion of nutrients would
improve performance and reduce the incidence of the diarrhoea that results from
undigested nutrients reaching the hind gut and being fermented by bacteria.

Finally, enzymes can increase the efficiency of utilisation of nutrients in monogas-
tric animals by releasing them for uptake from the small intestine rather than allow-
ing fermentation in the hind gut, which results in products of lower value to the
animal (e.g. volatile fatty acids).

In order to be effective when incorporated into the animal’s diet, enzymes must
survive storage at ambient temperature, the manufacturing process (heating and pel-
leting) and wide fluctuations in pH in the gut, be resistant to intestinal proteases, and
have specific activity on feed components in the upper digestive tract. The enzyme
should be selected on the basis of its target substrate. Commercial enzymes are de-
rived from a wide range of sources, particularly fungi such as Trichoderma longi-
brachiatum, Aspergillus niger and Humicola insolens.A summary of the application
of enzymes is given in Table 24.2.

Table 24.2 Enzyme supplementation of diets

Diet constituent Problem component Enzyme

Barley and oats �-Glucan: glucose �-1,4 linked spine 
with �-1,3 side linkages; sequence
of linkages varies between barley
and oats and between cultivars

�-glucanase

Arabinoxylans: �-1,4 xylopyranose 
residues spine with terminal
arabinofuranosyl substitutes

Pentosanase or
xylanase

Wheat (also rye and
triticale)

Cellulose CellulaseFibrous materials
Limited digestion of protein in young 

animals
ProteinasesSoya bean and soya 

products
Low availability of phytin phosphorus 

in monogastrics
PhytaseGrains and seeds

24.5 ORGANIC ACIDS

Efficient digestion of food in young pigs depends on the secretion of sufficient acid
in the stomach.Acid additives have been used mainly in the diets of early-weaned pigs.
Here their use relates to the digestive physiology of the young pig and the replace-
ment of sow’s milk with solid food at weaning. The suckled piglet obtains nutrients
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on a little-and-often basis, sucking about once every hour.The milk clots in the stom-
ach, and the limited secretion of hydrochloric acid is augmented by lactic acid pro-
duced from the fermentation of lactose by Lactobacilli.This ensures that the pH falls
to a level that favours efficient protein hydrolysis and suppresses harmful bacteria.
Thereafter, there is a steady release of nutrients from the clot to the small intestine.
The solid food presented at weaning is less digestible than milk, is consumed in
larger, less frequent meals, and has a higher buffering capacity. The limited hy-
drochloric acid production is not sufficient to ensure that the pH falls to a level that
prevents the growth of pathogenic bacteria. In addition, the nutrients may overload
the immature digestive and absorptive capacity of the small intestine, and their fer-
mentation in the hind gut results in diarrhoea.

In order to overcome these problems, acids have been added to weaning diets to
augment gastric HCl, giving a rapid fall in pH with beneficial effects on protein di-
gestion and the gut microflora. Although inorganic acids have been used to supply
hydrogen ions, and hence reduce pH, organic acids have additional desirable proper-
ties. In their salt form, they are odourless and easy to handle; they lower the pH and
acid binding capacity of the food; and the anion has an antimicrobial effect on
moulds and bacteria in the food (see Box 24.3), thereby improving food quality.The
anion has been reported to act as a complexing agent for cations, such as Ca++ and
Mg++, thus improving their retention. It is also suggested that the presence of short-
chain fatty acids in the small intestine reduces the damage to the villi of the gut wall
that is associated with weaning. Finally, organic acids, once absorbed by the pig, can
be used as substrates in intermediary metabolism, principally as energy sources.

It has proved difficult to obtain experimental evidence for all of these purported
effects of organic acids. In an extensive review, Partenen and Mroz (1999) examined
the evidence for their modes of action. Only a few studies have demonstrated a re-
duction in gastric pH, but the methodology of sampling is difficult, given diurnal
variations, differing proportions of food and secretions, and timing of sampling. To
confirm such effects of organic acids, a study is required with permanent fixed pH
electrodes within the stomach. There is evidence of a positive effect on the ileal di-
gestibility of amino acids and the retention of nutrients in growing pigs.The magni-
tude of the effect depends on the acid used and its concentration, the age of the pig
and the composition of the diet.With regard to minerals, the absorption of calcium
and phosphorus has been improved, but variable results have been obtained for the
retention of these minerals. Addition of organic acids has had beneficial effects on
microbial counts and species in some studies, but there has been little work on the
effects on gut morphology to test the theory of an improvement of the structure of
the villi. Finally, in some studies, the addition of formic, fumaric and citric acids to

BOX 24.3 Antimicrobial action of organic acids

Organic acids change from the undissociated to the dissociated form, depending on the pH of the
environment. In the undissociated form they can diffuse rapidly through the semi-permeable mem-
brane into the cytoplasm of the microorganism. Once inside, at a pH of around 7, the acid becomes
dissociated and acts by suppressing the cellular enzyme and transport systems. Acids with a high
pKa (which are 50 per cent dissociated), longer-chain-length acids and unsaturated acids are the
most effective.
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the diet has increased the activity of enzymes associated with intermediary metabo-
lism, indicating that the acids do contribute to nutrient metabolism.

Although the exact modes of action of the acids are not clear, their addition to
pig diets has proved beneficial in terms of nutrient digestibility, growth and food
conversion efficiency (Table 24.3). This is so particularly for newly weaned pigs,
when coupled with good feeding management procedures.

Formic and propionic acids are more effective than fumaric or citric acids at the
same rate of inclusion because the former have a lower molecular weight. Suggested
levels of inclusion of acid (kg/tonne diet) are formic acid 6–8, propionic acid 8–10,
fumaric acid 12–15 and citric acid 20–25, but recommendations vary.

Table 24.3 Effect of graded levels of fumaric acid on the growth rate and food
conversion efficiency of young pigs (10.0–18.7 kg) 

Fumaric acid (%)

0 1 2 3 4

Diet pH 5.96 4.77 4.33 3.98 3.80
Liveweight gain (g/day) 261 261 257 296 297
Food intake (g/day) 501 484 445 493 493
Gain : food (kg gain/kg food) 0.52 0.54 0.57 0.60 0.60

Adapted from Easter R A 1988 Acidification of diets for pigs. In: Haresign W and Cole D J A (eds) Recent
Advances in Animal Nutrition – 1988, London, Butterworth.

24.6 SPRAY-DRIED PLASMA

As described above in the section on organic acid additives, the early-weaned piglet
faces challenges owing to its immature digestive and immune systems.These can re-
sult in damage to the gut villi, which reduces nutrient absorption, and an increased
challenge from disease organisms.A source of highly digestible nutrients is essential,
and one product that supplies readily digestible amino acids is spray-dried plasma
(SDP). This is manufactured from blood collected from slaughterhouses and is rap-
idly dried to preserve the protein fraction. It has a high protein content, and the pro-
tein fraction comprises albumins, globins and globulins, including immunoglobulins.
Its amino acid pattern is similar to sow’s milk, being high in lysine, tryptophan and
threonine. It is, however, low in methionine and isoleucine.

Inclusion of SDP in the diet improves food intake and food conversion efficiency
over a wide range of pig types and environments, but it is particularly effective in
situations where there is a high level of exposure to pathogens. SDP is a palatable
ingredient and by promoting food intake at weaning it helps to maintain villus
structure and function and hence efficient digestion and absorption of nutrients.As
a source of nutrients, there is no difference between porcine and bovine sources of
plasma.

The normal level of inclusion of SDP in the diet is 20–80 g/kg, and at this high
level and as a source of protein it would normally be included in Chapter 23 under
animal protein concentrates. However, it is thought that the product has growth-
promoting properties beyond its use as a supply of digestible amino acids.
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Part of the growth-promoting and beneficial health effects of SDP has been attrib-
uted to the presence of immunoglobulins.The evidence suggests that the immunoglob-
ulins are not absorbed by the piglet to enhance the immune system but that they may
act within the gut, preventing bacteria and viruses from damaging the gut wall, and
thereby intestinal function is maintained – increased villi surface area, increased
enzyme production and reduced diarrhoea. In this latter immune effect, some recent
research reports suggest that SDP of porcine origin is superior to that from bovines.

24.7 MODIFIERS OF RUMEN FERMENTATION

Rumen fermentation processes are usually kept within narrow bounds and, as they
form an integrated system, any changes made have more than one outcome. Thus,
modification of the processes to one desired target is difficult. Nevertheless, there
are products that are used to modify the fermentation to achieve specific results (see
also Chapter 8).

The use of antibiotics and probiotics was discussed above. Other rumen modifiers
include buffers, methane inhibitors and bloat-preventing substances.

Buffers are included in ruminant diets to regulate rumen pH to levels that favour
the activity of cellulolytic organisms (pH 6–7). Diets rich in readily fermentable car-
bohydrate create acidic conditions and increase lactic acid formation, both of which
are detrimental to the cellulolytic bacteria.This reduces food intake and predisposes
the animal to acidosis. Secondary problems include reduced milk fat production,
rumenitis, ketosis, laminitis and liver abscesses. Chemicals such as sodium bicarbon-
ate, sodium carbonate, calcium carbonate and magnesium oxide buffer the hydrogen
ions and increase the dilution rate of the liquids in the rumen.This increases the effi-
ciency of microbial protein synthesis and, as a result of the shorter retention time,
allows starch and protein to escape to the intestines.The activity of cellulolytic bac-
teria and the proportion of acetate in the rumen volatile fatty acids are increased. In
the USA it has become common to add up to 200 g NaHCO3/day, and sometimes
also MgO, to the rations of cows in early lactation. It has been suggested that, since
bicarbonate buffers are expended once the CO2 is released, it would be advanta-
geous to use certain clays and bentonites that contain insoluble and hence undegrad-
able anions and would allow the buffering action to be carried further down the
digestive tract.

Antibiotics such as virginiamycin and monensin have been used to select against
bacteria that produce lactic acid. Certain probiotics encourage the uptake of lactic
acid (see above).

The production of methane in the rumen is a wasteful process (up to 10 per cent
of the gross energy) and contributes to the earth’s greenhouse gases.The use of addi-
tives to suppress methane production is discussed in Chapter 8 (see p. 188).

Under normal conditions, rumen fermentation produces gases that, by the action of
ruminal and reticular contractions, accumulate in the area known as the cardia, from
which they are passed up the oesophagus in the process of eructation. Bloat occurs if the
gas becomes trapped and the animal is not able to clear it. Rumen stasis due to acidosis
is one of the causes of free gas bloat, but on certain pastures, particularly those rich in
legumes, and on high-concentrate (feedlot) diets, the fermentation process in the rumen
can result in rumen gases being trapped within fluid bubbles.Therefore, the gas cannot
be eructated as normal and pressure builds up in the rumen.The condition is known as
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frothy bloat. In the case of legume bloat, the frothing is due to chemicals associated with
the plant.With high-concentrate diets, the normal function of the rumen is disrupted by
the rapid accumulation of fermentation acids and the release of bacterial mucopolysac-
charides during cell lysis, which result in increased viscosity of the rumen fluid and the
formation of the stable foam. In the case of pasture bloat, there are management prac-
tices (e.g. feeding hay or straw before turning cattle on to grass/clover pastures so that
they are not hungry, not turning animals on to wet, immature pasture and avoiding inter-
mittent grazing) to reduce its incidence, but often these are insufficient.Antibiotics have
been used to change the end products of fermentation in order to produce fewer froth-
forming materials. However, specific antifoaming agents are more commonly used.These
reduce the surface tension of the rumen fluid, preventing the formation of the stable
foam.Vegetable oils (especially linseed oil), lecithin, animal fats, mineral oils, detergents
(pluronics) and the synthetic polymer poloxalene fall into this category of agent. The
additive alkylarylsulphonate prevents the release of pectin derivatives, which cause
frothing.The main problem with such additives is the maintenance of an adequate con-
centration in the rumen, since liquids quickly pass through. Spraying the forage with oil
has proved successful. In New Zealand, a product containing pluronic detergents and
alcohol ethoxylate is used for pasture bloat, but its effectiveness, and that of other pas-
ture bloat remedies, for feedlot bloat is not known. For the latter type of bloat, the effec-
tiveness of the ionophore antibiotics has been partially attributed to the lower absolute
amount and daily variation of food intake.The addition of sodium chloride at 40 g/kg
diet DM has been suggested as a preventive measure, as this increases the rate of passage
of fluids from the rumen, but it also depresses food intake.

SUMMARY

1. Food additives are administered to the animal
to improve the effectiveness of nutrients.

2. Antibiotics reduce the number of bacteria in
the gut and increase the availability of nutri-
ents to the animal. The widespread use of an-
tibiotics has resulted in populations of bacteria
that are resistant to many antibiotics, and in
several countries their use for growth promo-
tion is restricted or forbidden.

3. Probiotics are live microbial supplements that
benefit the animal by improving the intestinal
microbial balance. The beneficial microorgan-
isms displace pathogenic bacteria and produce
enzymes that complement the digestive ability
of the host.

4. Oligosaccharides may be fermented by favour-
able bacteria, thereby shifting the population
towards such microorganisms and away from
harmful species. They also interfere with the
attachment of harmful bacteria to the gut wall.

5. Exogenous enzymes are added to the animal’s
food to supplement its own digestive enzymes
and to break down antinutritive fractions in
foods.

6. The diets of young pigs may include organic
acids, which reduce gut pH, with beneficial
effects on protein digestion and control of the
gut microflora.

7. Spray-dried plasma is a palatable source of
digestible amino acids for newly weaned
piglets. Its immunoglobulin content enhances
gut health.

8. Products that are used to modify rumen fer-
mentation include buffers, which regulate
rumen pH and favour the activity of cellulolytic
bacteria, compounds to suppress methane pro-
duction, and bloat-preventing compounds,
which prevent the build-up of gas trapped in
foam in the rumen fluid.
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QUESTIONS

24.1 Compare and contrast the actions of antibiotics and probiotics as growth
promoters.

24.2 The use of antibiotics as growth promoters has been curtailed in some coun-
tries. Discuss the measures that can be taken in diet formulation and the use of
alternative food additives to ensure efficient animal production.
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PART 6

Animal products and human nutrition

The final part of this book consists of one chapter and moves away from considerations of the
animal to the consumers of animal products.

The purpose of farming animals is to produce food (milk, meat, eggs), materials (wool, hide)
and work (draught) that are of use to man. Chapter 25 describes the trends in consumption
and nutrient contribution from animal products and then considers aspects of animal produc-
tion that have an influence on the environment and human health.





25.1 Comparative nutrition

25.2 The contribution of animal products to human requirements

25.3 Objections to the use of animal products
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Animal products – meat (including fish), milk, milk products and eggs – are used princi-
pally as food for man, although some may also be used to feed other animals. In devel-
oped countries, the by-products of the meat industry are used to feed companion
animals (cats and dogs) and may also be incorporated in the diets of farm animals (e.g.
as meat and bone meal). Milk by-products are used to make milk replacers for young
animals reared away from their dams. In this chapter, we review the use of animal prod-
ucts as food for man and companion animals; their use for feeding farm animals is dis-
cussed in Chapter 24.

