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Dairy cattle produetion is an important component of
the food industry. Nutrition is a key factor in the perfor-
mance, health, and welfare of dairy cattle. Given the large
variation in dairy cattle types and the various environments
in which they are maintained, producers must increasingly
concern themselves with optimizing feeding programs.

To that end, the Subcommittee on Dairy Cattle Nutri-
tion, which was appointed in 1997 under the guidance
of the Committee on Animal Nutrition in the National
Research Council’s Board on Agriculture and Natural
Resources, embarked on a monumental task in the devel-
opment of a new edition of Nutrient Requirements of Dairy
Cattle. As we conducted our work, it was our desire to
provide users of this volume an accurate, comprehensive,
and useful review of the scientific literature and practical
experiences that have shaped our knowledge of dairy cattle
nutrition over the past decade.

We chose to provide both a written description of the
biologic basis for predicting nutrient requirements and a
computer model on a compact disk to use for estimating
requirements of lactating, nonlactating, growing, and
young dairy animals. The subcommittee recognizes that
some users of this revision will prefer to apply tables of
requirements for an average situation, and we have
attempted to provide those tables. Although there is often
uncertainty using a modeling approach to estimate nutrient
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Preface

requirements, we believed that we had a responsibility to
move the science forward, so we included a model that
was constructed on a substantial amount of data. We
believe that the model builds on the work of previous
Research Council committees and moves the science for-
ward without reaching so far that estimates cannot be vali-
dated. We found that an abundance of new science-based
knowledge had surfaced since the last edition, but we also
found that our knowledge of many aspects of dairy cattle
nutrition is incomplete; we chose not to venture too far
from what our knowledge base would allow.

In developing this report, the subcommittee considered
current issues in dairy cattle production inasmuch as they
affect nutrient requirements and animal feeding manage-
ment, including new emphasis on environmental consider-
ations in the feeding of dairy cattle. We have attempted
in this new edition to focus more than in the past on
considerations and criteria for establishing nutrient
requirements.

This study was conducted through the concerted efforts
of the members of the Subcommittee on Dairy Cattle
Nutrition. We began our 3-year task in 1997 and completed
this volume in 2000. We hope that it will be used with the
same passion and enthusiasm with which it was developed.

]IMMY H. CLARK, Chair
Subcommittee on Dairy Cattle Nutrition
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Since 1944, the National Research Council has pub-
lished six editions of Nutrient Requirements of Dairy Cat-
tle. This seventh revised edition, Nutrient Requirements of
Dairy Cattle 2001, applies new information and technology
to current issues in the field of dairy cattle production.
Reflecting the rapidly changing face of dairy cattle produc-
tion and dairy science, it includes more comprehensive
descriptions of management and environmental factors
that affect nutrient requirements and provides expanded
discussions of nutrient needs for various life stages and
levels of production. A revised approach to predicting
nutrient requirements increases the user’s responsibility
for accurately defining animals, diet, and management con-
ditions to estimate nutrient requirements. A benefit associ-
ated with the increased responsibility is the ability of the
user to make more-informed decisions in the field.

A substantial part of the increase in decision-making
power comes from the presentation of requirements with
a computer model. Computer models are the only effective
means of taking animal variation into account. Unlike static
tabular values, computer models such as the one provided
in this edition can describe animals in different states with
differing needs. A model can accommodate fluctuations
caused by the effect of feed ingredients on nutrient absorp-
tion and consequently on the animal’s performance poten-
tial, which affects its nutrient requirements. The model
prepared in this publication was designed to provide practi-
cal, situation-specific information in a user-friendly format.

Chapter 1 presents a discussion of dry matter intake,
including factors that affect intake and methods of predict-
ing it. Characteristics of the animal’s diet, environment,
and physiologic makeup are considered, as are relevant
management issues. After a brief description of available
equations for predicting dry matter intake, the chapter
discusses the dry matter intake equations included in this
edition and closes with tables and graphs of intake across
a lactation.

Overview

Chapter 2 addresses energy, defining energy units and
expressing methods of obtaining, estimating, and express-
ing energy values of feeds. The chapter discusses energy
requirements for maintenance, lactation, activity, and preg-
nancy. Tissue mobilization and repletion and the effects
of environment are discussed. The chapter concludes with
a section on body condition scoring, which is accompanied
by a reference chart.

Chapter 3 covers digestibility and energy values of fat.
It contains information on effects of fat on rumen fermenta-
tion and the use of fat in lactation diets. A table of fatty
acid composition of fats and oils is presented.

A comprehensive review of carbohydrates is provided
in Chapter 4. Nonstructural and structural carbohydrates
are discussed, with special attention to requirements for
neutral detergent fiber (NDF) and acid detergent fiber
(ADF).

Chapter 5 covers all aspects of protein and amino acid
nutrition. This chapter documents an extensive literature
base used in the development of equations and provides
detailed explanations for estimating metabolizable-protein
requirements for maintenance, pregnancy, lactation, and
growth. The amino acid section is a substantial advance
over the previous edition and provides readers with a
discussion of predicting passage to the small intestine
and equations for estimating lysine and methionine
requirements.

Requirements for macrominerals and trace minerals,
and information on toxic minerals appear in Chapter 6.
Each category includes an extensive list of minerals and
covers their function, bioavailability, requirements by dif-
ferent classes of dairy animals, toxicity, and symptoms of
mineral deficiency.

Chapter 7 covers vitamins in a similar fashion, dividing
them into fat-soluble and water-soluble categories. Like
the minerals in Chapter 6, the vitamins in Chapter 7 are



2 Overview

discussed in the context of the animals that will be ingesting
them. Sources and bioavailability of vitamins are provided,
followed by a discussion of the functions of each vitamin,
animal response to it, requirements for it, and factors that
affect the requirements.

Metabolism and requirements open the discussion of
water in Chapter 8. This chapter furnishes information on
factors in the environment and the water itself that affect
intake. Among the factors considered are nutrients in the
water and the presence of bacteria and algae.

Chapter 9 addresses important issues peculiar to dairy
nutrition. It considers the feeding of the transition cow,
metabolic disorders (such as udder edema and milk fever),
and performance modifiers (such as buffering agents and
directly fed microbials).

Chapter 10 offers information specifically on the nutri-
ent requirements of the young calf and Chapter 11 on the
heifer, and aspects of growth, maturity, and body reserves.

One of the most important features of this revision is
the inclusion of a discussion on the effect of dairy cattle
feeding on the environment. Chapter 12 provides an over-
view of nutrients of concern and applies science to the
challenges faced by managers in reducing nutrient
excretion.

Chapter 13 provides a discussion of feed chemistry and
processing. Analytic procedures are described, and the
effects of processing on energy in feed are reviewed.

Nutrient requirement tables are presented in Chapter
14. These tables were generated with the accompanying
computer model. Tables are provided for small- and large-
breed cows at various stages of lactation.

Chapter 15 provides a greatly expanded set of feed com-
position tables and an explanation of their use. The tables
include nutrient breakdowns for a comprehensive list of
feedstuffs commonly present in dairy cattle diets and some
feeds that are less common.

Chapter 16 presents an evaluation of the computer
model. Data from experiments in which 100 different diets
were fed in continuous feeding trials and published in the
Journal of Dairy Science were used in the evaluation. After
the evaluation, the anatomy and use of prediction equations
in the computer program are presented. An introduction
to this edition’s computer model is present in a user’s guide.

Finally, a glossary of terms used in this edition is pro-
vided to increase readers’ ease of use and comprehension.

Although the science base for predicting nutrient
requirements summarized here has greatly expanded since
the previous edition of this report, there are still gaps in
our knowledge, particularly for specific animals of different
ages and levels of production. The users of this volume
are encouraged to seek a firm understanding of the princi-
ples and assumptions described here, because this under-
standing is essential for proper use of the tables and text
and of the computer model and its output.

The estimates of nutrient requirements that are pre-
sented in this report for different classes of animals were
generated as examples and are intended for use as guide-
lines by professionals in diet formulation. Because there
are many factors that affect requirements of animals under
various conditions, the values presented here cannot be
considered all encompassing and should not be interpreted
as accurate or applicable in all situations.



Jimmy H. Clark (chair) is professor of nutrition in the
Department of Animal Sciences at the University of Illi-
nois. The focus of his studies is both applied and basic
research related to ruminant nutrition and metabolism.
He has been awarded numerous honors for his work in
research, teaching, and extension. Clark served two consec-
utive terms (19811987) with the National Research Coun-
cil's Committee on Animal Nutrition and participated in
the publication of the 1989 revised edition of Nutrient
Requirements of Dairy Cattle. He received his undergradu-
ate degree in agriculture from Murray State University in
Kentucky and his Ph.D. degree in Animal Nutrition from
the University of Tennessee.

David K. Beede is professor and C.E. Meadows Endowed
Chair for Dairy Nutrition and Management at Michigan
State University in the Department of Animal Science. He
received his undergraduate degree in animal science from
Colorado State University, his master’s degree in ruminant
nutrition from the University of Nebraska, and his Ph.D.
degree from the University of Kentucky in ruminant nutri-
tional physiology and biochemistry. Beede’s expertise in
nutritional management of dairy herds has led him around
the world consulting on six continents.

Richard A. Erdman is professor of ruminant nutrition
and chair of the Department of Animal and Avian Sciences
at the University of Maryland. His research includes work
in energy and applied animal nutrition. Erdman pioneered
research on the effect of trans fatty acids on milk fat produc-
tion. At the University of Wisconsin, he received his under-
graduate degree in animal science and agronomy. Erdman
continued his education at the University of Kentucky,
where he received both his master’s and Ph.D. degrees in
animal science.

Jesse P. Goff is Veterinary Medical Officer with the Min-
eral Metabolism and Mastitis Unit at the National Animal

361

About the Authors

Disease Center at the U.S. Department of Agriculture. His
expertise is in diseases of mineral metabolism in domestic
animals with special emphasis on milk fever in dairy cows.
Goff received his undergraduate degree in microbiology
from Cornell University. At Iowa State University he fur-
thered his studies and received his master’s degree in veter-
inary physiology, his doctorate degree in veterinary medi-
cine, and his Ph.D. degree in veterinary physiology and
nutritional physiology.

Ric R. Grummer is professor at the University of Wiscon-
sin in the Department of Dairy Science. His research inter-
ests are in lipid metabolism in dairy cattle, specifically the
utilization of supplemental fat in dairy rations, etiology
and nutritional prevention of fatty liver and ketosis, and
nutrition of the transition cow. Grummer’s educational
background includes his undergraduate degree received
from the University of Wisconsin, his master’s degree and
his Ph.D. degree received from the University of Illinois,
all from the Department of Dairy Science.

James G. Linn is professor and extension animal scientist
in dairy nutrition at the St. Paul campus of the University of
Minnesota’s Department of Animal Science and Extension
Service. His undergraduate education began at the Univer-
sity of Minnesota where he received his degree in animal
science. Linn continued at the University of Minnesota
and received his master’s and his Ph.D. degrees in Nutri-
tion, with an emphasis in ruminant nutrition for the latter
degree. Linn’s expertise is a direct result of his 16 years
of involvement with the University of Minnesota’s Exten-
sion Programs.

Alice N. Pell is professor at Cornell University in the
Department of Animal Sciences. She received her under-
graduate degree and a summa cum laude on her thesis in
architectural science from Radcliffe College at Harvard



362 Nutrient Requirements of Dairy Cattle

University. Her master’s degree in education is from Har-
vard Graduate School of Education; her master’s and Ph.D.
degrees in animal science from the University of Vermont.
Pell’s research areas and teaching fields include rumen
microbiology and applied nutrition. She has served in
numerous advisory capacities including her service on the
National Research Council’s Committee on Animal
Nutrition.

Charles G. Schwab is professor in the Department of
Animal and Nutritional Sciences at the University of New
Hampshire. His interest in dairy science is deeply rooted
as he was born and raised on a 200-acre dairy and livestock
farm in Wisconsin. Schwab received his undergraduate
degree in animal sciences, his master’s degree in dairy
science nutrition, and his Ph.D. degree in dairy science
and nutritional sciences, all from the University of Wiscon-
sin. His research interests include an emphasis in amino
acid and protein utilization in dairy cattle nutrition.

Trevor Tomkins is President and Chief Operating Officer
of Milk Specialties Company. After securing his undergrad-
uate degree in agriculture and animal production, he con-
tinued at the University of Reading in England to receive

his Ph.D. degree, also in animal production. His primary
area of expertise in nutrition and animal health products
for the world-wide livestock industry is supplemented by
global experience in the animal feed industry and a back-
ground in business.

Gabriella A. Varga is professor of animal science in the
Department on Dairy and Animal Sciences at the Pennsyl-
vania State University. She received her undergraduate
degree in biology from Duquesne University, her master’s
degree in animal science from the University of Rhode
Island, and her Ph.D. degree in animal science from the
University of Maryland. Varga’s research has made major
contributions to the area of carbohydrate nutrition.

William P. Weiss is professor of dairy science at The Ohio
Agricultural Research and Development Center at The
Ohio State University. His general research interests
include utilization of forages by dairy cattle, feed evalua-
tion, and vitamin E and selenium nutrition. At Purdue
University, Weiss studied animal sciences and received
both his undergraduate and master’s degrees. He received
his Ph.D. degree from The Ohio State University in
dairy science.



NUTRIENT
REQUIREMENTS
OF DAIRY CATTLE

Seventh Revised Edition, 2001

USER’S GUIDE

National Research Council

Board on Agriculture and Natural Resources
Committee on Animal Nutrition
Subcommittee on Dairy Cattle Nutrition



Contents

Chapter 1. Introduction .. ....... ... .. .. ... .. .. . 343
System Requirements, 343
Risk of Use, 343

Chapter 2. Program Operation and Installation. . ............................ 346
Installation, 346
Overview, 346
Default Data, 347
Program Help, 347
Inputs, 347
Feed, 349
Ration, 351
Reports, 351

Chapter 3. Tutorials . . ...... ... .. . . 354
General Description of the Model Structure, 354
Mid-Lactation Cow Case Studies, 354
Replacement Heifers, 356

342



A compact disk containing a self-executable stand-alone
program is provided as a companion to the National
Research Council (NRC) Nutrient Requirements of Dairy
Cattle, Seventh Revised Edition, 2001. This computer soft-
ware allows the user to apply information presented in the
report and equations summarized in Chapter 16 to practical
situations. The program predicts requirements and allow-
able production from the dietary ingredients fed. It is a
ration evaluator, not a ration balancer, so it does not per-
form the calculations necessary to develop least-cost
rations. In addition, an Excel spread sheet is provided that
calculates nutrient requirements for heifers at different
weights and rates of gain.

We have attempted to make the software accurate and
user friendly. Program help screens and context sensitive
help are available in all portions of the software and in this
User’s Guide. The help material provides information that
may assist the user in choosing inputs and in interpreting
and applying outputs.

