THE RUMINANT NUTRITION SYSTEM

VOLUME I — AN APPLIED MIODEL FOR PREDICTING NUTRIENT
REQUIREMENTS AND FEED UTILIZATION IN RUMINANTS

Third Edition

Luis ORLINDO TEDESCHI

Professor and Fellow
Department of Animal Science
Texas A&M University

DANNY GENE FOX
Professor Emeritus
Department of Animal Science
Cornell University

XankEdu



Copyright © 2020 by Luis Orlindo Tedeschi and Danny Gene Fox. All rights reserved.

Cover illustration and design by Luis Orlindo Tedeschi.

This book or any portion thereof may not be reproduced, stored in a retrieval system, transmitted, or used
in any form or by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise,
without the express written permission of the publisher, except for the use of brief quotations in a book
review.

Limit of Liability and Disclaimer of Warranty. While the publisher and authors have used their best efforts
in preparing this book, they make no representations or warranties with respect to the accuracy or com-
pleteness of the contents of this book and specifically disclaim any implied warranties of merchantability
or fitness for a particular purpose. No warranty may be created or extended by sales representatives or
written sales materials. The advice and strategies contained herein may not be suitable for your situation.
You should consult with a professional where appropriate. Neither the publisher nor authors shall be liable
for any loss of profit or any other commercial damages, including but not limited to special, incidental,
consequential, or other damages.

Published in the United States of America

ISBN 978-197507-633-7

First Edition (December 2016)
Second Edition (January 2018)
Third Edition (February 2020)

http://www.nutritionmodels.com
http://nutritionmodels.tamu.edu

Xankdu

4750 Venture Drive
Ann Arbor, MI 48108
800-562-2147
www.xanedu.com


http://www.nutritionmodels.com/
http://nutritionmodels.tamu.edu/

XVii

Preface to the Third EditioN ........cceiiviiiiiiiiiiiiiiiiiiis s isssssssssssssssssssssssssssssssssssssssssssssssssssssssssses iii
Preface to the SECONd EdItioN ........cceviiiiiiiiiiiiiiiiiiiiiiiiiissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes iv
Preface to the First EditioN ........cceviiiiiiiiiiiiiiiiiiiiiiniisiississsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses vi
ADOUL the AULNOTS... ... ss s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s s e s sssssssssssssnnnnnnes Xi
ACKNOWIEAZMENES ...ciiiiiiieiiiiiiiiiiitiiiiiiiiiiteeseiiisstiresessssssssestteeesssssssssssssteesssssssssssssssesssssssssssssssssnsssssssssssanans xiii
Table of CONEENLS .....ccviiiiiiiiiiiici s xvii

List of Figures

List of Tables
= T R 143 £ e Te 11Tt i [ o AU ORRON 1

1  The Utility of NUtrition MOdElS .........ciiiiiiiimmuiiiiiiiiiiiniiiiiiinireeeinsiiresssssssisesieeessssssssssiissssssssssssssssasans 3
1.1 The role of modeling and SIMUIATION .........oiiiiiii et e e et e e e rare e e s earae e e sreeeeans
1.2 Identifying the appropriate level of model intricacy

1.3 Developing mathematical NULItion MOEIS .........cccvviiiiiiie e e

2 PN S TEY o] g ok L =T £ oYYt 41 =S UUUPPP 9
2.1 The history behind the development of CNCPS-based applied nutritional and growth models................. 9
2.1.1 Models to predict nutrient requirements of all classes of beef and dairy cattle, and feed digestion
and metabolism to meet their requirements to balance rations in each unique production situation............. 10
2.1.2 Models to predict growth rate or milk production, cost of gain or milk production, body reserves
changes, and total feed requirements over post-weaning growth or reproductive cycle.........ccocerviirnienneen. 13
2.1.3 Models to allocate feed to individuals and predict their feed efficiency when fed in groups.......... 14
2.14 The application of nutrition models for livestock production systems in the tropics

2.2 The next generation of applied ruminant nutrition Models...........ccoociiiiiiiieicciie e
3 A CoONtEMPOrary PerSPECIVE ....cccuuiiiieiiiiiiiititiiireeeierreneeesenessseensssssennssssssnsssssennsssseenssssssnnssssssnsssssennnns
3.1 Environmental sustainability: A major contemporary concern
3.2 Feeding the future, caring for OUr OWN EXISTENCE ......cccuiiiieiiiie e et e e

33 Animal products as part of @ healthy diet......cocuioieiiii e
3.3.1 Animal products’ association with heart disease and CaNCer.........ccoveeiiieeeciiee e 35
33.2 Role of body weight and exercise in preventing chronic diSease .........ccoccervieerieenieenieennieenieneene 37

3.4 Looking to the future: Developing innovative and integrated nutrition models...........ccccocveeviieeeecieeeenns 38

Part Il. Modeling the Dietary Supply of Energy and Other NULFHENtS ........ccccoiiiiireeeiiciiiiinreeeeencece e eeeeesnnnssssesnenes 11
4  The Foundation of Dietary SUPPIY...ccceeeeecciiiiiiieiiccciesreeereeseeseeseseeenassssssessesessnnsssssssssesssnnsssssssssssssennnnes 43
5 Measuring the Useful Energy and Protein in FEEdS........uuuuiiiiiiiiiiieeccciinincenineccscessseeeneassessssessesnnnnsssnssnes

5.1 TADUIGE TDIN VAIUEBS ...eveeeeeeeee ettt ettt e sttt e e ettt e e st e e e sttt e e e sate e e esteeessseeeesseeesansaeeesseaeeansaeesnnsneesansenannn