25 Animal nutrition and the 
consumers of animal products

611

25.1 COMPARATIVE NUTRITION

The nutrient requirements of farm animals have been discussed in earlier chapters.
Here, some selected values from these chapters are compared with the nutrient re-
quirements of human beings and their companion, the dog. Table 25.1 summarises
the requirements of 30 kg growing individuals of the species, sheep, pig, dog and
man, and Table 25.2 gives values for three of these species in a state of maintenance.

BOX 25.1 Alternative uses of animals

Although animals are used mainly as sources of food, it is well to remember that they also provide
other benefits for man. Skins, wool and hair are utilised to make clothing and other fabrics, such as
carpets. In many countries, animals are much used for draught purposes, to carry loads and pull farm
machinery.As the alternatives to these uses are derived mainly from fossil fuels, there are clear incen-
tives to maintain an interest in these animal products.Animals are also used to provide vaccines and
other medical products for man; the range of these products is currently being extended by the appli-
cation of genetic engineering.
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Table 25.1 Comparative nutrient requirements of man and some domestic animals
for growing animals of 30 kg liveweighta

Species Mana Dogb Pigc Sheepd

Energy (MJ/day) 9 15 21 10
Protein (g/day) 40 250 300 180
Lysine (g/day) 2 8 17 –
Methionine � cystine (g/day) 0.8 5 8 –
Calcium (g/day) 0.70 10 11 3.4
Phosphorus (g/day) 0.65 8 8 5
Copper (mg/day) 1.0 7 9 4
Thiamin (mg/day) 0.9 1.0 3.0 –
Riboflavin (mg/day) 1.2 2.2 4.5 –
Vitamin A (iu/day) 1500 5000 6000 1200
Vitamin D (iu/day) 400 500 1200 200

aMainly UK estimated average requirements or recommended dietary allowances: averages
for males and females (Garrow J S, James W P T and Ralph A (eds) 2000 Human Nutrition
and Dietetics, 10th edn, Edinburgh, Churchill Livingstone).

bAmerican Association of Feed Control Officials.
cAppendix 2, mainly Table A.2.9.1 and A.2.9.2 (1.5 kg of food per day).
dAppendix 2, Tables A.2.7.1 and A.2.7.2 (150 g/day of liveweight gain).

Table 25.2 Comparative nutrient requirements of man and some domestic animals
for animals maintained at 50 kg liveweighta

Species Manb Dogc Sheepd

Energy (MJ/day) 9 8.4 6.5
Protein (g/day) 40 48 100
Lysine (g/day) 3.6 3.6 –
Methionine + cystine (g/day) 0.8 2.5 –
Calcium (g/day) 0.70 3.4 1.2
Phosphorus (g/day) 0.55 2.9 1.2
Copper (mg/day) 1.2 4.2 3
Thiamin (mg/day) 0.9 0.6 –
Riboflavin (mg/day) 1.2 1.3 –
Vitamin A (iu/day) 1 500 2 850 1 200
Vitamin D (iu/day) 200 285 200

aPigs are not included in this table because they are not normally maintained at 50 kg
liveweight.

b, c, dSee Table 25.1 for comparative sources.

For growing animals (see Table 25.1), requirements vary markedly between
species, with fast-growing species having greater requirements. For example, the
fast-growing pig needs 6–7 times as much protein and 15–20 times as much calcium
per day as a teenage human being of the same weight.The requirements of the grow-
ing dog are also high, while those of the slower-growing sheep are intermediate to
those of the pig and humans. For adult animals requiring nutrients for maintenance
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only (see Table 25.2), requirements are again generally higher for the domestic ani-
mals than for man, but the differences are smaller than for growing animals. Indeed,
for energy, man’s requirement for maintenance is greater than that of the other
species.

These figures demonstrate that although human beings tend to be concerned with
their nutrient intakes, their domestic animals have relatively greater needs for nutri-
ents, especially if they are to grow or produce rapidly.

Table 25.3 Contribution of various food groups to world food supplies (FAO)

Food group Energy (%) Protein (%)

Cereals 47 43
Roots, tubers and pulses 7 10
Nuts, oils, vegetable fats 10 4
Sugar and sugar products 8 2
Vegetables and fruits 6 7

All plant products 78 66

Meat 8 15
Eggs 1 2
Fish 1 5
Milk 5 11
Other 1 1
Animal fats 2 0

All animal products 18 34
Other foods 5 0

25.2 THE CONTRIBUTION OF ANIMAL PRODUCTS TO HUMAN
REQUIREMENTS

After comparing the nutrient requirements of man with those of domestic animals,
we must now assess the quantities of nutrients supplied by the latter species to
human diets. The contribution of animal products to world food supplies is sum-
marised in Table 25.3. In total, animal products provide about one-sixth of energy
supplies and one-third of protein supplies; meat is the major contributor, followed
by milk and milk products. The figures for individual countries differ considerably
from the world averages (Table 25.4). Thus, in North America and most European
countries, meat consumption is 30–40 times greater than in the countries of Africa
and the Indian subcontinent, although for India the discrepancy for milk consump-
tion is not as great.

When the figures in Tables 25.3 and 25.4 are translated into nutrient intakes for indi-
vidual countries, they show that there are substantial departures from the world aver-
ages of about 2.0 MJ of energy and 29 g of protein per person per day (Table 25.5). In
the developed countries of Europe and North America, and also in pastoral countries
(Australia and Argentina), animal products supply about 4 MJ of energy per day, or
about one-third of total energy intake.Their contribution of protein is about 70 g per day,
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Table 25.4 Meat and milk consumption in selected
countries (kg/head/year) (FAO)

Country or region Meat Milk

USA 125.6 257.6
Argentina 86.1 164.2
France 93.4 290.2
UK 84.3 243.5

Burundi 3.7 3.6
Bangladesh 3.3 15.0
India 5.7 63.5
Sri Lanka 6.9 32.8

which is greater than man’s total requirements. However, there are differences between
countries in the proportions of the three categories of animal products. For example,
the USA, despite its substantial dairy industry, has reduced its consumption of animal
fats (i.e. butter). Butter consumption in Spain is low because of the use of olive oil. In
China, energy intake from meat is relatively high, but protein intake is relatively low be-
cause the meat eaten is mainly fat pork. In contrast, Japan has a low energy intake from
animal products, but protein intake is high because the figure of 51 g per day includes
fish. In India, animal products supply only 0.64 MJ and 10 g of protein per day (or, re-
spectively, 6 and 15 per cent of total intakes), whereas in the USA, the corresponding
figures are 26 and 64 per cent. In Nigeria (and in many of the countries of West and
Central Africa), the contributions of animal products are very small. In Kenya, they are
greater because there is more pastoral agriculture.

The main factor determining the intake of animal products is the wealth of the
human population, but this factor is modulated by additional factors, especially the

Table 25.5 Contribution of animal products to human diets (FAO, 2008)

Energy (MJ/day) Protein (g/day)

Meat and Milk and Animal Total Total animala

offal eggs fats animal

World 0.96 0.60 0.25 1.81 29
France 2.07 1.69 1.12 4.88 74
Spain 1.89 1.27 0.30 3.46 70
UK 1.96 1.52 0.64 4.12 59
USA 1.92 1.71 0.46 4.09 74
Australia 2.12 1.15 0.96 4.23 70
Argentina 2.12 1.01 0.30 3.43 57
China 1.96 0.48 0.19 2.63 37
Japan 0.74 0.72 0.15 1.61 51
India 0.09 0.31 0.24 0.64 10
Kenya 0.33 0.60 0.03 0.96 15
Nigeria 0.15 0.08 0.02 0.25 8

aIncludes fish.
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availability of alternative sources of food and the religious beliefs and social customs
of consumers. Thus, there are parts of the world, such as arctic and desert areas,
where crop production is not feasible and the human population is largely depend-
ent on animals for a protein supply. In arctic areas, Eskimos eat fish and eat other an-
imals that also live on fish. In desert areas, nomadic people survive on the products
of animals such as the camel, which can live on the sparse natural vegetation.

The consumption of pig meat is prohibited by several of the major religious
groups (Muslims, Jews and Hindus), who regard pigs as ‘unclean’ animals, probably
because of their ability to infect man with certain parasites (discussed later).
Hindus and many Muslims do not eat beef. However, sheep meat and chicken are
not commonly proscribed, except by people who choose to be vegetarians.The con-
sumption of milk, milk products and eggs is subject to fewer religious and social
restrictions, although the extreme vegetarians known as vegans exclude these from
their diets. In many parts of the world, fresh milk is not consumed by adults, who
then lose the ability to secrete the digestive enzyme lactase and hence to digest lac-
tose. They are said to be ‘lactose-intolerant’; if they subsequently ingest foods con-
taining lactose, it is fermented in the large intestine and causes a digestive upset.
These restrictions clearly influence the global and national patterns of consumption
of animal products that are illustrated in Table 25.5. For example, in India, where pig
meat and beef are generally not eaten, meat consumption is very low and milk, milk
products and eggs supply a high proportion of animal protein intake. In the USA,
which has a wealthy population whose eating habits are not so much determined by
religious beliefs, both meat and milk are consumed in large amounts.

Within the world’s poorer, developing countries, there is a close relationship be-
tween social class (i.e. wealth) and the consumption of animal products, with the
consumption patterns of richer people approaching those of the developed coun-
tries. In the developed countries, however, this relationship is much less marked, as
even poorer people can afford meat and milk products.Table 25.6 illustrates the con-
sumption pattern for social classes in Britain and shows that the differences between
classes are very small.The type of meat consumed may vary between social classes,
however, with richer people eating more steaks and fewer hamburgers, hence more
protein and less fat. Richer people also consume more meat outside their homes 
(ca. 10 per cent). Milk consumption tends to decline as income increases. Statistics
from the same source as those in Table 25.6 show that older people eat more meat
than do young people, the greatest difference being between those under 30 years of
age (909 g/head/week) and those aged 50–65 years (1342 g).

In developed countries, the patterns of consumption of animal products are liable
to become ever more confused by the growing awareness of consumers of moral

Table 25.6 Effect of income on the consumption of meat and milk
in the UK (g/head/week) 

Gross weekly income of head of household (£)

0–214 215–383 384–623 624–938 >938

Meat 1114 1134 1143 1152 1126
Milk 2283 2210 2024 1908 1809

Department for Environment, Food and Rural Affairs 2006 Family Food: Report on
the Expenditure and Food Survey. © Crown copyright. Reproduced by permission of
the Controller of Her Majesty’s Stationery Office.
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objections to, and possible health risks from, such foods. In Britain, vegetarians are
thought to form only about 7 per cent of the population, but there are additional cat-
egories of people who claim to eat only a little meat or to eat only white meats
(chicken and possibly pork) and not red meat (beef and lamb). Others reject the
white meats because they dislike the intensive farming methods used to produce
them. Concern for human health, which is discussed later, centres on the avoidance
of the saturated fats found in many animal products.

Over the world as a whole, as people and countries get richer, they tend to increase
their consumption of animal products, but this eventually reaches a plateau.The level of
the plateau is not necessarily the same for all: thus, meat consumption in Britain and in
Europe seems to have levelled off at 80–90 kg per head per year, whereas the average
figure for the USA is 115 kg. Consumer preference for animal products may be based
partly on their supposed superior nutritional value but is probably determined more
strongly by their organoleptic characteristics (i.e. their taste and texture).Wholly veg-
etable diets are often thought of as bland and unexciting, and meat and other animal
products are used to add variety. Improved methods of preservation of animal products,
such as refrigeration, heat processing, canning and vacuum sealing, have made it easier
for people to enjoy a continuous supply of these products. However, the improved
availability of foods in general also means that people can experiment with exotic
ingredients and culinary techniques that – like animal products – add variety to their
diet. Thus, people eventually reach a point on the scale of affluence at which they no
longer need or desire to increase their consumption of animal products.

The phrase ‘need or desire . . . animal products’ introduces the question of their es-
sentiality in human nutrition. Do we really need these foods or do we just like or pre-
fer them? The continuing successful existence of vegetarians, and – more particularly –
vegans demonstrates the non-essentiality of animal products for man; all the nutrients
required by man can be met by foods not of animal origin.There are, however, several
major nutritional advantages in meeting man’s requirements partly from animal rather
than entirely from plant sources. The first is that animal products supply nutrients in
proportions closer to those required by man. This is best illustrated by the essential
amino acids. Table 25.1 shows that a growing child requires 2 g of lysine and 40 g of
total protein a day, a ratio of 5 g lysine per 100 g protein. For rice and wheat proteins,
the lysine/protein ratio is much lower (2.8 and 3.1, respectively), and so these cereals
need to be balanced in the diet by a lysine-rich protein source. A good-quality plant
protein such as that of the soya bean has a lysine/protein ratio of 6.4, but animal pro-
teins in milk and beef have even more favourable ratios of 8.2 and 9.1, respectively.
Thus, animal proteins are valuable for supplementing the proteins of staple foods such
as cereals by supplying lysine and other essential amino acids, and this is particularly
important for growing children, for whom amino acid requirements are most critical. If
lysine requirements have to be met with cereal proteins, then protein intake has to be
high and much of it is wasted.

There is one essential nutrient, vitamin B12 (cyanocobalamin), which is synthesised
by microorganisms and present in animal products but virtually absent from plant-
derived foods.Vegans in particular have to ensure that they have a supply of this nutri-
ent from a supplementary source such as yeast (see Chapter 5). Animal products are
also good sources of other vitamins, especially vitaminA, thiamin, riboflavin and niacin.

Another advantage of animal-derived foods for man is that their nutrients are more
accessible for digestion than those of plant-derived foods. Plant cell walls impede
digestion in the stomach and small intestine, and although they may be digested in
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the large intestine, the consequent release of nutrients may be too late to allow effi-
cient absorption. Some minerals in plant tissues are bound in compounds that resist
digestion, an example being phosphorus in phytates (see pp. 115 and 602). Animal
products are good sources of the minerals iron, calcium and zinc.

25.3 OBJECTIONS TO THE USE OF ANIMAL PRODUCTS

Ethical and environmental objections

Objections to the use of animals to feed human beings arise first from ethical consid-
erations, a full discussion of which is beyond the scope of this book. The primary
argument, in brief, is that man have no right to exploit other animal species.The ob-
jections to using animals are lessened if they are not killed (i.e. kept for milk or egg
production) and increased if they are kept under unnatural and perhaps harmful con-
ditions. A second type of ethical argument is that plant-derived foods should not be
diverted to animal feeding when they could be used directly to feed human popula-
tions that may be short of food. Until quite recently (e.g. the nineteenth century in
Britain and other early developing countries), this argument did not apply because
farm animals were used as scavengers to convert plants and plant by-products inedi-
ble by man into human foods. Some land areas can be used to grow forages but not
food crops, and the world’s crop by-products contribute today about 500 Mt of dry
matter per year as animal feeds.The argument against animal-derived foods has gath-
ered force, however, with the increasing use of cereal and other grain crops for animal
feeding. In developed countries, other than those with a predominantly pastoral agri-
culture, around 70 per cent of the cereals grown are used to feed livestock, and even
in developing countries (including those with food shortages) considerable areas of
land are used to grow crops for animal feeding. Over the world as a whole, cereal
usage as animal feed amounts to 115 kg per person per year; the range across coun-
tries is from 4 kg in India and sub-Saharan Africa to 600 kg in the USA.