The focus of this User’s Guide is to demonstrate features
of the software including program operation, default data,
input parameters, model structure, and equation documen-
tation. The user is referred to the appropriate chapters for
detailed information on the biological basis for equations
and assumptions used in the software.

SYSTEM REQUIREMENTS

The NRC Nutrient Requirements of Dairy Cattle pro-
gram is designed to run:
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Introduction

® On a Windows 95/98 platform,

® With a minimum of 16 MB of RAM (32 MB recom-
mended), and

® A minimum screen resolution of 600 X 800 pixels

WARNING: The program uses decimal points, not com-
mas, to distinguish whole numbers from decimals. For
people whose computers are set to use the comma as the
delimiter (primarily, non-U.S. users in Europe and Latin
America) settings must be changed in Windows. Before
changing the settings uninstall the NRC program using
the Add/Remove Program option in the Control Panel
or use the Uninstall routine that comes with the program.
Make sure that all parts of the program and the program
file are deleted. The Currency and Number settings can
be changed by going to the Start icon, then to Settings,
Control Panel, and Regional Settings. Both the Num-
ber and Currency settings must be changed.

1. Make the Number tab settings look like those in
Figure UG-1.

2. Make the Currency tab settings like those in Figure
UG-2:

RISK OF USE

Because of the many variables involved and judgments
that must be made in choosing inputs, interpreting outputs,
and general use of this program, the National Research
Council makes no claim for the accuracy of this software
and the user is solely responsible for risk of use.
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FIGURE UG-1 Settings for number properties.
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Regional Settings Properies

FIGURE UG-2 Settings for Currency.



INSTALLATION

The computer program can be installed from the CD-
ROM enclosed with the book by inserting the compact
disk into the CD-ROM drive. Before installing the pro-
gram, other programs should be closed and previous ver-
sions of the software should be uninstalled. Failure to
properly remove previous versions of the software may
result in conflicts and the program may not be stable.
During installation, the program will prompt the user for
information to complete the installation process.

OVERVIEW

The program has a menu along the top of the program
that includes File, Go To, and Help options (Figure UG-3).

Basic file operations for the program are accessed in the
“File” menu.

® New Simulation: This command creates a new simula-
tion with no feeds.

® Load Simulation: Loads a previously saved simulation
data file.

® Save Simulation: Saves the current simulation. If the
user has already loaded a simulation data file, the current

FILE GoTo.. HELP

Program Operation
and Installation

simulation data are saved to that file name. Otherwise, the
current data are saved to the Default Simulation Data File.

® Save Simulation As: Allows the user to save the current
simulation with a new name. This option will permit you
to save simulations to a specified directory. Normally simu-
lations are saved to the Simulation Files subdirectory
located in the NRC Program directory.

® Save Current Simulation as Default: Saves the current
simulation data to the default data file. Note that this
option is only enabled if the Auto-Save option (see below)
is unchecked.

® Auto-Save Default Data On Exit: When checked, the
program will automatically save the current simulation data
to the default data file when the user exits the program.
If unchecked, the user must manually save simulation data.
It is suggested that you keep this option checked for safety.

® Exit Program: Quits the program.

There are two ways to move around the program. The
easiest way is to use the toolbar located beneath the menu
bar. Click on a button to jump to the corresponding screen.

It is also possible to move through the program by using
the menu. Click the “Go To” menu option and select the
desired section of the program.

As described above, there are four main screens within
the program:

¢ | &= | e

o 2

INFUTS FEEDS RaTIo

M REFORTS HELF

FIGURE UG-3 Program menu bar.
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® Inputs: Where you enter the general program settings,
as well as the animal inputs (e.g., Animal Type, Breed,
Body Weight, etc. . . .).

® Feeds: Where the feeds in the animal’s ration are
selected and edited.

® Ration: The quantity of each feed in the animal’s ration
is specified here.

® Reports: Go here to view and print output.

DEFAULT DATA

To permit easy movement within the program, the pro-
gram must always have reasonable input data defined.
Error messages starting with “Run Time Error” indicate
that the program is attempting a division by zero. The most
common cause of this type of error is failure to enter
needed data, especially on feed composition. The program
attempts to avoid this type of error by using default data
files that are accessed automatically whenever the program
is run. There are two types of default data:

Default Program Settings: This file stores data that are
not specific for a simulation, such as the summary result
settings, report headers and footers, and other program
settings. It is automatically loaded and saved by the pro-
gram. If, for whatever reason, this file is lost or corrupted,
the program will create new settings for itself.

Default Simulation Data File: This file has exactly the
same structure as a simulation data file that can be loaded
and saved by the user, except that it will automatically be
loaded when the program is started up. The user can con-
trol how this default file is saved and what data are saved
by using the appropriate commands in the “File” menu
(see Program Operation for more details).

PROGRAM HELP

In addition to the Help files that are accessed through
the menu at the top of the screen, the NRC Dairy Cattle
Program also has context-sensitive help for many of its
operations.

Context sensitive Help can be accessed in two ways:

® Selecting “What's This?” in the Help menu with the
left mouse button. Once this option is selected, the mouse
pointer will turn into a pointer with a big question mark
next to it. When the question mark is visible, click the
input label in question (e.g., “Animal Type”) with the left
mouse button. If context-sensitive help exists for this label,
it will appear.

® Right-clicking the mouse over a label will show a
popup menu with “What’s This?” as a selection. Left click
on the “What’s This” help box to view the help message
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(Figure UG-4). In addition, some labels will have a “Jump
to Help Topic” option that will send the user to a specific
help topic in this Help section, giving more detailed infor-
mation concerning the topic.

® Left-clicking on the mouse outside of the help box
will cause it to disappear.

Note that when a feed is added to a ration, the program
disables the menu system to ensure that the operation is
completed before leaving the screen. During this operation
the Help system associated with the menus is also disabled.

INPUTS

The Inputs screen consists of a tabbed dialog box with four
different subsections. The first, Program Settings, is shown
in Figure UG-5.

® Units: Select whether to enter inputs and ration quan-
tities in metric or English units. Although all internal com-
putations are performed in the metric system, output units
will be converted as appropriate.

® Basis: This determines whether ration quantities will
be input on a dry matter or “as-fed” basis. The “As-Fed”
basis option uses each feed’s dry matter value to compute
the dry matter intake from the quantity fed.

® Report Headers/Footers: Allows the user to set the
output for the report headers/footers. The user can select
one of the pre-set options, or can compose his own text.

® Summary Results: Allows the user to customize which
summary results are presented on the Ration screen. Note
that there are summary results specific to Young Calf simu-
lations. These are listed with a “(CALF)” prefix. While it
is permissible to have calf summary results mixed with
non-calf results, and vice-versa, results that are not applica-
ble will not be shown (e.g., Calf Average Daily Gain will
be “N/A” for a Lactating Cow).

The Animal Description tab appears in Figure UG-6.

Most of this screen is self-explanatory, except for Body
Condition Score and the Calf Variables. A 1 to 5 scale is
used for body condition scoring with 1 for emaciated ani-
mals and 5 for obese animals. For animals other than young
calves, these variables are disabled (shaded). However, if
“Young Calf” is chosen as the Animal Type, then these
variables will be enabled, with the others disabled. In addi-
tion, since only the program’s Calf sub-model only uses
these variables, the user will not be able to access the
Production and Management tabs if “Young Calf” is the
selected Animal Type.

The Production is shown in Figure UG-7.

Items to note on this screen:
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FIGURE UG-4 Help box.

FIGURE UG-5 Program Settings screen.

® If the “Compute Mature Weight from the Breed”
option is checked, the mature weight will be set as a func-
tion of the selected breed and the user will not be able to
change this weight. Likewise, selecting the “Compute Calf
Birth Weight from the Mature Weight™ option will com-
pute the Calf Birth Weight as a function of the mature
weight. These options are recommended if the user does
not know the mature weight or calf birth weight of the
animals in the herd.

® Whether the Milk Protein is expressed on either a
crude or true protein basis can be indicated by selecting

the appropriate radio buttons (black dot). True protein
equals 0.93 times crude protein.

The Management/Environment screen is shown in F igure
UG-8.

® Note that the Previous Temperature, Wind Speed,
Coat Condition, Heat Stress, Hair Depth, and Night Cool-
ing variables are only enabled when Replacement Heifer
is the chosen Animal Type, since the environmental sub-
model is only applicable for heifers.
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FIGURE UG-6 Animal Description screen.

FIGURE UG-7 Production screen.

e If the animal is grazing, then you will have to set
the Topography, the Distance Between the Pasture and
Milking Center and the Number of One-Way Trips (for
Lactating Cows) or the Average Distance Traveled per
Day. Distance traveled is measured in either feet or meters.

FEED

The program handles saving and loading feeds in the
following manner: The feeds in the Feed Library that
comes with the program cannot be edited or deleted. When

a feed is imported into a ration, the program actually makes
a copy of the feed data that will be saved with the simula-
tion. This copy can be edited as needed. However, these
changes to a feed will only be saved in a specific simulation.
The values in the core feed library remain unchanged. To
access this edited feed in other simulations, you must save
it in the Feed Library (i.e., make a user-created feed).
Give the feed a new, unique name and select “Save Feed
in Feed Library.” To protect the integrity of the Feed
Library, it is not possible to save changes to Feeds using
names already used in the Feed Library.
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FIGURE UG-8 Management/Environment screen.

® To edit the composition of a feed, enter a new value
in the appropriate cell of the Feed Components grid (Fig-
ure UG-9). The energy values of feeds, except for milk-
based calf feeds, cannot be entered directly. They are
computed from the composition of the feeds. In the case
of the milk-based calf feeds, energy values can be
edited directly but a fixed relationship among the energy
values is always maintained. For example, if the ME value
of a feed is changed, all of the other energy variables
also will change. If fat, ash, or protein of a milk-based

FIGURE UG-9 Feed screen.

calf feed is changed, all energy values also will be
recomputed.

® Feeds can be re-ordered in a ration by using the up
and down arrows to the right of the Feeds list within the
simulation. Select a feed and click on the down arrow to
demote the feed to a lower position in the list or click on
the up arrow to promote the feed to a higher position in
the list.

® The Add Feed(s) button advances the user to another
screen where feeds can be selected for the simulation. The




feeds in the Feed Library are separated into nine separate
categories: Grass/Legume Forages, Grain Crop Forages,
Energy Sources, Fats, Plant Protein, Animal Protein, By-
Product/Other Feeds, Vitamin and Mineral, and Calf
Feeds. As you select feeds in the screen, a grid displaying
their component values appears at the bottom of the
screen. Also note that user-created feeds are indicated in
the different category boxes with a “*” prefix. Multiple
feeds can be selected. When the user creates newly defined
feeds, it is recommended that the user select a similar feed
in the library for editing. This is important for two reasons:
1) if needed information on the new feed is lacking, similar
values from the library feed may be used, and 2) the nine
boxes to denote feed types also determine which equations
are used to predict the energy content of feeds. Mischarac-
terization of feeds will lead to incorrect energy values.

® The Remove Feed button will remove the selected
feed from the ration.

® The Save Feed in Feed Library button will save the
current feed in the Feed Library. The program will not
allow you to save a feed with a name that matches one of
the original feeds in the library. If you want to create and
save a user-defined feed in the library, it is recommended
that you use a feed that is very similar to the feed that you
are entering as a template. Edit the feed as desired but
retain feed characterizations such as Category, Energy
Equation Class, Forage Description, and Processing
Adjustment Factor unless they are patently incorrect.
These classifications are used to determine which equa-
tions the model uses to predict the energy content of the
feed. It is safer to rely on the values in a similar feed than
to guess which setting is most appropriate.

® The Remove Feed from Feed Library button allows
you to do exactly that. However, only user-created feeds
can be removed from the Feed Library.

Backing Up the Feed Library: The name of the file
containing the Feed Library is NRC Dairy Cattle Pro-
gram—Feed Library.mdb. This file is a Microsoft Access
Database file. This file, including user-defined feeds, can
be backed up or shared with other users by copying it into
an appropriate location. It is recommended that you make
back-up copies of this file, especially if you have entered
many user-defined feeds.

Changing Energy Values of Feeds: The program pre-
dicts the energy content of feeds from chemical composi-
tion, and it is not possible to directly adjust the energy
value of a feed. If you believe that processing or other
conditions have altered the digestibility of fat, NDF or
RUP, it is possible to alter the digestibility of these compo-
nents. These adjustments will affect the energy content of
the feed.

USER’S GUIDE 351
RATION

® On the Ration screen (Figure UG-10), all of the feeds
in the simulation are listed, with the amounts fed. The
Total Intake entry-box contains the sum of the amounts
of all of the feeds included in the ration. This value also
can be used to determine the quantities of each feed as a
percent of the total intake are also specified.

® Ration quantities can be entered in several ways. First,
a quantity can be directly entered in the “Qty” column.
When you change a value in this column, the program will
recompute the “% Total” using the new quantity fed and
the original Total Intake.

® |t is possible to enter a ration quantity as a percent
of the original total intake and the quantity fed will change
to reflect that percentage of the original intake. Finally,
you can change the Total Intake. Then the program will
recompute all of the quantities of the feeds based on the
specified percent of totals for the individual feeds and the
new total intake.

® If you change the ration and offer more or less feed
than the quantity listed in the “Total Intake” box, the total
percent of the “Total Intake” will not equal 100%. Selecting
the “Set to 100%” button, the program will re-compute
the “% Total” values for all of the feeds based on the
individual quantities fed and the total intake, so that the
percentages sum to 100% again.

® Clicking the “Estimate” button will cause the program
to fill the “Total Intake” box with the model’s Predicted
Dry Matter Intake.

® Note that the program also displays summary results,
which change every time a change is made to the ration.
The outputs included in these summary results on the
ration page can be customized by making changes on the
Program Settings tab of the Inputs screen. The default
choices for each Animal Type reflect data most often used
in ration evaluation for that class of animal.

REPORTS

The program’s reports are produced in a “Print-Preview”
format, where they can be viewed exactly as they will be
printed. A typical report screen area is shown in Figure
UG-11. Reports are generated on each of the following
topics: Summary (of most use to people developing
rations), Energy and Protein Supply, Dry Matter Intake,
Maintenance Requirements, Growth Requirements,
Target Weights and Average Daily Gain, Pregnancy Re-
quirements, Lactation Requirements, and Mineral
Requirements.
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FIGURE UG-10 Ration screen.

FIGURE UG-11 Reports screen.

® To create a report, select the desired report compo-
nents by checking the appropriate list-box(es) on the left
side of the screen and clicking on the “View Report”
button.

® The appearance of the page is set using the “Zoom”
list-box, giving you the option of seeing the whole page,
thumbnails, two-pages, page-width, and zooms from 25-
500%. The default zoom setting can be chosen on the

“Default Zoom” box on the Program Settings tab of the
Inputs screen. If the “Zoom™ box on the Report Screen is
adjusted, the change will remain in effect only during that
visit to the report screen. Changes made on the Program
Settings tab remain in effect until they are changed.

