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General Preface

Several factors make it desirable at this time to collect and integrate exist-
ing knowledge in Animal Science in its widest sense.

Millions of people in the world are today suffering from starvation or
malnutrition and the number will increase with the inevitable rise in the world
population. This poses an inexorable challenge to all scientists involved in
problems underlying the production of food for man. Yet the development of
livestock industries does not only aim to improve the nutritional standards of
the human population, important though that i1s. From man’s point of view
animals are multipurpose and their use can have different objectives: econ-

-~ omic, social and ecological. In addition to being important as sources of food.
clothing and certain forms of power, animals can also represent forms of
wealth, recreation, means of employing labour, aesthetic enjoyment, and deter-
minants of landscape.

Animal production must increasingly compete with other forms of produc-
tion for resources. especially energy, but also for land, water, finance and
labour. This creates a greater need than ever to develop systems which maxi-
mize efficiency. At the same time, these systems need also to meet other require-
ments. They must be environmentally beneficial. ethically defensible, socially
acceptable, and relevant to the particular aims. needs and resources of the
community they are designed to serve. :

Rapid advances in knowledge within practically all areas of the animal
sciences are now being made. Solutions to many of the problems which face the
livestock producer, whether he is working in. say. a cattle feed-lot in the U.S.A.
or in a traditional system of village goat production in West Africa. are now
resulting from the research being carried out in the various disciplines of
Animal Sciences. However. too often the results of this research remain con-
fined to the specialized journals of different scientific disciplines when. in-

~—creasingly, the approach of those working in animal production needs to be
interdisciplinary and global. Furthermore., Animal Science has attained a new
dimension in recent years. Whatever form it takes, animal production con-
stantly influences and interacts with the other components of the total eco-
system within which it operates. New disciplines, like ecology, ethology and
conservation have become important; new forms of production, such as aqua-
culture and the use of non-conventional feed resources are receiving increas-
ing attention. .

The scientists and planners in animal production have to work within the
framework of these developments. Extensive inquiries among such specialists
in many parts of the world have revealed the need for a comprehensive and
ip-to-date review of the Animal Science literature covering the entire range of
technical knowledge that is now required in animal production and develop-
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ment. Therefore, Elsevier Science Publishers has initiated this major work of
reference under the title ‘World Animal Science’. Inevitably, such a task must
cover many volumes and involve the collaboration of a great number of editors
and authors. Through an elaborate preparatory phase and with continuous
editorial guidance from the Chief Editors and the Editorial Advisory Board,
including scientists from all parts of the world, the aim has been to produce an
integrated series of volumes which, although not encyclopaedic and not
intended to be exhaustive in each branch of knowledge, does give appropriate
emphasis to coherence and applicability. With this in mind the series has been
divided into three parts: the volumes in subseries A provide information on the
anatomical, genetical, biochemical, behavioural, physiological and micro-
biological bases of animal production; those in subseries B are each devoted to
a particular discipline important to animal production, e.g. reproduction,
breeding, feed science, bioclimatology and adaptation; and finally, in subseries
C, production systems are described on a species basis, covering beef and dairy
cattle, sheep, pigs, horses, buffaloes, poultry and some newly or partially
domesticated animals.

Emphasis is laid throughout on the careful reviewing and integration of
significant knowledge in the total field of animal production with the aim of
reporting not only what is known but also of drawing attention to important
gaps in our knowledge. Account is taken of current trends in thinking and
development and controversial topics are also dealt with, e.g. ethical aspects
of animal use. Traditional farm animals, i.e. cattle, horses, sheep, goats and
pigs, are given major emphasis and their production systems are treated in
special volumes. There are also separate volumes on the conservation and use
of their genetic resources. Other forms of animal production, such as poultry
and fur production, are given less attention in the early volumes but still have
their special volumes dealing with production systems. Other topics of less
over-all importance, or about which less is known, are treated in separate
chapters within volumes. Because of the increasing importance of animal
production in less developed areas of the world, attention is paid to domes-
ticated mammals such as buffalo, camel, lama, alpaca, yak, reindeer and
elephant, and to such newly or partially domesticated mammals as the eland,
oryx, red deer and musk-ox. The series deals with both intensive and extensive
animal production systems. In this way an attempt has been made to set the
whole of world animal production into an appropriate and contemporary per-
spective.