Objections to the use of animals to provide human food are also made on envi-
ronmental grounds. Overgrazing can destroy plant communities, demand for addi-
tional grazing can cause deforestation, the excreta of intensively kept livestock cause
pollution problems, and methane from ruminants contributes to global warming.
These raise complex issues that cannot be explored fully in this book.

The direct nutritional objections to animal-derived foods arise mainly from two
sources. First, farm animals may harbour organisms such as pathogenic bacteria and in-
testinal parasites that may be transmissible to man through the consumption of animal
products. Second, some of the supposedly valuable nutrients in animal products – fats,
in particular – have been implicated in the causation of certain diseases of man.

Nutrition and human health

The Merck Veterinary Manual lists 150 diseases transmissible from animals to man
(known collectively as zoonoses), but the majority of these are transferred by con-
tact or bites or are carried by wild animals. The food-borne diseases of man that
arise from farm animals form a relatively small, but nevertheless important, group
and are summarised in Box 25.2. The infection of man with these diseases can 
be minimised by various means, the first of which involves their restriction in, or
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elimination from, animals. One example is the regular use of anthelmintics to restrict
intestinal parasites, and another is the slaughter of infected stock to restrict or erad-
icate bovine tuberculosis. The milk-borne disease tuberculosis also provides an ex-
ample of another means of controlling infection, this being the treatment of animal
products before they are consumed. The pasteurisation (heat treatment) of milk is
designed to kill tuberculosis bacilli and other bacteria. Attention to hygiene in
slaughterhouses and food stores, and appropriate cooking of meat, are also impor-
tant in the control of zoonoses.

Antibiotics in feeds (see Chapter 24) have been used in intensive livestock sys-
tems to restrict infections, but their routine administration is now prohibited or dis-
couraged because of the danger of producing antibiotic-resistant organisms.

Of the diseases listed, those regarded today as being the most important in
developed countries are the enteric infections from Campylobacter, E. coli and
Salmonella organisms. Although cases of food poisoning have always occurred,
people today are now less tolerant of them, both mentally (food is expected to be
safe) and perhaps physically (as a generally cleaner environment has prevented the
development of resistance to the organisms responsible).

Not listed in Box 25.2 is the zoonosis arising from bovine spongiform en-
cephalopathy (BSE), or ‘mad cow disease’. There is no conclusive evidence that the
transmissible spongiform encephalopathies of man are acquired from animals, but the
occurrence of so-called ‘new variant’ Creutzfeld–Jakob disease in man that has coin-
cided with an epidemic of mad cow disease in cattle and related species has led to the

BOX 25.2 Some important diseases transmissible in food from farm animals to man

Disease and causative organism Farm animals involved

Bacteria
Brucellosis (undulant fever) Brucella abortus Cattle

B. melitensis Goats, sheep
Campylobacter enteritis Campylobacter spp. All farm animals
Clostridial diseases Clostridium botulinum Domestic animals

C. perfringens
Coliform infections Escherichia coli Poultry, pigs and cattle
Listeriosis Listeria monocytogenes All farm animals
Salmonellosis Salmonella spp. Poultry, pigs, cattle and horses
Tuberculosis Mycobacterium bovis Cattle

Protozoa
Sarcocytosis (cyst formation) Sarcocystis suihominis Pigs and cattle
Cryptosporidiosis (diarrhoea) Cryptosporidium parvum Cattle

Cestodes, trematodes and nematodes
Fascioliasis (liver fluke) Fasciola hepatica Cattle and sheep
Tapeworms Echinococcus and Taenia spp. Cattle, sheep and pigs
Trichinosis (cyst formation) Trichinella spiralis Pigs

Source: The Merck Veterinary Manual, 9th edn, 2008, Whitehouse Station, NJ, Merck and Co.
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introduction of special control measures to prevent the transmission of BSE from cat-
tle to man, and also to eradicate it from domestic animals (see also Chapter 23).

The chief chemical constituents of animal products that are implicated in diseases
of man are fats in general and saturated fatty acids in particular. The diseases with
which they are associated are those of the circulatory system that are characterised
by damage to the arterial walls (atherogenesis) and the formation of blood clots
(thrombogenesis).When arteries are damaged, fibrous plaques containing lipids are
formed, and these may break away to form clots. If clots form in the blood vessels
and impede the blood supply to the heart muscle, they cause what is commonly
called ‘a coronary’ (i.e. coronary heart disease); if they block the vessels supplying
the brain, they cause stroke; if they block the vessels of the lungs, they cause pul-
monary embolism.These conditions are frequently fatal; if the patient survives, he or
she may then be severely disabled. Similar conditions can be caused by the rupture
of damaged blood vessels.

The link between fatty deposits in the circulatory system and dietary fats is the
lipid transport system that employs lipoproteins (see Chapter 3 and 9).The lipopro-
teins occur in various forms, which are defined by their density (see Table 3.6,
p. 48), and the concentrations of these forms in blood are used to assess the risk of
heart attacks and strokes. High-risk factors are high concentrations of low-density
lipoproteins (LDL) and very low-density lipoproteins (VLDL). Conversely, high con-
centrations of high-density lipoproteins (HDL) indicate a low risk.A high concentra-
tion of blood cholesterol, which is a constituent of lipoproteins, is also regarded as 
a high-risk indicator. The significance of these indicators is a matter of continuing 
research and debate. Thus, some authorities consider cholesterol level to be a poor
indicator. LDL are now thought to be dangerous when present as small particles, a
state characterised by a raised concentration of triacylglycerols.

As mentioned earlier, saturated fatty acids (SFA) of foods are regarded as the
cause of a high-risk pattern of blood lipoproteins; octadecanoic (stearic, C18) acid
and tetradecanoic (myristic, C14) acid and also all trans acids are considered to be
the most damaging.With increasing consumption of SFA, blood levels of cholesterol
and LDL are raised. Conversely, the polyunsaturated fatty acids (PUFA) are judged
to be beneficial, although the various families of PUFA differ in their effects; the 
n-6 PUFA (which occur mainly in plant lipids) reduce the blood concentration of
LDL, and the n-3 PUFA (from fish lipids) reduce VLDL. It is considered desirable to
have a balance in the diet of n-6 to n-3 PUFA: the recommended maximum ratio is
4 : 1. In between the SFA and PUFA are the monounsaturated fatty acids (MUFA),
such as octadecenoic (oleic, 18 : 1) acid, which are regarded as neutral or possibly
beneficial to blood lipoproteins.

As the association between lipid consumption and cardiovascular disease has
been exposed and explored, many countries have produced nutritional guidelines
that are intended to encourage people to reduce their intake of fat and especially of
SFA. A common recommendation is that fat should provide no more than 30 per
cent of total energy intake, and that this fat should be divided equally among SFA,
MUFA and PUFA (i.e. each supplying 10 per cent of energy intake).A less extreme
proposal is that the ratio of PUFA to SFA (called the P/S ratio) should be 0.5–0.8.

In Britain, fat intake fell over the period 1990–2000 but has since stabilised at
about 38 per cent of energy intake, with a P/S ratio of 0.47, and so further changes
are needed to meet the guidelines.The USA and many other affluent countries have
similar levels of fat consumption.Although consumers can and do reduce their total
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BOX 25.3 Evidence for the association between dietary lipids and cardiovascular
disease in man

The evidence comes mainly from the analysis of statistics for cardiovascular disease and diet compo-
sition obtained either from national populations or from smaller groups within countries. In addition
to these retrospective studies, there have also been prospective investigations in which the diet and
health of selected groups of people have been studied for long periods. Finally, there have been some
intervention trials in which the diets of groups of people have been altered – for example, by reduc-
ing lipid consumption – and the consequences determined by comparing their health with that of
control groups. Laboratory animals do not provide a satisfactory model for cardiovascular disease;
closely controlled experimentation is therefore difficult, although pigs are used in some studies.

A common finding from the retrospective studies has been that communities with a high intake of
SFA (e.g. SFA providing 15–25 per cent of energy intake) have a high incidence of coronary heart dis-
ease (CHD). Nevertheless, there are anomalies in the data, the most commonly quoted being the
higher incidence of CHD in Britain than in France despite very similar intakes of lipid and SFA. A
comparison of vegetarians and meat eaters in Britain showed that the former had lower levels of blood
cholesterol (4.88 mmol/l v. 5.31 mmol/l) and were 24 per cent less likely to die from CHD. Over the
quarter-century that has passed since dietary fat was first linked to CHD, many developed countries
have shown a fall in the incidence of CHD. On the other hand, the richer inhabitants of developing
countries, who can afford the fat-rich diets of developed countries, are now experiencing CHD.

intake of fat, they have more difficulty in modifying the proportions in their diet of
the three main types of fatty acids. Only plant lipids have the 10 : 10 : 10 ratio sug-
gested above. The fats of terrestrial animals have a predominance of saturated fatty
acids.Thus, in milk fat the ratio SFA : MUFA : PUFA is 8.5 : 3.3 : 0.3, and in meat it
is 8.3 : 8.3 : 2.0.

The figures given above demonstrate the difficulty – perhaps even the impossibil-
ity – of meeting the guidelines for fat consumption with a diet containing a high pro-
portion of animal products. The preferred strategy of those who wish to meet the
guidelines seems to be a reduction in intake of animal fat but no reduction in con-
sumption of the other constituents of animal products. In other words, people tend
to maintain their consumption of meat and milk (and their derivatives), but to select
against the fat in these foods. Selection can be exercised by switching from high-fat
meat to that containing less fat in total and less SFA in particular; this is one reason
for the continuing replacement of beef by chicken. Fat may be trimmed from joints
of meat and replaced as a cooking aid by vegetable oils. Much of the milk consumed
in liquid form has its fat content reduced to around 20 g/kg (i.e. half the ‘natural’
content); in Britain, fat-reduced milks account for more than 50 per cent of liquid
consumption. Of milk products, butter has to a large extent been replaced by spreads
based on vegetable oils (although all the milk fat produced in Britain is still con-
sumed in some form or another).

Animal nutritionists, in association with animal breeders, have responded to the
challenge of maintaining the acceptability of animal-derived foods by modifying their
lipid constituents.As discussed earlier (see Chapter 14), animals are selected for lean-
ness, are fed to give maximal growth of muscle, and are slaughtered when immature
(and hence have less fat).With pigs and poultry, it is possible to modify the constitution
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of body fats via their diet; for example, the proportions of n-3 and n-6 PUFA can be
changed. Ruminants tend to deposit saturated fat because the unsaturated lipids of
their plant diet are hydrogenated in the rumen (see Chapter 8). The fat content of
cow’s milk can be reduced by feeding the cow on an extreme type of diet (typically, a
diet low in fibre), but the reduction is achieved only by upsetting the normal metabo-
lism of the animal (see Chapter 16).This raises the question of whether it is morally ac-
ceptable to disadvantage the animal in order to meet the perceived needs of its
consumer. Pigs selected to be ultralean have metabolic problems, and all pigs rely on
subcutaneous fat to provide insulation against a cold environment.

For the past 10–15 years there has been much interest in modifying the fatty
acid composition of meat and milk fats.There are two objectives, the first of which
is to increase the proportions of the long-chain polyunsaturated fatty acids
(PUFA), specifically eicosopentaenoic acid (EPA) and docosohexaenoic (DHA)
acid, which are considered to have special benefits to human health.This objective
can be achieved by increasing the proportion in dietary lipids of alpha linolenic
acid (LNA), which is the precursor of EPA and DHA. Changing the diet of rumi-
nants from conserved forages and concentrates to fresh forages (e.g. grazed grasses
and clovers) increases the intake of LNA and, despite rumen hydrogenation of
PUFA, this increases the proportion of long-chain PUFA in meat and milk fats, and
also lowers the n-6 : n-3 ratio. The second objective is to bring about a more gen-
eral increase in PUFA so that the P/S ratio of milk and meat fats is brought closer
to the target value of 0.5–0.8 suggested earlier. This is much more difficult to
achieve than the first objective because of the larger quantities of PUFA involved.
With non-ruminants, some change in the P/S ratio can be achieved by dietary ma-
nipulation. With ruminants, however, it is generally necessary to provide specific
supplements of PUFA and to give them in a form that protects them from hydro-
genation in the rumen.

The World Cancer Research Fund has conducted a comprehensive review of the
causes of cancer (see Further reading). It concludes that red meats (i.e. beef, lamb and
pig meat) increase the risk to consumers of contracting colorectal cancer; red meats are
also associated – although less certainly – with other cancers (e.g. of the lung and pan-
creas). The risk is increased if the meat is processed, for example by smoking, or is
cooked at very high temperature (which gives rise to carcinogens such as heterocyclic
aromatic amines).The review recommends that the average consumption of red meat
by a population should not exceed 450 g of fresh meat (300 g when cooked) per per-
son per week (i.e. 23 kg fresh meat per year). For an individual consumer, the limit
should be 700 g fresh meat per week (36 kg per year).These figures may be compared
with the world average consumption of about 25 kg of red meat per head per year, and
contrasted with the average for developed countries of about 55 kg. Figures from the
review suggest that increasing red meat consumption from 25 kg to 55 kg per year
would increase the risk of colorectal cancer by about 25 per cent. Although these
recommendations come from an authoritative source, the association between meat
consumption and cancer continues to be controversial (see Further reading).

The place of animal fats – and particularly the fats of ruminants – in the diet of
man has been given a new dimension by the discovery that one particular fatty acid,
known popularly as conjugated linoleic acid (CLA) or more precisely as cis-9,
trans-11 octadecadienoic acid, has a beneficial role in the body. This acid has been
shown to be antiatherogenic and anticarcinogenic, and also to limit obesity and 
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Table 25.7 Current and future demand for meat in the world and selected subunits (kg/head/year) 

Meat

World

Developed Developing 

China India

Sub-Saharan 

countries countries Africa

1993/2020 1993/2020 1993/2020 1993/2020 1993/2020 1993/2020

Beef 9.8/10.7 25.2/25.8 5.2/7.4 2.1/4.4 2.6/4.0 4.1/5.5
Pig 13.7/15.8 29.4/29.4 9.0/12.8 24.5/43.1 0.4/0.7 1.2/1.5
Sheep and goat 1.8/2.1 2.8/3.2 1.5/1.9 1.2/1.4 0.7/0.8 1.6/1.8
Poultry 8.5/10.7 20.3/24.7 5.0/7.7 5.0/10.7 0.5/0.9 1.9/2.4
All 33.9/39.3 77.7/83.0 20.8/29.7 32.8/59.6 4.3/6.5 8.8/11.1

Adapted from Rosegrant M W, Leach N and Gerpacio R V 1999 Alternative futures for world cereal and meat consumption.

Proceedings of the Nutrition Society 58: 219–34.

stimulate immune function.The CLA is produced in the rumen as an intermediate in
the bacterial hydrogenation of unsaturated fatty acids present in the diet (hence its al-
ternative name of rumenic acid), but it may also be synthesised in animal tissues. It is
therefore present in both milk and meat from ruminants. Ruminants given foods that
contain relatively high concentrations of unsaturated fatty acids, such as young pas-
ture herbage, produce fats with particularly high contents of CLA.