® It is possible to scroll through the pages of the report
using the “Page x of y” scrollbar. To move the page up or
down in the viewing window, you can use the horizontal



and vertical scrollbars. Alternatively, you can click and drag
the mouse over the page to move it in any direction you
wish. Double-clicking the left mouse button will zoom in,
and clicking with the right mouse button will zoom out.
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® Reports can be printed out using the “Print Report”
button. The page settings such as font type or size or page
orientation for the reports can be set by using the “Page
Settings” button.



GENERAL DESCRIPTION OF THE
MODEL STRUCTURE

The model is divided into two major components: pre-
diction of requirements and supply of nutrients. Within
this structure, there are sub-models for maintenance, preg-
nancy, growth, lactation, dry matter intake, minerals,
reserves, energy and protein supply, amino acids, and diet
evaluation, as well as a young calf sub-model. Chapters 2
and 5 of the accompanying volume describe the biology
underlying the equations used in predicting nutrient sup-
ply. The equations used in the model are presented in
Chapter 16. A glossary of the terms used in the equations
is included in this volume. Background information that
describes the rationale for choosing the approach and coef-
ficients used in the model is presented in the relevant
chapters of the report.

The focus of the tutorials is to demonstrate how to apply
the model under various circumstances and conditions.
Example lessons are provided for two different situations:
one example for mid-lactation cows and one example for
heifers.

MID-LACTATION COW CASE STUDIES
Case 1: Mid-Lactation Cow

Load Simulation. Click on Inputs. Click on the Program
Settings tab.

Program Settings:

Units: Metric
Basis: Dry matter
Report: Header text: important to

provide date, page num-
ber, and title of document
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Tutorials

Summary results: Choose information you
are interested in display-
ing or allow defaults
based on animal type

Default Zoom: Set to 75%

Click on Animal Description tab. Enter the following:

Description:
Animal Type: Lactating cow
Age: 65 months
Body Weight: 680 kg
Days Pregnant: 0
Condition score: 3.0
Days in Milk: 90
Lactation Number: 3
Age at 1" calving 24 months
Calving interval 12 months

Click on Production tab. Enter the following:

Mature Weight: 680 ke
Breed: Holstein
Calf Birth Weight: 43 kg
Milk Production: 54.5 kg
Milk Fat: 3.5%
Milk True Protein: 3.0%
Lactose: 4.8%

Click on Management/Environment tab. Leave default
temperature at 20.0 degrees C.

Click on Feeds. Click on Add Feeds to Ration. Select the
appropriate categories, highlight the feed and add the
following feeds to the ration:

Legume forage hay, immature
Corn silage, normal

Corn grain, steam-flaked
Calcium soaps of fatty acids



Tallow

Cottonseed, whole with lint
Soybean meal, solv. 48% CP
Blood meal, ring dried

Calcium carbonate

Monosodium phosphate (1 H20)
Salt

Vitamin Premix 1

Click on Ration and enter the following diet (as % of DM):

Legume forage hay, immature 18
Corn silage, normal 40
Corn grain, steam-flaked 29
Calcium soaps of fatty acids 1

Tallow 1

Cottonseed, whole with lint 7.5
Soybean meal, solv. 48% CP 8

Blood meal, ring dried 0.5
Calcium carbonate 0.1
Monosodium phosphate (1 H20) 0.2
Salt 0.5
Vitamin Premix 1 1.2

Click on Estimate Intake. Note: you cannot enter % of
DM until you put an amount (kg/d) in the table, then
you can put in %. Of course estimated DMI is not as
good as measured DML

Click on Reports tab. Check Summary Report and click
View Report (Table UG-1).
Click on File. Save As DIET A.

The MP and RUP supplied were short of meeting the
required needs for this cow. How can MP supplied be
less than required and RDP be more than required?
RDP requirements are calculated from TDN. The
higher the TDN content of the diet, the higher the RDP
requirement.

Go to Ration icon. Change the diet to correct the deficienc-
ies in RUP and MP by increasing the blood meal from
0.5 to 1.7% of ration DM and decreasing the SFC from
22.0% to 20.8% of ration DM. Go to the Reports icon
and click on View Report. We have now corrected the
deficiencies for MP and RUP. We have, however,
increased the total protein in the ration from 15.8 to
16.9%, an additional 330 g CP/d or 226 g of MP/d. The
reason that CP increased 330 g but MP only increased
226 g is because the RDP above requirement does not
contribute to MP. This additional protein is needed to
support this level of milk production. MP allowable milk
was 50 kg/d and now it is 55.1 kg/d. Changes in the
protein sources used may allow for reduced total protein
in the ration.

Click on File. Provide a file name under Save As DIET B.
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TABLE UG-1

Summary Report for Diet A

Summary Report

Animal Inputs

Animal Type: Lactating Cow
Age: 65 months

Body Weight: 680 kg

Milk Fat: 3.50%

Milk Production: 54.5 (kg/day)
Days Pregnant: 0

Breed: Holstein

Milk True Protein: 3.00%

Diet Nutrient Balances

NE MP Ca P K
Requirements (Mcal/day) (g/day) (g/day) (g/day) (g/day)
Maintenance 10.7 1034 22 31 209
Pregnancy 0.0 0 0 0 0
Lactation 37.7 2440 62 49 76
Growth 0.0 0 0 0 0
Total 48.3 3474 83 80 285
Required
Total 475 3327 92%* 80%* 355%
Supplied
Balance -0.8 —147 9 0 70

*Note that these minerals supplied are total absorbable supplied.

Animal Performance

DMI-Actual: 30.0 (kg/day)
DMI-Predicted: 30.0 (kg/day)

NE,, Allowable Milk: 53.3 (kg/day)
MP Allowable Milk: 51.2 (kg/day)

Milk Production: 54.5 (kg/day)
Days to lose one condition score: 506

Daily Weight Change due to
Reserves: —0.2 (kg/day)

Diet Concentrations

NDF: 31.2 (%DM)
Forage NDF: 24.5 (%DM)
ADF: 20.6 (%DM)

NFC: 42.4 (%DM)
Undiscounted TDN: 75 (%DM)
ME: 2.48 (Mcal’kg DM)
NEy: 158 (Mcalkg DM)
NE¢: 1.19 (Mcal/kg DM)
Ca: 0.6 (%DM)

P: 0.4 (%DM)

Ether Extract: 6.0 (%DM)

Protein Values

RDP Required: 2955 (g/d)
RDP Supplied: 3055 (g/d)
RDP Balance: 49 (g/d)

RUP Required: 2046 (g/d)
RUP Supplied: 1871 (g/d)
RUP Balance: —175 (g/d)

MP-Bacterial: 1608 (g/d)
MP-RUP: 1577 (g/d)
MP-Endogenous: 142 (g/d)

CP-Diet: 16.2 (%DM)
CP-RDP: 10.0 (%DM)
CP-RUP: 6.2 (%DM)

Target Diet Concentration

NE;: 1.61 (Mcal/kg)
MP: 116 (g/kg)

Ca: 3 (g/kg)

P: 3 (g/kg)

Diet Summary

kg/day kg/day
Feed Name (Dry Matter) (As-Fed)
Legume forage hay, immature 5.41 6.43
Corn silage, normal 12.02 34.25
Corn grain, steam-flaked 6.61 7.50
Calcium soaps of fatty acids 0.30 0.31
Tallow 0.30 0.30
Cottonseed, whole with lint 2.25 2.50
Soybean meal, solv. 48% CP 2.40 2.68
Blood meal, ring-dried 0.15 0.17
Calcium carbonate 0.03 0.03
Monosodium phosphate (1 H20) 0.06 0.06
Salt 0.15 0.15
Vitamin premix 1 0.36 0.36
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Leave this file open.

You can see that this diet is still 0.7 Mcal short of meeting
the needs of the cow and NE, allowable milk is 53.4
kg/d when in fact we hope she will produce 54.4 kg/d.

Go to the Ration icon. Go to the Total Intake frame and
type in 30.7 kg. By increasing DMI, NE;, balance is now
increased to 0.0 Mcal/d and in the Reports section you
will see that NE,, allowable milk is now 54.6 kg/d. Now
return to the Ration tab and change the intake by hitting
the estimate intake button. It will be 30 kg/d as before.
Keep this file open.

Case 2: Changing True Milk Protein

Click on Inputs. Click on Production. Change True milk
protein from 3 to 2.8%. Click on the Reports tab. Check
Summary report and then click on View Report. The
DMI and the ration are not affected, however, the MP
requirement for Lactation decreases from 2440 g to 2278
g/d. The RUP required changes from 2099 g to 1874.
RUP requirement is calculated as = ((MP requirement
— MP from endogenous — MP from bacterial)/RUP
digestibility). MP allowable milk is now 59.1 kg/d.

Click on File and Save this simulation as DIET C.

Case 3: Changing Days In Milk (90 vs 120 DIM)

Load simulation file DIET B.

Click on File and Save this as a new simulation, DIET D.

Click on the Inputs tab. Click on Programs tab and label
this DIET D.

Click on Animal Description. Change DIM from 90 to
120. Click on the Ration icon. You can see under pre-
dicted DMI that the intake has increased from 30 kg/d
to 30.77. It is very important that you change the intake
to reflect the needs of this cow. Click on Estimate Intake.
Even though we have not changed anything regarding
the diet, some requirements have increased.

As you can see the MP required for maintenance was
increased from 1034 grams to 1057 grams/d, which
increases the total MP required. As DMI increases the
metabolic fecal requirement increases and this repre-
sents an important part of the maintenance requirement.
The RDP requirement increases because RDP require-
ment is calculated from TDN and the total TDN has
increased. RUP requirement is decreased. The MP from
bacteria increased because it is calculated based on
TDN. In addition, now we have also increased NE| from
—0.7 Mcal to 0.1 Mcal /d bringing the NE; allowable
milk from 53.5 to 54.7 kg/d.

Click on File and Save this simulation.

Case 4: Altering Forage Quality
Load file name DIET B.

Click on Feeds. Click on Add Feeds to Ration. Select
under Grass/Legumes, Legume Forage Hay, Mature.
Click on Add Feed. Click on Ration. Set Legume Hay,
immature to 0 % and Legume Hay, Mature to 18%.

There is a message in the right bottom corner: RDP Limit-
ing-Energy Estimates May be Erroneous. RDP
requirements are calculated from TDN. The higher the
TDN content of the diet the higher the RDP require-
ment. More RDP can be added or the TDN of the ration
can lowered or a combination of the two can be used
to correct the situation.

Go to the Reports tab.

Highlight Summary Report. Click on View Report. This is
a very clear demonstration of how forage quality affects
the NE; and MP allowable milk and puts the cow in
greater negative energy and protein balance.

Go to File and Save this simulation as DIET E.

Case 5: When Only RDP is Limiting

Load DIET B.

Click on Ration. Enter under % Total for Legume forage,
immature 17%, corn silage 37.8%, SFC 26%, Tallow to
0%, SBM 6.5%, and Blood meal 2.2%.

Go to Reports and highlight Summary Report. Click on
View Report. In this case MP balance is positive and
RDP is limiting. RDP may be limiting microbial growth,
but the diet contains sufficient RUP such that the MP
requirements of the animal are met. Go to File and Save
simulation as DIET F.

REPLACEMENT DAIRY HEIFERS

In the model accompanying Nutrient Requirements of
Dairy Cattle (2001), energy and protein requirements are
computed from the energy and protein contained in the
tissue accreted during growth. The gain can be predicted
from the current and mature weights of the animal or a
desired rate of gain can be entered. After a proposed ration
has been entered, the model predicts the energy and pro-
tein allowable daily gain. Daily gain is predicted from the
net energy available after the requirements for mainte-
nance and pregnancy have been met. The amount of pro-
tein required is based on the energy allowable gain. This
exercise begins by describing briefly the concepts underly-
ing the heifer growth model, and then simulations demon-
strate the theories used to develop this model and evaluate
rations of replacement heifers.



Computing Energy and Protein Requirements of
Heifers with Different Mature Weights

The equations used to compute energy and protein
requirements for animals at any body weight and any rate
of gain were developed from data on body composition of
many cattle grown at different growth rates to various
mature weights. The energy and protein composition of
gain of animals with similar current weights, but different
mature weights, differ. To account for the effect of mature
weight on chemical composition of gain, a size scaling
adjustment using a standard reference animal is used. This
adjusted weight is then used to compute the net energy
requirement. Table UG-2 compares the net energy and
protein requirements of typical and large mature size Hol-
stein heifers, and small Jersey heifers computed with
this model.

Table UG-2 shows:

1. Animals with larger mature weights are at an earlier
stage of maturity than their peers with smaller mature
weights.

2. There is a direct relationship between net energy
content of gain and weight as a percentage of mature
weight, and an inverse relationship between net protein
content of gain and weight as a percentage of mature
weight.

3. Efficiency of use of metabolizable protein decreases
as weight as a proportion of mature size increases.

Table UG-3 shows the influence of rate of gain on heifer
requirements at the same stage of growth for a typical
Holstein, a large Holstein, and a Jersey (see Table UG-2).
Table UG-3 demonstrates:

1. When the energy and protein content of gain of a
typical Holstein, a large Holstein, and a Jersey are the
same, the heifer with a largest mature weight will weigh
more than the smaller animals.

2. Atagiven weight, as rate of gain increases, net energy
and net protein required increase.

3. At a constant rate of gain, the amount of net energy
required increases and net protein required decreases per
unit of gain as the animal matures.
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TABLE UG-3 Effect of Body Weight and Rate of
Gain on Daily Gain

Mature weight Live Body weight (kg) at various stages of growth’
650 kg Holstein 200 250 300 350 400 450 500
800 kg Holstein 246 308 369 431 493 554 616
400 kg Jersey 139 173 208 242 277 312 346

NE required, Mcal/d®

Shrunk weight
gain, kg/day
0.6 1.34 158 181 203 225 246 266

0.8 1.83 217 248 279 3.08 337 3.64
1.0 234 277 317 356 394 430 4.65
Net protein required for growth, g/d°
0.6 122 114 108 101 95 89 83
0.8 161 151 141 132 124 115 107
1.0 199 187 175 163 152 142 131
Metabolizable protein required for growth, g/d®
0.6 182 183 185 187 190 194 199
0.8 241 241 243 245 248 253 259
1.0 299 299 300 302 305 310 316

“The body weights are full, not shrunk, body weights. The weights within the
same column are at the same stage of growth.

”NE(; requirement is computed from Equation 11-2: Retained energy (RE) =
0.0635 EQEBW™ EBG"™, where EQEBW is equivalent empty body weight and
EBG is 0.956 SWG.

“Net protein in the gain is computed from equation 11-3: RP, g/d = SWG X
(268 — (29.4 X (RE/SWG))).

“Metabolizable protein required is computed from equation 11-4: MPg = NP,/
(0.83 — (EQSBW X 0.00114)); If EQSBW is > 478 kg, then EQSBW = 478 kg.