Although, by editorial concept and by cross-referencing between volumes,
the series functions as a single entity, each volume is nevertheless constituted
as an independent unit, suitable for separate use. To achieve this and still avoid
undue overlap, each volume only summarizes those essential elements of topics
which are treated in detail in other volumes. Thus each volume aims to
approach the breadth of World Animal Science from its own particular point
of view, with supporting references to details in other volumes.

The series is written primarily for use by people who have a specialist
interest in animal production as students, teachers, extension officers and
consultants, policy-makers, and research scientists. The volumes are planned
for world-wide use, which implies that the information presented covers
systems and principles of more than local or national interest.
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In recent years there has been a very rapid progress in knowledge on feed
science and if the progress is equally rapid in the next two decades this book
will soon be outdated. The main reason for the progress is the development of
new tools which have enabled nutritionists to make new discoveries by viewing
the subject from different angles. Even so the progress is obviously linked to
past achievements and the authors of this book have both reviewed the subject
and pointed to future goals and the first chapter is an excellent account of
development of feed evaluation systems.

The new tools relate particularly to advances in microbiology and plant
biochemistry which have enabled a much clearer description of the trans-
formation of feeds to products of absorption. The transformation of cellulosic
materials through a microbial fermentation in ruminants has been discussed
together with the more simple digestion in monogastric animals. Energy meta-
bolism in both ruminants and nonruminants has received a great deal of
attention in the chapter here and the methods of feed evaluation which have
been adapted by different countries. The greater understanding of animal
physiology and biochemistry has also helped to point towards future methods
of feed evaluation. New systems of protein evaluation have been described
which enable much more precise estimates of protein supply and of the need of
the animals. : \

The latter chapters describe practical aspects of feed preparation and
processing and feed preservation and how different feeds can interact with
each other when mixed. The use of nonconventional feeds and by-products is
also discussed. : =

Each chapter is compiled by leaders in their respective fields of study and I
would like to take this opportunity to thank the authors for their con-

~— tributions.

E.R. ORSKOV
Rowett Research Institute,
Aberdeen, Scotland



Contents

General Preface .

Chapter 1. Feed Evaluation S_vstems: Historical Background, by W.P. Flatt .
L.

o 91 0 19

8.
9.
10.

Introduction :

Terminology used to express energy values :

Early references to feeding animals

Hay equivalent system.

Digestible nutrients systems .

Net energy system. .

6.1. Starch equxvalenta £ 3

6.2. Scandmav1an Feedmg btandards .

6.3. Net Energy: . ~ ’

Recent feed evaluation system proposals :

7.1. Rostock Net Energy for Fattening system .
Callforma Net Energy system.

European Net Energy for Lactation system .
British Agricultural Research Council System (—\SC)
Prediction of feed values using analytical methods
Conclusion .
References .

12, .
7.3. ~National Research Council (NRC) \Iet Energy system for lactamon X
7.4.
7.5.

Chapter 2. Structure and Chemistry, bv J.S.D. Bacon .

1,

2.
3.

1

Introduction ;

Finding and naming suuable tood .

Structure of foodstuffs.

3.1. Plant tissues.

3.2. Plant cell types

3.3. The cell contents: the protoplast 7
3.4. Extracellular substances: animals tissues .
3.5. Extracellular substances: plant cell walls .
3.6. _Wall structure in different plant cell tvpes.
3.7. Cell wall thickening: the secondary wall.

3.8. Ultrastructure .

Chemistry - S
4.1. Elemental compoamon inorganic constituents.
4.2. Elemental composition: organic constituents.
4.3. Lipids. -

