
1 Nutrients and important feed 
constituents and their functions

Introduction

Almost the first thing that we think about when we 
have animals to care for or manage is ‘How should 
I feed them?’ And the answer to that question starts 
with answering two other questions: ‘Why do ani-
mals need feed?’ and ‘What actually is feed?’ These 
topics are discussed in this chapter.

Terms used to describe animal feed:

● ‘Food’ is a term which is often reserved for 
human foodstuffs, while animal feed is usually 
called ‘feed’. This usage is arbitrary and either 
word can be used to refer to animal feed.

● ‘Ingredient’ is a term used to describe individual 
feeds and is often used to refer to the components 
of rations. ‘Feedstuff’ has a similar meaning.

● ‘Diet’ and ‘ration’ often have the same meaning in 
animal nutrition. The term ‘ration’ is usually 
reserved for a mixture of feed ingredients which has 
been formulated to provide specific amounts of 
nutrients. ‘Diet’ usually means the same as ‘ration’, 
or even ‘feed’, but it can also imply a particular type 
and/or amount of feed or mixture of ingredients.

● ‘Concentrates’ are feeds which have little fibre and 
usually a fairly high level of starch and/or protein 
(Chapter 6). They are plant seeds and fruits, and 
by-products made from these, and feeds made from 
animal tissues and products.

● ‘Roughages’ are feeds which contain relatively high 
levels of fibre (Chapter 6). They are often forages, i.e. 
the vegetative parts of pasture plants. ‘Roughage’ is 
used in human nutrition to mean indigestible fibre, 
but this is an incorrect usage in animal nutrition.

Why do animals need feed?

There are five reasons why animals need feed:

● If an animal is growing or otherwise producing, 
it needs external sources of the components of 
body tissue (for growth), and of its products (such 
as eggs, milk, etc.).

● Body cell components and metabolites are contin-
ually synthesized and broken down. Many of these 
constituents are synthesized from recycled precur-
sors, but there is some inevitable wastage. This has 
to be made up by materials obtained from feed.

● Animals need energy to fuel the biochemical 
reactions and physiological processes which 
keep them alive, healthy and productive.

● Animal cells use a wide variety of chemical sub-
stances in their metabolism. Most of these are 
made by the animal itself but there is a range of 
compounds which animals cannot make. These 
include minerals, most vitamins, and some amino 
acids and fatty acids. These must be supplied 
from external sources, i.e. the animal’s feed.

● Some feed constituents promote wellbeing, e.g. 
fibre supports digestive tract function and health, 
tannins help to control intestinal parasites, some 
minerals have pharmacological effects, and 
ruminally degradable protein (RDP) is essential 
for rumen micro-organisms.

The chemical composition of feeds

Feed analysis begins with measuring the feed’s 
water and dry matter (DM) contents. Within the 
DM we have the organic matter (OM) and miner-
als; and the OM can be further divided into fibre, 
non-fibrous (non-structural) carbohydrates, protein, 
fat, vitamins and non-nutrient substances.

The analytical methods used to determine these 
fractions are briefly described in Table 1.1. The 
basic method used is the proximate analysis 
(developed in the latter part of the 19th century) 
which identifies DM, crude protein, crude fibre, 
crude fat (ether extract) and crude minerals (ash). 
The proximate analysis is now supported by newer 
methods, including detergent extraction for meas-
uring fibre, atomic absorption spectroscopy for the 
individual minerals and chromatography for meas-
uring fatty acids, amino acids and vitamins. These 
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methods are fully described in Nielsen (2017) and 
AOAC (2019).

Water in feeds occurs in several different forms:
● water from rain, irrigation, dew, water added in 

processing, etc., which either adheres to the feed 
particles or is adsorbed onto them;

● water in the xylem and phloem vessels of forages, 
cytoplasmic water (water in the cell contents), 
and water in the pores of cell walls; or

● water of crystallization (associated with minerals).

Feeds of plant origin can have between 5% and 
90% water (see below). Feeds made from animal 
tissue (e.g. meat meals) are used as air-dry meals, 
and their water content is about 10%.

Dry matter is the non-water part of feed; it con-
tains all the constituents listed in Table 1.1 and 
Fig. 1.1. The DM content of air-dry feeds (feeds 
which feel dry to the touch and are stable in stor-
age) is usually between 85% and 95%. Published 
values (NRC, 1982) vary between 85% and 97% 

for hays and straws, and 87% and 92% for cereal 
grains. The DM contents of fresh forages (i.e. pas-
ture plants, freshly cut plant material and silages) 
are much lower than those of air-dry feeds. Fresh 
immature forages can have as little as 10–15% 
DM, although values are usually about 25% in 
more mature pasture, and up to 45% in ripened, 
dried-off pasture.

The concept of dry matter is sometimes con-
fused with feed type. DM is a feed compo-

nent; it is not a nutrient, or roughage, or straw, hay, 
or mature (over-ripe or dried-off) pasture (which 
are examples of roughages), or air-dry feed.