25.4 FUTURE TRENDS IN THE CONSUMPTION OF ANIMAL
PRODUCTS

Despite the arguments advanced against meat consumption – on ethical, environ-
mental and health grounds – world demand for all types of meat is predicted to
increase steadily over the next 20 years (Table 25.7). For meat in total, consump-
tion per person per year in the developed countries is predicted to continue to
rise slowly, by 0.2 per cent per year, but for the developing countries the corres-
ponding figure is much greater, at 1.6 per cent per year. World demand on an
absolute basis (i.e. allowing for population growth) is predicted to increase more
rapidly, by 0.6 per cent per year in developed countries and by 4.1 per cent per
year in developing countries.There are some interesting differences in the projec-
tions for individual animal species; for example, the demand for and production
of pig meat in the developed countries is predicted to grow more slowly than that
for poultry meat.

It is possible that the arguments against the consumption of meat have yet to
make their full impact on consumers. However, it has been calculated that if con-
sumers in the developed countries (i.e. those most likely to be influenced by anti-
meat arguments) were to reduce their meat consumption by half over the interval
1993–2020, then world demand for meat would still increase, by about 1.5 per cent
per year. Moreover, additional projections show that because of the adverse eco-
nomic effects on world agriculture of a reduced demand for meat in the developed
countries, the partial switch from animal to vegetable foods would not increase the
world supply of food per person per day by any significant amount.
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SUMMARY

1. The nutrient requirements of man may be
compared with those of domestic animals,
exemplified by the dog, pig and sheep.
Requirements of growing animals differ con-
siderably between species, mainly because of
differences in growth rate, but those for adult
maintenance are less discordant.

2. Foods derived from animals provide one-third
of the protein and one-sixth of the energy sup-
plied to the world’s human population. Figures
for individual countries vary widely, with the
richest countries consuming ten times as much
animal protein per head as the poorest coun-
tries. Although wealth is the main determinant
of meat and milk consumption, environment
and religion are also important influences.

3. Human beings have no specific need for ani-
mal products, but these products are better
sources of some important nutrients (e.g. iron
and vitamin B12) than are plant products.

4. Animal products present hazards to consumers
from food-borne diseases and from the satu-
rated fats they contain. The latter problem is
being reduced by advice to consumers and by
modifying the concentration and constitution
of fats in animal products.

5. Meat consumption, both in total and per head
of the world population, is predicted to in-
crease over the next 20 years, but by more in
developing countries than in developed.

QUESTIONS

25.1 Summarise the arguments for and against the consumption of animal products
by man.What are your conclusions?

25.2 What are the major diseases of man that may arise from the consumption of
meat and milk products?

FURTHER READING

Bradford G E 1999 Contributions of animal agriculture to meeting global human food
demand. Livestock Production Science 59: 95–112.

Cheeke P R 1993 Impacts of Livestock Production on Society, Diet/Health and the Environ-
ment, Danville, IL, Interstate Publishers.

Department for Environment, Food and Rural Affairs 2006 Family Food: Report on the Expen-
diture and Food Survey, London, Her Majesty’s Stationery Office.

Food and Agriculture Organisation of the United Nations 2008 Annual Yearbook 2007–08
(and other FAO publications: see the FAO website, www.fao.org), Rome, FAO.

Garrow J S, James W P T and Ralph A (eds) 2000 Human Nutrition and Dietetics, 10th edn,
Edinburgh, Churchill Livingstone.

Givens D I 2005 The role of animal nutrition in improving the nutritive value of animal-
derived foods in relation to chronic disease. Proceedings of the Nutrition Society 64: 1–8.

Kerry J, Kerry J and Ledward D (eds) 2002 Meat Processing: Improving Quality, Cambridge,
Woodhead Publishing.

Lichtenstein A H et al. 1998 Dietary fat consumption and health. Nutrition Research Reviews
56: S3–19.



Chapter 25 Animal nutrition and the consumers of animal products

624

McAfee A J, McSorley E M, Cuskelly G J, Moss B W, Wallace J M W, Bonham M P and Fearon 
A M 2010 Red meat consumption: an overview of the risks and benefits. Meat Science 84: 1–13.

Nutrition Society (UK) 1999 Symposium: meat or wheat for the next millenium? Proceedings
of the Nutrition Society 58: 209–75.

Scollan N D, Kim E J, Lee M R F,Whittington F and Richardson R I 2008 Environmental im-
pacts on the n-3 content of foods from ruminant animals. In: Givens I, Baxter S, Minihane
A M and Shaw E (eds) Health Benefits of Organic Food: Effects of the Environment,
Wallingford, CABI.

World Cancer Research Fund and American Institute for Cancer Research 2007 Food, Nutrition,
Physical Activity and the Prevention of Cancer: A Global Perspective, London,WCRF.



625

10.1 DM digestibility � (2.0 � 0.4)�2.0 � 0.800
CP intake � 2.0 � 150 � 300 g/day
CP output � 0.4 � 175 � 70 g/day
CP digestibility � (300 � 70)�300 � 0.767

10.2 DM digestibility � (50 � 10)�50 � 0.800
The two methods of measuring DM digestibility were in agreement.

10.3 DM intake from soya � 0.3 kg/day
DM intake from cereal � 2.0 � 0.3 � 1.7 kg/day
DM output from soya � 0.3 � (1 � 0.75) � 0.075 kg/day
DM output from cereal � 0.4 � 0.075 � 0.325 kg/day
DM digestibility of cereal � (1.7 � 0.325)�1.7 � 0.809

CP intake from soya � 0.3 � 450 � 135 g/day
CP intake from cereals � 300 � 135 � 165 g/day
CP output from soya � 135 � (1 � 0.85) � 20.3 g/day
CP output from cereal � 70 � 20.3 � 49.7 g/day
CP digestibility of cereal � (165 � 49.7)�165 � 0.699

11.1 DE � GE intake � GE faeces
ME � GE intake � (GE faeces � GE urine � GE methane)

GE intake � 1.2 � 19.0 � 22.8 MJ/day
DE � 22.8 � 6.0 � 16.8 MJ

� 16.8�1.2 � 14.0 MJ/kg DM
ME � 22.8 � (6.0 � 1.56 � 1.80) � 13.44

� 13.44�1.2 � 11.20 MJ/kg DM

11.2 Heat production � 16.18VO2 � 5.16VCO2 � 5.90N � 2.42CH4
� (16.18 � 536) � (5.16 � 429) � (5.90 � 19)  

� (2.42 � 45.8)
� 8672 � 2214 � 112 � 111
� 10 663 kJ (10.66 MJ)

Energy retention � 13.44 � 10.66
� 2.78 MJ

11.3 Protein stored � 10.4 � 6.25 � 65.0 g/day
Protein carbon stored � 65 � 0.512 � 33.28 g/day
Fat carbon stored � 182.5 � 33.28 � 149.22 g/day
Fat stored � 149.22�0.746 � 200.0 g/day
Energy stored � (65.0 � 23.6) � (200 � 39.3)

� 9394 kJ/day (9.39 MJ/day)

Appendix 1: Solutions to numerical 
questions
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11.4 ME intake � 8.0 � 11.0 � 88.0 MJ/day
ME used for maintenance � 42.0�0.70 � 60.0 MJ/day
ME available for gain � 88.0 � 60.0 � 28.0 MJ/day
kg � 12.0�28.0 � 0.43

12.1

M�D � 10.55�1.06 � 9.97 MJ/kg DM
qm � 9.97�18.4 � 0.54

km � (0.35 * q) � 0.503 � 0.693
kg � (0.78 * q) � 0.006 � 0.428

ME maintenance � 3.2�0.693 � 4.62 MJ/day
ME available for gain � 10.55 � 4.62 � 5.93 MJ/day
Liveweight gain � 5.93 � 0.428�14.0 � 0.18 kg/day

12.2

M�D � 236.4�19.5 � 12.12 MJ/kg DM
qm � 12.12�18.4 � 0.66

Forage DM � [DMI * (MC � M/D)]�(MC � MF)
� [19.5 * (13.5 � 12.12)]�(13.5 � 10.8)
� 9.97 kg/day

Concentrate DM � 19.5 � 9.97
� 9.53 kg/day

Fresh forage � 9.97�0.280
� 35.61 kg/day

Fresh concentrate � 9.53�0.860
� 11.55 kg/day

12.3 DE � 17.47 � (0.0079 * 160) � (0.0158 * 50) � (0.0331 * 60) 
� (0.0140 * 150)

� 15.96 MJ/kg
DE maintenance � 7.0 MJ/day
DE available for gain � 15.96 � 7.0

� 8.96 MJ/day
kp � 0.56
kf � 0.74

DMI (kg/day) MEI (MJ/day)

)1.0 Hay 0.80 7.20
0.3 Concentrate 0.26 3.35

–––– –––––
Total 1.06 10.55

NE (MJ/day) k ME (MJ/day)

Maintenance 44.8 0.72 62.2
Milk production 108.0 0.62 174.2

––––– –––––
Total 152.8 236.4
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Mean efficiency (kpf) � (170 * 0.56) � (200 * 0.74)�370
� 0.66

Energy retention � 8.96 * 0.66
� 5.91 MJ/day

Energy value of gain � (170 * 23.6) � (200 * 39.3)�1000
� 11.87 MJ/kg

Liveweight gain � 5.91�11.87
� 0.50 kg/day

13.1 19.15 g N per day.

13.2 BV � 0.80.

13.3 Degradability � 0.32 � (0.51 � 0.06)�(0.06 � 0.05) � 0.60 kg/kg.Amount
of protein degraded in the rumen � 0.60 � 240 � 144 g/kg DM. ERDP �
(0.8 � 0.32) � (0.51 � 0.06)�(0.06 � 0.05) � 0.54 � 240 � 130 g/kg DM.

13.4 MPE supply (g/kg DM) � (10 � 82) � (2 � 271) � (6 � 130) � 2142 g/day.
MPN supply (g/kg DM) � (10 � 87) � (2 � 417) � (6 � 83) � 2202 g/day.
Diet is limited by MPE, and so MP supply is 2142 g/day.

14.1 Fasting metabolism (F) � 0.53(W�1.08)0.67

� 23.0 MJ/day

Correction for sex � 23.0 * 1.15
� 26.4 MJ/day

Activity (A) � 0.0071 * W
� 2.1 MJ/day

Metabolisability (qm) � 11.0�18.4
� 0.597

km � (0.35 * qm) � 0.503
� 0.712

ME maintenance (MEm) � (F � A)�km
� (26.4 � 2.1)�0.712
� 40.0 MJ/day

EVg � [4.1 � (0.0332 W ) � (0.000009 W2)]�(1 � 0.1475 LWG)
� 15.83 MJ/kg

Correction for breed, sex and rate of gain � 15.83 * 0.70 * 1.1
� 12.1 MJ/day

kg � 0.78 qm � 0.006
� 0.472

ME gain (MEg) � NEg�kg
� 12.12�0.472
� 25.7 MJ/day

ME total � MEm � MEg
� 40.0 � 25.7
� 65.7 MJ/day



Basal endogenous nitrogen � 0.35 * W 0.75

� 25.2 g/day

Hair and scurf � 0.018 * W 0.75

� 1.3 g/day

kpm � 1.0

MP maintenance (MPm) � (25.2 � 1.3)�1.0 * 6.25
� 165.6 g/day

NPg � 168.07 � (0.16869 * W ) � (0.0001633 W 2) * (1.12 � 0.1223 * LWG)
� 130.0 g/kg

Correction for breed, sex and weight gain � 130.0 * 1.20 * 1.1
� 172.0 g/day

kpg � 0.59

MP gain (MPg) � NEg�kpg
� 172.0�0.59
� 291.0 g/day

MP total � MPm � MPg
� 165.6 � 291.0
� 457.0 g/day

14.2 NE intake � 20.0 MJ/day

NE maintenance � activity � (0.750 W 0.60) * 1.10
� 11.44 MJ/day

NE available for gain � 20.0 � 11.44
� 8.56 MJ/day

Protein retention (Pt) � 0.120 kg/day

NE retained as protein � 0.120 * 23.6
� 2.83 MJ/day

NE retained as fat � 8.56 � 2.83
� 5.73 MJ/day

Fat retention (Lt) � 5.73/39.3
� 0.146 kg/day

14.3 DE maintenance (DEm) � 0.139 * W
� 69.5 MJ/day

DE exercise (DEe) � 69.5 * 0.4
� 27.8 MJ/day

DE total � DEm � DEe
� 69.5 � 27.8
� 97.3 MJ/day

CP maintenance (CPm) � 1.44 * W
� 720.0 g/day

CP exercise (CPe) � (MG * W ) � [(SL * 7.8 * W )�0.633]
� (0.177 * W ) � [(0.005 * 7.8 * W )�0.633]
� 119.3 g/day
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CP total � CPm � CPe
� 720.0 � 119.3
� 839.3 g/day

15.1a From Table 15.2, increasing body condition from 1.0 to 1.5 will result in a
body weight at service of approximately 49 kg and an ovulation rate of 1.38.
A ewe that remains at condition score 1.5 will have a similar body weight of
46 kg but an ovulation rate of only 1.1.

15.1b From Table 15.2, increasing body condition from 2.5 to 3.0 will result in a
body weight at service of approximately 61 kg and an ovulation rate of 2.0.
A ewe that remains at condition score 3.0 will have a similar body weight of
62 kg and a similar ovulation rate of 2.1.

15.2 From Table 15.1, a low compared with a high plane of nutrition will result in
an animal that is slightly heavier (316 kg v. 282 kg), larger (119 cm v.
110 cm) and lower in fat (7.0 per cent v. 7.4 per cent) but reach puberty 
7 months later (16.5 months v. 9.3 months).

15.3 Maintenance � (0.36W 0.75)�0.8 � 0.70 MJ/day. Egg output � 0.375 �

0.8�0.8 � 0.375 MJ/day.Total ME requirement � 1.08 MJ/day.