44. Carbohydrates .

4.5. Lignins .

4.6. Nitrogenous compounds

4.7. Metabolic products.

4.8. The chemistry of 'fibre’.

Response to various treatments

5.1. Mechanical

5.2. Cooking.

3.3. Chemical additions
5.4. Biological treatments.

<

-1 O e WO

—
L WY~ W W w

—

.
1O e e

-

[
w

i o e T o
o v Or Ot O

e
-}

«
L




Y Contents
6. Structure, chemistry and the processes of digestion . . . . . . . . . . . . . .. 48
R L ey o U T A e i (o e IS S PR O T e 48
‘ A BRI eROES T sl s e i e e s I R G A e T Ry R 49
Chapter 3. Feed Evaluation — Energy, by P.C. Thomas . . . . . . . . .. .. .. .. 51
y O £ T L T e I S e P M o T S e B R P R e 51
2.  Animalthermodynaniics. ilicy, o+ wisimme v eyt et 8 AT 0N b s et 51
2.1. Determination of digestible and metabolizable energy . . . . . . . . . . . 51
2.2. Heat'loss and netenergy. . . . . ..« « v s s T e s S N e [ 52
3. Evaluation of feeds in caloric terms . . . . . . . . . iy o ot S AU R 57
3.1. Feeding standards and energy rationing systems . . . . . . . . . . . . . . 57
3.2, Evahiation of poulteyteeds’. . [0 o o o o5l L rrm e e W e e 57
33 - Homuaton ol pigifeads & 1 0 o BT e o kes sl N b e e 8 58
34.." Energy rationing systems for ruminants. . . . . . 6 . 3 i e e ew owmie e 59
) 4. Current developments in feed evaluation . . . . . . . . . . .. .. .. .... 65
4.1, Quantitatiye Asnects Ob AIgeSEON. = 0 . 5 n mi e o Wb e e e 66
s Rt T G e e B e R, TR A SRS (0 T R 70
X 4.3. Diet composition and energy utilization . . . . . . . ., . . . o0 .. 71
I O 67 Gt e e ke R S SRS PR e A R e 72
- e Ty 1 g gl o RPN Ml ot e SR e T b T R
Chapter 4. Methods of protein evaluation for nonruminants, by M.F. Fuller . . . . . . . 81
L Y T g1 e o L e e T 81
1.1. The purpose of protem evaluatlon ...................... 81
12 Avteibutes o feede 1 Tl L S s R e ey 82
L 1.3, The natiire of Gietaryieotein, = .o 0 Do e i e o 82
1.4. The basis of nitrogen needs. . 83
1.5. Integrative versus additivesystems . .... . . D0, .o 4 o0 e et e . 87
2. Integrative methods of protein evaluation .. . . . . . . .. . . ... ... .. 88
2.1 Aheichoten Ot LR et e e e i e e oy e 90
i 2.2: Idealor ‘complete’ protein. J e mie. 5, T Lt ar ekl e i 90
5% 3. ‘Additivemethods . . -0 . . .7 Boo - Geicraty el oo R 91
i 31" Digestitality - and availabiity —. ot R L L T e h st i e 91
B 3: 2. —Protaxt digestibilily s, o 10 ch 6 e S s 5 A e 91
B3 33, Aminoracid availability. . . & L TwTeTTL ST e y 97
3.4. Combined assessment of amino acxd dlgesnblhty and avaxlablhty > 97
3.5. Comparison of test and reference proteins . . . . . . . . . . . . 97
CONCIBIONRT =17 5 ar o BNt e e e ol e ko e 99
5. References . 98
Chapter 5. Protein Evaluation in Ruminants. by E.R. Orskov and E.L. Miller .~ . 103
1. [ntroduction s . 103
2. Old methods of esumatmg need based on blolomcal value ..... ; 103

3. Information required to adequately assess protein supply and protein need of
LT LT LV Ay B SE S M e o [ e e 105
3.1. Degradability of dietary procem 105
3.2. Microbial N synthesis . . . . PR 109
3.3. Digestibility and utilization of protem .................. 114
3.4. Host animal requirement . 115
4. Towards new systems of protein evaluanon 118
4.1, Posaible approaches «+ —« -t Thy i s b Ui v 118
4.2. New systems of protein evaluatxon .............. 119
5. Future improvements to systems of protein evaluanon ...... 122
S RENG acid reguiTement . . i . LSRR e S S e L SR g Ty 122
5.2. Possibility of manipulating microbial protein production . . . . . . . . . . 123
R L T 2T R SR Rl S W o e T R T SR e S e 123

5.4. Future possibilities of using computer simulation models of animal

TNOTANOISIN =" 5 veolts 5o oo e sl e A oy N ST e 123
T T O s S e B i e S e TR L 124
Chapter 6. Feeding Value of Cereals and Concentrates. by T.L.J. Lawrence . 129
1. Introduction S o ORI o sl S5 129
2. Chemical composition of concentrates 129
2.1. Cereal grains 129

95O

Nitrogen-rich concentrates .