The main uses for feed DM data are to:

● Provide a stable basis for expressing the con-
tents of nutrients and other constituents of feeds. 
The water content of feeds varies with factors 
such as air humidity and rain, and feed processing 

Table 1.1. Methods of measuring the nutritionally important constituents of feeds.

Food constituent Analytical method

Dry matter (DM) Measured by heating the feed, usually at 100°C for several hours; fresh forages may be dried at 
50–60°C to avoid heat damage to proteins and loss of carbohydrates and other constituents

Organic matter (OM) Determined as the loss of mass after ashing (see below)

Fibre
(acid detergent fibre,  
ADF; neutral detergent 
fibre, NDF; and crude  
fibre, CF)

ADF and NDF are the residues which are resistant to the actions of either acid detergent 
(cetyltrimethylammonium bromide in sulphuric acid) or neutral detergent (sodium dodecyl 
sulphate in a pH 7 solution). Early methods of fibre analysis used a sequential extraction 
with acid and alkali to give a residue called CF. This analysis is now not often used and 
has been replaced with the more reliable detergent methods

Protein (crude)
(CP or Prot.)

Determined by measuring the total N content (using the Kjeldahl or Dumas methods) and 
multiplying this by 6.25. This method assumes that all the feed N is from protein, and that 
all proteins contain 16% N. Neither of these assumptions is completely correct, so CP 
values often overestimate the actual protein content. The individual amino acids which 
make up proteins are measured by chromatography

Non-structural carbohydrates 
(NSC) or water-soluble 
carbohydrate (WSC)

These are carbohydrates which are not part of the plant cell wall. NSC includes starch and 
WSC. WSC is simple sugars (see text), β-glucans and fructans. These compounds are 
measured by polarimetry, ethanol extraction, and enzymatic methods

Fat (crude)
(EE, for ‘ether extract’)

Diethyl ether, petroleum ether, or hexane are used to extract fats and other substances 
such as phospholipids, waxes, fat-soluble vitamins, and pigments. This constituent is also 
called ‘ether extract’. Individual fatty acids are measured by chromatography

Minerals (ash) Ash is measured by burning a sample at 500°C or more for several hours. The ash 
contains most of the minerals – although some are lost by volatilization; this analysis is 
now more used for determining the organic matter content (see text). Data on individual 
minerals, rather than the total ash, is needed to properly describe a feed. Individual 
minerals are measured by photometry and atomic absorption spectroscopy

Vitamins Measured by chromatography, microbial bioassays, and other methods
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and storage methods, so describing a feed’s com-
position by using the total feed (DM plus water) 
as the basis can give very variable values.

● Give a general measure of how much feed an ani-
mal is probably able to eat or should be offered. 
Animals do not have a ‘requirement’ for DM, even 
though an owner might ask that question. The 
question should be: ‘How much DM is my pig/
cow/bird/horse… likely to be able to eat?’ This is a 
sensible question because animals do have upper 
limits to their DM intake.

Organic matter is the organic (non-mineral) part of 
the feed (i.e. the carbohydrates, fats, proteins, vita-
mins, etc.). Like DM, there is no specific animal 
requirement for OM, although its constituents are 
required by animals in different amounts. The main 
uses for OM data are to:

● Indicate the likely energy content of a feed if we 
are not able to measure the energy content 
directly. For feeds with low fat and ash contents, 
the OM content is a good predictor of the total 
energy content.

● Avoid bias in measurements of feed intake and 
digestibility when the samples can be contami-
nated by extraneous minerals, e.g. soil ingested 
when grazing animals eat pasture.

Non-structural carbohydrates (NSC) include the water-
soluble carbohydrates (WSC) and polysaccharides 
such as starch. WSC in plant material consists  
of simple sugars (monosaccharides; single sugar 
molecules like glucose, galactose and fructose), 

disaccharides (two joined sugar molecules, like lac-
tose, sucrose and maltose) and fructans (chains of 
fructose molecules). Starch is also part of the NSC 
(but is not included in the WSC). It consists of  
two polysaccharides – amylopectin (about 75% of 
starch) and amylose (about 25%). Starch polysac-
charides are large, complex carbohydrate molecules 
which are made from joining many glucose molecules 
in either linear (straight) or branched chains. Starches 
provide carbon and energy reserves for the developing 
plant embryo. Pectins (Chapter 4) are constituents 
of plant cell walls and are water soluble but are not 
classed within the WSC fraction.

Fibre is the plant cell wall (Chapter 4) of plant-
origin feeds, and consists of the carbohydrates 
cellulose, hemicelluloses and pectins, a non-
carbohydrate polymer lignin, and a small amount 
of protein (see Fig. 1.1). The external walls of plant 
tissues are covered with a cuticle which is made of 
various waxes. Apart from pectins, these constitu-
ents are all resistant to solubilization by the neutral 
detergent reagent.

In those feeds which are based on animal tissue, 
such as meat and bone meals, feather meal or insect 
meals, the detergent-resistant constituents include 
bone chips, pieces of feather or hair, connective tis-
sue and chitin. These are also reported as part of 
the feed fibre.