4. Metabolizable protein is used less efficiently for
growth as body weight as a proportion of mature weight
increases.

Target Rates for Herd Replacement Heifers

To compute target weights for replacement heifers, it
is assumed that a heifer will weight 55% of mature weight
at breeding and 82% of mature weight at first calving. If
these targets are reached, the costs of raising replacements
will be minimized and first lactation milk production max-
imized (see Chapter 11). Target weights as a percentage
of mature weight (MW) are summarized in Table UG-4
for an average Holstein, a large Holstein, and a Jersey.
These target weights are used with current age and weight,
age at first calving and calving interval to compute daily
gain required to reach the next target weight, as follows.

TABLE UG-2 Net Energy and Protein Requirements of Heifers with Mature Weights of 400, 650, and 800 kg

Small Typical Large

Jersey Holstein Holstein
Mature body weight, kg 400 650 800
Current body weight, kg 313 313 313
Shrunk body weight (SBW), kg 300 300 300
% of mature weight 75 46 38
SBW equivalent to standard reference animal, kg 359 221 179
Net energy required for 700 grams daily gain, Mcal 3.09 2.15 1.83
Net protein required for 700 grams daily gain, g 97 124 134
Efficiency of use of metabolizable protein, % 42.1 57.8 62.6
Metabolizable protein required for 700 grams daily gain, g 230 215 214
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TABLE UG-4 Target Weights for Dairy Heifers

Reproductive Target 650 kg 800 kg 400 kg

Stage % of MW MW MW MW

1¥ breeding 55% 358 440 220

1¥ calving (post- 82% 533 656 328
parturition)

214 calving 92% 598 736 368

3" calving 100% 650 800 400

For heifers before conception, target daily gain to weight
at first breeding is:
((Mature weight X 0.55) — current weight) / ((Age at first
breeding — Current age) X 30.4.

For bred heifers, daily gain required is:
((Mature weight X 0.82) — current weight) / (Age at first
calving — Current age) X 30.4; the average daily gain of
the conceptus is added to get measured weight gain
required.

Daily gain required during the first lactation (including
the dry period) is:
((Mature weight X 0.92) — current weight) / (calving
interval days — days since calving) X 30.4. Daily gain for
the second lactation is computed the same way, using 1 to
compute the next target weight for the second lactation.

Table UG-5 compares target daily gains for the three
mature sizes of replacement heifers. This table shows that
daily gain required to reach the target depends on current
weight, mature size, and age at first calving.

Heifer Model Exercise

This exercise is designed to demonstrate how the pro-
gram can be used to compute requirements for dairy heif-

TABLE UG-5 Target Daily Gains Post Transition to
Pre-Conception for Three Mature Sizes of Dairy Heifers

400 kg 650 kg 800 kg
mature mature mature
weight  weight  weight

Current age, days” 77 77 77
Current weight, kgh 52 84 103
Target bred weight, kg 220 358 440
Gain required to conception, kg 168 274 337
Days to conception®

20 months of age at first calving 251 251 251

24 months of age at first calving 373 373 373

28 months of age at first calving 494 494 494
Daily gain required to first conception, g

20 months of age at first calving 669 1092 1343

24 months of age at first calving 450 735 903

28 months of age at first calving 340 555 682

“Weaning at 8 weeks plus 3 weeks transition.

b Birth weight at 6.275% of mature weight plus expected weight gain during
starting and transition phases.

“Age in days at first calving (280 days gestation; 77 days current age).

ers for a desired daily gain, and to compute target and
diet allowable daily gains based on animal and dietary
information entered in the model. Table UG-6 summarizes
the inputs that will be needed for each scenario in this
exercise (in order that the variables must be entered). Only
changes from the no-stress, open heifer are shown for the
other scenarios. Answers are provided in italics in parenthe-
ses in the scenarios described below.

Scenario 1. The effect of age, current body weight, and
mature weight on nutrient requirements for the desired

daily gain, target daily gain, and diet allowable daily gain.

1. Enter the information for the open heifer with no
stress conditions. At the ration screen, note that the target
daily gain differs from the desired ADG and the ME allow-
able ADG. The target ADG exceeds the desired ADG
entered. The target is the optimum computed by the model
based on the age, current weight, age at first calving, and
mature weight. The dietary ME and protein allowable
ADGs are what the diet will sustain. In this example, ME
and MP allowable ADGs exceed the input desired ADG
but are less than the target ADG. This screen also shows
that the RDP supply is greater than the RDP required and
that the MP balance is positive. Thus, more protein is
being fed than is necessary to support the entered desired
ADG. Also, note the entered dry matter intake is similar
to the model predicted intake. (Desired ADG = 800 g/d,
Target ADG = 930 g/d, Energy allowable ADG = 890 g/d,
Protein allowable ADG = 850 g/d, RDP balance = 132
g/d, MP balance = 14 g/d, Actual DMI = 5.99 kg/d,
Predicted DMI = 5.99 kg/d).

2. Next click on the report icon and choose the summary
screen. In the balance screen at the top of the report,
the energy and protein supplied exceed the requirements.
(MEreq = 13.3 Mcal, MEsupplied = 14.0 Mcal, MPreq
= 486 g/d, MPsupplied = 501 g/d).

3. Now click on the input icon and on the animal
description tab. Change the desired ADG to match the
target ADG (930 grams). Now click on reports, summary
report, and note that the diet now provides less than is
needed to attain the target ADG. (MEreq = 14.3 Mcal,
MEsupplied = 14.0 Mcal, MPreq = 522 g/d, MPsupplied
= 501 g/d).

4. Now click on inputs, animal description tab, and
change the desired ADG back to 800 grams. Then change
the age to 7 months, click on ration, and note the new
target ADG is lower. This is because the animal now has
more time to reach the target weight. (Target ADG = 770
g/d).

5. Next, click on the animal description tab, change the
age back to 8 months, and change the body weight to 300
kg. Now click on the ration icon and note that the target
ADG and ME allowable ADG decreased. The target ADG
decreased because the animal now needs to gain less weight
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TABLE UG-6 Inputs for Heifer Growth Exercises
Open heifer Bred heifer
Cold Temp. + Temp. +
INPUT ITEM No stress temperature wet wind No stress
Age, months 8 20
Body weight, kg 240 550
Days pregnant 0 220
Condition score 3 3
Age @ first calving 22 22
Calving interval 13 13
Desired ADG, gm 800 800
Mature weight, kg Breed avg
Breed Holstein
Previous temperature, C 20 0 0 0
Current temperature, C 20 0 0
Wind speed, kph 1.6 16
Grazing No
Coat condition Clean + dry Wet + Wet +
matted matted
Heat stress No
Coat depth, cm 1 2 2 2
Night cooling Yes
Ration (kg/day):
Legume forage silage, mid 2.81 3.84
maturity
Corn silage, normal 3.08 8.67
Corn grain, dry 0.0 0.0
Soybean meal solvent, 48% CP 0.09 0.275
Bloodmeal, ring-dried 0.0 0.0
Calcium phosphate (di-) 0.01 0.012
Calcium carbonate 0.0 0.0

to reach the target by the same age. The ME allowable
ADG decreased because the animal has a larger body
weight to maintain and the energy content of gain is higher
as shown in Table UG-2. The predicted DMI increased
because intake is a function of body weight and diet energy
density. (Target ADG = 520 g/d, ME allowable gain =
580 g/d, DMIpredicted = 7.08 kg/d).

6. Click on the animal description tab and change the
body weight back to 240 kg. Now change the age at first
calving to 24 months, then click on ration. The target ADG
is decreased, because the animal has more time to conceive,
as shown in Table UG-4. (Target ADG = 650 g/d).

7. Click on the animal description tab and change the
age at first calving back to 22 months of age. Now click
on the animal production tab, click on the choice of using
the model mature weight to remove the check, then enter
650 kg. Now click on the ration icon. The target ADG is
reduced, because the target weight at breeding was
reduced. The target weight at breeding is 55% of mature
weight, so reduction in mature weight lowers the weight
at breeding (Table UG-3). (Target ADG = 650 g/d).

Scenario 2. The effect of environment on growth rate.

The effect of environment on heifer daily gain depends
on several factors as follows:

® Previous temperature changes metabolic rate; there-
fore as previous temperature decreases, the maintenance

requirement increases, leaving less energy and protein
available for growth.

® The combined effects of current temperature, insula-
tion to prevent heat loss (hair coat condition and depth),
and wind (affects heat loss due to convective cooling) are
used to determine the animal’s lower critical temperature.
If the lower critical temperature is below the animal’s
current temperature, more of the diet energy will be
required to maintain body temperature, leaving less for
growth. Table UG-7 summarizes these effects on mainte-
nance requirements.

1. Click on the environment tab and change the current
temperature to -1.1°, -12°, and -23° C. Now click on ration
and note the decrease in daily gain. The predicted intake

TABLE UG-7 Maintenance Energy Requirement

Multipliers for Various Environmental Conditions®”
—1.1°C —12°C —23°C

Hair coat code® 13 3° 13 33 13 33

Wind velocity (kph)

1.6 1.17 141 1.37 1.90 1.74 2.39

16 1.33 1.70 1.80 2.27 2.26 2.84

“Simulations made using the model presented in chapter 11. Temperature values
are current temperature (T\.).

byalues given are net energy maintenance requirements (NEy) required for these
conditions divided by the maintenance requirement without stress.

“Hair coat code: 1 = dry and clean, 2 = mud on lower body (values not shown),
and 3 = wet and matted.
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should increase. (ME allowable gain = 890 g/d, 570 g/d,
and 170 g/d when the temperature = -1.15 -12° and
-23°C respectively.)

2. Click on the environment tab, and change hair coat
to wet and matted. Now click on ration and note the change
in daily gain. A wet and dirty hair coat results in the loss
of insulation because the hair coat is flattened, losing its
insulation value. (When the temperature = -1.1° the
growth was 450 g/d, and there was no growth for the other
2 temperatures.)

3. Click on the environment tab, and change wind to
16 kph. Now click on ration, and note the change in daily
gain. Wind increases energy loss due to convective cooling.
(When the temperature = -1.1° the ME allowable ADG
was 40 g/d. Weight loss occurred at the two lower
temperatures.)

Scenario 3. The effect of pregnancy on heifer requirements.

Once pregnant, the requirements for the growing fetus
and fetal membranes (collectively called the conceptus)
must be met in addition to those required for maintenance
and growth. Because they are relatively small in early preg-
nancy, requirements for the conceptus are added after 190
days of pregnancy.

1. Enter the information in Table UG-6 for bred heifers.
On the ration screen, note that the target ADG is higher
when the conceptus is included. The ME and MP allowable
ADG exceed the target ADG and desired ADG that was

entered (800 grams). (The ADG with conceptus was 1380
g/d and ADG without conceptus was 750 g/d.)

2. Click on the report icon, then choose summary
report, and view this report to see the pregnancy require-
ment for ME and MP. Then choose the animal description
screen and change days pregnant to 250 days. Now click
on the report icon, choose summary report, and view this
report. The ME and MP required for pregnancy increased,
and the ME and MP balances were reduced. (The ME
required for pregnancy was 4.5 Mcal, and the MP required
for pregnancy was 239 g/d. When days pregnant equaled
250 days, the ME required for pregnancy was 5.2 Mcal
and the MP required for pregnancy was 299 g/d.)

3. Next, click on the ration icon to see the increased
target ADG required. This is because there are fewer days
left to reach the target weight, requiring a higher ADG.
(The target gain with conceptus was 1700 g/d and 1060 g/
d without conceptus.)

4. Click on the animal description screen and change
the days pregnant back to 220. Then click on the animal
production screen, and increase the birth weight to 50 kg.
Now click on the reports icon, choose the summary report,
and view this screen. The ME and MP required for preg-
nancy increased and the ME allowable ADG without and
with pregnancy decreased. This occurred because less
energy was available for growth because of the increased
pregnancy requirement. (The ME required for pregnancy
was 5.3 Mcal and the MP required for pregnancy was 278
g/d. The ME allowable gain without conceptus was 980 g/d
and the ME allowable gain with conceptus was 1720 g/d.)



Dry matter intake (DMI) is fundamentally important in
nutrition because it establishes the amount of nutrients
available to an animal for health and production. Actual
or accurately estimated DMI is important for the formula-
tion of diets to prevent underfeeding or overfeeding of
nutrients and to promote efficient nutrient use. Underfeed-
ing of nutrients restricts production and can affect the
health of an animal; overfeeding of nutrients increases feed
costs, can result in excessive excretion of nutrients into the
environment, and at excessively high amounts may be toxic
or cause adverse health effects.

Many factors affect voluntary DMI. Individual theories
based on physical fill of the reticulorumen (Allen, 1996;
Mertens, 1994), metabolic-feedback factors (Illius and Jes-
sop, 1996; Mertens, 1994), or oxygen consumption (Kete-
laars and Tolkamp, 1996) have been proposed to determine
and predict voluntary DMI. Each theory might be applica-
ble under some conditions, but it is most likely the additive
effect of several stimuli that regulate DMI (Forbes, 1996).

Feeds low in digestibility are thought to place constraints
on DMI because of their slow clearance from the rumen
and passage through the digestive tract. The reticulorumen
and possibly the abomasum have stretch and touch recep-
tors in their walls that negatively impact DMI as the weight
and volume of digesta accumulate (Allen, 1996). The neu-
tral detergent fiber (NDF) fraction, because of generally
low rates of digestion, is considered the primary dietary
constituent associated with the fill effect.

The conceptual framework for the metabolic-feedback
theory contends that an animal has a maximal productive
capacity and maximal rate at which nutrients can be used
to meet productive requirements (Illius and Jessop, 1996).
When absorption of nutrients, principally protein and
energy, exceeds requirements or when the ratio of nutri-
ents absorbed is incorrect, negative metabolic-feedback
impacts DML

An alternative to the metabolic theory is the theory Kete-
laars and Tolkamp (1996) proposed based on oxygen con-
sumption. This theory suggests that animals consume net
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energy at a rate that optimizes the use of oxygen and
minimizes production of free radicals that lead to aging.

In addition to the complexity and interaction of the
physical, metabolic, and chemostatic factors that regulate
DML is the psychologic and sensory ability of animals (Bau-
mont, 1996). Consistently accurate prediction of DMI in
ruminants has been difficult to achieve because a compli-
cated, diffuse, and poorly understood set of stimuli regulate
DMI. For additional discussions and reviews on intake,
see Baile and McLaughlin (1987); Forbes (1995); Ketelaars
and Tolkamp (1992a,b); Mertens (1994); National
Research Council (1987).

In lactating dairy cattle, milk production (energy expen-
diture) usually peaks 4 to 8 weeks postpartum, and peak
DMI (energy intake) lags until 10 to 14 weeks postpartum
(National Research Council, 1989). It has been debated
whether milk production is driven by intake or intake is
driven by milk production. On the basis of energy intake
regulation theory and others (Baile and Forbes, 1974; Con-
rad et al., 1964; Mertens, 1987; National Research Council,
1989), cows appear to consume feed to meet energy needs,
so intake is driven by milk production.