135



Contents

x1
3. Digestion in the monogastric and ruminant animal; considerations relative to pro-
tein and energy utilization. . 139
3.1. The monogastric animal . . 139
3.2. The ruminant animal. . 140
4. The utilization of the energy and ptotem in concentrates by the monogastnc and
ruminant animal sl 140
4.1. The monogastricanimal . . . . . . . . . 140
4.2. The ruminant animal. . 144
5. References . 146
Chapter 7. Processing and Preservation of Cereals and Protein Concentrates, by
R.M. Tait and R.M. Beames. A e = T 151
1. Introduction to storage and processing . . . . . . . . . 151
1.1. Reasons for storage and preservation . . . 151
1.2. Reasons for processing cereals . . . 151
1.3. Reasons for processing protein concentrat,es 152
2. Methods of grain storage AZA 152
3. Methods of processing cereal grains . 153
3.1. Dry processes . 153
3% SNetPraaeanes L - YOS C Bl nn pnesn LERTEL 154
4. Effects of storage and processmg on physxcal and chemical propertles of cereal
grains G . 155
4.1. Particle size reductxon : 155
4.2. Heat 156
4.3. Moisture 156
44. Alkali. 156
4.5. Acid. 156
5. Effect of processing cereal grains 157
5.1. Beef cattle. 157
5.2. Dairy cattle . 160
5.3. Sheep . : 160
6. Effects of processing cereal grains for pigs . 161
6.1. Heat : 161
6.2. Hammer mxllmg and rolhng 162
6.3. Pelleting 163
6.4. Soaking . 164
6.5. Micronizing . 165
6.6. Alkali treatment . 165
6.7. Acid treatment. - 166
7. Methods of processing protem concentrates. 166
7.1. Oilseed meais . 166
7.2. Animal meals ; 167
3, Lulxzatxon of protein concentrates . 168
8.1. Pigs. 168
3.2. Ruminants. 169
9. Conclusion . 170
10. References . 171
Chapter 5. Duietarv-Digestive Interactions Determining the Feeding Value of Forages and
——_____ —Roughages. by W.C. Ellis, M.J. Wylie and J.H. Matis. 177
1. Introduction 177
2. Terminology 177
3. Glossary . L 179
4. Digestion of forage : 181
4.1. Rates and limits of dlgesuon of CWC ..... 181
4.2. Anatomy of forage tissues 186
4.3. Mastication of plant tissues. 186
4.4. Microbial digestion 186
4.5. Adherent microbes . . ; 187
4.6. ‘Setective migration of adherent mxcrobes : 188
3. Digestive systems . : ) 189
5.1. Gastrointestinal sites of termentanon : 189
5.2. Rate, extent and residency limits to digestion . 191
5.3. Extranutritional effects. 192
5.4: Digesta flow through segments 192

Microbial growth and popuiation size .