5.2 Predicting TDN with empirical @QUATIONS .....cccuuiiiiiiieecee e e et e e s e e e ate e e e aaeeas

53 Predicting TDN with theoretical @qQUAatIONS.........coouiieiiiiiie e e
5.3.1 TaTo [F={= a1 o] [l el 0 g o Yo T U g o L3S
5.3.2 YUl a e g o LA I =To [UF: L o] o PPt

5.4 Equations used by the RNS to predict energy and protein supply

6 The Tabular Level of Solution

6.1 APProXimating TDN VAIUES ....coeeiieiiiiiiee ettt e e e et e e e e e e ate e e e e e e e e aataeeeaeeseenbateeseaeeenssasaeeaasennn



XViii

6.2 VT o T 174 o L=l o T o 1 (=11 PPN 71
7 The Empirical Level of SOIULION .....ccccveeeiciiiiiiiiceeccccceerreereencees e e s s e eeneessseessseeesnnsssssssssseeennnnssssssssssesnnnnnnnnns 72
7.1 Evaluating theoretical qUAtIONS..........oouii it 72
7.2 Predicting TDN at the maintenance level of intake (TDN1x) «.eeoverierienienine e 75
7.3 Discounting the TDN for levels of intake above maintenance (TDNnx) ..eeeevveerreerireeerieesieesieeceeesneeneens 77
7.4 g T=T g AV o T {1 o] o1 o TSP PP T T TP PPN 81
7.4.1 Predicting digestible @NEIEY ....coov i e s 81
7.4.2 Predicting metabolizable and NEt ENEIZY.......coocuiiiiiiie e e 82
7.5 PrOTEIN SYSTEM ...ttt e e st e e e s e e s abe e e s e ana e e s s ne e e s e nre e e snre e e snneeean 85
7.5.1 Predicting ruminally undegraded Protein.........cccueiiiiieeeiiie e et 88
7.5.2 Predicting microbial crude Prot@in ..........ooeeeiiiiiiinieceee e 89
7.5.3 Predicting metabolizable Protein ... et et e e e aae e 91
7.6 Other L1-type fEediNg SYSTEMS. ..couiiiieiiit ettt ettt e st e st e st e e bt e saeeebeesbeeeanee s 92
7.6.1 National Research Council (NRC) SYStEM.......uiiiciiieiiiiieecciee ettt ere e et e e et e e e are e e enaae e eareeean 93
7.6.2 Institut National de la Recherche Agronomique (INRA) SYStEM.......ccouieiirienienienienieneeeeie e 94
7.6.3 Commonwealth Scientific and Industrial Research Organization (CSIRO) system ..........cccceeevvveenne 96
7.6.4 Agricultural and Food Research Council (AFRC) SYSTEM .....cccccuuiiiiiiiieeeciiee ettt 96
7.6.5 Comparison Of fEEAING SYSTEMS....ccuuiii e e e s e e e e e e snae e e sneeeeenreeesaneeas 97

8  The Mechanistic Level of SOIULION.......cccoiiiiiiiiiiinieeineenneennneeeesteeseeeseeesrresseesreseseseessessssssssssnsssnnanns 101
8.1 Nutritional fractionNation Of fEEUS.......uiicii i e re e s ae e be e e raeebee s 101
8.1.1 Carbohydrates and short-chain volatile fatty acids.........cccocceeeiiiiii i 102
8.1.1.1 Nonfiber carbohydrates (NFC) .......ooocoiiie ettt ettt ee et e e et e e e e te e e eeaaeeeeaeeeeeareeaenns 102
8.1.1.2 Fiber carbonydrates (FC) ... eeiee e ctee e eree s tee e e e e e e st e e e are e e e nee e e snaaeesnreeennnes 106
8.1.1.3 Unavailable fiber carbohydrate and lignin ............oooouiiiiiiii e 109
8.1.1.4  Physically effective fiDeI . ....ii e e e 113
8.1.2 Proteins and amino @Ci0S......ocuuiiieiiiiiiiiie ettt st e s e e e saaeas 115
8.1.2.1  The inconsistency of nonprotein nitrogenous compounds and matter creation ...........cc..c...... 119
8.1.2.2 A modified protein fractioNation ...........ccuoiiiiiii i 121
8.1.2.3  AMINO QCIAS 1uteeiiee ittt ettt ettt s ettt et s be e ate e shteena e e s baeebee s beesreenane 123
8.1.3 Lipids and [ong-chain fatty @Cids........cocuiiiiiiii i ettt e 126
8.1.4 MINErals @Nd VILAMINS ...eiviiiiiiiiii ittt sae e sttt e s bt e sabeesabeesabeesseeenbeeenseesane 129
8.1.4.1 Macrominerals and MICrOMINEIAlS .......oiiiiiiiiiiiie e et aee e e sbee e e 129
8.1.4.2 Fat- and water-soluble VIEamINS........cocuiiiiiiiieeeie e et 132
8.1.5 Plant defensive CEMICAIS......c.uii ittt e e e s te e s beesabeesaaeesseeesseeeaes 133
8.1.5.1  Classification Of tanNiNs.....c.coeiiiiiiiiiiieee e bbbt saae e 134
8.1.5.2 HYdrolyzable tannins ... et e e et r e e e e e e aabe e e e e e e eennaaes 134
8.1.5.3  CoNAENSE tANNINS....iiiiiiriiieritiiieerte ettt sttt st st sat e s be e s be e st e sbeesate e sateesateenbeeeaeenane 135
8.1.5.3.1  MechaniSms Of @CTION ....ccuueiiuiiiiieciie ettt re e st esae e tae e aeeebaeebeeeabeeereenars 136
8.1.5.3.2 The methane abatement effecCt ... 136
8.1.5.3.3 The protein and amino acid sparing effect ..........c.ccoeciiiiiiiieeccie e 138
8.1.5.3.4  The anthelmintic effECt.....coiiiiiie e e 139
8.1.5.3.5 Condensed tannin reactiVity ........cccueeeiiiiiciiiiiie e et 140
8.1.5.3.6  MethodologiCal ASPECES .....cccciiieieiie e e s e e et e e eta e e s enae e e e rraeeenes 141
8.1.5.3.7 Ruminal degradation of polyphenoliCs ........c..cceeuiiiiiiiieeee e 142