15.4 Lysine (mg/day) � 9.5 (57 � 0.80) � 60 � 1.8 � 433 � 108 � 541.

16.1 AFRC (1993)
Mm � 43.3�0.72 � 60.1 MJ/day
Net energy spared by weight loss � (�0.5 � 25) � 0.84 � 10.5MJ/day
Mp� (33(1.509 � 0.0406 � 39) � 10.5)�0.64 � 143 MJ/day
Mmp � (60.1 � 143) � 1.043 � 212 MJ/day
5% safety margin � 212 � 1.05 � 223 MJ/day

FiM

El � 33(1.509 � 0.0406 � 39) � 102 MJ/day
Elwc � 19.3 � (�0.5) � 0.78 � �7.5 MJ/day
W 0.75 � 6250.75 � 125 kg
Elcorr � (102 � 7.5)�125 � 0.756 MJ/kgW 0.75

Mml � loge [(5.06 � 0.726)�(5.06 � 0.453)]��0.1326 � 1.87 MJ/kgW 0.75

Mml � 1.87 � 125 � 234 MJ/day
A � (0.0013 � 625)�0.72 � 1.13
Mreq

FIM � (234 � 1.13 � 10) � 1.02 � 230 MJ/day

16.2 AFRC (1993)

MPm � 2.19 � 6250.75 � 273 g/day
MPd � 0.1125 � 6250.75 � 14.1 g/day
MPl � (33 � 0.95 � 33)�0.68 � 1521 g/day
MPg � �0.5 � 138 � �69 g/day
Total � 273 � 14.1 � 1521 � 69 � 1739 g/day
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FiM

MPm � 4.1 � 6250.5 � 0.3 � 6000.6 � 30 � 20 � 0.5[(1100�0.8) � 1100] 
� 2.34 � 20 � 625.7

MPl � (33 � 0.95 � 33)�0.68 � 1521 g/day
MPg � �0.5 � 138 � �69 g/day
Total � 626.1 � 1521 � 69 � 2078 g/day

16.3 Metabolisable energy:
Em � 0.226 � (55�1.08)0.75 � 0.0196 � 55 � 5.38 MJ/day
km � 0.35 � 0.55 � 0.503 � 0.70
Mm � 5.38�0.70 � 7.7  MJ/day
kl � 0.35 � 0.55 � 0.42 � 0.61
Ml � (1.21 � 4.6)�0.61 � 9.1 MJ/day
Mg � �0.1 � 21�0.61 � �3.4 MJ/day
Mp � 9.1 � 3.4 � 5.7 MJ/day
Level of feeding adjustment � 1 � 0.018 � (Mp�Mm) � 1.013
Mmp � (7.7 � 5.7) � 1.013 � 13.6 MJ/day
MP � (2.19 � 550.75) � (1.21 � 72) � (�0.1 � 119) � 20.4 � 140 g/day

16.4 NEm � (0.75 � 2000.60) � 1.1 � 19.8 MJ/day
NEl � 11 � 5.4 � 59.4 MJ/day
NEg � �0.25 � 33.4 � �8.4 MJ/day
NEmp � 19.8 � 59.4 � 8.4 � 70.8 MJ/day
NE (MJ/kg) � 70.8�8.0 � 8.85
DEmp � 70.8�0.71 � 99.7 MJ/day
DE (MJ/kg) � 99.7�8 � 12.5

16.5 Maintenance � [(2000.75 � 0.9 � 0.058)�0.82] � 1.05 � 3.6 g/day
Lactation � [(11 � 54 � 0.073)�0.82] � 1.05 � 55.5 g/day
Ileal digestible lysine (g/day) � 3.6 � 55.5 � 59.1 or 7.4 g/kg
Lysine (g/day) � 59.1�0.84 � 73.0 or 9.1 g/kg

16.6 DEml � (0.152 � 600) � (15 � 2.09�0.6) � 91.2 � 52.2 � 143 MJ/day
CPml � (1.44 � 600) � (50 � 15) � 864 � 750 � 1614 g/day
Lysine (g/day) � (0.043 � 1.44 � 600) � (3.3 � 15) � 37.2 � 49.5 � 86.7
Ca (g/day) � [(0.02 � 600) � (1.2 � 15)]�0.5 � (12 � 18)�0.5 � 60
P (g/day) � [(0.01 � 600) � (0.75 � 15)]�0.45 � (6 � 11.3)�0.45 � 38.4

17.1 1.01 kg/day; 2.43 kg/day

17.2 66.4 g/kg W0.75, 5.37 kg DM/day, 21.5 kg fresh weight/day

17.3 Milk energy output (El) � 30 � (1.509 � 0.0406) � 94 MJ/day. Total DM
intake � 19.3 kg DM/day.

17.4 11 kg DM and 12.9 kg fresh.
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The data given in these tables have been compiled from a number of sources, a full
list of which is given at the end of the appendix.Absence of figures does not imply a
zero but merely indicates that the information was not given in these sources.

COMPOSITION AND NUTRITIVE VALUE, TABLES A2.1 AND A2.2

The composition of a particular food is variable, and figures given in these tables
should be regarded as representative examples and not constant values. For more
comprehensive data, readers should consult the references.

NUTRIENT ALLOWANCES, TABLES A2.3–A2.13

The scientific feeding of farm animals is based on standards expressed in terms of
either ‘nutrient requirements’ or ‘nutrient allowances’. These terms are defined in
Chapter 14.The figures in the tables are mainly nutrient requirements as they do not
include safety margins. Only the figures for vitamins have safety margins. It has not
been possible to include every class of farm animal in these tables; only a represen-
tative selection is given. For more detailed information, readers should consult the
relevant references.

ABBREVIATIONS USED IN THE TABLES

ADF Acid-detergent fibre
ADIN Acid-detergent insoluble nitrogen
Avail. Available
CF Crude fibre
CP Crude protein
D Digestible organic matter in dry matter
DE Digestible energy
dec. Decorticated
DM Dry matter
DMI Dry matter intake
DUP Digestible undegradable protein
EE Ether extract
ERDP Effective rumen-degradable protein
exp. Expeller
extr. Extracted

Appendix 2: Notes on tables
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FME Fermentable metabolisable energy
ME Metabolisable energy
MP Metabolisable protein
MPB Metabolisable protein derived from digestible undegradable protein
MPE Metabolisable protein derived from energy supply to the rumen plus

MPB
MPN Metabolisable protein derived from nitrogen supply to the rumen plus

MPB
NDF Neutral-detergent fibre
qm Metabolisability of gross energy
W Liveweight
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Table A2.1.1 Chemical composition of foods

Food Dry matter basis (g/kg)

DM (g/kg) EECF Ash CP NDF ADF ADIN Starch

and

sugar

Green crops
Barley in flower 250 316 16 64 68
Cabbage 150 160 47 107 160 244 136 320
Clover, red, early-flowering 190 274 37 84 179 272
Clover, white, early-flowering 190 232 42 116 237 400 253 84
Grass, young (75–80D) 200 130 55 105 156 572 289 1.3
Grass, mature (60–65D) 282 200 40 100 100 647 312 0.7
Kale 140 179 36 136 157 243 197 2.3 284
Lucerne, early–flowering 240 300 17 100 171 442
Maize 190 289 26 63 89
Rape 140 250 57 93 200
Sugar beet tops 160 100 31 212 125
Sugarcane 279 312 22 57 97
Swede tops 120 125 42 183 192

Silages
Barley, whole crop 324 248 15 153 64 575 274 2.2 267
Grass, young 250 270 52 91 186 566 359 1.3
Grass, mature 294 340 52 110 125 603 387 0.5
Lucerne 250 296 84 100 168 495 406 1.7 16
Maize, whole crop 210 233 57 62 110 480 277 2.7 211
Potato 270 26 19 52 81

Hays
Clover, red 850 266 39 84 184 280 2.2
Grass, poor-quality 800 380 16 70 55 725 452 1.2
Grass, good-quality 900 298 18 82 110 650 364 0.5
Lucerne, early-flowering 850 302 13 95 225 493 375 2.1

Dried herbage
Grass 929 210 38 102 190 541 282 2.3 148
Lucerne 900 247 51 100 220 465 336 2.0 81

Straws
Barley 860 394 21 53 38 811 509 1.0 32
Barley, ammoniated 871 450 15 46 70 778 542 2.0 20
Bean 860 501 9 53 52 778 542 19
Oat 860 394 22 57 34 736 525 0.6 20
Oat, ammoniated 843 431 18 66 75 735 522 1.0 16
Pea 860 410 19 77 105 412
Wheat 860 417 15 71 34 809 502 0.8
Wheat, ammoniated 869 434 13 56 68 773 544 1.5 13

continued
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Roots and tubers
Artichoke, Jerusalem 200 35 10 55 75
Cassava 370 43 9 30 35 114 63 692
Fodder beet 183 56 3 81 63 136 72 0.9 660
Mangels 120 58 8 67 83
Potatoes 210 38 5 43 90 73 44 1.6 638
Sugar beet pulp, dried 900 203 7 34 99 372 213 1.6 82
Sugar beet pulp, dried molassed 876 132 4 88 110 321 179 0.9 300
Sugar beet molasses 750 0 0 69 47 632
Sugarcane molasses 737 0 4 100 55 657
Swedes 120 100 17 58 108 140 125 0.2 587
Sweet potatoes 320 38 16 34 39 75 0.2
Turnips 90 111 22 78 122 254 70 1.6

Cereals and by-products
Barley 860 53 17 26 115 201 64 0.4 599
Barley, brewer’s grains 263 176 77 41 234 618 264 3.9 51
Barley, malt culms 900 156 22 80 271 463 163 171
Brewer’s yeast, dried 900 2 11 102 443
Grain distiller’s grains 250 200 65 40 265 575 320 15.8
Grain distiller’s dark grains 890 89 108 46 317 343 216 10 75
Malt distiller’s grains 248 199 86 34 211 673 294 23
Malt distiller’s dark grains 907 121 67 60 275 420 175 65
Maize 860 24 42 13 98 117 28 1.3 717
Maize, flaked 900 17 49 10 110 101
Maize, gluten feed 900 39 38 28 262 383 114 1.4 210
Maize, gluten meal 904 12 29 11 669 55 6.4 158
Millet 860 93 44 44 121
Oats 860 105 49 33 109 290 149 0.4 482
Oats, naked 854 45 97 23 119 114 42 0.5 597
Oat husks 900 351 11 42 21
Pot ale syrup 483 2 2 95 374 6 36
Rice, brown 907 23 9 111
Rice, bran (extracted) 905 11 149 166 350 275 1.4 256
Rice, polished 860 17 5 9 77
Rye 860 26 19 21 124 357
Sorghum 860 21 43 27 108 107 57 745
Wheat 860 26 19 21 124 124 30 0.4 701
Wheat bran 880 114 45 67 170 474 137 259
Wheat feed 880 74 45 50 178 364 111 0.4 333
Wheat germ meal 889 82 48 279

Table A2.1.1 (cont.)

Food Dry matter basis (g/kg)

DM (g/kg) EECF Ash CP NDF ADF ADIN Starch

and

sugar
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Oilseed by-products
Coconut meal 900 153 76 72 220 450 270 2.5
Cotton seed meal, undecorticated 900 248 54 66 231 390 260 3.2
Cotton seed meal, decorticated 900 87 89 74 457 300 2.0
Groundnut meal, undecorticated 900 273 21 47 343
Groundnut meal, decorticated 900 88 8 63 552 180 146 2.0
Linseed meal 900 102 36 73 404 192 131 2.0 95
Palm kernel meal 900 167 10 44 227 693 470 3.0 51
Rapeseed meal 899 152 29 80 400 295 206 3.6 147
Soya bean meal 900 58 17 62 503 125 91 2.2 124
Soya bean meal, full-fat 898 48 222 54 415 122 82 91
Sunflower meal, undecorticated 900 323 80 50 297 379 220 2.5
Sunflower meal, decorticated 900 134 152 117 430 260 2.0

Leguminous seeds
Beans, field 860 80 15 36 275 168 123 0.5 412
Gram 860 57 13
Peas 860 63 19 32 261 116 76 4.8 497

Animal by-products
Blood meal 870 9 40 919 0
Feather meal, hydrolysed 907 5 64 25 892 2
Fishmeal, UK-produced 915 69 238 699 0
Fishmeal, herring 920 75 122 793 0
Fishmeal, South American 900 60 197 733 0
Meat meal 900 0 148 42 810 0
Meat and bone meal 900 0 50 62 597 0
Milk, cow’s whole 128 0 305 55 266 0
Milk, skim 100 0 70 80 350 0
Milk, whey 66 0 30 106 106 0

Table A2.1.1 (cont.)

Food Dry matter basis (g/kg)

DM (g/kg) EECF Ash CP NDF ADF ADIN Starch

and

sugar



Appendix 2

636

Table A2.1.2 Mineral contents of foods (DM basis)

Food (g/kg) (g/kg) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

Green crops
Grass, close grazing 5.0 3.5 1.7 1.9 8.0 – – 0.10 0.05
Grass, extensive grazing 4.8 2.8 1.7 1.7 7.0 16 5.0 0.08 0.04
Kale 21.0 3.2 2.5 2.0 4.5 38 – 0.10 0.05
Lucerne, late vegetative 21.9 3.3 2.7 2.1 11.0 41 – 0.17 –
Turnip tops 24.2 3.1 2.8 3.1 8.0 – – 0.08 0.06

Silages
Cereal, vegetative 4.0 2.7 1.0 1.8 6.0 80 25 0.07 0.06
Grass, early 8.0 4.0 3.0 3.0 11.0 90 25 – 0.10
Grass, mature 3.0 2.0 0.9 1.0 3.0 94 30 0.05 0.02

Hays
Clover 15.3 2.5 4.3 1.9 11.0 73 17 0.16 –
Grass, poor-quality 2.5 1.5 0.8 1.0 2.0 70 17 0.05 0.01
Grass, good-quality 7.0 3.5 2.5 2.5 9.0 100 21 0.20 0.07
Lucerne, mature 11.3 1.8 2.7 0.8 14.0 44 24 0.09 –

Straws
Barley 4.5 0.7 0.8 1.1 3.2 84 16 0.04 0.04
Oat 4.0 0.7 1.3 3.7 4.0 69 29 0.04 0.02

Roots and tubers
Cassava, dried 2.0 1.0 – 0.2 – 20 – – –
Mangels 2.9 2.1 5.3 9.9 9.4 – – 0.09 0.03
Potatoes 1.0 2.1 1.0 0.5 4.5 42 28 0.06 0.03
Sugar beet pulp, 5.7 0.8 2.4 2.5 11.0 51 32 0.10 0.02

molassed, dried
Swedes 3.6 3.2 1.2 2.6 3.8 21 19 0.07 0.03
Turnips 5.0 3.6 1.4 2.2 2.7 35 36 0.04 0.03

Cereals and by-products
Barley 0.5 4.0 1.3 0.2 4.8 18 19 0.04 0.02
Brewer’s grains, dried 3.2 7.8 1.8 0.4 25.0 50 – 0.03 –
Brewer’s yeast 1.3 15.1 2.5 0.8 35.3 6 42 – –
Distiller’s grains, malt 1.7 3.7 1.4 0.9 10.0 – – 0.02 0.02
Maize 0.3 2.7 1.1 0.2 2.5 6 16 0.02 0.02
Maize gluten meal 1.6 5.0 0.6 1.0 30.0 8 190 0.08 –
Millet 0.6 3.1 1.8 0.4 24.4 32 16 0.04 –
Oats 0.8 3.7 1.3 0.2 3.6 42 41 0.04 0.03
Oat feed 1.5 2.9 1.0 0.2 3.9 – – 0.04 0.03
Rice 0.7 3.2 1.5 0.6 3.0 20 17 0.05 –
Rye 0.7 3.7 1.4 0.3 8.0 66 36 – –
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Table A2.1.2 (cont.)