Neutral detergent fibre (NDF) and acid detergent 
fibre (ADF) are measures of the fibrosity of feeds. 
Extraction of the feed with acid detergent gives 
values for ADF (actually cellulose + lignin) which are 

62.9

4 5

2629

9.0
3.1

13.5

5.3

6.3

Protein Ether extract Minerals NDF Starch WSC

Lignin

Hemicellulose

Cellulose

Protein

Fig. 1.1. The composition (% dry matter basis) of cocksfoot grass (orchard grass; Dactylis glomerata) showing the 
composition of neutral detergent fibre. (Copyright: Gordon McL. Dryden.)
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somewhat similar to the older crude fibre (CF) analy-
sis, but ADF is a much better-defined chemical entity. 
NDF (mainly cellulose + hemicellulose + lignin, with 
some protein and some mineral) is the residue after 
extraction with neutral detergent and is most of the 
cell wall material in plant feeds. NDF is also chemi-
cally well defined. CF is essentially lignin and cellu-
lose, although the reagents used actually extract some 
of both of these constituents. The chemical composi-
tion of CF varies between different feeds.

Proteins are assemblages of hundreds or thousands of 
amino acids formed into chains. These chains are 
often coiled into spirals or globules, or sometimes 
organized into sheets. Some proteins contain sugar 
molecules; these are called glycoproteins. Proteins are 
constituents of cell membranes, of hair, skin and mus-
cle cells, enzymes, and some hormones.

Fats are molecules which combine three fatty acids 
(FA) attached to a glycerol backbone. There are vari-
ants of this, especially in plants, where a sugar mole-
cule replaces one of the FA; these are called glycolipids. 
Animal cell membranes contain phospholipids, where 
a phosphate radical replaces one of the FA. FA are 
considered as ‘long chain’ if they have 14 or more C 
atoms joined together. ‘Volatile’ fatty acids (VFA) 
include acetic, propionic and butyric acids and typi-
cally have less than six C atoms. An unsaturated fatty 
acid has double bonds between some of its C atoms, 
due to the absence of H atoms which would other-
wise take up (saturate) the vacant bonding positions 
on the C atoms (Fig. 1.2). Cis and trans fatty acids are 
unsaturated fatty acids where the C atoms on either 
side of the double bond are either both on the same 
side of the bond or are on different sides.

N-free extract (NFE) is the remainder after the feed’s 
protein, CF and ether extract contents have been sub-
tracted from the OM. It was part of the original proxi-
mate analysis and was always estimated by calculation 
rather than by chemical analysis. NFE is an undefined 

fraction which has been superseded by more modern 
analyses and it should not be used to describe feeds. 
Instead, we should determine the contents of the indi-
vidual carbohydrates (which in NFE includes some of 
the cellulose and hemicellulose), vitamins, secondary 
substances and other constituents which contribute to 
the NFE.

Minerals comprise the non-organic part of the feed 
DM. There is a wide range of minerals in animal 
feed, examples in plant-origin feeds are P which is a 
component of nucleic acids and cell membranes (in 
both plant and animal tissue), Mg, which is a compo-
nent of chlorophyll, and Cu, which is an enzyme 
cofactor. In feeds made from animal sources Ca, P, 
Na, Cu, Fe, I, Mg and S are found in association with 
proteins (e.g. enzymes, thyroid hormones), porphy-
rins (e.g. haem), enzymes including those required for 
keratin (hair protein) synthesis and for oxidative 
phosphorylation, and in bone minerals (e.g. Ca and 
P in hydroxyapatite).

Vitamins are a group of chemically unrelated sub-
stances. They are present either as the active vitamin, 
such as the B group vitamins (including thiamine, 
riboflavin, niacin, etc.) or as precursors, such as 
β-carotene which is a precursor of vitamin A.

Other substances: This is a collection of substances 
like plant pigments, alkaloids (e.g. gossypol in cott-
onseed), tannins, waxes, trypsin inhibitor, phytin, 
goitrogens, oxalate, etc. These can limit the utility 
of the feed, especially for monogastric animals 
(secondary substances are further discussed in 
Chapter 12).

Animal feed as a source of nutrients

Nutrients are the substances in feed which the ani-
mal obtains and uses to carry out its metabolic 
functions (see Table 1.2).
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Fig. 1.2. Structures of different types of fatty acids. (a) A saturated fatty acid; (b) an unsaturated fatty acid. (Copyright: 
Gordon McL. Dryden.)
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Nutrients generally occur in feed as components 
of larger, more chemically complex substances  
(i.e. as components of proteins, fats, complex car-
bohydrates and mineral complexes). They are 
released from these complex substances by the 
process of digestion (Chapter 3).

Nutrients are used:

● as materials for building cells, cell organelles 
and cell products;

● to provide the energy needed to drive the ani-
mal’s metabolism; and

● to regulate and facilitate the body’s metabolism.

The six types of nutrient required to build animal 
tissue and products, and as sources of energy, are 
listed in Table 1.2. Energy is not listed in Table 1.2 
because, strictly speaking, energy is not a nutrient – it 
is obtained by the animal as it oxidizes amino acids, 
fatty acids or carbohydrates. However, it has become 
a convenient convention in animal nutrition to talk 
about ‘energy’ as though it is a nutrient (see below).