8.1.5.3.8 Towards the development of a condensed tannin submodel ..........cccccoccvveieiiiiincceeeicien. 143



XiX

8.1.6 Other fractioNation SCNEMES .......iiviiiiiieiec e e st e e e s be e sareesaeeenees 143
8.2 UL e YT e =Y U] oY g o [ SR 145
8.2.1 Substrate dynamics iN the FUMEN ..........eii it ettt e et e e et e e e e atae e enaaeas 146
8.2.2 NULFENt AEBIradation ......couiiiieiii ettt be e et e st e sbeesanee e 151
L0 A R 0= 4 o Yo o o [ - | (TSRS USP USSR 152
8.2.2.1.1 Determining the fractional degradation rate of neutral detergent fiber (NDF) from in vitro or
in situ NDF digestibility tECHNIQUES........cciiiiie ettt e e et e e e sare e e s aae e e e ateeeeans 153
8.2.2.2 [ o) (=] [ PP PP PPPPPN 157
8.2.2.2.1 Recycled nitrogen and urea-N used for anabolism ...........ccccccveeeiiiiiecciiiie e 158
L 0 T T T [ SRS 162
e T A T o To | V] £ PSR 163
8.2.2.3.2  BIiONYdIrOZENATION ettt ettt sttt st e s b e enee e 164
8.2.2.3.3  Fatty acid de NOVO SYNTNESIS .......ueiiiiiiiiceeee et e e e e et 166
8.2.3 Ruminal pH
8.2.4 1 TToT o] o= TP SRUPTUPRRPROt
8.2.4.1  Modeling bacteria SrOWth ........uei i e 175
8.2.4.1.1 Adjustment of CHOB3 kd for ruminal pH ........ccoeeiiiiii e 180
8.2.4.1.2 Adjustment of NFC-degrading bacteria maximum yield (Yg) for peNDF ...........cccovveeeinrirennnee 182
8.2.4.1.3 Adjustment of NFC-degrading bacteria yield for ruminally degraded peptide and
(=14 oTo] 11 Y/o [ =) TP PURPRNt 183
8.2.4.2  Modeling the peptide uptake by NFC-degrading bacteria........ccccceecveeivcieeeeciieeeceee e 184
8.2.4.3 Calculating the ruminal ammonia-N and amino-N balances ..........cccceeieeeiciiiiiee e, 188
8.2.4.4  Accounting for a ruminal deficiency of NItrOZeN .......cueviveiiee i 190
8.2.4.5  Accounting for a ruminal deficiency of branched-chain amino acids............ccccceeeviiieiiieeeineennn. 191
8.2.5 Volatile fatty acids and 1aCtiC @Cid .......cccuevieiiiieeiie e e 197
8.2.5.1 FErmentation Of [aCTAe ......cuiiiii et s e e saaeesaeeesbaeereeens 201
L3085 907 AN \V/ 1=Y i o =T YN o] o o L¥ ot o) o TS PSR 205
8.2.6 N ULTIENT ©SCAPE .utututerertieieieieieitrererererererererrer i rrererrrtateterererateretetetetettteetetetetetetatetatasaeeeeesaeeeseeeeeeeeaeens 208
8.2.6.1  Cattl ittt ettt st e s bt e s abe e s a b e e bt e e nbeeebeesbeenaree s 210
8.2.6.2  ShEEP AN BOALS..cii it e e e e e e e e e e e et ra e e e e e e e aabarreaaeeanaarraaeaaeeeaannres 215
8.2.7 Omasum, abomasum, and duodenum submMOdelS ..........coooviiiiiiiiiiiiiii s 218
8.3 INEESTINAL SUBMOEL ... ettt e e st e e s ate e e sbbe e e sabaeesneeas 219
8.3.1 SMall iNteStiNE (MIAGUL) ..veeeeeiiee e e s e et e e e e s re e e e nre e e snaeeeenreeean 219
8.3.1.1 (014 oTo] o 1Yo [ | £=1 SRS 220
8.3.1.2  Proteins and @miN0 @Ci0S......cceeiuiirrieiriiinieeniee ettt e st sre e st e e e sbt e ae e s ba e st sbe e sreenarees 225
L 700 7 Y Y o1 To I [of [ 3 PR PP OUPPPTRI 225
8.3.1.3 [ LRI TaTo I8 = V= Vol o LS 228
0 . TR A o= 4V o1 o 3SR UUURRRRINt 228
8.3.1.4  ASN e ettt h e b et e bt st e e st e e h bt e s hbe e be e e bteebeesbeenaree s 229
8.3.2 Large intesting (NINAGUL) ......ooouuiiieie ettt et e et e e e ta e e e earaeeeeataeeeensaeeeeannas 230
8.4 [ =Tor | I U] o o g ToTo I=1 I PP U PRSPPI 233
8.4.1 UNAIZESTEA FEEAS .ottt ettt e e ettt e e e abe e e e tb e e e e ateeeeeaseeeesreeeeenteeeenneas 233
8.4.2 Y =Y =] oTo] Tl 4o -t =] OO UPPPUPO ORIt 234
8.5 Energy and protein partitioNiNg........c.uuviiii oo e e e e e e et e e e e e s e e nnrraaeas 238
8.5.1 Total digestibIe NULIIENTS ...cceciiie e e e e st e e e rare e e e ete e e e neaeeeennees 238