This increase in energy intake in response to energy
expenditure has been clearly shown in the numerous lacta-
tion studies with bovine somatotropin where DMI follows
milk production (Bauman, 1992; Etherton and Bauman,
1998).

EQUATIONS FOR PREDICTING DMI
Lactating Cows

Earlier editions of Nutrient Requirements of Dairy Cat-
tle used various approaches to predict DMI. The 1971
edition (National Research Council, 1971) simply recom-
mended feeding ad libitum during the first 6 to 8 weeks
of lactation, and then feeding to energy requirements after
that for lactating dairy cows. In 1978 (National Research
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Council, 1978), DMI guidelines were established by using
a set of selected studies to create an interpolation table.
Body weight and 4 percent fat-corrected milk were factors
used to estimate DMI, which ranged from 2 to 4 percent of
body weight. The 1989 edition (National Research Council,
1989) predicted DMI on the basis of energy requirement
theory and expressed it simply as

NE;, required (Mcal)
NE; concentration of diet (Mcal/kg)

DMI (kg) = (1-1)

where net energy of lactation (NE;) included requirements
for maintenance, milk yield, and replenishment of lost
weight. Suggested modifications for expected DMI were
an 18 percent reduction during the first 3 weeks of lactation
and DMI reduction of 0.02 kg per 100 kg of body weight
for each 1 percent increase in moisture content of the diet
above 50 percent when fermented feeds were being fed.
The DMI guidelines in the 1989 publication were based
entirely on energy balance (that is, over the long term,
energy intake must equal energy expenditure). The method
was not designed to estimate daily DMI in the short term.
It required accurate estimates of changes in body tissue
mass (although the equation was based on changes in body
weight, it assumed that body weight changes equaled
changes in body tissue mass) and accurate estimates of the
concentration of NE; in the diet. Because of changes in
gut fill and inaccurate measurements, short-term changes
in body tissue mass and the energy needed or provided
because of those changes are difficult to measure accu-
rately, as is the concentration of NE,, in the diet. To
improve the utility of this report, the present subcommittee
decided to include an empirical equation to estimate short-
term DMI.

Several DMI prediction equations have been developed
for use in the field, but only a few have been published
in the scientific literature and tested for accuracy (Fuentes-
Pila et al., 1996; Roseler et al., 1997a). The equations
reported in the literature are based on the principle that
animals consume dry matter to meet energy requirements
or are developed by regression of various factors against
observed DMI. DMI prediction equations that include
animal, dietary, or environmental factors have been devel-
oped by Holter and Urban (1992) and Holter et al. (1997).

In the approach used to develop DMI prediction equa-
tions in this edition, DMI prediction is based on actual
data with the inclusion of only animal factors, which would
be easily measured or known. Dietary components were
not included in models for lactating cows, because the
approach most commonly used in formulating dairy cattle
diets is to establish requirements and a DMI estimate
before dietary ingredients are considered. Equations con-
taining dietary factors are best used to evaluate postcon-
sumption rather than to predict what will be consumed.

DMI data published in the Journal of Dairy Science
from 1988 to 1998 (see Chapter 16 for references) and
data from Ohio State University and the University of
Minnesota (May, 1994) were used in evaluating and devel-
oping an equation for lactating Holstein dairy cows. The
data set included 17,087 cow weeks (5962 first lactation and
11,125 second lactation or greater cow weeks), a diverse set
of diets, and studies with and without bovine somatotropin
and encompassed a 10-year period from 1988 to 1997.
Weeks of lactation ranged from 1 to 80; most data were
from 1 to 40 weeks. Equations evaluated were those of
Roseler et al. (1997b) and May (1994) and an equation
reported by Rayburn and Fox (1993) based on DMI values
in the 1989 Nutrient Requirements of Dairy Cattle
(National Research Council, 1989). The best overall predic-
tion equation, based on bias (—0.27 kg/day) and mean
square prediction error (3.31 kg%day) was a combined
equation of Rayburn and Fox (1993) and an adjustment
for week of lactation developed by Roseler et al. (1997b).
The equation for predicting DMI of lactating Holstein
cows is

DMI (kg/d) = (0.372 X FCM
+ 0.0968 X BW"®)
X (1 _ e(—O‘IFJZX(\\'014+:3‘67))> (1_2)

where FCM = 4 percent fat corrected milk (kg/day), BW
= body weight (kg), and WOL = week of lactation. The
term 1 — el ~M92xXWOLES6D) adjusts for depressed DMI dur-
ing early lactation. For early lactation cows, Equation 1-2
was compared to those developed by Kertz et al. (1991)
using the validation data from Kertz et al. (1991). Dry
matter intake predictions for the first 14 weeks of lactation
are shown in Figure 1-1. Equation 1-2 predicts DMI very
closely to the actual DMI for the first 10 weeks of lactation
and then slightly under predicts DMI thereafter compared
to the general overall predictions of Kertz et al. (1991).

25
> 20
©
2
2 NRC-Equation 1-2
= —— KERTZ Equations

15 - ACTUAL

10 T T T T T T

0 2 4 6 8 10 12 14

Week of Lactation

FIGURE 1-1 Dry matter intake prediction of early lactation
cows using Equation 1-2 and Kertz et al. (1991) equations.



Equation 1-2 is based entirely on Holstein cows. No
published DMI data were available for developing or modi-
fying the current equation for use with breeds other than
Holstein. For DMI of Jersey cattle, readers are referred
to Holter et al. (1996).

No adjustment to the DMI equation for parity is needed.
The bias and mean square prediction error for primiparous
(—0.16 kg/day and 3.05 kg%day) and multiparous (0.12 kg/
day and 3.20 kg*/day) were similar and were not different
from the overall combined prediction equation statistics.
However, body weight and milk production data appro-
priate for first and second lactation animals must be used in
the equation to estimate DMI accurately for these animals.

The actual DMI, FCM, and body weight data from
animals used to develop and validate the lactating cow
DMI prediction equation are shown in Figure 1-2. Body
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weight change is based on animals becoming pregnant
by week 17 of lactation, so later weights reflect cow and
conceptus gain during the lactation.

The DMI of lactating cows is affected by environmental
conditions outside the thermal neutral zone (5 to 20°C).
Both Eastridge et al. (1998) and Holter et al. (1997) have
shown DMI decreases with temperatures above 20°C. The
equation used for predicting DMI of lactating cows (Equa-
tion 1-2) in this edition does not include a temperature or
humidity adjustment factor because of insufficient DMI
data outside of the thermal neutral zone to validate equa-
tion modifiers. However, use of lowered milk production
in Equation 1-2 during heat stress periods will reflect the
reduction in DMI commonly observed during heat stress
periods. Eastridge et al. (1998) suggested the following
changes occur in DMI when temperatures are outside of

—— Dry Matter Intake
(Multiparous Cows)

—— Dry Matter Intake
(Primiparous Cows)

5
1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46
WEEK OF LACTATION
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FIGURE 1-2
multiparous cows during 48 weeks of lactation.
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a) Dry matter intake, b) 4 percent fat corrected milk production, and c¢) body weight change of primiparous and
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the thermal neutral zone; temperatures >20°C, DMI X
(1 = ((°C = 20) X 0.005922)) and temperatures <5°C,
DMI/(1 — ((5 — °C) X 0.004644)). Application of the
Eastridge et al. (1998) adjustment factors to a DMI predic-
tion from Equation 1-2 based on lowered milk production
during periods of heat stress may result in an excessively
low prediction of DMI.

Growing Heifers

Published data on DMI of growing heifers weighing
from 60 to 625 kg are sparse. Most research studies used
fewer than 40 animals with a narrow weight range and
limited experimental observation period. Dry matter intake
equations from Quigley et al. (1986) and Stallings et al.
(1985) and calf equation from the Nutrient Requirements
of Beef Caitle (National Research Council, 1996) were
selected for initial evaluation using data from New Hamp-
shire and Minnesota where dietary composition, heifer
growth, and DMI were measured over several months.
The equation of Quigley et al. (1986) and the Nutrient
Requirements of Beef Cattle equation (National Research
Council, 1996) include dietary energy content and body
weight. An equation based only on animal parameters was
preferred to one including dietary components, however,
the only published heifer DMI equation without dietary
components found was from Stallings et al. (1985). On
evaluation, the limited animal parameter equation of Stall-
ings et al. (1985) was found to have a much larger prediction
error, especially for heifers above 350 kg, than either the
Quigley et al. (1986) or the National Research Council’s
Nutrient Requirements of Beef Cattle (1996) equation,
which had similar predictive accuracy (Table 1-1).

Because of more current evaluation and a much larger
validation data set than Quigley et al. (1986), the equation
for beef calves from the 1996 Nutrient Requirements of
Beef Cattle (National Research Council, 1996) was further
validated using a data set from Purina Mills, St. Louis,
Missouri. This data set included 2727 observations on
growing heifers ranging from 58 to 588 kg and dietary
net energy-maintenance concentrations from 1.24 to 1.55
Mcal/kg. Based on the fit of the data from the initial evalua-
tion and the validation (Figure 1-3), the National Research

TABLE 1-1 Validation Statistics for Prediction of Dry
Matter Intake by Heifers

Equation source Bias, kg/d MSPE," kgg/d

Quigley et al. (1986) —0.32 1.47
Stallings et al. (1985) —-1.32 1.90
National Research Council® (1996) Calves —0.51 1.48

“Mean square prediction error.
b Nutrient Requirements of Beef Cattle (National Research Council, 1996).

Council equation for beef cattle is recommended for pre-
dicting DMI of growing, nonlactating Holstein heifers.

DMI (kg/d) = (BW*™ X (0.2435 X NEy
— 0.0466 X NE,/’
— 0.1128)/NEy) (1-3)

where BW = body weight (kg) and NEy is net energy of
diet for maintenance (Mcal/kg).

No adjustments for breed, empty body fat, feed addi-
tives, or anabolic implant were made. There is a consider-
able difference in the DMI predicted from the growing
heifer equation (Eq. 1-3) during late gestation and the
equation used to predict DMI of heifers the last 21 days
of gestation (Eq. 9-1, Chapter 9). To avoid a large discon-
nect in DMI between days 260 and 261 in the model, the
following adjustment factor for Equation 1-3 based on days
of gestation is applied to Equation 1-3: [1 + ((210 — DG)
X 0.0025)]; where DG = day of gestation. The adjustment
is applied for utility in model usage and is not validated.
Reported information on DMI of growing heifers during
the last trimester of pregnancy is nonexistent.

Data for predicting DMI of growing heifers for breeds
other than Holstein or adjusting Equation 1-3 to fit other
breeds was not found. Likewise, there is a dearth of infor-
mation for developing adjustments to Equation 1-3 for
temperature and other environmental factors. Fox and
Tylutki (1998) modified the temperature and mud adjust-
ments listed in the Nutrient Requirements of Beef Cattle
(National Research Council, 1996) for growing dairy heif-
ers, but did not validate the adjustments because of the
lack of data. Hoffman et al. (1994) have shown that season,
type of housing, muddy conditions, length of hair, and body
condition all affect average daily gain; and adjustments to
energy requirements for gain were suggested, but effects
on DMI were not evaluated.

NUTRIENTS AND FEEDING
MANAGEMENT RELATED TO DMI
OF LACTATING DAIRY COWS

Moisture

Studies reviewed by Chase (1979) and included in the
1989 Nutrient Requirements of Dairy Cattle (National
Research Council, 1989) indicate a negative relationship
between DMI and diets high in moisture content. A
decrease in total DMI of 0.02 percent of body weight for
each 1 percent increase in moisture content of the diet
above 50 percent was indicated when fermented feeds
were included in the ration. In a study using alfalfa silage
to vary dietary DM, Kellems et al. (1991) found a trend
of reduction in DMI with increasing moisture in the diet.
Holter and Urban (1992) summarized data on 329 lactating
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FIGURE 1-3 Observed versus predicted dry matter intake of
growing dairy heifers using beef calf equation from Nutrient
Requirements of Beef Cattle (National Research Council, 1996).

cows fed diets ranging from 30 to 70 percent DM and
found that DMI was not decreased when dietary DM
decreased to below 50 percent. Most high moisture feeds
are fermented, and the decrease in DMI when they are
fed is generally thought to result from fermentation end
products and not water itself. When cows were given diets
identical in composition except for the addition of water
(78, 64, 52, or 40 percent DM in diets), DMI of cows
increased linearly (P < 0.01) as percentage DM in the
ration increased (Lahr et al., 1983). However, DMI was
not affected by soaking grain mixes in water to achieve a
dietary DM of 35, 45, or 60 percent (Robinson et al., 1990).
Published reports on the relationship between dietary DM
content and DMI are conflicting and no optimum DM
content of the diet for maximum DMI is apparent.

Neutral Detergent Fiber

Mertens (1994) suggested that NDF be used to define
the upper and lower bounds of DMI. At high NDF concen-
trations in diets, rumen fill limits DMI whereas, at low
NDF concentrations energy intake feedback inhibitors
limit DMI. Dado and Allen (1995) demonstrated the fill
relationship in cows during early lactation: 35 percent NDF
diets restrict DMI because of feed bulkiness and rumen
fill, but DMI was not limited when 25 percent NDF diets
were fed with or without inert bulk in the rumen. In a
review on feed characteristics affecting DMI of lactating
cattle, Allen (2000) summarized 15 studies and showed a
general decline in DMI with increasing NDF concentra-
tions in diets when diets exceeded 25 percent NDF. At
any particular NDF concentration in the diet, however, a
considerable range in DMI was observed suggesting the

Dry Matter Intake 7

source or sources of NDF in the diet as affected by particle
size, digestibility, and rate of passage from the reticulo-
rumen affect DMI.

The use of NDF as a variable in DMI prediction models
has been reviewed in two studies. Rayburn and Fox (1993)
concluded that DMI prediction was most accurate and
least biased when dietary NDF, particularly from forages,
was included in a model with BW, FCM, and days in milk.
However, in models for predicting DMI of lactating cows
fed high energy diets ranging in NDF from 25 to 42 percent
of DM, less than 1 percent of the variation in DMI was
accounted for by dietary NDF (Roseler et al., 1997a).

Forage to Concentrate Ratio

The ratio of forage to concentrate (F:C) in lactating dairy
cow diets has been reported to affect DMI. Many of the
study results are probably associated with the amount and
digestibility of forage fiber and a propionate limiting effect
on DMI as discussed by Allen (2000), rather than a specific
ratio of forage to concentrate. In alfalfa or orchardgrass
based diets, cows fed concentrate as 20 percent of the
dietary DM produced less milk (P < 0.01) than cows fed
diets that contained 40 or 60 percent concentrate (Weiss
and Shockey, 1991). The DMI increased linearly (P <
0.01) with increasing concentrate in diets regardless of
forage type. Digestible DM also increased linearly (P <
0.01) with increasing concentrate in the diet. Because
intake of undigested DM was not affected by the amount
of concentrate, rates of passage and digestion and physical
characteristics of the feedstuffs are probable causes of dif-
ferences in DMI.