How animals use nutrients

Water comprises about 70% of an animal’s lean tis-
sue mass. Water provides a medium for biochemical 
reactions, carries nutrients and waste products in 
blood and lymph, and transports enzymes in diges-
tive tract secretions. It is also used to control body 
temperature, assist in waste removal (e.g. in urine), 
and is a component of the body’s cells, and of milk 
and other animal products. Requirements for water 
are described in Chapter 2.

Energy: When carbohydrates, amino acids and fatty 
acids are oxidized in the body's cells, some of the 
energy in these molecules is released and is captured 
as adenosine triphosphate (ATP). This energy-rich 
ATP is used to support the synthesis of tissues and 
products, and physiological processes such as muscle 
contraction, nerve impulse transmission, etc.

It is extremely difficult to estimate the ATP-
generation potential of feed constituents (although 
modern Dutch and Danish feeding standards attempt 

Table 1.2. Nutrient groups and their functions.

Nutrient group Usual form in feeds Function Example functions

Amino acids Proteins Structural Synthesis of the structural proteins of cells, e.g. proteins in cell 
membranes, actin and myosin in muscle cells, and in connective 
tissue, bone, etc.

Energy When surplus amino acids are deaminated and their 
carbon skeletons are oxidized, yielding ATP (an energy-rich 
compound)

Regulatory When used to synthesize enzymes or peptide hormones

Fatty acids Fats Structural Synthesis of cell membranes
Energy When oxidized through the β-oxidation reactions
Regulatory When used to synthesize steroid hormones and prostaglandins

Carbohydrates Plant fibre, starches, 
monosaccharides  
and disaccharides

Structural Constituents of glycoproteins, glycolipids and cartilage 
constituents

Energy When oxidized through reactions such as the glycolytic and 
pentose phosphate pathways, yielding ATP

Minerals In complexes with other 
minerals (e.g. bone); as 
components of enzymes, 
haemoglobin, thyroxine, 
chlorophyll

Structural Mineralization of bone tissue; in haemoglobin and thyroxine
Regulatory When used as enzyme cofactors and as constituents of 

hormones

Vitamins As active vitamins,  
or as provitamins

Regulatory When used as enzyme cofactors or in gene expression (e.g. 
the action of vitamin D in promoting the synthesis of Ca-binding 
proteins)

Water Free water (cellular  
and adhering water), 
water of crystallization

Structural As a major constituent of lean tissue, blood, lymph and milk
Regulatory As the medium in which the chemical reactions of the body 

take place, in the control of body temperature by sweating and 
panting, and used in excreting waste
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to do this), so we usually take another approach. This 
is to measure the total chemical energy in a feed by 
burning it, thus changing the chemical energy of the 
feed’s carbohydrates, fats, proteins and other organic 
constituents into heat which is easily measured.

This heat energy is an (approximate) estimate of the 
amount of ATP energy which the feed can potentially 
supply and is called the feed’s gross (or total) energy.

Amino acids are the building blocks of peptides and 
proteins and are involved in the synthesis of nucleic 
acids and a wide variety of other substances.

Animal bodies contain about 16% protein. 
Examples of proteins in animal tissue are:

● the proteins in muscle fibres (e.g. actin, myosin 
and the troponins);

● transport proteins in cell membranes;
● enzymes involved in digestion (e.g. the pepsins, 

trypsin and lactase) and intermediary metabo-
lism (e.g. glyceraldehyde-3-phosphate dehydro-
genase and RNA polymerase);

● peptide hormones (e.g. insulin, glucagon and 
parathyroid hormone);

● haemoglobin; and
● protein constituents of milk and eggs and in 

wool and hair fibres.

These proteins are made in the animal’s cells from 
amino acids. All of the amino acids which are used 
to make proteins come from the feed, either 
directly in the case of the essential amino acids (see 
below for a discussion of ‘essential nutrients’), or 
indirectly in the case of the non-essential ones 
which are made in the animal’s cells from nitroge-
nous precursors supplied by the feed.

An animal’s proteins are made from 21 different 
amino acid residues. Of these, about 12 are essen-
tial (see below). The list of essential amino acids 
varies according to animal species and age. Table 1.3 
lists the essential and non-essential amino acids for 
pigs; this list also applies (in the specific amino 
acids but not in the amounts needed) to most other 
animals. Young animals need larger amounts of 
essential amino acid than adults, as is shown in 
Table 1.3 and NRC (1994).

Poultry and cats are two species which have dif-
ferent requirements to other domestic animals: 
taurine is essential for cats (to make the bile acid 
taurocholic acid, and it has other important physi-
ological functions), and serine and glycine can be 
limiting for poultry. Poultry need glycine to form 
uric acid (their main way of excreting waste N), 
and serine to make nucleic acids, and both to make 
many other important substances. They may need a 
feed source of these amino acids if they do not eat 
enough cystine or threonine (glycine is made in the 
bird’s tissues from these amino acids).