8.5.2 V[T =Y oTo] 1721 o] [l o] o) (=) o FO PP UUPPOt 239



XX

9 Other Methods of Determining Energy of the Diet.........ccceeeeecciiiiiiiiiieiicciieereeeceesesees s e eeennnsssssssessseennnns 241
9.1 NeEar-iNfrared SPECIIOSCOPY . ..cuvtierieriieetie ittt sttt b ettt e st e e s b e e sat e e sate e beeesbeeeaneesabeeenneens 241
9.1.1 Direct use of NIRS to determine the chemical cOmpPOoSItioN...........cccveieiiiieeciiie e 242
9.1.2 Indirect use of NIRS to determine chemical composition through the fecal analysis.................... 243
9.2 In vitro gas production (IVGP) tE€CHNIGUE .....cceeiiii ettt et e sae e e e e baeeeans 244
9.2.1 Application of the in vitro gas production teChNIQUE ..........coviiiiiiiiiiiee e 246
9.2.2 Approximation of the exponential decay kd using the fiber carbohydrate pool kd of the two-pool
FoTe{ Ry Aol [<Tor- VOO TSP P PSSP UPTOTPTOPRRPP 249
9.2.3 Future developments for the in vitro gas production technNiqUE ..........cccveeeeiiiiecciiee e, 252
10 Predicting Feed and Water INtake........ccoovieeeeeeiiiiiiiiiiiccccieeerecenceeseeesseeeennnssssssesseeesnnnsssssssssssesnnnnnsnnans 253
10.1  THhe 8raziNg FUMINANT ..ceeiie ittt ettt ettt e et e st e sb e e bt e e s et e ettt s bt e eabeesabeeeaeeesabeesaeeebeeeneesabeeeneenane 254
B T Vo J U1y g =T o o =T o) USSR 258
10.2.1 LT 0] o 1T = LU= PP POPPPPRT 258
10.2.2 Y [E T PO ST 259
10.2.3 2T =TT PSR 260
10.2.4 [2Te Yo 1V = SO PTOTPR 261
10.2.5 (=T Te I o [o [ 1Y PSR PTRPUT 261
O T O 1 [T O SR P P TOP PO TPPRRTPR 262
10.3.1 (o Yu ] o= qe YV oo 1Y USRI 263
10.3.2 [TV F= YTV oo 1Y SRS 267
10.3.3 Replacement dairy NEIEIS........ooo ettt et e et et e e e te e e e abe e e enaeas 267
10.3.4 FEedlot DEET Cattle....coi i 270
10.3.5 2 LTCY ol 1T £ RTS 273
B B Y o 1YY o I T I = Y- £ RS 274
O T Y T ] 7 | T OO SR UPTPTR 275
Part lll. Modeling the Animal Requirements for Energy and Other Nutrients.......cccccceveeeiiiiiiiiiiiiniscssscssscssseennns 279
11 The Foundation of Animal RequUirements.........ccccuerciiiiiieiiniiiniiiiciiiiiiienre e ssesssseees 281
0 0t O I 11T = o o T PSR 285
11.1.1 Establishing a fiDer reqUIrEMENT ............oiiiiiie et ettt e et e eaeeas 285
11.1.2 Integrating fiber and energy reqUIrEMENTS .....cccciiiiieieee et e e e e eere e e eanes 289
12  Maintenance REQUITEMENTS .....ccuuiiiieueiiiiinniiiiieniiiiianieiiemiiiessisiiesistessssissssssstessssssssssssssnsssssssnsssssanns 291
I R O 1 1 TR 291
12.1.1 L 01T oA VA =T [O LT =T g 1T o PR 291
12.1.1.1  Adjustment for the previous teMPEratUre..........occecueieiciiieceiiie ettt e et eaee e e eavee e 295
12.1.1.2 Adjustment for the effect of [actation ..........cooiiiii i 296
12.1.1.3 Adjustment for the previous plane of NULFTION ......ccceiiiiiiii i 296
12.1.1.4 Adjustment for phySiCal @CtIVItY .....cceecuiiiiiiie e e e e e e e e raeeenes 297
12.1.1.5 Adjustment for the direct effect of cold STress .......cccuuiiiiiiiiiiiiieeeee e 300
12.1.1.6  Adjustment for the direct effect of heat Stress......ccccvvviiciiee i e 302
12.1.1.7 Adjustment for urea formation .........ccuiiiiiiiiiecee ettt e e et e e e e e e e ebaeeenns 305
12.1.1.8 Other considerations and adjUStMENTS.........ccccciiieieiiie e sree e e seee e e sre e e e ereeeeaes 306
12.1.2 Protein and amino acid reqUIrEMENTS ........ceiii it e e e e et e e e e e aaraeeeas 307
1 ] o 1= T=Y o T Lo I = Y- £ SR 310
12.2.1 ENErgY rEQUITEMENTS .cceeeeieieiee ettt ababaaeaees 310