Llamas-Lamas and Combs (1991) fed diets with three
ratios of forage (alfalfa silage) to concentrate (86:14, 71:29,
and 56:44). DMI was greatest for the diet highest in con-
centrate but similar for the other two diets. Petit and Veira
(1991) fed concentrate at either 1.3 or 1.8 percent of BW
and alfalfa silage ad libitum (F:C, 63:37 and 54:46) to
Holstein cows during early lactation. Both groups of cows
ate similar amounts of silage, but cows consuming the high-
concentrate diet gained weight, and animals consuming
the low-concentrate diet lost weight. Similar results were
observed by Johnson and Combs (1992): cows fed a 74
percent forage diet (2:1 alfalfa silage to corn silage) con-
sumed 2.7 kg less DM per day than cows fed a diet contain-
ing 50 percent forage. In general, increasing concentrate
in diets up to about 60 percent of the DM increased DMI.

Fat

Assuming that cows consume DM to meet their energy
requirements (Baile and Forbes, 1974; Mertens, 1987;
National Research Council, 1989), often less DM is con-
sumed when fat replaces carbohydrates as an energy source
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in diets (Gagliostro and Chilliard, 1991). Fats may also
decrease ruminal fermentation and digestibility of fiber
(Palmquist and Jenkins, 1980; Chalupa et al., 1984, 1986)
and so contribute to rumen fill and decrease the rate of
passage. Allen (2000) also indicated fats may contribute to
decreased DMI through actions on gut hormones, oxida-
tion of fat in the liver and the general acceptability of fat
sources by cattle.

The response in DMI to the addition of fatty acids in
lactating dairy cattle diets is dependent on the fatty acid
content of the basal diet and source of added fatty acids
(Allen, 2000). For the diets containing 5 to 6 percent total
fatty acids, the addition of oilseeds and hydrogenated fatty
acids to diets resulted in a quadratic effect on DMI with
minimums occurring at 3 and 2.3 percent added fatty acids,
respectively. Additions of tallow, grease, and calcium salts
of palm fatty acids to diets resulted in a general negative
linear decrease in DMI. Smith et al. (1993) reported rumi-
nally active fats have a greater negative effect on DMI,
ruminal fermentation, and digestibility of NDF when diets
are high in corn silage than when they are high in alfalfa hay.

Palmquist and Jenkins (1980) indicated that increased
saturation of fatty acids usually reduces the negative rumi-
nal effects associated with fats. However, Allen (2000)
found that as the proportion of unsaturated fatty acids in
the fat source increased, DMI generally decreased. Most
all of the studies that Allen (2000) cited fed the calcium
salts of palm fatty acids. However, total digestible energy
intake in many of the studies was not reduced, as digestibil-
ity of the calcium salts of palm fatty acids was high and
greater than hydrogenated palm fatty acid comparisons.

While the trend is for a reduction in DMI with the
addition of fatty acids to diets (Allen, 2000; Chan et al.,
1997; Elliot et al., 1996; Garcia-Bojalil et al., 1998; Jenkins
and Jenny, 1989; Rodriguez et al.,, 1997), some studies
(Pantoja et al., 1996; Skaar et al., 1989) have reported
increases in DMI. Potential reasons for increased DMI
with fat addition is a lower heat increment during periods
of heat stress and/or a reduction in propionate inhibition
on DMI when fat is substituted for grain (Allen, 2000).

COW BEHAVIOR, MANAGEMENT, AND
ENVIRONMENTAL FACTORS AFFECTING
FEED INTAKE

Eating Habits and Cow Behavior

Dado and Allen (1994) studied eating habits of lactating
dairy cows housed in a tie-stall barn. Twelve Holstein cows
ranging in milk production from 22 to 45 kg/d were moni-
tored during the ninth week of lactation. The six highest-
producing cows averaged 11 kg more milk per day and
consumed about 6 kg more DM per day than the lowest-

producing six cows. The time spent eating (average, 300
minutes/day) and the number of meals (average, 11/day)
did not differ between the two groups, but the high-pro-
ducing cows consumed more DM per meal than did the
low-producing cows (2.3 vs. 1.7 kg). High-producing cows
ruminate fewer times per day (13 vs. 14.5 times/day) but
ruminate an average of 5 min more per rumination period
than low-producing cows.

Grouping cows according to their nutrient requirements
can decrease the variation in DMI among cows within
the group. The DMI shown in Figure 1-2 illustrates the
difference between primiparous and multiparous cows in
total DMI and pattern of DMI during lactation. Primipa-
rous cows do not peak in DMI as early in lactation, but they
are more persistent in DMI after peak than are multiparous
cows. Thus, primiparous and multiparous cows should be
grouped separately because of differences in DMI and
social hierarchy. Primiparous cows are usually more timid
and of lower social rank in the herd initially, but they
gradually rise in social rank as more cows enter the herd
or as older cows leave (Wierenga, 1990). Phelps and Drew
(1992) reported an increase of 725 kg in milk over a 305-
day lactation for first-lactation animals when grouped sepa-
rately instead of being mixed in with older cows.

Behavior at the feed bunk is often affected by social
dominance. Dominant cows, usually older and larger, tend
to spend more time eating than do cows with a lower social
rank in a competitive situation , such as when bunk space
is restricted (Albright, 1993). Socially dominant animals,
not necessarily the highest producers, tend to consume
more feed at the bunk in these situations (Friend and
Polan, 1974). In a situation of competition for feed, cows
consume slightly more feed but do it in less time per day
than when there is no competition and access to feed is
ample (Olofsson, 1999).

In 1993, Albright (1993) recommended at least 46 cm
of bunk space per cow. Friend et al. (1977) evaluated bunk
spaces of 50, 40, 30, 20, and 10 cm per cow, for early
lactation cows with mature equivalent productions of 7,700
to 10,000 kg/year. Average time spent at the feed bunk
(3.7 hours/day) did not decrease until only 10 cm of space
per cow was available (Table 1-2). When there was 20 or
10 cm per cow, the correlation of dominance to duration
of eating periods increased. The optimal or critical feed
bunk space needed is probably not a constant number
and will depend on competition between cows, the total
number of cows having access to the feed space, and the
availability of feed over a 24-hour period.

For growing dairy heifers, feed-bunk space requirement
varies with age. Longenbach et al. (1999) found that rapid
growth in growing heifers fed a total mixed diet could be
maintained in young heifers (4 to 8 months old) with 15
cm of bunk space. But, by the age of 17 to 21 months,



TABLE 1-2  Effect of Bunk Space Per Cow on
Feeding Behavior and Intake of Early Lactation Cows*

Feed Bunk Length Per Cow (cm)

50 40 30 20 10
Time at feed bunk, h 3.82 3.73 373 3.76 257"
Correlation of time with 046 032 030 0.67° 0.714

social dominance

Percentage of time at feed 215 269 346 519 70.6
bunk, %

Daily feed intake, kg of DM~ 175 176 178 16.9 15.7

“From Friend et al. (1977).

b Differs from 50 em feed bunk/cow.
“Differs from zero (P < 0.05).
4Differs from zero (P < 0.01).

feed bunk space needed to be similar (47 cm) to that
recommended for lactating cows.

Cattle prefer mangers that allow them to eat off a smooth
surface in a natural grazing position. Albright (1993) cited
evidence showing cows eating with their heads down pro-
duce 17 percent more saliva than cows eating with their
heads in a horizontal position. Feed-wasting activities asso-
ciated with elevated bunks, such as feed tossing, are elimi-
nated when cows eat with their heads down (Albright,
1993).

Weather

The thermal neutral zone of dairy cattle is about 5 to
20°C, but it varies among animals. Temperatures below or
above the thermal neutral range alter intake and metabolic
activity. Young (1983) stated ruminants adapt to chronic
cold stress conditions by increasing thermal insulation,
basal metabolic intensity, and DMI. Rumination activity,
reticulo-rumen motility, and rate of passage are also
increased (Young, 1983). However, in extreme cold, DMI
does not increase at the same rate as metabolism, so animals
are in a negative energy balance and shift energy use from
productive purposes to heat production.

A rise in ambient temperature above the thermal neutral
zone decreases milk production because of reduced DMI.
Holter et al. (1997) found pregnant multiparous middle-
to late-lactation Holstein cows decreased DMI more (22
percent) than primiparous cows (9 percent) at the same
stage of lactation and pregnancy when subjected to heat
stress. A decrease in DMI up to 55 percent of that eaten
in the thermal neutral zone along with an increase of 7 to
25 percent in maintenance requirement has been reported
for cows subjected to heat stress (National Research Coun-
cil, 1981). Water consumption of cattle increases as ambi-
ent temperature increases up to 35°C, but further tempera-
ture increases decrease water consumption because of
inactivity and low DMI. Similar effects as those observed
under high temperature conditions can be seen in cattle
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at temperatures as low as 24°C with high humidity (Cop-
pock, 1978).

Feeding Method-Fotal Mixed Ration vs. Individual
Ingredient

The goal of any feeding system or method is to provide
the opportunity for cows to consume the amount of feed
specified in a formulated diet. Considerations in the choos-
ing of a feeding system should include housing facilities,
equipment necessities, herd size, labor availability, and
cost. Nutrients can be effectively supplied by feeding either
a total mixed ration (TMR) or individual ingredients. A
TMR allows for the mixing of all feed ingredients together
based on a prescribed amount of each ingredient. When
consumed as a TMR without sorting of ingredients, more
even rumen fermentation and a better use of nutrients
should occur than feeding of separate ingredients. Compu-
terized or electronic feeders reduce the labor involved in
individual-concentrate feeding and provide an opportunity
to control and regulate concentrate feeding to cows
through several small amount feedings each day. Limita-
tions to feeding forages and concentrates separately are
the forages as they are usually provided free-choice and
the amount fed is usually unknown or individual cow
amounts are calculated from a group average intake. Maltz
et al. (1992) reported that cows fed a TMR or concentrate
by computer feeders did not differ in milk production (32.7
vs. 32.7 kg/d) or differ much in DMI (19.7 vs. 20.4 kg/d)
during the first 20 weeks of lactation. Allocation of concen-
trates through a computer feeder based on milk yield per
unit of body weight was more successful in economizing
on concentrate feeding without losses in milk production
and management of body weight than allocation only by

milk yield.

Feeding Frequency

It has been suggested that increasing the frequency of
offering feed to cows increases milk production and results
in fewer health problems. Gibson (1981) concluded in a
review on feeding frequency that changing from one or
two offerings of feed per day to four increased average
daily gain of cattle by 16 percent and increased feed use
by 19 percent. Improvements in gain or feed use were
greatest when cattle were fed high-concentrate diets. In a
review of 35 experiments on feeding frequency in lactating
dairy cows, Gibson (1984) reported that increasing feedings
to four or more times per day compared to once or twice
increased milk fat percentage by an average of 7.3 percent
and milk production 2.7 percent. Higher milk fat concen-
tration with increased feeding frequency also was reported
by Sniffen and Robinson (1984). The benefit of increased
feeding frequency might be more stable and consistent
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ruminal fermentation. When Robinson and McQueen
(1994) fed a basal diet two times per day and then a protein
supplement two or five times per day, production and
composition of milk were not affected by the frequency of
feeding protein supplement, but both pH and propionate
concentration in the rumen were higher with five than
with two feedings per day. Klusmeyer et al. (1990) reported
that ruminal fermentation pattern and production of milk
and milk components were not improved by increasing
feedings from two to four times per day. Similar results
were found with the feeding of concentrate two or six times
per day as milk production, milk-component yield, DMI,
or ruminal fermentation characteristics were not affected
(Macleod et al., 1994). Fluctuations in diurnal patterns
of ruminal metabolites probably have to affect microbial
growth and fermentation adversely before a benefit of
increasing feedings to more than two times per day will
be seen.

All of the studies reviewed for feeding frequency
involved the actual offering of new feed to cattle and not
the pushing in of existing feed to the manger. Whether
the act of pushing feed in stimulates the same effects as the
offering of new feed is unknown. In the study of Macleod et
al. (1994), whenever fresh concentrate was offered to the
cows fed concentrate six times per day, cows fed concen-
trate only twice per day would begin eating also, suggesting
the act of feeding, or maybe pushing in feed, has a stimulat-
ing affect on eating.

Sequence of Feeding

Sniffen and Robinson (1984) hypothesized the following
reasons for feeding forages as the first feed offered in
the morning before concentrates. The feeding of highly
fermentable carbohydrates to cows that have been without
feed for over 6 hours could cause acidotic conditions in the
rumen depressing feed intake and fiber digestion. Feeding
forage(s) as the first feed in the morning before other
feedstuffs would allow for the formation of a fiber mat in
the rumen and provide buffering capacity in the rumen
from both the forage and the increased salivation associated
with forage consumption. Forages of medium to long chop
length were advocated as they should prolong eating and
thereby increase salivation and reduce particle passage
from the rumen. However, evidence to support this
hypothesis is lacking. In two studies (Macleod et al., 1994;
Nocek, 1992) where legume forages were fed before con-
centrates, no effects on rumen fermentation characteris-
tics, rumen pH or milk production were found. In both
studies, feeding forage after concentrates resulted in a
numerical increase in DMI compared to feeding forage
before concentrate.

Access to Feed

Maximal DMI can only be achieved when cows have
adequate time for eating. Data from Dado and Allen (1994)
indicated early lactation cows (63 days in milk) producing
23 to 44 kg of milk per day fed a TMR ad libitum ate an
average of 5 hours per day. Feed intake occurred during
9 to 13 (average of 11) eating bouts per day that averaged
29 minutes per bout. Mean DMI at each eating bout was
about 10 percent of the total daily DMI, which ranged
from 15 to 27 kg/day. Cows in this study (Dado and Allen,
1994) were housed in tie-stalls and had access to feed 22
of 24 hours per day. This study demonstrates there is a
considerable difference in eating behavior between cows
in a non-competitive feed environment and that the acces-
sibility of feed must be considerably more than the 5 hours
of actual eating time per day. Martinsson (1992) and Mar-
tinsson and Burstedt (1990) found that limiting the access
of feed to 8 hours a day decreased milk production of cows
averaging about 25 kg/day by 5 to 7 percent compared
with cows that had free-choice access to feed.
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ENERGY REQUIREMENTS OF
LACTATING AND PREGNANT COWS

Energy Units

Energy requirements for maintenance and milk produc-
tion are expressed in net energy for lactation (NE;) units.
The net energy for lactation system (Moe and Tyrrell,
1972) uses a single energy unit (NE; ) for both maintenance
and milk production because metabolizable energy (ME)
was used with similar efficiencies for maintenance (0.62)
and milk production (0.64) (Moe and Tyrrell, 1972) when
compared with directly measured fasting heat production
(Flatt et al., 1965). The energy values of feed are also
expressed in NE; units. Thus in the tables in Chapter 14
and in the computer model, one feed value (NE,) is used
to express the requirements for maintenance, pregnancy,
milk production, and changes in body reserves (not growth)
of adult cows.