Ruminants have similar needs as pigs, horses and 
poultry for essential amino acids. They usually do not 
need these supplied in the feed because they are 
obtained from the digestion of microbial protein 
produced in the rumen. However, while rumen micro-
bial metabolism delivers a wide range of amino acids, 
both essential and non-essential, the host animal’s 
requirements for some essential amino acids (e.g. 
methionine, lysine, arginine and histidine) may not be 
fully met from rumen bacterial protein. In practice, 
methionine, lysine and histidine can be limiting amino 
acids for high-producing lactating dairy cows, and 
cyst(e)ine and methionine for wool-producing sheep.

Table 1.3. The amino acids needed by pigs. (From Dryden, 2008; reprinted with permission.)

Essential amino acids Non-essential amino acids

Argininea Methioninec,d Alanine Glutamine

Cyst(e)ineb,c,d Phenylalaninec Asparagine Hydroxyproline

Histidine Threonine Aspartic acid Proline

Isoleucine Tryptophan Glycinee Taurinee

Leucine Tyrosinec Glutamic acid

Lysine Valine Serinee

aSynthesized in the urea cycle at rates sufficient for maintenance in the pig.
bIncludes cystine and cysteine.
cCystine can provide 50–80% of the requirement for sulphur amino acids, and tyrosine can provide 50% of the tyrosine + 
phenylalanine requirement of pigs.
dCystine, cysteine and methionine are S-containing amino acids; cystine consists of two cysteine molecules.
eTaurine, glycine and serine are not essential for the pig, but can be limiting for felines and poultry (see the text).
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Microbial protein is synthesized in the horse and 
pig large intestines but it is not digested there by 
the animal’s intrinsic digestive enzymes and so does 
not provide any absorbable amino acids.

For information on the actual amino acid 
requirements of any specific animal type, check the 
relevant feeding standards (see Chapter 8).

Amino acids that are present in excess of the 
amount that the animal needs for the synthesis of 
proteins, nucleic acids, peptide hormones and other 
substances can be deaminated (i.e. the amino, 
-NH2, group is removed), their carbon skeletons 
oxidized, and the energy which this process yields 
trapped in ATP. The carbon skeleton of some 
amino acids can be used as the starting point of 
glucose synthesis. This is especially important for 
ruminants because most feed glucose, or sources of 
glucose, is fermented by rumen micro-organisms 
and glucose is thus lost to the host animal.

Fatty acids are used to make cell membranes, 
prostaglandins, steroid hormones and other metaboli-
cally active molecules. Fatty acids are also used as an 
energy source.

All animals need certain long-chain, unsaturated 
fatty acids in their diet. Non-ruminant animals (e.g. 
pigs, horses and poultry) and new-born ruminants 
(especially lambs) need these nutrients in their feed, 
while adult ruminants are less demanding 
(Palmquist, 2010).

The most important of these are arachidonic acid 
(an unsaturated 20 C molecule, i.e. a fatty acid with 
20 carbon atoms), linoleic acid and α-linolenic acid 
(LA and ALA; both unsaturated 18 C molecules). 
These fatty acids are found in high concentrations 
in vegetable oils and grass lipids. LA, ALA and 
arachidonic acids are most likely to be deficient in 
grain-rich diets because of the low fat content of 
cereal grains.

LA and ALA can be used to make three other 
important long-chain, unsaturated fatty acids: ara-
chidonic acid from LA, and eicosapentaenoic acid 
(EPA) and docosapentaenoic acid (DHA) from ALA. 
If there is a high demand for arachidonic acid, DHA 
or EPA, or if there is not enough LA or ALA in the 
diet, then arachidonic acid, DHA and EPA will have 
to be supplied in the feed. These fatty acids are 
needed for the synthesis of biologically active sub-
stances such as prostaglandins and hormones.

The requirements of individual animal types for 
long-chain, unsaturated fatty acids vary. Check the 
relevant feeding standards (see Chapter 8).

Carbohydrates in feeds are either structural (fibrous) 
or non-structural (see Table 1.1). Fibrous carbohy-
drates are digested by microbes in the rumen and 
large intestine by a process that yields VFA 
(Chapter 3) which are used by the host animal as 
energy sources. Non-structural carbohydrates are 
monosaccharides or disaccharides, or the complex 
polysaccharide starch. When these are digested the 
simple sugars which they are made of are released 
and absorbed from the digestive tract. As well as 
using them as energy sources, animals use carbo-
hydrates as structural components, e.g. in lactose 
(glucose and galactose), nucleic acids (ribose) 
and glycoproteins. Glycoproteins are widely dis-
tributed in animal tissue and are components of 
cartilage and mucus, cell membranes, and biologi-
cally active substances such as hormones and 
immunoglobulins.

Minerals are classed as either ‘major’ (or ‘macro-)’ or 
‘trace’ (or ‘micro-’) depending on whether the daily 
requirement for them is large (g/day) or small (mg/
day). Some authorities use the term ‘ultra-trace’ for 
those few minerals which are required in very small 
amounts. All of these minerals are essential nutri-
ents. There are seven major and ten trace minerals 
which are known to be required for good health and 
production, and another ten which appear to have 
beneficial effects on animal metabolism. Minerals 
are constituents of biologically important macro-
molecules such as haemoglobin, thyroxine, various 
coenzymes, nucleic acids, phospholipids, bone min-
erals, etc. Some minerals are used to regulate body 
fluid osmolarity and pH, and to carry nerve impulses. 
These functions are described in Dryden (2008).