12.2.2 L oY T T I=To LU T =T 4 =T o £ PP 312



XXi

12.3  The next generations of MaiNteNance MOEIS .........cuuiiiiiiie e e saree e 313
12.3.1 The previous plane of NUEIITION.....co..uii e e 313
12.3.2 GENETIC MEIT AN Q.. utiiiiciiee ettt e e e e e e e e e e e be e e e s beeeeebaeeeeaaaeesatbeaeessesesnsaseessreaean 314
12.3.3 B = g I 1 PR 315
12.3.4 Physical activity and grazing energy eXpenditUre ........cccceocveeeeiiieeecieeecceee et eeee e eevee e e svee e 319
12.35 Partitioning the energy expenditure for eating and ruminating...........cceceevveenieiniienennieeeeeee, 321

G T 1= Tt & 1o T (=T [ LT =T 4 =T 3 325

I R R O | [T OSSP PPROPROPPRRPNS 325
13.1.1 AmMIno acid requiremMents and FAtiOS.......coceiirieriie ettt st essbeeennee e 327
13.1.2 Predicting milk and forage intake for nursing beef calves .........ccooeeeiiiicciie e, 330
13.1.3 Energy and protein biological values for nursing beef calves ..........ccooeeiiiiiinniiiieeee, 334

T I o 1YY o =T o To Y=o Y=Y £ PSP PR 334

14 Pregnancy ReqUIFEMENTS. . .....ciiiieiiiiiieiiiieiciiiienieriensiesennsssrsenssssseesssssssnsssssensssssesnssssssnnssssssnssssssnnssssssnns 337
It 1 PPN 340
I Y o 1=Y <Y o =T o To I = Y=Y £ SPPR 343

15 Growth REQUITEMENTES .........ciiiiiiiiieeccieiireeceenneeeeseeeeenanssssseesseeennnsssssssseessnnnssssssssseeesnnnssssssssesseennnnnsnnnnns 345

T R O | [T PSRRI 346

15.1.1 01T oAV (=T UL T =T0 41T | PP UPPPN 347
15.1.1.1 Determining body composition and rate of SaiN..........c.cceeeiiiiiiiiiiiicciie e 347
15.1.1.2 Development of body size scaling to account for mature Size .......cccoccveeeevieieccieee e 353
15.1.1.3  Adjustment for anaboliC @ENTS......c..uii i et anee s 358
15.1.1.4 Adjustment for the previous plane of NULFItION ........ccccierreciii e 360
15.1.1.5 Adjustment for dietary faCtors .......c.ee ettt e 361
15.1.1.6  Adjustment for unique breed effects .......cceeeciir e 362
15.1.1.7 Adjustment for different management effects on adjusted final shrunk body weight.............. 362

15.1.2 Protein and amino acid reQUIrEMENTS .......ccccuieeeiiiie et e e e ere e e e e e stre e e esee e e snaeeeesaeeeennes 363

15.1.3 Evaluation of the energy and protein requUIreMENtS..........ccceveeeiiiiieciiee et ecaee e e e 365

15.1.4 Breeding herd replacement NEIfEIS ......c.uei i e e re e 371
15.1.4.1 Adjusting average daily gain due to Pregnancy .......coccueeiieeiieiciiieee e 376
15.1.4.2 Accounting for mammogenesis rEQUIFEMENTS ......c.ceeevcureereirereriieeesreeeerereeesreeeesereeessneeesnees 376

T A o [T o - [ [o I <o Y- | £ U SUUR 377

15.3  The next generations of Growth MOdelSs..........cccuveeieiiiiiciie e s raee e 378
15.3.1 Determining the efficiency of use of metabolizable energy .........cccoooueiieiiiiicciicecee e, 380
15.3.2 The composition Of the GaIN c.....ei i e e st e e eae e e nees 382
1533 ENergy SYStemMS INTEEIAtiON ....uuiiiiiiiiiiieieieietreer e e e e e e e e e e e e e e eeeeeaeaeeeaaeasasaaasaaaaens 386
15.3.4 The efficiency of use of aMIN0 ACIAS .......eviieiieeie e e e 387

16 Body Reserves

Y0 R O 1 4 LT PSPPI

16.1.1 Meta-regression analysis and cross-validation of the combined dataset..........cccceecvvivveeeicneenn. 395
16.1.2 Calculations of the body reserves submodel ............cueiieiiiiiiiiii e e 398
16.1.2.1 Predicting body composition using the actual body condition score.........cccceeeeveverciieeencieeennns 398
16.1.2.2 Predicting empty body weight at different body condition scores .........cccoeeeeiiiieiiireeccieeeeas 400
16.1.3 The efficiency of use of body reserves energy and protein .........cceccvevevcieeeecieeccceee e 407

16.1.4 Accounting for body ProteiN MESEIVES........c.uii ittt e tee e e e e e ta e e eeaneeas 409

ST Y o 1YY o I Lo To I = Y- 1 £ 410



XXii

16.3  The next generation of body reserves SUDMOAEIS ..........c.oiiieiiiiiiiie e 414
16.3.1 Effects of nutritional environment and Dreeds ........ccceevveiiieieciic e 415
16.3.2 A different approach for the scaling SYStEM.......ccoociiii i e 416
16.3.3 Developing dynamic SUBMOAEIS ........cooiiiiiiiiiieieee et st 416