195




Contents

5:6. = Shardiental CElumeRt i o S0 LARRSER e el s Sl e e T 198
5.7. Residence time in the gastrointestinal tract of different herbivores . . . . . 199
5.8. Residence time and dietary preference within ruminant species . . . . . . . 200
6. Flow of digesta and composition of digested nutrients . . . . . . . . . . . . . . 203
6.1. Hydrolysis of CWC: a three segment model . . . . . . . . . . .. .. .. 203
6.2. Hydrolysis, fermentation, synthesis and digestion in successive segments . . 205
6.3. Dietary factors influencing digesta flow and composition of digested
e e L e SRR, e S A5 gn e, ol O sqetipies AT et - 2 207
T- . Regulation b mtake. 1% 0 o . b s, AP, it SO RN e 208
7.1. Ruminating vs. nonruminating herbivores . ©. . . . . . . .. .. .. .. 209
T2 Comilatveintake relplionahiDE =) .50 v o Tuz v ame b s ees W e 210
7.3. Regulation of meal size and frequency. . . . . . . .. . . .. ... ... 214
7.4. Static anddynamiccapacities. . . . . ..« o . v S v e e wdiwe 214
7.5. Static capacities . . . . . . . . . . . . . N R N e e e - 214
7.6.= PhySical yepGlation 0f eal 8128, v ‘s wiiv vt v o C S e 5 BE sevre 214
7:7. Microbial nutrient deficiencieés « . . . . . v v v v o g0 e vl 216
7.8. ~Metabelic repulation af intake . ... . i..coaifpw oow v Do wl s ld s e Sy 217
1.9 Forggpenppienientaton = g i U, ahalieaic 1L et L LR e 220
7.10. Modification of microbial species/metabolism . . . . . . . .. .. . ... 220
8. Individual animal differences . . . . . . . . . .. s e i
8, Summary SndtEeEearch DrIOTINISS « ' < ot s bt g s <o s e o0, 5 Fuis 225
10 R etoranmegt B i =" ¢, e S T e e e At e, e 225
Chapter 9. The Preseruvation of Forages, by R.J. Wilkins . . . . . ., . .. . . . .. .. 231
I 0 LT A U s S B T T e I e LR, VGiERE s I 231
2v PressreatiOn By AU RE st B oL e e e e R e e T e e 231
2. Rield demage i e R e b 3T T T e o e i S 231
22 Comtrolled drving == & 0 . i .o o e ke TN ST 233
200e I MOIBURETODICISIOTEPR L., . (-l . o 5 e e s e T 234
245 16888 in preservation DY dWmpng = sl k. L 0L © i e s e e AL 235
S-S RresRryRION DY RSN T. = 0o = oty ol e T bk ey L e i 237
S Crop COMPESINON . 7 o 5 . . palehaate 2 R o o S e b e 238
32 FChemICRl GIAIaNes. . . = . i A, < e M o e imTe e 239
S EBiclogiealadditives . 0 LT LSRRI G e e s 241
34 FOStIop teCHBOIONT. - = = o= s 5 e R e e i b Go 242
35 Tichses durngensiing: =" T 1Sy oo aliER e S S0 ST e e A 242
- % ERects oftonservation onfepdingvalue < . . Ul al ST s Bl U 246
; il DIV ESREIVALION - - o 5 T % e AR o T, R ST L 246
A2 SR, K i o e s Dyt S M B o 248
5. -Selection of conservationmethods: . . . . & i re e e e e B, Sk e 250
6. ‘Research Tequiremonts: . . . .0 .5 sl z. ot o 0 SR St et 251
T ROTQIORCER" < T ooy ikl sr i soi o o N N B pE e et

Chapter 10.. Improvements of Poor Quality Forages and Roughages, by F. Sundstel ks

IR | T e S e et s S T e A I T i ST ke 257
e T B e o Rt B e (= ariven el 257
3. Methods for treatment of low quality forages and roughages. . . . . . . Pt
Seke A UATINIR SPRBEIONEE, = i | 50 i A e i e i e T 258
3.2 Treatnent with Saditmt Bvirosides: - 1 oo il o e Lo LT e S8 261
3.3.% Hthevnetiodd totrentient  — L . ool e o i e s - - i N ot 265
4. The effect of the processing on the structure and the chemistry of the material . . 268
5. How and to what extent if the utilization by the animal facilitated. . . . . . . . 268
e T O e e e R S e D e e e s o 269 -
Sy T e N st e LA R R S b e e e 270
DS TP TOUNMCEIONTCOPORSEE. . & 5 HEb e e T nl s ok B e A 271
6. _ Non-protein nitrogensupplementation. .- . . . . | % 0 2 aa o e S e e e 272
[TV D e - A G s [ S O I e i e el S e, 272
R TV e T S I e s e Ml D B e e - 273
Chapter 11. Associative Effects of Feeds. by FL. Mould . . . . . . . . . . ... ... 279
1o Hkroduetion iR E . s N e e e s e e e e 279
13 SRS ORGP AosnCRtiveREeEs = . @ . e el T o e, o 27
1.2. Identification of associative etfects - . 3 = ICRR ws Pet— laeetJ, — 280
L3 gUccarrence . . & - oo ot Mg Fal =T - |
2. Negative associative etfects . e A i R e .o 082
2.1. Reduction of ceiluiolvsis o e A . B A ey 282



g —

Contents

xiii

4.
5.

Chapter 12. The Feeding Value of Fats, by D.L. Palmquist
1

-
i

19 19 19 19
o e

Impaived stapchdige8bion. « -~ .5 it o e S e e e
Associative effects in nonruminants
Possible solutions to non-additivity
Complete diets of ruminants

Practical aspects of associative effects

G T e b S T SRR i et N S T e e

4.1. Occurrence of associative effects

References

Introduction

1.1. The importance of fats
1.2. Addition of fats to anima] feed
Lipid content and composition of feedstuffs

2.1. Analysis

2.2. Fat in feedstuffs
2.3. Fat supplements
2.4. Energy value of fats

Digestion and

3.1. Nonruminants
3.2. Ruminants

Effects of fats

References .