Vitamins are a group of unrelated chemicals which 
have essential functions in the animal’s biochem-
istry. They are classed as either fat-soluble or water-
soluble (Table 1.4). Most vitamins are used as 
enzyme cofactors, i.e. they assist the function of 
enzymes, often by helping to bind substrates to 
the enzyme. Other vitamins have a hormonal role. 
Vitamin A occurs as its precursor β-carotene in 
many feeds.

Essential and non-essential nutrients

In animal nutrition, essential means ‘essential in the 
diet’, i.e. the nutrient must be supplied in the animal’s 
feed. Some authorities refer to ‘essential’ nutrients 
as ‘indispensable’ nutrients. These terms mean the 
same thing.
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A nutrient is essential when either:

● It cannot be made at all within the animal’s 
cells, e.g. the essential amino acids listed in 
Table 1.3, α-linolenic and linoleic fatty acids, 
all the minerals needed by animals and almost 
all vitamins (there are some individual species 
differences); or

● It can be made but not rapidly enough to meet 
the animal’s current need for it, e.g. in some cir-
cumstances, the amino acid arginine.

A list of essential nutrients is given in Table 1.5.
Nutrients which can be synthesized within ani-

mal body cells are called non-essential nutrients. 
This does not mean that they are not needed in the 
animal’s metabolism, just that they do not have to 
be provided in the animal’s feed. However, the feed 
must supply those substances which the animal 
needs as starting points to synthesize non-essential 
nutrients.

Examples of non-essential nutrients are:

● The amino acid asparagine, which is made by 
transferring an amino group from a glutamic acid 
molecule that the animal does not immediately 
need to aspartic acid (another amino). About ten 
(see Table 1.3) amino acids can be made in this 
way and are therefore non-essential.

● A wide range of fatty acids and fatty acid deriva-
tives, including phospholipids, can be synthesized 
in animal cells.

● Glucose is needed for many synthetic processes, 
e.g. synthesis of lactose; and it is also needed as 
an energy source for the brain. It can be made 
from propionic acid, and from several amino 
acids.

Deficient and limiting nutrients

A nutrient is deficient when it is present in 
the diet at a concentration which is less than 

that needed for optimum animal health and 
production.

In practice, essential nutrients are sometimes 
present in the animal’s feed at less than the concen-
trations needed to support life, health and/or pro-
duction. Generally, there is one nutrient which is 
the ‘most deficient’ in comparison to the animal’s 
requirement for it, and which consequently has the 
greatest effect on the animal’s metabolism and its 
ability to thrive and produce. This nutrient is called 
the ‘limiting nutrient’.

Note that a limiting nutrient is:

● an essential nutrient, which is
● deficient in the diet, and
● a supplement of that nutrient gives a positive 

animal response.

Table 1.4. A list of water-soluble and fat-soluble vitamins. (Adapted from Dryden, 2008; reprinted with permission.)

Common name Other names Common name Other names

Water-soluble vitamins
Vitamin C Ascorbic acid

B group vitamins
B12 Cobalamin Pantothenic acid B5
Biotin B7, vitamin H Pyridoxine B6
Choline Riboflavin B2
Folic acid Folacin, folate, B9 or B11 Thiamine B1

Niacin Nicotinic acid, B3

Fat-soluble vitamins
Vitamin A Retinol, retinoic acid, retinoids

β-Carotene (the precursor)
Vitamin E Tocopherol (α, β, γ and δ)

Vitamin D D2, ergocalciferol
D3, cholecalciferol

Vitamin K Menaquinone, 
phylloquinone
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Animals will respond to a supplement of a limiting 
nutrient but may not respond to supplements of 
other deficient nutrients if the limiting nutrient 
deficiency is not corrected.

The ‘leaky bucket’ analogy is often used to illus-
trate this situation (Fig. 1.3). The production level 
attainable (demonstrated by the higher water level 
in the bucket) when the limiting nutrient deficiency 
is corrected is determined by the effect of the next-
limiting deficiency.

If we only correct a non-limiting deficiency, then 
the animal’s performance will still be limited by the 
limiting nutrient deficiency.

Nutrient toxicities

Nutrients are essential to an animal’s health 
and productivity, but some can have adverse 

effects if they are eaten in excessive amounts.

Energy in excess will increase fat deposition and 
this can lead to lower carcase quality, although the 
actual outcome depends on the animal’s genotype 
and its environment.

Similarly, excess RDP, or urea given as a feed sup-
plement, lead to excessive amounts of ammonia (NH3) 
which is absorbed from the rumen. High concentra-
tions in the blood can overcome the blood–brain 

Table 1.5. Essential and potentially limiting nutrients in conventional animal feeds. (Adapted from Dryden, 2008; 
reproduced with permission).