ENERGY VALUES OF FEEDS

The method used to obtain and express feed energy
values in this edition is substantially different from that
used in previous versions. In the 6" revised edition of the
Nutrient Requirements of Dairy Cattle (National Research
Council, 1989), feedstuffs were assigned total digestible
nutrient (TDN) values that had been determined experi-
mentally using similar feeds. The concentrations of digest-
ible energy (DE), ME, and NE_ for each feedstuff were
then calculated from the TDN value using Equations 2-1,
2-2, and 2-3. Equations 2-1 and 2-2 assume intake is the
same for the independent and dependent variables (e.g.,
both at one times maintenance or 1X). Equation 2-2
was derived with cows fed at 3 times maintenance (3X),
and questions have been raised (Vermorel and Coulon,
1998) about its accuracy when used to convert DE to
MEx. Equation 2-3 converts TDNx to NE 3 assuming
an 8 percent reduction in digestibility at 3X maintenance.
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DE (Mcal/kg) = 0.04409 X TDN(%) (2-1)
ME (Mcal’kg) = 1.01 X DE (Mcalkg) — 045 (2-2)
NE; (Mcal/kg) = 0.0245 X TDN(%) — 0.12  (2-3)

The problems with this approach are:

® Most of the experimentally determined TDN values
currently available in feed composition tables are from
experiments conducted many years ago; however, other
composition data have been updated. The TDN values in
the table may not correspond to the feed with the nutrient
composition given in Table 15-1.

® A published TDN value is only appropriate when the
nutrient composition of the feed is essentially the same as
that for the feed used in the digestibility trial.

® For many feeds, TDN cannot be measured directly
because the feed cannot comprise a major portion of the
diet. Calculating TDN using the difference method can
lead to inaccurate (because of associative effects) and
imprecise estimates of TDN.

® Very few ME and NE; values of individual feedstuffs
are available; rather ME and NE; values of mixed diets
are measured. The equations used to convert TDN to ME
and NE; were derived for complete diets, and the TDN
for many feedstuffs are outside of the range for TDN
values of the diets used to generate the equations, and the
equations may not be linear over a wide range of TDN.

® A constant discount of 8 percent as calculated in Equa-
tion 2-3 assumes all cows are consuming at 3X mainte-
nance. Based on the normal distribution of milk production
among herds, the mean energy intake for a herd may range
from 2 to more than 4X maintenance.

Because of these problems, the TDN values at 1X mainte-
nance (TDXy) in Table 15-1 and in the software dictionary
were calculated from composition data rather than being
experimentally determined. In addition, NE; values are
calculated based on actual intake and the digestibility of
the entire diet. In Table 15-1, NE, values for individual
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feeds are shown assuming intake at 3 and 4X maintenance
and a total diet TDNx of 74 percent. The NE; of diets
formulated using the NE; values in Table 15-1 may be
different than the NE; of diets formulated by the computer
model because intake and digestibility discount (estimated
from total diet TDXx) may be different from those
assumed in Table 15-1.

Estimating TDN of Feeds at Maintenance

A summative approach was used to derive the TDNx
values in Table 15-1. In this approach, the concentrations
(percent of dry matter) of truly digestible nonfiber carbohy-
drate (NFC), CP, ether extract (EE), and NDF for each
feed are estimated (Weiss et al., 1992) using Equations 2-
4a, 2-4b, 2-4c, 2-4d, 2-4e. Ether extract does not represent
anutritionally uniform fraction and therefore does not have
a constant digestibility across feedstuffs. Fatty acids (FA)
are a uniform fraction with a true digestibility of 95 to100
percent when diets contain 3 percent or less EE (Palm-
quist, 1991). A value of 100 percent digestibility was cho-
sen. FA content of feed can be estimated as FA = EE —
1 (Allen, 2000). A more accurate approach would be to
measure FA directly; however, limited data prevented the
inclusion of FA data in Table 15-1. In all equations listed
below, measured FA or EE — 1 can be used to represent
the FA fraction.

Truly digestible NFC (tdNFC)
= 0.98 (100 — [(NDF — NDICP)
+ CP + EE + Ash]) X PAF (2-4a)

Truly digestible CP for forages (tdCPf)

= CP X 6Xp[-1.2 X (ADICP/CP)] (2-4b)
Truly digestible CP for concentrates (tdCPc)

= [1 — (0.4 X (ADICP/CP))] X CP (2-4c¢)
Truly digestible FA (tdFA)

= FA Note: If EE <1, then FA = 0 (2-4d)
Truly digestible NDF (tdNDF)

= 0.75 X (NDFn — L)

X [1 — (L/NDFn)'%7] (2-4¢)

In Equations 2-4a, 2-4b, 2-4c, 2-4d, 2-4e, NDICP =
neutral detergent insoluble N X 6.25, PAF = processing
adjustment factor (see below), ADICP = acid detergent
insoluble N X 6.25, FA = fatty acids (ie., EE — 1), L
= acid detergent lignin, and NDFn = NDF — NDICP.
All values are expressed as a percent of dry matter (DM).

Note: Digestible NDF can be obtained using a 48-hour
rumen in vitro assay. The in vitro NDF digestibility is
entered into the model when the software is used and that
value is used to calculate digestible NDF at maintenance.

Equations 2-4a, 2-4b, 2-4c, 2-4d, and 2-4e are based on
true digestibility, but TDN is based on apparent digestibil-
ity; therefore, metabolic fecal TDN must be subtracted
from the sum of the digestible fractions. Weiss et al. (1992)
determined that, on average, metabolic fecal TDN
equalled 7. The TDNx is then calculated using Equation
2-5.

TDNx (%) = tdNFC + tdCP
+ (tdFA X 2.25) + tdNDF — 7 (2-5)

Equations 2-4 and 2-5 were used to calculate TDNx,
for most, but not all, feedstuffs in Table 15-1. Different
equations are used to estimate TDN for animal protein
meals and fat supplements (see below).

EFFECT OF PROCESSING ON NFC DIGESTIBILITY

Physical processing, and heat and steam treatment of
feeds usually does not greatly change their composition as
measured by conventional feed testing assays but often
increases the digestibility of starch (see Chapter 13). To
account for the effect of processing and some other non-
chemical factors on starch digestibility, an empirical
approach was used. Based on in vivo digestibility data (see
Chapter 13), a processing adjustment factor (PAF) was
developed (Table 2-1). Expected true digestibility of NFC
at 1X maintenance is about 0.98 and 0.90 at 3X mainte-
nance (approximately the feeding level used in the digest-
ibility studies) (Tyrrell and Moe, 1975; Van Soest, 1982).

TABLE 2-1  Processing Adjustment Factors (PAF)

for NFC*

Feedstuff PAF
Bakery waste 1.04
Barley grain, rolled 1.04
Bread 1.04
Cereal meal 1.04
Chocolate meal 1.04
Cookie meal 1.04
Corn grain, cracked dryh 0.95
Corn grain, groundb 1.00
Corn grain, ground high moisture” 1.04
Corn and cob meal, ground high moisture” 1.04
Corn grain, steam flaked® 1.04
Corn silage, normal 0.94
Corn silage, mature 0.87
Molasses (beet and cane) 1.04
Oats grain 1.04
Sorghum grain, dry rolled 0.92
Sorghum grain, steam-flaked? 1.04
Wheat grain, rolled 1.04
All other feeds 1.00

“See Chapter 13 for details on how values were calculated. For feeds not shown,
PAF = 1.0.

bMean of several experiments, actual PAF depends on particle size. Finer grinding
will increase PAF.

“Mean density of 0.36 kg/L; PAF should be negatively correlated with density.

IMean density of 0.36 kg/L; PAF should be negatively correlated with density.



The PAF was calculated by dividing in vivo starch digest-
ibility of different feeds by 0.90. The PAF is used only for
NFC. The PAF adjustment will result in overestimation
of energy values in some feeds when fed at maintenance,
but NE, values when fed at 3 times maintenance should
be correct.

ANIMAL PROTEIN MEALS

Animal products contain no structural carbohydrates;
however, certain animal products contain substantial
amounts of neutral detergent insoluble residue. Because
this material is not cellulose, hemicellulose, or lignin, the
above equations cannot be used. For those feeds, TDNx
was estimated using Equation 2-6.

TDN (%) = CPdigest X CP + FA
X 2.25 + 0.98(100 — CP
— Ash — EE) — 7 (2-6)

Where CPdigest = estimated true digestibility of CP
(Table 2-2) and FA = EE — 1. The CPdigest values are
from Table 15-2 assuming an intake of 2 percent of body
weight (BW). The method used to obtain those values is
explained in Chapter 5.

TABLE 2-2  True Digestibility Coefficients of CP
Used to Estimate TDNx Values of Animal-Based
Feedstuffs

Feedstuff True Digestibility
Blood meal, batch dried 0.75
Blood meal, ring dried 0.86
Hydrolyzed feather meal 0.78
Hydrolyzed feather meal with viscera 0.81
Fish meal (Menhaden) 0.94
Fish meal (Anchovy) 0.95
Meat and bone meal 0.80
Meat meal 0.92
\Vhey 1.00

FAT SUPPLEMENTS

The TDNx values of different fat supplements were
calculated from measured fatty acid digestibility. Partial
digestion coefficients (Table 2-3) of fatty acids from supple-

TABLE 2-3 True Digestibilities at Maintenance
(assumed 8 percent increase in digestibility compared
with 3X maintenance) of Fatty Acids from Various
Fat Sources

Fat Fat type Mean % SD N
Calcium salts of fatty acids Fatty acids 0.86 011 15
Hydrolyzed tallow fatty acids Fatty acids 0.79 0.08 9
Partially hydrogenated tallow Fat plus glycerol —0.43 013 9
Tallow Fat plus glycerol  0.68 0.13 10

Vegetable oil Fat plus glycerol 0.86 —  —
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mental fat sources were determined indirectly by differ-
ence [(additional fatty acid intake during fat supplementa-
tion minus additional fecal fatty acid output during fat
supplementation)/(additional fatty acid intake during fat
supplementation); Grummer, 1988]. Assumptions associ-
ated with this method are that endogenous lipid remains
constant, and digestibility of fatty acids in the basal diet
does not change when supplemental fat is fed. For fat
sources containing triglycerides (tallow, partially hydroge-
nated tallow, and vegetable oil), ether extract was assumed
to contain 90 percent fatty acids and 10 percent glycerol,
and the glycerol was assumed to be 100 percent digestible
at 1X. In the experiments used to determine fat digestibil-
ity, cows were fed at approximately 3X maintenance.
Therefore, the original values were divided by 0.92 to
adjust values to TDNx. After adjusting digestibility for
intake (Table 2-3), digestible fat was multiplied by 2.25 to
convert to TDNx (Equations 2-7a and 2-7b).

For fat sources that contain glycerol:
TDNx (%) = (EE X 0.1) + [FAdigeSt
X (EE X 0.9) X 2.25] (2-7a)

For fat sources that do not contain glycerol:

TDNix (%) = (EE X FAdigest) X 2.25 (2-7b)

where FAdigest = digestibility coefficients for fatty acids
(Table 2-3).

Estimating DE of Feeds

Crampton et al. (1957) and Swift (1957) computed that
the gross energy of TDN is 4.409 Mcal/kg. Because nutri-
ents have different heats of combustion (e.g., 4.2 Mcal’kg
for carbohydrates, 5.6 Mcal/kg for protein, 9.4 Mcal/kg for
long chain fatty acids, and 4.3 Mcal/kg for glycerol; May-
nard et al., 1979), the gross energy value of TDN is not
constant among feeds. The gross energy of TDN of a feed
that has a high proportion of its TDN provided by protein
will be greater than 4.409. Conversely the gross energy of
TDN of a feed with a high proportion of its TDN provided
by carbohydrate or fat will be less than 4.409. Therefore,
the calculation of DE as 0.04409 X TDN (percent) as in
the previous edition (National Research Council, 1989)
was abandoned. Digestible energy was calculated by multi-
plying the estimated digestible nutrient concentrations
(Equations 2-4a through 2-4e) by their heats of combus-
tion, as shown in Equations 2-8a, 2-8b, 2-8¢, and 2-8d.
Since DE is based on apparent digestibility and Equations
2-4a through 2-4e are based on true digestibility, a correc-
tion for metabolic fecal energy is needed. The heat of
combustion of metabolic fecal TDN was assumed to be
4.4 Mcal/kg; metabolic fecal DE = 7 X 0.044 = 0.3
Mcal/kg.
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For most feeds:
DEx (Mcal/kg) = (tdNFC/100)
X 4.2 + (tdNDF/100) X 4.2 + (tdCP/100) (2-8a)
X 56 + (FA/100) X 94 — 0.3

For animal protein meals:
DE x (Mcal/kg) = (tdNFC/100) X 4.2
+ (tdCP/100) X 5.6 + (FA/100)

X 94 — 03 (2-8b)

For fat supplements with glycerol:
DEx (Mcal/kg) = 9.4 X (FAdigest X 0.9
X (EE/100)) + (43 X 0.1 X (EE/100))  (2-8c)

For fat supplements without glycerol:
DE;x (Mcal/kg) = 9.4 X FAdigest
X (EE/100) (2-8d)

In the above Equations, 2-8a through 2-8d, tdNFC,
tdNDF, tdCP, and FA are expressed as percent of DM.

In Equation 2-8b protein digestibilities are from Table
2-2. For Equations 2-8c and 2-8d, fatty acid digestibilities
(FAdigest) are from Table 2-3. Because the method used
to estimate those values already accounts for the difference
between apparent and true digestibility, the 0.3 adjustment
is not needed in Equations 2-8c and 2-8d.

Estimating DE at Actual Intake

The digestibility of diets fed to dairy cows is reduced
with increasing feed intake (Tyrrell and Moe, 1975). This
reduces the energy value of any given diet as feed intake
increases. This is particularly important in today’s high
producing dairy cows where it is not uncommon for feed
intake to exceed 4 times maintenance level of intake. The
rate of decline in digestibility with level of feeding has
been shown to be related to digestibility of the diet at
maintenance (Wagner and Loosli, 1967). Diets with high
digestibility at maintenance exhibit a greater rate of depres-
sion in digestibility with level of feeding than diets with
low digestibility fed at maintenance. Previous National
Research Council reports (National Research Council,
1978, 1989) used a constant depression of 4 percent per
multiple of maintenance to adjust maintenance energy val-
ues to 3X maintenance energy values. Using this method
of discounting, the percentage unit decline in TDN for a
diet containing 75 percent TDNx would be 3 percentage
units per multiple of maintenance, while the depression
for a diet containing 60 percent TDN x would be 2.4 units.
The differences in rate of depression in digestibility are
generally negligible for diets having maintenance TDN
values of 60 percent or less.