17  Minerals and Vitamins.........ccuiiiiiiiiiiiiiiiiiiisssisssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnes 421

I R |V 1 =Y =Y OSSR 421

17.1.1 DAINY CALLIE. ettt et sttt et b e et st esar e st e e naeeenee 423
I 0t I R @ [of [ o PRSPPI 423
17.1.0.2  PROSPRNOIUS . ..ceitiieiteet ettt sttt sttt h et st e b e st e st esab e e sab e e sae e e sae e e be e e beeebeesabeeeneenareas 424
17.1.1.3  IMIABNESIUM . ciiiiiiiiiiiiiiiiieieeeeeeeeeeeeeteteteteteteteteteteteeaeaeeeaeteteteeeeeeeeseeesesesesesesesessssssssssssssssssssssssenesanns 424
0 O S @ o o T o 1= PSP 425
0 0 R T o o) = 13 ¥ o PSP PP PUUTTOPP 425
0 O S Yo Yo 1T o o PSP 426
3 I O A 0o o o 1= PP TP P TP 426
00 00 S o Yo 11 TP 427
I 0t R T [ o T o OSSPSR 427
L17.1.1.10 IMANEANESE ccuviiiiiiiiriiiititieteeeeeeeeeeeeeteeetetetetetttetttttaeaeeteetetetatetaaetasssesseseeseeseseeeesesseesesesesesesssssesesasans 427
I 0t I 4 o o OO PPPRPPPTN 428
17.1.1.12 Sulfur, cobalt, and SEIENTUM ......uuiiiiii it e e et e e e e e esaabae e e e s e sesnanees 428

17.1.2 3 TTCY oY 1 LT OO PPRRUPTOTPPR
0 A R - [ ¥ o o PRSPPI
00 2 A ] T T o] 4 o o U -SSP
17.1.2.3 Other minerals

17.1.3 ) 41T T T I = (oY= | £ RSN
00 Tt R - [ 13 o o PSPPI
00 T T A ] T T o] 4 o o U -SSP
17.1.3.3 Other minerals

17.1.4 The uncertain chromium requirement for anNiMals .........cccceeeviii e 433

17.1.5 Dietary cation-anion DalanCe........coooo e 434

1 V| - 411 PSPPSR PP PTRR 436

Part IV. Developing the FEed LIBrary ... cciiiiiiiiieeiiciiiinenieeeiiiissssssesneessssessinsssnsssssssssssssssnsssssssssssssssnnnssssssss 439
18 The Development of Feed Libraries.......cccccueueueiiiiiiiiiiimiiiiiiiiiiicnnisensiinesessessssssneesnsssssssssssssssnsssssssens 441

18.1 Development of the CNCPS feed lIDrary ......oouii ittt e e eaae e e 441

18.2  Development of the RNS feed liDrary.......cee i e e e e eene e e seae e e e saaaeeenes 446
18.2.1 Determining the composition of feeds in the RNS feed library........cccccoooiieieiiiiciiiieeeeeeees 448
18.2.2 Ruminally undegraded protein at the maintenance level of intake (RUP1x) «.ccovvvvecvveeeviivieeciieeenes 453

18.3  Additional feed lIDrary rESOUICES ........uiiiiieee ettt e e et e e ettt e e e be e e eeateeeeeareeeeeareeeennes 455

Y o7 o 1= 0T L= N 457
LiSt Of APPENAICES ..ceeviiiiiiiiiiiiiiiiiiiiiiiieieee e ee s ee s s se s s ssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnne 459
ACTONYIMS ..cuiiiieeiiiirieiiirreetireeeettrassittrsassstreaessstrassssssasssssssssssstesnsssstesssssssassssssessssstesssssstenssssssssssssssnsssssennssssnen 484
REFEIENCES ...ceeeiiieiiieieieiiceec e e s s s s s s s s s s s s s s s s s s s s s s s s s s s s sassssssssssssssssssssssssssssssssssssssssssssssssssssssssnnsnnnnnnn 491
AULNOT INAEX ceeviiiiiiiiiiiiiiiiiiiiiiiriiisinstrrreisesses et e s s ssasasssess st s e s sssssssssssssressssssssssssssssssssssssssssssssssssssssssssssssnnns 567

SUDJECE INAEX..cceuueuiiiiiiiiiiiiiiiiiiiiiriiisieeniirrssesssssettreesssssssssssstnesssssssssssstressssssssssssssnsesssssssssssssssssnsssssssssssssnns 590



	1 The Utility of Nutrition Models
	1.1 The role of modeling and simulation
	1.2 Identifying the appropriate level of model intricacy
	1.3 Developing mathematical nutrition models

	2 A Historical Perspective
	2.1 The history behind the development of CNCPS-based applied nutritional and growth models
	2.1.1 Models to predict nutrient requirements of all classes of beef and dairy cattle, and feed digestion and metabolism to meet their requirements to balance rations in each unique production situation
	2.1.2 Models to predict growth rate or milk production, cost of gain or milk production, body reserves changes, and total feed requirements over post-weaning growth or reproductive cycle
	2.1.3 Models to allocate feed to individuals and predict their feed efficiency when fed in groups
	2.1.4 The application of nutrition models for livestock production systems in the tropics

	2.2 The next generation of applied ruminant nutrition models

	3 A Contemporary Perspective
	3.1 Environmental sustainability: A major contemporary concern
	3.2 Feeding the future, caring for our own existence
	3.3 Animal products as part of a healthy diet
	3.3.1 Animal products’ association with heart disease and cancer
	3.3.2 Role of body weight and exercise in preventing chronic disease