Nutrient  
group Individual nutrients

Look for potential limiting nutrients in these 
situations

Amino acids See Table 1.3 for a list of essential amino acids Insufficient available lysine in pig or poultry diets 
which are based on cereal grains, and insufficient 
lysine in horse diets. Deficiencies of methionine for 
lactating dairy cows, or cystine for sheep or goats 
(see text for more possible deficiencies)

Fatty acids Possibly limiting: linoleic acid
The other essential FA are the long-chain, ω3 
and ω6 unsaturated FA, including α-linolenic, 
arachidonic, eicosapentaenoic (EPA), and 
docosahexaenoic (DHA) acids

Pig and poultry diets which are based on cereal 
grains and which contain little vegetable oil. 
Embryonic development in cattle may respond to 
Ca salts of ω6 FA

Mineralsa Possibly limiting: Ca, Co, Cu, I, Fe, Mg,  
P, Se, Na
Other essential minerals are Cr, Mn, Mo, K,  
Si, S and Zn
As, B, Br, F, Li, Ni, Rb, Sn and V may be  
essential but are not limiting

Pig and poultry diets usually contain large 
quantities of cereal grains and their by-products; 
these have low concentrations of available Ca 
and P. Pasture may have little P or trace minerals 
depending on their stage of maturity and the soils 
they grow on

Vitamins Possibly limiting: vitamin A (retinol), thiamine 
(vitamin B1), cobalamin (vitamin B12), biotin, 
vitamin D
Other vitamins include niacin, riboflavin (vitamin 
B2), pantothenic acid, pyridoxine (vitamin B6),  
folic acid, vitamin E and vitamin K

Vitamin A deficiency may restrict the performance 
of animals fed unsupplemented grain-based diets, 
or graze over-mature pastures for a lengthy period. 
Vitamin E and vitamin K are not likely to be limiting 
in practical diets. Vitamin C (ascorbic acid) may be 
needed by animals of some species and/or ages, 
e.g. the young pig. Additional dietary choline may 
be useful in the diets of newborn lambs and dairy 
calves and lactating dairy cattle may respond to 
additional ruminally protected choline

Water Sometimes limiting In droughts, or if the animals’ water supply fails, or 
if the water is very cold, hot or saline; sometimes 
animals (e.g. horses) are reluctant to drink ‘foreign-
tasting’ water

aCalcium (Ca), cobalt (Co), copper (Cu), iodine (I), iron (Fe), magnesium (Mg), phosphorus (P), selenium (Se), sodium (Na); chromium 
(Cr), manganese (Mn), molybdenum (Mo), potassium (K), silicon (Si), sulphur (S), zinc (Zn); arsenic (As), boron (B), bromine (Br), 
fluorine (F), lithium (Li), nickel (Ni), rubidium (Rb), tin (Sn), vanadium (V).



10 Chapter 1

barrier and cause a range of symptoms including 
incoordination and weakness, and often death.

In practice, mineral and vitamin excesses cause the 
most commonly experienced nutrient toxicities. A 
short list of problematic nutrients is given in Table 1.6.

Functional and pharmacological  
roles of feed constituents

There are several feed constituents which have 
important functional and/or pharmacological roles 
in addition to any nutrients that they may supply.

Plant fibre is fermented in the rumen and large 
intestine by microbes with the production of VFA 
as end-products. These VFA are absorbed and used 
as energy sources by the host animal; they are 
important energy sources for ruminants and her-
bivorous birds, and horses and pigs can also get up 
to a third of their energy requirement from the VFA 
produced by intestinal bacteria.

Fibre has an important role in maintaining diges-
tive tract health (Chapter 13). Pigs and horses need 
fibre to prevent ulcers developing in the oesopha-
gus and upper part of the stomach and to maintain 

Input feed

Production level achievable if a non-
limiting deficiency is corrected

Limiting nutrient deficiency

Non-limiting nutrient deficiency

Production level achievable if the
limiting deficiency is corrected

Fig. 1.3. The leaky bucket analogy illustrates the effect of supplementing a limiting nutrient. (Copyright: Gordon McL. 
Dryden.)

Table. 1.6. Some nutrients which are toxic when eaten in excess.

Nutrient Situation

Ruminally 
available N

‘Urea poisoning’ occurs when ruminant animals (sheep, goats, cattle and deer, among others) 
degrade protein or urea and release excess amounts of NH3 in the rumen. Most commonly a result 
of feeding excess urea; see Chapter 13

Amino acids Appetite depression in pigs and poultry fed diets which contain an excess of a particular amino acid, 
especially methionine and cysteine

Unsaturated  
fatty acids

Muscular myopathy can result from feeding excess unsaturated fatty acids, especially if antioxidants 
such as vitamin E are deficient

Ca Excess Ca reduces the ability of the animal to absorb other nutrients. Pigs may suffer from 
parakeratosis (a Zn deficiency disorder) if the diet Ca concentration is above 1.2%