Food (g/kg) (g/kg) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

Sorghum 0.5 3.5 1.9 0.4 10.8 16 15 0.14 –
Wheat 0.5 3.5 1.2 0.1 5.0 42 50 0.05 0.02
Wheat bran 1.6 13.6 5.0 0.4 12.9 143 189 0.03 0.40
Wheat feed 1.1 8.0 3.3 0.4 17.5 – – 0.03 0.04

Oilseeds and by-products
Coconut meal 2.3 6.6 2.8 0.4 20.4 59 – 0.14 –
Cotton seed meal, dec. 1.9 12.4 5.0 0.6 16.0 25 79 0.05 –
Groundnut meal, dec. 2.9 6.8 1.7 0.8 17.0 29 22 0.12 –
Linseed meal 4.1 8.6 5.8 0.7 25.0 42 – 0.55 0.91
Soya bean meal 3.5 6.8 3.0 0.4 25.0 32 61 0.20 0.55

Leguminous seeds
Beans 1.0 5.5 2.0 0.1 14.0 16 46 0.20 –
Peas 1.5 4.4 1.4 0.5 – – 33 – –

Animal by-products
Fishmeal 79.0 44.0 3.6 4.5 9.0 21 119 0.14 2.00
Meat and bone meal 120 58.0 2.5 7.2 24.0 – – 0.20 0.20
Whey, dried 9.2 8.2 1.4 7.0 50.0 6 3 0.13 –
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Table A2.1.4 Vitamin potency of foods (fresh basis)

Food (x 000 iu/kg) (iu/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

Green crops
Grass, dried 328 150 – 15.5 74 – – – 890
Lucerne, dried 267 200 – 16.6 43 – – 0.003 1110

Cereals and by–products
Barley 0.7 20 1.9 1.8 55 8 3.0 – 990
Brewer’s yeast, dried – – 91.8 37.0 448 109 42.8 – 3984
Maize 5.0 22 3.5 1.0 24 4 7.0 – 620
Oats 0.6 20 6.0 1.1 12 – 1.0 – 946
Rice – 12 – 0.4 15 – – – 780
Rye 0.2 17 3.6 1.6 19 8 2.6 – 419
Sorghum 0.7 12 4.0 1.1 41 12 3.2 – 450
Wheat 0.4 13 4.5 1.4 48 10 3.4 – 1090
Wheat, fine middlings 0.5 20 – 2.2 100 – – – 1110
Wheat, coarse middlings 0.4 57 – 2.4 95 – – – 1170

Oilseed by–products
Coconut meal – 16 – 3.3 27 – – – 1110
Cotton seed meal 0.3 39 6.4 5.1 38 10 5.3 – 2753

(dec. exp.)
Groundnut meal – 3 5.7 11.0 170 53 10.0 – 2396

(dec. extr.)
Groundnut meal 0.3 3 7.1 5.2 166 47 10.0 – 1655

(dec. exp.)
Linseed meal (extr.) 0.4 – – 3.5 40 – – – 1660
Soya bean meal (extr.) – 2 4.5 2.9 29 16 6.0 – 2794

Animal by–products
Fishmeal – 8 2.1 6.0 49 10 4.1 0.081 5180
Meat meal – 1 0.2 5.5 57 5 3.0 0.068 2077
Milk, dried skim 0.3 1 – 21.0 12 – – 0.055 1060

aFor chicks. In the case of plant products, the values for pigs and ruminants are about half those quoted.
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Table A2.3 Feeding standards for lactating and pregnant cattle based on FiM
3.1 Daily requirements of cows producing milk of 38 g fat and 34 g protein/kg and weighing 650 kg

Milk yield (kg/day) 15 25 35 45 Days pregnant

Liveweight change (kg/day) �0.6 �0.2 �0.3 �0.6 225 270

qm 0.59 0.62 0.64 0.66 0.44 0.63
DMI (kg) 14.9 17.7 20.2 23.6 11.0 9.6
ME (MJ) 166 205 245 293 90 113
MP (g) 1 341 1 758 2 205 2 727 398 504
Ca (g) 101 118 141 168 34 45
P (g) 57 74 93 115 25 27
Mg (g) 28 36 45 54 16 16
Na (g) 15 21 27 34 5 7
Vitamin A (iu) 60 000 71 000 81 000 94 000 41 000
Vitamin D (iu) 11 000 13 000 15 000 18 000 7 700
Vitamin E (iu) 328 389 445 519 230

3.2 Daily requirements of cows producing milk of 52 g fat and 42 g protein/kg and weighing 450 kg

Milk yield (kg/day) 10 20 30 Days pregnant

Liveweight change (kg/day) �0.4 �0.1 �0.4 225 270

qm 0.60 0.60 0.65 0.45 0.63
DMI (kg) 11.1 15.9 18.8 8.1 7.7
ME (MJ) 125 177 230 69 92
MP (g) 1 057 1 703 2 246 289 441
Ca (g) 69 89 113 27 38
P (g) 40 62 82 20 23
Mg (g) 19 28 37 12 12
Na (g) 10 16 22 4 6
Vitamin A (iu) 45 000 64 000 75 000 32 000
Vitamin D (iu) 8 000 12 000 14 000 6 000
Vitamin E (iu) 244 349 414 175
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Table A2.4 Feeding standards for growing cattle
4.1 Daily requirements of cattle of 200 kg liveweight

Categorya Component Liveweight gain (kg/day)b
DM intakeb

0 0.5 0.75 1.0 1.25 (kg/day)

Heifers of ME (MJ) 27/26 44/40 56/50 –/62 –/78 5.0/6.5 
small-sized breeds MP (g) 122 224 270 313 377

Castrate males ME (MJ) 27/26 40/37 49/45 –/54 –/65 5.0/6.5
of medium-sized MP (g) 122 249 306 361 411
breeds

Bulls of ME (MJ) 31/30 40/37 45/42 52/47 –/54 5.0/6.5
large-sized breeds MP (g) 122 274 343 408 469

All breeds Ca (g) 4 16 22 28 32
P (g) 5 15 20 25 27
Mg (g) 3.5 4.8 5.4 6.0 6.6
Na (g) 1.5 2.3 2.7 3.1 3.5
Vitamin A (iu) 14 000
Vitamin D (iu) 1 200
Vitamin E (iu) 115

4.2 Daily requirements of cattle of 400 kg liveweight

Categorya Component Liveweight gain (kg/day)b
DM intakeb

0 0.5 0.75 1.0 1.25 (kg/day)

Heifers of ME (MJ) 44/42 70/64 88/79 –/97 –/120 8.5/11.0
small-sized breeds MP (g) 206 297 338 377 413

Castrate males of ME (MJ) 44/42 64/59 79/71 95/84 –/100 8.5/11.0
medium-sized MP (g) 206 319 371 420 465
breeds

Bulls of ME (MJ) 50/48 64/60 72/67 82/75 94/86 8.5/11.0
large-sized breeds MP (g) 206 342 404 463 517

All breeds Ca (g) 8 19 25 31 34
P (g) 9 19 24 31 31
Mg (g) 7.1 8.3 8.9 9.5 10.1
Na (g) 2.6 3.8 4.2 4.6 5.0
Vitamin A (iu) 28 000
Vitamin D (iu) 2 400
Vitamin E (iu) 195

aCategories: there is a range of nine categories of growing cattle (combinations of three breed sizes and three sexes). Of the three
categories illustrated in this table, castrates of medium-sized breeds are the median category, and the other two are the extremes
of the range.
bWhere two values separated by a solidus (/) are given, the first is for diets with metabolisability (qm) of 0.55 and the second for
diets with qm of 0.65. A blank before the solidus indicates that the performance level is unlikely to be achieved with a diet of lower
metabolisability.
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Table A2.5 Feeding standards for pregnant ewes
5.1 Daily requirements of ewes assuming zero weight change

Ewe Component Days from conception

weight Single lamb Twin lambs

(kg) 98 112 126 140 98 112 126 140

55 DMI (kg) 1.2 1.2 1.2 1.1 1.3 1.3 1.3 1.2
ME (MJ) 7.9 8.8 9.9 11.3 8.9 10.2 12.0 14.4a

MP (g) 72 76 82 89 77 84 93 104
Ca (g) 3.1 3.8 4.5 5.1 3.9 5.0 6.2 7.2
P (g) 2.7 2.9 3.0 3.0 3.2 3.5 3.8 3.8
Mg (g) 1.0 1.0 1.3 1.3 1.0 1.0 1.5 1.5
Na (g) 1.8 1.8
Vitamin A (iu) 5500 5500
Vitamin D (iu) 550 550
Vitamin E (iu) 40 45

75 DMI (kg) 1.5 1.5 1.5 1.4 1.6 1.6 1.6 1.5
ME (MJ) 10.1 11.1 12.5 14.3 11.3 12.9 15.2 18.2a

MP (g) 86 91 98 106 92 100 111 126
Ca (g) 3.8 4.6 5.6 6.3 4.7 6.0 7.6 8.9
P (g) 3.4 3.6 3.8 3.8 4.0 4.4 4.7 4.8
Mg (g) 1.3 1.3 1.7 1.7 1.3 1.3 2.0 2.0
Na (g) 2.5 2.5
Vitamin A (iu) 7500 7500
Vitamin D (iu) 750 750
Vitamin E (iu) 55 60

aThese energy levels are not attainable, owing to inadequate DMI.
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Table A2.5 (cont.)
5.2 Daily requirements of 55 kg pregnant ewes losing 50 g liveweight/day and 75 kg ewes losing 75 g
liveweight/day

Ewe Component Days from conception

weight Single lamb Twin lambs

(kg) 98 112 126 140 98 112 126 140

55 DMI (kg) 1.2 1.2 1.2 1.1 1.3 1.3 1.3 1.2
ME (MJ) 6.0 6.8 7.9 9.3 6.9 8.2 10.0 12.3
MP (g) 66 70 76 83 71 78 87 98
Ca (g) 3.1 3.8 4.5 5.1 3.9 5.0 6.2 7.2
P (g) 2.7 2.9 3.0 3.0 3.2 3.5 3.8 3.8
Mg (g) 1.0 1.0 1.3 1.3 1.0 1.0 1.5 1.5
Na (g) 1.8 1.8
Vitamin A (iu) 5500 5500
Vitamin D (iu) 550 550
Vitamin E (iu) 40 45

75 DMI (kg) 1.5 1.5 1.5 1.4 1.6 1.6 1.6 1.5
ME (MJ) 7.1 8.1 9.4 11.2 8.2 9.9 12.2 15.1
MP (g) 77 82 89 98 83 91 102 117
Ca (g) 3.8 4.6 5.6 6.3 4.7 6.0 7.6 8.9
P (g) 3.4 3.6 3.8 3.8 4.0 4.4 4.7 4.8
Mg (g) 1.3 1.3 1.7 1.7 1.3 1.3 2.0 2.0
Na (g) 2.5 2.5
Vitamin A (iu) 7500 7500
Vitamin D (iu) 750 750
Vitamin E (iu) 55 60
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Table A2.6 Feeding standards for lactating ewes
6.1 Daily requirements of lactating ewes kept outdoors and assuming zero
weight change. qm � 0.625

Ewe Component Week of lactation

weight Single lamb Twin lambs

(kg) 1–4 5–8 9–12 1–4 5–8 9–12

55 DMI (kg) 1.5 1.7 1.6 1.6 1.8 1.7
ME (MJ) 16.7 15.8 13.2 22.0a 20.0 16.0
MP (g) 154 145 120 204 184 146
Ca (g) 6.1 5.9 4.8 8.4 7.8 6.0
P (g) 5.4 5.5 4.6 7.2 6.9 5.6
Mg (g) 2.2 2.1 1.7 2.9 2.6 2.1
Na (g) 2.1 2.0 1.9 2.4 2.3 2.0 
Vitamin A (iu) 5500 5500
Vitamin D (iu) 550 550
Vitamin E (iu) 40 45

75 DMI (kg) 1.9 2.2 2.0 2.0 2.3 2.1
ME (MJ) 23.8a 22.3 17.7 30.9a 26.3 20.4
MP (g) 223 209 164 289 246 191
Ca (g) 9.0 8.8 6.7 12.0 10.5 7.9
P(g) 8.0 8.1 6.4 10.2 9.4 7.4
Mg (g) 3.3 3.1 2.5 4.2 3.6 2.9
Na (g) 3.0 2.9 2.6 3.4 3.1 2.8 
Vitamin A (iu) 7500 7500
Vitamin D (iu) 750 750
Vitamin E (iu) 55 60

aThese energy levels are not attainable owing to inadequate DMI.



Table A2.6 (cont.)
6.2 Daily requirements of 55 kg lactating ewes kept outdoors and losing 50 g
liveweight/day and 75 kg ewes losing 75 g liveweight/day (qm � 0.625)

Ewe Component Week of lactation

weight Single lamb Twin lambs

(kg) 1–4 5–8 9–12 1–4 5–8 9–12

55 DMI (kg) 1.5 1.7 1.6 1.6 1.8 1.7
ME (MJ) 14.9 14.0 11.5 20.2a 18.1 14.2
MP (g) 148 139 114 198 179 140 
Ca (g) 6.1 5.9 4.8 8.4 7.8 6.0
P (g) 5.4 5.5 4.6 7.2 6.9 5.6
Mg (g) 2.2 2.1 1.7 2.9 2.6 2.1
Na (g) 2.1 2.0 1.9 2.4 2.3 2.0 
Vitamin A (iu) 5500 5500
Vitamin D (iu) 550 550
Vitamin E (iu) 40 45

75 DMI (kg) 1.9 2.2 2.0 2.0 2.3 2.1
ME (MJ) 21.1 19.6 15.0 28.1a 23.5 17.7
MP (g) 214 200 155 280 237 182 
Ca (g) 9.0 8.8 6.7 12.0 10.5 7.9
P (g) 8.0 8.1 6.4 10.2 9.4 7.4
Mg (g) 3.3 3.1 2.5 4.2 3.6 2.9
Na (g) 3.0 2.9 2.6 3.4 3.1 2.8 
Vitamin A (iu) 7500 7500
Vitamin D (iu) 750 750
Vitamin E (iu) 55 60

aThese energy levels are not attainable owing to inadequate DMI.
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Table A2.7 Feeding standards for growing lambs
7.1 Daily requirements of lambs of 20 kg liveweight

Category Component Liveweight gain (g/day)a
DM intakea

0 50 100 150 (kg/day)

Females ME (MJ) 3.4/3.2 4.5/4.2 5.8/5.3 –/6.5 0.46/0.56
MP (g) 21b 45 58 71

Castrate males ME (MJ) 3.4/3.2 4.5/4.2 5.7/5.2 –/6.2 0.46/0.56
MP (g) 21b 47 61 76

Males ME (MJ) 3.9/3.7 4.8/4.5 5.8/5.4 –/6.4 0.46/0.56
MP (g) 21b 47 61 76

All sexes Ca (g) 0.7 1.6 2.5 3.4
P (g) 0.5 1.0 2.0 3.0
Mg (g) 0.38 0.50 0.61 0.72
Na (g) 0.57 0.63 0.69 0.75
Vitamin A (iu) 660
Vitamin D (iu) 120
Vitamin E (iu) 21

aWhere two values separated by a solidus (/) are given, the first is for diets with a metabolisability (qm) of
0.55 and the second for diets with qm of 0.65. A blank before the solidus indicates that the performance
level is unlikely to be achieved with a diet of lower metabolisability.
bThis basal requirement for maintenance does not include an allowance of protein for wool growth.
If lambs were kept at a maintenance level, they would continue to grow wool and would need an
additional 11 g/day of MP for this purpose.