	3.4 Looking to the future: Developing innovative and integrated nutrition models

	4 The Foundation of Dietary Supply
	5 Measuring the Useful Energy and Protein in Feeds
	5.1 Tabular TDN values
	5.2 Predicting TDN with empirical equations
	5.3 Predicting TDN with theoretical equations
	5.3.1 Indigestible compounds
	5.3.2 Summative equations

	5.4 Equations used by the RNS to predict energy and protein supply

	6 The Tabular Level of Solution
	6.1 Approximating TDN values
	6.2 Metabolizable protein

	7 The Empirical Level of Solution
	7.1 Evaluating theoretical equations
	7.2 Predicting TDN at the maintenance level of intake (TDN1x)
	7.3 Discounting the TDN1x for levels of intake above maintenance (TDNnx)
	7.4 Energy partitioning
	7.4.1 Predicting digestible energy
	7.4.2 Predicting metabolizable and net energy

	7.5 Protein system
	7.5.1 Predicting ruminally undegraded protein
	7.5.2 Predicting microbial crude protein
	7.5.3 Predicting metabolizable protein

	7.6 Other L1-type feeding systems
	7.6.1 National Research Council (NRC) system
	7.6.2 Institut National de la Recherche Agronomique (INRA) system
	7.6.3 Commonwealth Scientific and Industrial Research Organization (CSIRO) system
	7.6.4 Agricultural and Food Research Council (AFRC) system
	7.6.5 Comparison of feeding systems


	8 The Mechanistic Level of Solution
	8.1 Nutritional fractionation of feeds
	8.1.1 Carbohydrates and short-chain volatile fatty acids
	8.1.1.1 Nonfiber carbohydrates (NFC)
	8.1.1.2 Fiber carbohydrates (FC)
	8.1.1.3 Unavailable fiber carbohydrate and lignin
	8.1.1.4 Physically effective fiber

	8.1.2 Proteins and amino acids
	8.1.2.1 The inconsistency of nonprotein nitrogenous compounds and matter creation
	8.1.2.2 A modified protein fractionation
	8.1.2.3 Amino acids

	8.1.3 Lipids and long-chain fatty acids
	8.1.4 Minerals and vitamins
	8.1.4.1 Macrominerals and microminerals
	8.1.4.2 Fat- and water-soluble vitamins

	8.1.5 Plant defensive chemicals
	8.1.5.1 Classification of tannins
	8.1.5.2 Hydrolyzable tannins
	8.1.5.3 Condensed tannins
	8.1.5.3.1 Mechanisms of action
	8.1.5.3.2 The methane abatement effect
	8.1.5.3.3 The protein and amino acid sparing effect
	8.1.5.3.4 The anthelmintic effect
	8.1.5.3.5 Condensed tannin reactivity
	8.1.5.3.6 Methodological aspects
	8.1.5.3.7 Ruminal degradation of polyphenolics
	8.1.5.3.8 Towards the development of a condensed tannin submodel


	8.1.6 Other fractionation schemes

	8.2 Ruminal submodel
	8.2.1 Substrate dynamics in the rumen
	8.2.2 Nutrient degradation
	8.2.2.1 Carbohydrates
	8.2.2.1.1 Determining the fractional degradation rate of neutral detergent fiber (NDF) from in vitro or in situ NDF digestibility techniques

	8.2.2.2 Proteins
	8.2.2.2.1 Recycled nitrogen and urea-N used for anabolism

	8.2.2.3 Lipids
	8.2.2.3.1 Lipolysis
	8.2.2.3.2 Biohydrogenation
	8.2.2.3.3 Fatty acid de novo synthesis


	8.2.3 Ruminal pH
	8.2.4 Microbes
	8.2.4.1 Modeling bacteria growth
	8.2.4.1.1 Adjustment of CHOB3 kd for ruminal pH
	8.2.4.1.2 Adjustment of NFC-degrading bacteria maximum yield (YG) for peNDF
	8.2.4.1.3 Adjustment of NFC-degrading bacteria yield for ruminally degraded peptide and carbohydrate

	8.2.4.2 Modeling the peptide uptake by NFC-degrading bacteria
	8.2.4.3 Calculating the ruminal ammonia-N and amino-N balances
	8.2.4.4 Accounting for a ruminal deficiency of nitrogen
	8.2.4.5 Accounting for a ruminal deficiency of branched-chain amino acids

	8.2.5 Volatile fatty acids and lactic acid
	8.2.5.1 Fermentation of lactate
	8.2.5.2 Methane production

	8.2.6 Nutrient escape
	8.2.6.1 Cattle
	8.2.6.2 Sheep and goats

	8.2.7 Omasum, abomasum, and duodenum submodels

	8.3 Intestinal submodel
	8.3.1 Small intestine (midgut)
	8.3.1.1 Carbohydrates
	8.3.1.2 Proteins and amino acids
	8.3.1.2.1 Amino acids

	8.3.1.3 Fats and fatty acids
	8.3.1.3.1 Fatty acids

	8.3.1.4 Ash

	8.3.2 Large intestine (hindgut)

	8.4 Fecal submodel
	8.4.1 Undigested feeds
	8.4.2 Metabolic matter

	8.5 Energy and protein partitioning
	8.5.1 Total digestible nutrients
	8.5.2 Metabolizable protein


	9 Other Methods of Determining Energy of the Diet
	9.1 Near-infrared spectroscopy
	9.1.1 Direct use of NIRS to determine the chemical composition
	9.1.2 Indirect use of NIRS to determine chemical composition through the fecal analysis