Cu Excess Cu causes jaundice, haemolysis of red blood cells, and often death. There is considerable 
species variation in susceptibility to Cu poisoning. Sheep are the most susceptible of the common 
domestic animals and their upper level of tolerance is about 25 ppm in the diet. Cattle (100 ppm) and 
pigs (250 ppm) are more tolerant, and horses (800 ppm) are very tolerant of high Cu levels

Se A potentially very poisonous mineral. Symptoms include hair loss, lameness, difficulty breathing, then 
death. Toxicity may occur at 2 ppm of the diet for sheep, horses and beef cattle, and at 5 ppm for pigs

S Excess can be poisonous to ruminants if it is converted to H2S in the rumen. The recommended 
upper limit in the diet is 0.4%

Vitamin A Pigs suffer from foetal abnormalities, and fragile and overgrown bones

Vitamin D Excess vitamin D causes calcification of soft tissues (e.g. heart and blood vessels), extensive kidney 
damage, and brittle and deformed bones
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a flow of digesta through the tract. The saliva 
produced when fibrous feed is chewed helps to 
keep the rumen pH near 6.5 and thus avoid rumen 
acidosis, and the abrasive effect of fibrous particles 
rubbing on the rumen wall helps to prevent rumenitis. 
Physically effective fibre (peNDF) is a measure used 
to predict how effectively feed fibre will promote 
chewing and saliva production, and abrasion in the 
rumen. A feed’s peNDF is the amount of plant cell 
wall (NDF) which is contained in feed particles 
which are not likely to pass from the rumen with-
out being chewed by rumination (this particle size is 
1.18 mm) (Mertens, 1997). Cattle need feeds which 
contain 28–30% peNDF (Cooke et al., 2020). 
Finely milled roughages (small particles) have less 
‘fibre effect’ than longer pieces as they need less 
chewing to form into a bolus, and this promotes 
less saliva production.

Effective fibre (eNDF) is the amount of NDF 
which will maintain milk fat contents in dairy cat-
tle. Dairy cows must have a minimum digestible 
plant fibre content in their feed as they use acetate 
(a VFA produced in the rumen when fibre is fer-
mented) as the starting point for milk fat synthesis. 
If the eNDF level is too low rumen pH will fall, 
with reductions in DM intake, passage of undi-
gested feed from the rumen and microbial protein 
yield. The concepts of eNDF and peNDF are 
described in more detail in NRC (2001).

Condensed tannins: These bind to protein and 
increase the feed’s bypass protein content. They 
also reduce the likelihood of rumen bloat, can have 
an anthelmintic effect on intestinal worms (hel-
minths), and may reduce CH4 emissions. Tannins 
are further discussed in Chapter 6.

Trace minerals: In some cases, trace minerals can 
have both a nutritional and a pharmacological role. 
Cu can be used to control intestinal parasites in 
pigs. This practice stopped when it was realized 
that the large amount of Cu which these animals 
excreted was an environmental hazard. Minerals 
like F which hardens teeth but is toxic in large 
amounts, V which has anti-tumour effects and Li 
which has a neuroprotective function, appear to 
have a pharmacological role but not a straightfor-
ward nutritional one. These aspects of mineral 
nutrition are described in Dryden (2008).

Plant pigments: A variety of different substances 
which reflect different wavelengths of visual light, and 
which serve a variety of functions in plant biochemistry, 

including photosynthesis. Some have effects on ani-
mal products, e.g. carotene and xanthophyll improve 
the colour of egg yolks (if we like richly coloured, 
yellow/orange yolks) and may colour the fat of 
grazing cattle, and others have anti-microbial or 
anti-inflammatory properties.

Ruminally degradable protein: To adequately feed 
ruminants we have to correctly nourish the rumen 
microbiota – the bacteria, archaea, protozoa and 
fungi. NH3 is an essential nutrient for bacteria, espe-
cially those which digest plant fibre, and is obtained 
from that part of the feed protein which is able to 
be degraded by microbial action in the rumen.

Secondary substances

These are substances which are found in feeds and 
which can adversely affect animal health and prod-
uct quality (see Chapters 6 and 12). Examples are 
gossypol in cottonseeds, trypsin inhibitor in soy-
beans and other grain legumes, and erucic acid in 
rapeseed. Plants produce these substances to pro-
tect themselves against browsing by animals, and 
from pathogenic micro-organisms. While they help 
the plant, they have adverse effects on the animals 
which eat them.

Important examples are:

● Phytin is a phosphorus-rich substance which is 
widely distributed in plants and particularly in seeds 
where it is about 75% of the total phosphorus. 
Phytate-P is essentially unavailable to pigs.

● Oxalate is found in the tissues of some grasses 
(e.g. kikuyu, etc.). It binds to feed Ca, making it 
unavailable to animals.

● Aromatic substances (indole and skatole) and 
short-chain alkenes (allyl sulphides) that are 
produced by rumen micro-organisms or are present 
in some feeds (e.g. onion and garlic, peppergrass, 
silage, etc.) will taint milk.

● Gossypol is a polyphenolic substance in cotton-
seed which impairs reproduction in male animals.

● Inhibitors of proteases (enzymes which digest 
proteins), such as pepsin and trypsin inhibitors 
in legume seeds.
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