7.2 Daily requirements of lambs of 35 kg liveweight

Category Component Liveweight gain (g/day)a
DM intakea

0 50 100 150 (kg/day)

Females ME (MJ) 5.2/5.0 7.0/6.5 9.1/8.2 –/10.2 0.77/0.92
MP (g) 31b 54 65 77

Castrate males ME (MJ) 5.2/5.0 6.8/6.3 8.5/7.8 –/9.5 0.77/0.92
MP (g) 31b 56 70 83

Males ME (MJ) 6.0/5.7 7.4/6.9 9.0/8.3 –/9.8 0.77/0.92
MP (g) 31b 56 70 83

All sexes Ca (g) 0.9 1.7 2.5 3.4
P (g) 0.9 1.6 2.4 3.5
Mg (g) 0.62 0.74 0.85 1.00
Na (g) 0.99 1.05 1.10 1.15
Vitamin A (iu) 1200
Vitamin D (iu) 210
Vitamin E (iu) 25

a,bSee Table 7.1.



Table A2.8 Dietary allowances (mg/kg DM) of trace elements for ruminants

Cattle Sheep

Copper Pre-ruminant calf 2 Pre-ruminant lamb 1
Others 12 Growing lambs 3

Others 6
Iron Before weaning 30 All classes 30

After weaning 40
>150 kg liveweight 30
Pregnant and lactating 40

Iodine Winter 0.5 Winter 0.5
Summer 0.15 Summer 0.15
Presence of goitrogens 2.00 Presence of goitrogens 2.00

Cobalt All classes 0.3 All classes 0.3
Selenium Dairy cows 0.3 All classes 0.10

Others 0.10
Zinc All classes 40 All classes 40
Manganese All classes 40 All classes 40

Table A2.9.1 Typical net energy and standardised ileal digestible (SID) amino acid
content of pig diets (MJ or g/kg air dry food) (BSAS, 2003)

Growing pigsa

Component 30–60 kg 60–90 kg Pregnant sowsb Lactating sowsc

Food (kg/day) 1.39–2.18 2.18–2.62 2.8 8.0
Net energy (MJ/kg) 9.3 9.0 9.4d 9.0
SID (g/kg)
Lysine 8.1 7.1 4.0 7.4
Methionine 2.4 2.1 1.5 2.2
Methionine + cystine 4.8 4.2 2.6 4.1
Threonine 5.3 4.6 2.8 4.9
Tryptophan 1.5 1.3 0.8 1.3

aIntermediate-type pig.
b225 kg gaining 37.5 kg in pregnancy.
c225 kg, milk yield 11kg/day.
dPregnancy food intake controlled to manage body gain. Diets of lower density may be justified on
grounds of gut health and pig welfare.
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Table A2.9.2 Typical mineral, trace element and vitamin content of pig diets 
(g, mg or iu/kg air dry food)a (BSAS, 2003)

Component Growing pigsb Pregnant sows Lactating sows

30–60 kg 60–90 kg

Calcium (g/kg) 7.2 6.8 7.2 8.0
Digestible phosphorus 2.5 2.4 2.3 3.2
Sodium 1.7 1.7 1.7 2.0
Chloride 1.6 1.5 1.4 1.8
Magnesium 0.4 0.4 0.4 0.4

Zinc (mg/kg) 100 80 80 80
Manganese 30 25 20 20
Iron 80 80 80 80
Cobalt 0.2 0.2 0.2 0.2
Iodine 0.2 0.2 0.2 0.2
Selenium 0.2 0.2 0.2 0.25
Copper 6 6 6 6

Vitamin A (iu/kg) 4000 4000 8500 8500
Vitamin D 800 600 800 1000
Vitamin E 50 50 50 50
Vitamin K (mg/kg) 2 1 1.5 1.5
Thiamin 2 2 2 2
Riboflavin 3 2 5 5
Nicotinic acid 20 20 20 20
Pantothenic acid 10 10 15 15
Pyridoxine 2 2 3 3
Cyanocobalamin 0.03 0.02 0.03 0.03
Biotin 0.1 0.05 0.2 0.2
Folic acid 0.5 0.5 3 3
Choline 100 50 300 300

aTrace element and vitamin content assumes a net energy value of 9.4 MJ/kg.
bIntermediate-type pig.
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Table A2.10 Typical dietary nutrient levels for poultry (fresh basis)
10.1 Chickens

Growing chicks Pullets 

0–3 7–12 12–18 Laying Breeding Broiler Broiler Broiler 

weeks weeks weeks hens hens starter grower finisher

ME (MJ/kg) 12.0 11.9 11.7 11.8 11.7 12.7 13.2 13.4
Crude protein (g/kg) 200 175 162 183 145–155 220–250 210–230 190–230

Digestible amino acids (g/kg)b

Arginine 10.6 8.6 7.3 9.8 6.2 13.1 11.4 10.2
Isoleucine 6.9 5.9 5.2 7.2 6.2 8.5 7.5 6.7
Lysine 9.9 8.0 6.7 9.1 5.8 12.7 11.0 9.7
Methionine 4.5 3.8 3.2 4.5 2.8 4.7 4.2 3.8
Methionine + cystine 7.5 6.5 6.0 7.7 5.2 9.4 8.4 7.6
Threonine 6.3 5.4 4.6 6.4 4.2 8.3 7.3 6.5
Tryptophan 1.8 1.7 1.4 1.9 1.3 2.0 1.8 1.6
Valine 7.1 6.2 5.6 8.2 4.9 9.5 8.4 7.5

Major minerals (g/kg)
Calcium 10 10 14 43 30 10.5 9.0 8.5
Phosphorus (average) 4.5 4.3 4.5 4.7 3.5 5 4.5 4.2
Magnesium – – – – – 3.0 2.5 2.5
Sodium 1.8 1.7 1.8 1.9 2.0 2.0 2.0 1.8
Potassium – – – – 7.5 7 6.5 6.5

Trace minerals (mg/kg; supplementary levels)
Copper 11.0 11.0 11.0 5.5 10 16 16 16
Iodine 1.7 1.7 1.7 1.7 2.0 1.25 1.25 1.25
Iron 55 55 55 55 50 40 40 40
Manganese 88 88 88 88 120 120 120 120
Zinc 88 88 88 88 100 100 100 100
Selenium 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

Vitamins (iu/kg; supplementary levels)a

A 9 900 9 900 9 900 8 800 12 000 12 000 10 000 10 000
D3 3 300 3 300 3 300 3 300 3 500 5 000 5 000 4 000
E 22.1 22.1 22.1 16.5 100 75 50 50

Vitamins (mg/kg; supplementary levels)a

K 3.3 3.3 3.3 2.2 5 3 3 2
Thiamin 2.2 2.2 2.2 1.7 3 3 2 2
Riboflavin 6.6 6.6 6.6 5.5 12 8 6 5
Nicotinic acid – – – – 50 55 55 35
Pantothenic acid 11 11 11 6.6 13 13 13 13
Choline 110 110 110 110 1 000 1 600 1 500 1 400
B12 0.022 0.022 0.022 0.022 0.03 0.016 0.016 0.010

aSupplementary trace minerals and vitamins levels required differ according to whether the basal diet is wheat or maize.
bFor broilers = true whole tract digestibility and for laying hens = standardised ileal digestibility.
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Table A2.10 (cont.)
10.2 Turkeys

Growing chicks Breeding 

0–4 weeks 9–12 weeks 17–20 weeks turkeys

ME (MJ/kg) 11.8 12.2 12.4 11.9
Crude protein (g/kg) 160–175

Digestible amino acids (g/kg)
Arginine 18.2 13.2 8.9 8.3
Lysine 16.6 12 8.2 7.9
Methionine 5.9 4.9 3.8 3.9
Methionine + cystine 11.0 9 6.9 6.4
Threonine 10.3 7.3 5.0 5
Tryptophan 2.7 2.0 1.4 1.8

Major minerals (g/kg)
Calcium 13.5 11.5 8.2 27
Phosphorus (average) 7.6 6.1 4.1 4
Sodium 1.5 1.6 1.6 1.5

Trace minerals (mg/kg; supplementary levels)
Copper 20 20 20 10
Iodine 2 2 2 3
Iron 50 20 20 45
Manganese 120 100 100 120
Zinc 100 70 70 110
Selenium 0.2 0.2 0.2 0.4

Vitamins (iu/kg; supplementary levels)a

A 15 000 10 000 8 000 12 000
D3 5 000 3 000 2 000 5 000
E 100 80 50 120

Vitamins (mg/kg; supplementary levels)a

K 5 3 3 5
Thiamin 5 1 3 4
Riboflavin 8 6 6 20
Nicotinic acid 75 50 40 80
Pantothenic acid 25 15 15 28
Pyridoxine 7 5 3 6 
Biotin 0.3 0.3 0.2 0.3
Folic acid 3 2 2 6
B12 0.02 0.02 0.02 0.04
Choline chloride 400 150 100 1 600

aSupplementary trace minerals and vitamins levels required differ according to whether the basal diet is wheat or maize.
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Table A2.11 Feeding standards for horses
11.1 Daily requirement of horses of 400 kg mature weight

Weight Gain/milk Vitamin A 

(kg) (kg/day) DE (MJ) CP (g) Lysine (g) Ca (g) P (g) Mg (g) K (g) (iu)

Mature horsesa

Minimum 400 51 432 19 16 11 6 20 12 000
Average 400 56 504 22 16 11 6 20 12 000
Elevated 400 61 576 25 16 11 6 20 12 000

Stallions
Non-breeding 400 61 576 25 16 11 6 20 12 000
Breeding 400 73 631 27 24 14 8 23 18 000

Pregnant mares
9 months 427 0.33 64 637 27 29 21 6 21 26 400
10 months 439 0.42 68 673 29 29 21 6 21 26 400
11 months 453 0.52 72 714 31 29 21 6 21 26 400

Lactating mares
1 month 400 13.0 106 1228 68 47 31 9 38 26 400
3 months 400 12.0 103 1174 64 45 29 9 37 26 400
6 months 400 8.7 91 1012 54 30 19 7 27 26 400

Working horsesb

Light work 400 67 559 24 24 14 8 23 18 000
Moderate work 400 78 614 26 28 17 9 26 18 000
Heavy work 400 89 689 30 32 23 12 31 18 000
Very heavy work 400 115 804 35 32 23 12 42 18 000

Growing horses
6 months 173 0.58 52 541 23 31 17 3 10 8 000
12 months 257 0.36 63 677 29 30 17 4 14 12 000
18 months 310 0.23 64 639 28 30 17 5 16 14 000
24 months 343 0.14 63 616 29 29 16 5 18 16 000

aMinimum maintenance applies to adult horses with sedentary lifestyle; average maintenance applies to adult horses with alert
temperaments and moderate voluntary activity; and elevated maintenance applies to adult horses with a nervous temperament or
high voluntary activity.
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Table A2.11 (cont.)
11.2 Daily requirements of horses of 500 kg mature weight

Weight Gain/milk Vitamin A 

(kg) (kg/day) DE (MJ) CP (g) Lysine (g) Ca (g) P (g) Mg (g) K (g) (iu)

Mature horsesa

Minimum 500 64 540 23 20 14 8 25 15 000
Average 500 70 630 27 20 14 8 25 15 000
Elevated 500 76 720 31 20 14 8 25 15 000

Stallions
Non-breeding 500 76 720 31 20 14 8 25 15 000
Breeding 500 91 789 34 30 18 10 29 22 500

Pregnant mares
9 months 534 0.41 80 797 34 36 26 8 26 30 000
10 months 548 0.52 85 841 36 36 26 8 26 30 000
11 months 566 0.65 90 893 38 36 26 8 26 30 000

Lactating mares
1 month 500 16.3 133 1535 85 59 38 11 48 30 000
3 months 500 15.0 128 1468 80 56 36 11 46 30 000
6 months 500 10.9 114 1265 67 37 23 9 34 30 000

Working horsesb

Light work 500 84 699 30 30 18 10 29 22 500
Moderate work 500 97 768 33 35 21 12 32 22 500
Heavy work 500 111 862 37 40 29 15 39 22 500
Very heavy work 500 144 1004 43 40 29 15 53 22 500

Growing horses
6 months 216 0.72 65 676 29 39 22 4 13 10 000
12 months 321 0.45 79 846 36 38 21 5 17 14 500
18 months 387 0.29 80 799 34 37 21 6 20 17 400
24 months 429 0.18 78 770 33 37 20 7 22 19 300

aMinimum maintenance applies to adult horses with sedentary lifestyle; average maintenance applies to adult horses with alert
temperaments and moderate voluntary activity; and elevated maintenance applies to adult horses with a nervous temperament or
high voluntary activity.
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Table A2.11 (cont.)
11.3 Daily requirements of horses of 600 kg mature weight

Weight Gain/milk Vitamin A 

(kg) (kg/day) DE (MJ) CP (g) Lysine (g) Ca (g) P (g) Mg (g) K (g) (iu)

Mature horsesa

Minimum 600 76 648 28 24 17 9 30 18 000
Average 600 84 756 33 24 17 9 30 18 000
Elevated 600 91 864 37 24 17 9 30 18 000

Stallions
Non-breeding 600 91 864 37 24 17 9 30 18 000
Breeding 600 109 947 41 36 22 11 34 27 000

Pregnant mares
9 months 641 0.49 97 956 41 43 32 9 31 36 000
10 months 658 0.63 101 1009 43 43 32 9 31 36 000
11 months 679 0.78 108 1072 46 43 32 9 31 36 000

Lactating mares
1 month 600 20.0 159 1842 102 71 46 13 57 36 000
3 months 600 18.0 154 1761 96 67 43 13 55 36 000
6 months 600 13.0 137 1518 80 45 28 11 41 36 000

Working horsesb

Light work 600 100 839 36 36 22 11 34 27 000
Moderate work 600 117 921 37 42 25 14 38 27 000
Heavy work 600 134 1034 45 48 35 18 47 27 000
Very heavy work 600 173 1205 52 48 35 18 64 27 000

Growing horses
6 months 259 0.87 78 811 35 46 26 5 16 11 700
12 months 385 0.54 94 1015 44 45 25 7 21 17 300
18 months 465 0.34 97 959 41 45 25 7 24 20 900
24 months 515 0.22 94 924 40 44 24 8 26 23 200

aMinimum maintenance applies to adult horses with sedentary lifestyle; average maintenance applies to adult horses with alert
temperaments and moderate voluntary activity; and elevated maintenance applies to adult horses with a nervous temperament or
high voluntary activity.
bExamples of the type of regular exercise performed by horses in each category are provided in Chapter 14.
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Table A2.12 Dietary allowances of horses for sodium, sulphur, trace elements and vitamins