	9.2 In vitro gas production (IVGP) technique
	9.2.1 Application of the in vitro gas production technique
	9.2.2 Approximation of the exponential decay kd using the fiber carbohydrate pool kd of the two-pool logistic decay
	9.2.3 Future developments for the in vitro gas production technique


	10 Predicting Feed and Water Intake
	10.1 The grazing ruminant
	10.2 Adjustment factors
	10.2.1 Temperature
	10.2.2 Mud
	10.2.3 Breed
	10.2.4 Body fat
	10.2.5 Feed additives

	10.3 Cattle
	10.3.1 Lactating dairy cows
	10.3.2 Dry dairy cows
	10.3.3 Replacement dairy heifers
	10.3.4 Feedlot beef cattle
	10.3.5 Beef cows

	10.4 Sheep and goats
	10.5 Water intake

	11 The Foundation of Animal Requirements
	11.1 Dietary fiber
	11.1.1 Establishing a fiber requirement
	11.1.2 Integrating fiber and energy requirements


	12 Maintenance Requirements
	12.1 Cattle
	12.1.1 Energy requirements
	12.1.1.1 Adjustment for the previous temperature
	12.1.1.2 Adjustment for the effect of lactation
	12.1.1.3 Adjustment for the previous plane of nutrition
	12.1.1.4 Adjustment for physical activity
	12.1.1.5 Adjustment for the direct effect of cold stress
	12.1.1.6 Adjustment for the direct effect of heat stress
	12.1.1.7 Adjustment for urea formation
	12.1.1.8 Other considerations and adjustments

	12.1.2 Protein and amino acid requirements

	12.2 Sheep and goats
	12.2.1 Energy requirements
	12.2.2 Protein requirements

	12.3 The next generations of maintenance models
	12.3.1 The previous plane of nutrition
	12.3.2 Genetic merit and age
	12.3.3 Thermal stress
	12.3.4 Physical activity and grazing energy expenditure
	12.3.5 Partitioning the energy expenditure for eating and ruminating


	13 Lactation Requirements
	13.1 Cattle
	13.1.1 Amino acid requirements and ratios
	13.1.2 Predicting milk and forage intake for nursing beef calves
	13.1.3 Energy and protein biological values for nursing beef calves

	13.2 Sheep and goats

	14 Pregnancy Requirements
	14.1 Cattle
	14.2 Sheep and goats

	15 Growth Requirements
	15.1 Cattle
	15.1.1 Energy requirements
	15.1.1.1 Determining body composition and rate of gain
	15.1.1.2 Development of body size scaling to account for mature size
	15.1.1.3 Adjustment for anabolic agents
	15.1.1.4 Adjustment for the previous plane of nutrition
	15.1.1.5 Adjustment for dietary factors
	15.1.1.6 Adjustment for unique breed effects
	15.1.1.7 Adjustment for different management effects on adjusted final shrunk body weight

	15.1.2 Protein and amino acid requirements
	15.1.3 Evaluation of the energy and protein requirements
	15.1.4 Breeding herd replacement heifers
	15.1.4.1 Adjusting average daily gain due to pregnancy
	15.1.4.2 Accounting for mammogenesis requirements


	15.2 Sheep and goats
	15.3 The next generations of growth models
	15.3.1 Determining the efficiency of use of metabolizable energy
	15.3.2 The composition of the gain
	15.3.3 Energy systems integration
	15.3.4 The efficiency of use of amino acids


	16 Body Reserves
	16.1 Cattle
	16.1.1 Meta-regression analysis and cross-validation of the combined dataset
	16.1.2 Calculations of the body reserves submodel
	16.1.2.1 Predicting body composition using the actual body condition score
	16.1.2.2 Predicting empty body weight at different body condition scores

	16.1.3 The efficiency of use of body reserves energy and protein
	16.1.4 Accounting for body protein reserves

	16.2 Sheep and goats
	16.3 The next generation of body reserves submodels
	16.3.1 Effects of nutritional environment and breeds
	16.3.2 A different approach for the scaling system
	16.3.3 Developing dynamic submodels


	17 Minerals and Vitamins
	17.1 Minerals
	17.1.1 Dairy cattle
	17.1.1.1 Calcium
	17.1.1.2 Phosphorus
	17.1.1.3 Magnesium
	17.1.1.4 Chlorine
	17.1.1.5 Potassium
	17.1.1.6 Sodium
	17.1.1.7 Copper
	17.1.1.8 Iodine
	17.1.1.9 Iron
	17.1.1.10 Manganese
	17.1.1.11 Zinc
	17.1.1.12 Sulfur, cobalt, and selenium

	17.1.2 Beef cattle
	17.1.2.1 Calcium
	17.1.2.2 Phosphorus
	17.1.2.3 Other minerals

	17.1.3 Sheep and goats
	17.1.3.1 Calcium
	17.1.3.2 Phosphorus
	17.1.3.3 Other minerals

	17.1.4 The uncertain chromium requirement for animals
	17.1.5 Dietary cation-anion balance

	17.2 Vitamins

	18 The Development of Feed Libraries
	18.1 Development of the CNCPS feed library
	18.2 Development of the RNS feed library
	18.2.1 Determining the composition of feeds in the RNS feed library
	18.2.2 Ruminally undegraded protein at the maintenance level of intake (RUP1x)

	18.3 Additional feed library resources