utilization of fats

On IrHAUCE COMBPOSEION NI R L o h . el
4.1. Nonruminants
4.2. Ruminants
Formulating practical diets
5.1. Nonruminants
5.2. Ruminants

Future use of fats in diets of productive animals
6.1. Feed intake

6.2. Predicting animal response to fat
6.3. Feed handling

Chapter 13. The Feed Value of By-Products and Wastes. by J.M. Wilkinson.

i

92

1]

-3

.00

Introduction

Bv-products and wastes as feeds

2.1. By-products of low digestibility and low content of nitrogens (A) . . . . . .

2.2. Byv-products of low digestibility but relatively high in nitrogen (B)
.3. By-products of high energy value. but low in nitrogen (C)

4. Byv-products high in energy and nitrogen (D)

Matching by-products to system of animal production
Animal by-products and wastes

4.1. Animal excreta

o<

T 1o T e R e GE T e e ol e S e e, e SO

1.2. Abattoir
Crop by-products and wastes. . . . . . . . . . .
T e L ey e e SN e S S

5.2. Leaves and haulms
5.3. Oilseed meals and cakes . . .
5.4. Vegetable by-products and wastes

SRR RIS DN . I T et s

6.1. Brewing

6.2. Milling by-products
6.3. Sugar industry by-products
6.4. Other by-products from the food industry
Fish by-products

Food industry by-products and wastes

and distilling by-products

Recovery of protein from by-products and wastes

RefOrances . . .. ... . . e o2 e A e T

List of contributors

Subject Index .

284
285
285
288
289
290
290
291

293
293
293
293
294
294
295
295
296
298
298
301

304
305

306
307
309
309

310



ST .o

RN e &

Chapter 1

Feed Evaluation Systems: Historical
Background

WILLIAM P..FLATT

1. INTRODUCTION

For almost two centuries it has been the practice of farmers to calculate the
rations of their domestic animals and to plan their needs for feeds by using
feeding standards as a practical guide. The feed evaluation system used to
express the nutritional value of feeds determines the manner in which the
nutritional requirements of the animal are expressed. A feeding standard
usually consists of a set of tables, one of which expresses the nutritional
requirements of the animal and another that gives the nutritional value of
feeds. The tables, or in recent years, the formulae used in the computer pro-
grams, must be used together, rather than using the table or formulae of
requirements from one standard with feed composition tables from another
feeding standard. The reason for this is that there are many ways of expressing
the nutritional values of feeds, and the standards for nutritional requirements
of animals have been derived based on these values.

Many of the errors associated with evaluating feeds are partially compen-
sated for by the different estimates of the nutritional requirements of the
animals. It is not within the scope of this chapter to discuss feed evaluation
systems and feeding standards in detail, but to provide a brief historical
background of the development of these systems.

If optimum results are to be obtained in the production of meat, milk, eggs
or other livestock products. the animals must be fed a well balanced ration
containing adequate supplies of protein, minerals, vitamins and energy. In
most, if not all, animal production systems a limited energy supply more
frequently retards growth and limits production than does a deficiency of any
other nutrient. Crampton (1956) stated that “The basic need of animals fed
normal rations is for energy and this demand is the basis for most, and perhaps
all, of the other nutrient requirements.” Therefore, much of the emphasis in
animal nutrition has been on systems of evaluating feeds on an energy basis.

Accurate methods of evaluating feeds are needed for several reasons. Feed
evaluation systems enable livestock feeders to calculate rations for animals, to
plan for adequate feed supplies, or to decide which feeds are the most economi-
cal to purchase. Accurate feed evaluation systems are also necessary for those
who plan the export and import of feed supplies, for those who are evaluating
the effects of various management practices, and for assessing the value of new
varieties of forages as types of feed. With recent advances in biotechnology,
which will potentially enable scientists to alter the genetic structure of plants
and animals, an accurate method of evaluating feed would facilitate the use of
genetic engineering as a tool to increase the efficiency of use of resources to
produce animal products.
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The effectiveness of any system of feed evaluation is dependent upon how
accurately it enables one to estimate the amount of a given feed or combination
of feeds that should be fed to meet the nutritional, and particularly the energy
requirements of animals. Feeds vary widely in composition, ranging from very
poor quality forages or waste products to feeds with highly concentrated
nutrient content. The most effective feed evaluation system is one which can
be used to evaluate feeds differing widely in composition, ranging from low
quality forages to high concentrate feeds so that one can interchange or
replace various ingredients without unknowingly altering the nutritional
value of the ration.