Maintenance Pregnant and Growing horses Working horses

lactating mares

Sodium (g/kg DM) 1.0 1.0 1.0 3.0
Chlorine (g/kg DM) 4.0 4.0 4.0 7.0
Sulphur (g/kg DM) 1.5 1.5 1.5 1.5
Iron (mg/kg DM) 40 50 50 40
Manganese (mg/kg DM) 40 40 40 40
Copper (mg/kg DM) 10 10 10 10
Zinc (mg/kg DM) 40 40 40 40
Selenium (mg/kg DM) 0.1 0.1 0.1 0.1
Iodine (mg/kg DM) 0.35 0.35 0.35 0.35
Cobalt (mg/kg DM) 0.1 0.1 0.1 0.1
Vitamin A (iu/kg DM) 2000 3000 2000 2000
Vitamin D (iu/kg DM) 330 330 800 330
Vitamin E (iu/kg DM 50 80 80 80
Thiamin (mg/kg DM) 3 3 3 5
Riboflavin (mg/kg DM) 2 2 2 2



Table A2.13 Water allowances for farm animals
13.1 Cattle and sheep

kg water/kg DM intake

Environmental temperature (°C)

<16 16–20 >20

Cattle
Calves, up to 6 weeks 7.0 8.0 9.0
Cattle, growing or adult, pregnant or non-pregnant 5.4 6.1 7.0

Sheep
Lambs, up to 4 weeks 4.0 5.0 6.0
Sheep, growing or adult, non-pregnant 2.0 2.5 3.0
Ewes, mid-pregnancy, twin-bearing 3.3 4.1 4.9
Ewes, late pregnancy, twin-bearing 4.4 5.5 6.6
Ewes, lactating, first month 4.0 5.0 6.0
Ewes, lactating, second/third month 3.0 3.7 4.5

13.2 Lactating cows (600 kg liveweight)

Milk yield (kg/day) Daily water intake (kg/head)

Environmental temperature (°C)

<16 16–20 >20

10 81 92 105
20 92 104 119
30 103 116 133
40 113 128 147

13.3 Pigs

Daily water intake (kg/head)

Growing pigs 1.5–2.0 at 15 kg liveweight, increasing to 6.0 at 90 kg liveweight
Non-pregnant sows 5.0
Pregnant sows 5.0–8.0
Lactating sows 15.0–20.0
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Table A2.14 Values for metabolic liveweight (W 0.75) for weights at 10 kg intervals to 690 kg

Hundreds Tens

0 10 20 30 40 50 60 70 80 90

0 0 5.6 9.5 12.8 15.9 18.8 21.6 24.2 26.8 29.2
100 31.6 34.0 36.3 38.5 40.7 42.9 45.0 47.1 49.1 51.2
200 53.2 55.2 57.1 59.1 61.0 62.9 64.8 66.6 68.4 70.3
300 72.1 73.9 75.7 77.4 79.2 80.9 82.6 84.4 86.1 87.8
400 89.4 91.1 92.8 94.4 96.1 97.7 99.3 100.9 102.6 104.2
500 105.7 107.3 108.9 110.5 112.0 113.6 115.1 116.7 118.2 119.7
600 121.2 122.7 124.2 125.7 127.2 128.7 130.2 131.7 133.2 134.6
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maize – continued
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prediction 298–9
requirements for

egg production 392–3
growth 368
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morphine 68
Morrison, F. B. 283
mouth, digestion in 157–9
Mroz, Z. 603
mucilages 17, 29, 570
mucin 157, 161, 165
mucopolysaccharides 133
mucosal block theory 121
mulberry heart disease 83
muscular dystrophy 85
mycosterols 47, 48
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naphthoquinones see vitamin K
National Research Council (USA) (NRC)

292, 297, 355, 356, 359, 360, 367,
368, 369, 377, 418, 428, 431, 433,
454, 456

near infrared reflectance spectroscopy
(NIRS) 13–14, 243, 299, 324, 516

necrosis of the liver 573
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nicotinic acid 90, 378, 409
night blindness 77
nitrates 67, 181, 320, 484, 490
nitrites 67, 490, 583
nitrofurans 595
nitrogen 188

balance 266–8, 269, 308–9, 311, 358
basal loss (BN) 305
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in eggs 392
as indispensable amino acid 58, 311, 316

phenylethylamine 66
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phosphatases 106, 158, 162
phosphatidic acid 44, 224–5
phosphatidylethanolamines 45
phosphocreatine 198
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pentose phosphate pathway
phosphoglycerate 199, 487
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in lipids 44, 45
in metabolism 195–233
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availability 115, 251
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deficiency symptoms 116
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maintenance 346, 360

hypervitaminosis A 100
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proelastase 161
progesterone 50, 388
prolamins 320
proline 54, 56, 66, 170, 176, 215, 217, 554
prolyl hydroxylase 133
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in intake regulation 468
metabolism 99, 126, 192, 202–4
in rumen 176–8, 185, 188–9, 436–7, 438
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prostaglandins 38–9, 49, 95
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protease inhibitors 249
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proteins 5, 53–63

absorption 168, 169–70
in animal body 268, 362–5, 367, 379
in artificially dried forage 526, 527
carrier 168–9
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deficiency 470
degradable see rumen degradable protein
denaturation 61
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12–13
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digestion 158–68, 179–81, 184–6, 602
in eggs 392
energy value 256, 367
equivalent 318
evaluation 303–39
in grass 482, 483–4, 490
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proteins – continued
in hay 525
in legumes 492–3
metabolic faecal (MFP) 428–9
metabolisable 331–3, 359–60
metabolism 194, 261
microbial 175, 179, 181, 184, 317,

318–19, 324–37, 336–7, 359,
360, 426–7

in milk 406, 412, 413, 414, 415,
425, 439, 443–4, 447, 449,
452, 455

oxidation 265, 266
vitamins in 72
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428–30
growth 369–73
lactation 417, 425–30, 443–4, 447,

452, 455
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reproduction 389, 397–8
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in silage 507–11, 513–14
solubility 323
storage 268, 362–5, 379
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synthesis 194, 213–19, 261

activation of amino acids 216–17
energy cost 219
peptide chain elongation 218
peptide chain formation - initiation 218
peptide chain termination 218–19

truly digestible 327–8
turnover 216, 274–5, 357
undegradable see undegradable protein
in wool 373, 374

proteolysis 501, 508
proteolytic enzymes 161, 165
prothrombin 86–7
protozoa 174, 185, 327, 618
proventriculus 164–5
provitamins 73, 75–6, 79
proximate analysis of foods 5–7, 300
pseudoglobulin 406
Pseudomonas spp. 585, 586
Pteridium aquilinum 89
pteroylmonoglutamic acid 95
puberty 361, 384, 385–6
purines 63–5, 95, 130, 162,

327, 586

purple moor grass 485, 488
putrescine 66, 502
pyridoxal 87, 92–3
pyridoxal phosphate 92–3, 145
pyridoxamine 92–3
pyridoxine 92–3
pyrimadines 63–5, 162, 586
pyruvate carboxylase 96, 106
pyruvic acid 89, 142, 154, 175–6, 176, 195,

198–201, 207, 210, 502
gluconeogenesis from 226–7

quinine 68
quinones 41
quinoxaline 595
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radioactive isotopes 106, 115, 120, 251,

268, 270, 321
raffinose 17, 25, 483
ragwort 68
Ralph,A. 612
rancidity 41, 569
rape 127, 496, 497
rapeseed

meal 563, 564, 571–3
oil 37, 550

rate of passage 184, 320, 322, 325
rectum 157
redgut 494
rennin 158, 160
repartitioning agents 379
reproduction 384–404
respiration chamber 258, 262, 264–7
respiration (in plants) 500
respiratory exchange 264–8
respiratory quotient 264–8, 268, 347
retention time 184
reticulo-rumen 172, 173
reticulum 171, 172, 178
retinaldehyde 76
retinol see vitamin A
rhamnose 21, 28, 29
rhodopsin 76, 77
riboflavin 73, 87, 89–90, 378, 390, 400,

409, 485, 543, 570
ribonuclease 158, 162
ribonucleic acid (RNA) 19, 64–5, 80, 95,
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ribose 17, 19, 63–5
ribosomes 216–18
ribozymes 144
ribulose 17, 19, 202
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ribulose bisphosphate carboxylase 483
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by-products 186, 556
grain 541, 542, 555–6
straw 248, 529, 530

ricinine 68
ricinoleic acid 38
rickets 80–1, 112, 113, 114, 394
roots 533–7
Rowett Research Institute 512
rubidium 104
rumen
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598, 605–6
digestion in 159, 171–88, 437
dilution rate 184
dynamics 183–4
fill 184, 468
microorganisms 173–5
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pH 185, 248, 326, 327, 559, 605
protein breakdown in 179–81, 321–3,

324–37
synchrony 186
synthesis of vitamins in 88, 89, 90, 94,

99, 125–6, 183
rumen degradability 245–6
rumen degradable dry matter 326
rumen degradable nitrogen (RDN) 231

effective 430
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245, 318–31, 389, 470, 514, 528,
565–6

effective (ERDP) 331–2, 360, 370, 426–8,
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rumen stability value (RSV) 337
rumen undegradable protein (UDP) 245
rumenic acid 42, 43
rumenitis 605
ruminants
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digestibility measurements with 238–43,

245–6
digestion in 159, 171–88
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353–6, 365–7, 398, 414–25
energy systems for 283–94
essential fatty acid requirements 40
feeding standards, maintenance 346,

354–6, 358–60
food intake prediction 474–5

intake regulation in 468–73
mineral deficiency symptoms 125–6
mineral requirements 376, 377
protein evaluation for 318–31

absorbed amino acids - efficiency of
utilisation 328–31

degradability of nitrogen fraction
320–4

efficiency of nitrogen capture 325–6
in vitro fermentation techniques 324
microbial protein yield 326–7
true digestibility 327–8, 329
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369–70, 374–5, 397–8, 425–30, 566

Feed into Milk 333–7
silage dry matter intake 516
teeth and chewing action 172
trans fatty acids 42–3
utilisation of energy by 272–3
vitamin requirements 81, 88

rumination 172–3, 349
Ruminococci 174, 175
rutin 99
rye 541, 543

grain 556
straw 527, 529

ryegrass 245, 259, 273, 275, 276, 481–91,
509, 524

oil 37
staggers 490
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sainfoin 242, 492–3, 493, 494
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saliva 157, 158, 159, 166, 167, 172, 180,

194, 211
Salmonella 570, 579, 584, 591, 599, 618
salt see sodium chloride
saponification 40
saponine 248, 576
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scurvy 70, 100
seaweed 128
sebaceous glands 373
Secale cereale see rye
secretin 161
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sedoheptulose 17, 20
selenium 104, 106, 109, 131–2, 390, 484

in body 131
deficiency symptoms 131
in eggs 392
interrelationship with vitamin E 82–3,

85, 131
toxicity 132

Selenomonas ruminantium 172
sensory appraisal 463–4
serine 44, 55, 66, 95, 210, 215, 217, 371
serum albumin 406
sesame seed meal 563, 575
Setaria italica see millet
sheanut meal 563, 576
sheep

copper poisoning 124–5
critical temperature 352
digestibility trials with 238–40, 244–5
digestion in 159, 171–88, 559–60
energy requirements 346–52, 355, 365–7,

374, 396–401, 447
energy utilisation 272–3
feeding standards for

growth 365–7
lactation 444–9
maintenance 346, 355
reproduction 384–90, 396–402

infertility 494
intake regulation 468–73
mineral deficiency symptoms 123, 125–6
mineral requirements 375, 377, 400–1,

447–8
nutrient requirements 612
protein requirements 358–60, 369–70,

374–5, 389, 447
vitamin deficiency symptoms 77, 78,

85, 90
vitamin requirements 390, 391, 399–401
wool production 373–5

Shorthorn 410, 413, 416
silage 181, 259, 260, 273, 276, 298–9, 326,

332, 417, 470–1, 475, 492, 499–520
classification 506–11
nutritive value 511–17

silica 133, 248, 528, 529, 555, 556
silicon 104, 133, 408
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silos 499, 500
Simmental 367
single-cell protein 585–6
siratro 492
skatole 163

skim milk 584–5
small intestine see intestine
soap 40
sodium 104, 105, 116–17, 168–9, 170, 251,

376, 470
in animal body 116, 397
in cereals 544
deficiency symptoms 116
in eggs 392
losses from body 375, 376
in milk 408, 412, 432
sources 117
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toxicity 117
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grain 560–1
straw 249, 529–31
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solanidine 537
solanine 68, 537
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solids-not-fat (SNF) 406, 412, 413, 414,

415, 416, 434, 584
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sorghum 541, 542, 557, 558
soya bean 37, 563, 564

hay 524
meal 96, 256, 275, 276, 310, 330, 370,

565, 566–8, 602
oil 34, 437
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243, 299, 324, 516
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spermatozoa 384–90, 494
spermidine 66
spermine 66
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sphingosine 43, 44, 45–6
spices 464
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sporidesmin 491
spray-dried plasma 604–5
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stage of growth (of plants) 485–6, 523
standard reference weight (SRW) 366–7,

369, 476
starch 8, 17, 18, 26–7, 256, 388–9

and cellulolysis 248
in cereal grains 541–5, 550–2, 558, 559
digestion

by fowls 164–5
by pigs 159, 161, 187
by ruminants 175–8, 186

in legumes 492
in silage 507
in sugar cane 536
in tubers 537, 538, 539
utilisation for
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production 276, 291

starch equivalent 283, 292
steam flaking 558, 559
stearic acid 36, 37, 42, 182, 183, 439
stereoisomers 18
sterility 390
steroids 47–50, 380, 388
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sterol response element binding protein

(SREBP) 440
sterols 47–9, 79, 484
Stickland reactions 502
stiff lamb disease 85
stocking rate 489
stomach 157, 159, 160, 164, 166, 167–8,

463, 465
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stravidin 97
straw 527–32

alkali-treated 249, 589
supplementation 531–2

streptavidin 97
streptococci 24, 163, 174, 179, 313, 597
strychnine 68
suberin 47
sublingual glands 157
submandibular glands 157
submaxillary glands 157
succinate dehydrogenase 106
succinic acid 99, 176, 199, 200
succinyl coenzyme A 88, 99, 176, 203–4
sucrase 24, 158, 162, 164, 165
sucrose 17, 23–4, 25, 464, 483, 492, 535

digestion 158, 162
sudoriferous glands 373–4
sugar acids 22
sugar alcohols 22

sugar beet 24, 25, 66–7, 534, 535
molasses 535, 536
pulp 29, 113, 162, 534, 535–6
tops 497

sugarcane 24, 495
molasses 536–7

sugars 8, 18–22, 589
absorption 168, 169
in artificially dried forage 526
biofuel 550
digestion 158–64, 292
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in silage 499–510
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suint 373–4
sulphanilamide 151–2
sulphite oxidase 106, 130
sulphur 53, 55, 57, 62, 104, 105, 107, 111,

117–18, 123–4, 373, 470, 484, 488, 589
sulphuric acid 510
sunflower seed meal 563, 564, 574–5
superoxide dismutase 83, 106
surface area (of animals) 347
swayback 123, 400
sweat, horses 361
swede 533, 534

tops 497
sweet clover disease 87
sweet potato 534, 539
Synergistes jonesii 494

taints 40, 41, 67, 534, 572, 582
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