- From a practical view a feeding system must, according to Garrett and
Johnson (1983):

1. enable the value of feeds to be appraised as substitutes for one another,

2. permit determination of the quantity of a feed of given quality to support a
particular management goal and

3. enable an estimate to be made of animal performance if feed intake and feed
quality are known. -

No single feed evaluation system has yet been developed that is both acc-
urate and simple. In general, most workers agree that some form of net energy
system (productive energy, starch equivalents, Scandinavian feed units, fatten-
ing feed units, milk production units) is theoretically the most accurate way to
express the nutritional value of feeds and the requirements of animals. How-
ever, for practical reasons, such as simplicity and the amounts of data, digest-
ible energy, total digestible nutrients (TDN) or metabolizable energy is used by
many workers.

2. TERMINOLOGY USED TO EXPRESS ENERGY VALUES

A glossary of energy terms used in expressing the nutritional energetics of
domestic animals was published by the National Research Council (NRC,
1981). The terms that are used to express energy are ergs, joules, calories,
kilocalories, megacalories, therms and BTU's (British thermal units). The joule
has been adopted internationally as the preferred unit for expressing electrical,
mechanical. and chemical energy. Gross energy, digestible energy, metaboliz-
able energy, net energy, and productive energy values of diets are usually
expressed as calories per unit weight of food or feed. TDN, starch equivalents
(SE) and feed units are usually expressed in units of weight (kilograms or
pounds). Some of the energy terms used in animal nutrition studies are as
follows:
joule (J): The joule is 107 ergs, where 1 erg is the amount of energy expended
in accelerating a mass of 1g by lems .

calorie (cal): The amount of heat required to raise the temperature of 1 g of
water from 16.5 to 17.5°C. This is equivalent to 4.184j. In practice, both the
joule and the calorie are so small that nutritionists work with multiple
units.

kilojoule (KJ): 10° times greater than the joule

kilocalorie (kcal): 1000 cal

megajoule (MJ): 10° times greater than the joule

megacalorie (Mcal): 1000 kcal or 10° times greater than the calorie

therm (T): Essentially the same as 1 Mcal. It is used to express the net energy

or productive energy of rations, but it is an ambiguous term, and Mcal is
preferred.

Gross Energy (E): The energy released as heat when an organic substance

1s completely oxidized to carbon dioxide and water. It is often referred to
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as ‘heat of combustion’ and generally measured in an oxygen bomb cal-
orimeter. The total intake of food energy is IE where I is the amount of
food consumed and E is the gross energy per unit weight of food.

Apparently Digested Energy (DE): The food intake gross energy (IE) minus
fecal energy (FE), including undigested food and the bacterial residues
fraction of the feces.

Total Digestible Nutrients (TDN): Comparable to apparently digested en-
ergy. TDN is defined as digestible crude protein (DP) plus digestible
carbohydrates plus 2.25 times the digestible crude fat.

| TDN = DP + DNFE + DCF + 2.25 (DEE)

| Metabolizable Energy (ME): The gross energy of feed consumed minus

energy lost in feces (FE), urine (UE) and combustible gas (GE).
ME = IE — (FE + UE + GE)

Recovered Energy (RE): Commonly called Energy Balance is that portion of
the feed energy retained as part of the body or voided as a useful product.
In animals raised for meat, RE equals TE, whereas in a lactating animal,
RE is the sum of tissue energy (TE), lactation energy (LE), and energy in
the products of conception (YE).

RE = TE + LE + YE

Net Energy (NE): The difference between metabolizable energy and heat
increment (H;E). Heat increment is the increase in heat production (HP)
following consumption of feed when an animal is in a thermoneutral ’
environment. '

NE = IE; - FE - GE - UE - HE

Starch Equivalent (SE): A net energy system of feed evaluation used in
Germany and other European countries. One Kilogram of SE is equiv-
alent to 2356 kcal net energy for fattening (NE;). The system is based on
work by Kellner and his successors (1900, 1905, 1926, 1956, 1966). SE

values are calculated based on digestible nutrients and crude fiber of
the diet. '

Feed Units (FU): A net energy system of feed evaluation used in Scandina- :
vian countries. Values of feeds are measured and expressed in relation to '
a reference feed, 1.e. barley. One kilogram of FU is equivalent to 1630 kcal
NE..

3. EARLY REFERENCES TO FEEDING ANIMALS

Historical aspects of feed evaluation have been covered in numerous text-
books (Wood, 1927; Brody, 1945; Morrison, 1956; Kleiber, 1961: Blaxter, 1962:
_ Tyler, 1964; Breirem and Homb, 1970; Maynard et al., 1979). In addition, some
excellent review articles on feed evaluation systems have been written that
include numerous references to the early literature (Blaxter, 1950, 1953, 1956;
Tyler, 1956, 1975).

The exact origin of feeding standards is unknown, but for many years
persons have been estimating the nutritional value of feeds and using these
values to determine the amounts of various feedstuffs to feed to domestic
animals. According to Tyler (1956) in his review of the development of feeding
standards for livestock, as early as 2500BC, the Egyptians force-fed their
fattening stock, suggesting that they realized that extra food gave fatter
animals. Several references in ancient literature are made about feeding prac-
tices of horses and oxen. These indicate that they had at least a rudimentary
understanding that food requirements were related to activity. For instance,
the Hittite chariot master Kikkuli wrote a treatise in 1350 BC which dealt with
the careful feeding of chariot horses (Tyler, 1956).
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Hippocrates (460-370 BC) believed that although there were many kinds of
foodstuffs, there was only a single kind of aliment. He stated, “It is the nature
of exercise to use up material, but of food and drink to make good deficiencies.”
Aristotle recognized that most of the fat in the animal body is deposited after
bone and flesh have developed. Lucretius, in his Nature of the Universe written
in the first century BC indicated an understanding of the relationship between
maturity and balance of matter. Columella in the first century AD recognized
that more feed was needed when oxen were working than when idle. He
recommended 401b of hay when oxen were tilling the ground and only 301b
when not doing so.

It was not until the eighteenth century that there was evidence that a
systematic feed evaluation system was used. In 1725 straw feed units were used
as a standard in Bohemia to compare the nutritive value of straw and hay
(Herzig, 1954; Tyler, 1975). E. Lisle’s posthumously published book (1757),
Observations in Husbandry, stated that one load of vetches was better than two
loads of hay. Bergen (1781) compared the nutritive value of several feedstuffs
for pigs and cattle. Potatoes, barley, vetch, corn, turnips, carrots, rye, and hay
were among the feedstuffs he compared, and he evidently conducted feeding
trials to evaluate the feeds.

The use of hay as a standard for comparing other feedstuffs for oxen was also
reported by an Englishman, Captain Middleton of Teeston, near Maidstone,
Kent (Young, 1793). In experiments with stall-fed cattle he reported that one
ton of good hay was equal in feeding value to:
8.0t turnips, roots only;
8.5t turnips in autumn and spring, weighing green tops;
6t of Scotch cabbage;
3t of carrots;
1cwt linseed oil cake.

Several others also reported comparative values of feeding stuffs, including
hay, before the turn of the nineteenth century.

4. HAY EQUIVALENT SYSTEM

A German medical doctor, Albrecht Daniel Thaer (1752-1828), who became
director of an agricultural institute at Moglin near Berlin, is often credited as
being the originator of the hay equivalent system of evaluating feeds. Thaer
published four volumes of his book, Grundsdtze der rationellen Landwirtschaft
in 1809, 1810, 1810 and 1812. In the first volume, published in 1809, Thaer
included a table showing the relative values of different feeds. Thaer’s col-
league, H. Einhof. a chemist, measured the solubility of various feedstuffs and
it was his data that Thaer used in calculating hay equivalents. He used good
meadow hay as the standard because it was better known and was more widely
used than other kinds of fodder. Although the system of analyzing feeds was
crude, the comparative feeding trials measuring animal responses were limited,
and the choice of a variable feedstuff, hay, as the standard was a poor choice,
the fact remains that the hay equivalent system was adopted and widely used
with only minor modification for almost half a century.

Albrecht Daniel Thaer was, according to Tyler (1956), more interested in the
relationships of various feedstuffs to the production of manure than in animal
nutrition. However, later workers have attributed to him and Einhof the
distinction of having developed the first systematic feed evaluation system, hay
equivalents.

Thaer's (1812) early recognition that nutritional requirements were depen-
dent upon the size of the animal and level of production is worthy of note.