Figure 2-1 shows the relationship between digestibility
at maintenance and the percentage unit decline in digest-
ibility per multiple of maintenance feeding from literature
reports (Brown, 1966; Colucci, et al., 1882; Moe et al.,

Percentage Unit Decline in TDN
N
1

55 60 65 70 75 80
Maintenance TDN

FIGURE 2-1 The relationship between feeding level expressed

as multiples of maintenance and the unit decline in diet TDN

per multiple of maintenance where TDN percentage unit decline
= 0.18 X —10.3, r* = 0.85.

1965; Tyrrell and Moe, 1972; 1974; 1975; Wagner and
Loosli, 1967). It was apparent that the rate of decline in
digestibility with level of feeding was a function of the
maintenance digestibility of the diets fed: TDN percentage
unit decline = 0.18 X TDNx —10.3 (r> = 0.85). Because
DE, not TDN, is used to calculate ME and NE,, this
equation was converted so that a percent discount, not a
TDN percentage unit discount, was calculated:

Discount = [(TDNlX - [(018 X TDND\)
~ 10.3]) X Intake))/TDNx (2-9)

where TDNx is as a percent of dry matter and is for the
entire diet, not the individual feed, and intake is expressed
as incremental intake above maintenance (e.g., for a cow
consuming 3X maintenance, intake above maintenance =
2). For example, for a cow consuming a diet that contains
74 percent TDN x at 3X intake, digestibility would be
expected to be 0.918 times the value obtained at
maintenance.

Based on Equation 2-9, a diet with a TDNx of 57.2
would exhibit no depression in digestibility with level of
intake. Based on Figure 2-1, the discount for diets with
60 percent or less TDN x is negligible; therefore, for diets
with 60 percent or less TDNx the discount was set to 1.0
(i.e., no discount was applied). Furthermore, a maximum
discount was set so that discounted diet TDN could not
be less than 60 percent. Data on effects of intake much
greater than 4X maintenance are lacking. Vandehaar (1998)
suggested that the effect of intake on digestibility is not
linear, but rather the digestibility discount increases at a
decreasing rate as feed intake increases. The possibility of
a nonlinear response was one reason the minimum dis-
counted TDN was set at 60 percent. Data are needed on
the effects of very high intake on digestibility. The data
in Figure 2-1 were generated with diets not containing
supplemental fat. It was assumed that increasing TDNx
by increasing dietary fat above 3 percent would not affect



the digestibility discount. Therefore the TDNx value, used
only for the discount calculation, does not include TDN
provided by dietary fat in excess of 3 percent. Diets with
TDNx of 62, 67, 72, and 77 percent would exhibit a 0.9,
1.8, 2.7, and 3.6 percentage unit decline in TDN, respec-
tively, per multiple of maintenance feeding. The percent
decline in digestibility in the respective diets would be
1.5, 1.8, 3.8, and 4.7 percent. This adjustment is used
continuously across all levels of feeding as contrasted to
constant adjustment to 3X level of feeding used in the 1989
National Research Council report. The DE x for each feed
was determined and then multiplied by the discount factor
obtained using Equation 2-9 to calculate DE at productive
levels of intake (DE,).

Estimating ME at Actual Intake

Equation 2-2 was derived to convert DE into ME when
cows were fed at production levels of intake. Therefore
ME at production levels of intake (ME,) should be calcu-
lated from DE,. Equation 2-2 was developed with diets
containing about 3 percent ether extract, but because the
efficiency of converting DE from fat into ME is approxi-
mately 100 percent (Andrew et al., 1991; Romo et al.,
1996), Equation 2-2 underestimates ME of high fat diets.
A theoretical approach was used to adjust ME values of
feeds with more than 3 percent EE. Assuming a feed
with 100 percent EE has ME = DE and subtracting that
equation from Equation 2-2 (1.01 X DE — 0.45) and
dividing by the change in EE concentration (100 — 3)
yields the expression: 0.000103 X DE + 0.00464 change
in ME per increase in EE content (percentage unit). The
DE term was assumed to be negligible; therefore, ME,
values of feeds with more than 3 percent EE were
increased by 0.0046 per percentage unit increase in EE
content above 3 percent (Equation 2-10). For feeds with
less than 3 percent EE, Equation 2-2 is used to calcu-
late ME,.

ME, (Mcal’kg) = [1.01 X (DE,) — 0.45]

+ 0.0046 X (EE — 3) (2-10)

where DE, is Mcal/kg and EE is percent of DM.
For fat supplements, ME, (Mcal’kg) = DE, (Mcal/kg).

Estimating NE;, at Actual Intake

The use of Equation 2-3 to estimate NE; has been
criticized because it results in essentially equal efficiencies
of converting DE to NE, for all feeds (Vermorel and Cou-
lon, 1998). Using Equation 2-3, a feed with 40 percent
TDN (DE = 1.76 Mcal/kg) has an efficiency of converting
DE to NE, 5 of 0.49 and for a feed with a TDN of 90
percent (DE = 3.97 Mcal/kg), the efficiency is 0.53. That
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range in efficiencies is less than would be expected among
feeds when DE is converted to NE;. To overcome this
problem, an equation derived by Moe and Tyrrell (1972)
to convert ME, to NE at production levels of intake (NE,)
was chosen to replace the previous TDN-based NE;,
equation.

NE,;, (Mcal’kg) = [0.703 X ME, (Mcal/kg)]

- 0.19 (2-11)

A modification was made to adjust for improved metabolic
efficiency of fat. The average efficiency of converting ME
from fat to NE; is 0.80 [sd = 0.05; N = 3; (Andrew et al.,
1991; Romo et al., 1996)]. The same approach as discussed
above to adjust ME, for fat content was used to account
for increased efficiency of converting ME from fat to NE;.
The resulting term was: (0.097 X ME, + 0.19)/97 increase
in NE;, per percentage unit increase in feed EE content
above 3 percent (Equation 2-12). For feeds with less than
3 percent EE, Equation 2-11 is used to calculate NEy,.

NE,;, (Mcalkg) = 0.703 X ME, — 0.19
+ ([(0.097 X ME,
+ 0.19)97] X [EE — 3])

where ME, is Mcal/kg and EE is percent of DM.

(2-12)

For fat supplements, NE;, (Mcal’kg) = 0.8 X ME,
(Mcal/kg).

Estimating Net Energy of Feeds for Maintenance and
Gain

The equations used to estimate the net energy for main-
tenance (NEy) and net energy for gain (NE¢) used for
beef cattle (National Research Council, 1996) were
retained. The NEy and NE content of feeds assumed dry
matter intake at 3 times maintenance and are calculated
by multiplying DEx (described above) by 0.82 to obtain
ME (National Research Council, 1996). That ME value
is then converted to NEy and NE using the following
relationships (Garrett, 1980):

NEy = 1.37 ME — 0.138 ME?

+ 0.0105 ME? — 1.12 (2-13)
NEq = 1.42 ME — 0.174 ME?
+ 0.0122 ME? — 1.65 (2-14)

where ME, NE,;, and NE are expressed in Mcal/kg.

Those equations are not appropriate for fat supplements.
For those feeds, ME, = DE,, and the same efficiency
(0.80) of converting ME to NE;, was used to convert ME
to NE,.. The efficiency of converting ME to NE was set
at 0.55 for fat supplements. The method used to calculate
feed energy values for calves weighing less than 100 kg is
described in Chapter 10.
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Comparison of New NE; Values with Values from
1989 Edition

For feedstuffs in Table 15-1, NE; values were calculated
using the approach outlined above for cows fed at 3X
maintenance and compared with values in Table 7-1 in the
previous edition of the Nutrient Requirements of Dairy
Cattle (National Research Council, 1989). The mean NE;,
value for all feeds listed in Table 15-1 is 2 percent lower
than the mean NE; value for the same feeds in the 6%
revised edition of Nutrient Requirements of Dairy Cattle
(National Research Council, 1989). Although on average
the values are similar, some marked differences exist. In
general, forages, especially lower quality forages, have
lower NE; values, high protein feeds have higher NE;
values, and starchy concentrates have values similar to
those in the previous edition (National Research Council,
1989). The NE, for cottonseeds is about 16 percent lower
and the value for roasted soybeans is about 25 percent
higher than in the previous edition. In the previous edition,
cottonseeds had more NE, than roasted soybeans; how-
ever, cottonseed has much more NDF (50 vs. 22 percent),
more lignin (13 vs. 3 percent), and less CP (23 vs. 43
percent). The NDF in cottonseed hulls, which provide
most of the NDF in whole cottonseeds, has a low digestibil-
ity. These differences in composition and fiber digestibility
imply that soybeans should provide more energy than cot-
tonseeds. Because of differences in the ability of soybeans
and cottonseeds to stimulate chewing and rumination, in
low fiber diets, cottonseed may reduce negative associative
effects and appear to have more energy than soybeans.
Diets including whole cottonseeds and roasted soybeans
were included in the evaluation of the software model
(Chapter 16). Although data are very limited, estimated
NE;, provided by those diets did not deviate greatly from
estimated NE;, expenditures.

Using two different methods, the NE;, values for feeds
in the 6" revised edition of the Nutrient Requirements of
Dairy Cattle (National Research Council, 1989) were
found to be about 5 percent (Weiss, 1998) and 5 to 7
percent (Vermorel and Coulon, 1998) too high. When NE;,
values were calculated as described above and applied to
the data set of Weiss (1998), the overestimation of feed
energy was reduced from 5 percent to 1.2 percent. Dhiman
etal. (1995) conducted an experiment with cows fed differ-
ent ratios of alfalfa silage and concentrate (ground high
moisture ear corn and soybean meal) for the entire lacta-
tion. Based on the nutrient composition of their feeds
and calculated energy balance, NE,, values for the diets
calculated using Equation 2-12 ranged from + 5.6 percent
to —7.3 percent with a mean bias of 0 percent. For the
four diets used by Tyrrell and Varga (1987), the calculated
NE; values (Equation 2-11) ranged from 1.3 to 5.1 percent
higher than measured values (mean bias was 2.8 percent).

For the four diets used by Wilkerson and Glenn (1997),
the calculated values ranged from 7 percent lower to 1.2
percent higher than measured values (mean bias was 3.5
percent).

Precautions

The energy values for feeds and diets are based mostly
on chemical characteristics of the feed and assume that
feed characteristics limit energy availability. Composition
of the total diet and dry matter intake have marked
effects on digestibility and subsequent energy values. Diets
that do not promote optimal ruminal fermentation will
result in an overestimation of energy values. For example,
if digestibility of diets is constrained by a lack of ruminally
available protein or by low pH caused by feeding diets
with insufficient fiber (or excess NFC), calculated energy
values will be overestimated. Positive associative effects
are not considered. In a situation where a fibrous feed is
added to a diet with insufficient fiber, the energy value of
that feed may appear to be higher than values calculated
with Equation 2-12 because of overall improved ruminal
digestion.

ENERGY REQUIREMENTS
Maintenance Requirements

Measured fasting heat production (Flatt et al., 1965) in
dry non-pregnant dairy cows averaged 0.073 Mcal/kg
BW*%, and estimated fasting heat production using regres-
sion analysis suggested an identical value. Because these
measurements were made with cows housed in tie stalls
in metabolic chambers, a 10 percent activity allowance was
added to account for normal voluntary activity of cows that
would be housed in drylot or free stall systems, such that
the maintenance requirement for NE, is set at 0.080 Mcal/
kg BW*™ for mature dairy cows.

Cows of similar size and breed may vary in their mainte-
nance requirements, even under controlled activity condi-
tions, by as much as 8 to 10 percent (Van Es, 1961). The
National Research Council (1996) used a net energy main-
tenance value of 0.077 Mcal/kg"™ empty body weight
(EBW) for British beef cattle breeds with adjustments to
maintenance requirements based on breed and/or geno-
type. Assuming an empty body mass of 85 percent of live
weight, the implied maintenance requirement on a live
weight basis would be 0.065 Mcal/kg"™. A breed adjust-
ment factor of 1.2 was used for Holsteins and Jerseys by
the National Research Council (1996), which would then
adjust the maintenance requirement to 0.079 Mcal/kg’™,
which is nearly identical to the current value of 0.080 Mcal/
kg BW*™ used in this report.



It has been suggested that maintenance requirements
among beef cattle breeds varies with milk production. Very
few direct comparisons have been made of the effect of
dairy cattle breed on energy metabolism. Tyrrell et al.
(1991) compared nonlactating and lactating Holstein and
Jersey cows. Although actual milk yields were greater for
Holstein cows than for Jersey cows, energy output in milk
as a function of metabolic weight was similar, and there
was no evidence to suggest that energy requirements for
maintenance or production differed between breeds.

Lactation Requirements

The NE required for lactation (NE;) is defined as the
energy contained in the milk produced. The NE;, concen-
tration in milk is equivalent to the sum of the heats of
combustion of individual milk components (fat, protein,
and lactose). Reported heats of combustion of milk fat,
protein, and lactose are 9.29, 5.71, and 3.95 Mcal/kg,
respectively. Frequently, milk fat and protein but not milk
lactose are measured. Milk lactose content is the least
variable milk component and is essentially a constant 4.85
percent of milk and varies only slightly with breed and
milk protein concentration.

Milk crude protein, when estimated as N times 6.38,
contains approximately 7 percent nonprotein nitrogen
(NPN) (DePeters et al., 1992). Urea N accounts for about
50 percent of NPN in milk; and ammonia, peptides, cre-
atine, creatinine, hippuric acid, uric acid, and other N-
containing components make up the remainder of NPN
in milk (DePeters et al., 1992). Based on the average com-
position and the heats of combustion of individual NPN
constituents, the heat of combustion for NPN is 2.21 kcal/
g crude protein. Where total and not true protein is deter-
mined, the coefficient (weighted average of the different
N compounds in milk) for milk crude protein is 5.47 kcal/
g. This value is slightly higher than the coefficient of 5.31
determined by regression analysis of milk energy on milk
fat, protein, and lactose (Tyrrell and Reid, 1965). Where
individual components are measured directly, NE; concen-
tration in milk is calculated as:

NE, (Mcal/kg> = 0.0929 X Fat % + 0.0547
X Crude Protein %

+ 0.0395 X Lactose % (2-15)

When only fat and protein in milk are measured and
the lactose content of milk is assumed to be 4.85 percent,
the NE, concentration of milk is calculated as:

NE, (Mca]/kg) = 0.0929 X Fat % + 0.0547
X Crude Protein % + 0.192 (2-16)

If milk true protein rather than crude protein is mea-
sured, the coefficient in the equation above should be
changed from 0.0547 to 0.0563, which reflects the relative
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proportions of true protein and NPN and their energy
values discussed above.

The Gaines formula (Gaines, 1928) for 4 percent fat-
corrected milk (4 percent FCM, kg/d = 0.4 X milk, kg/d
+ 15 X fat, kg/d) has been used for more than 70 years
as a means to correct milk yields to a constant energy
basis. The Gaines formula is based on an assumed NE,,
concentration of 0.749 Mcal/kg of milk when milk contains
4 percent fat. The 1989 National Research Council report
used a value of 0.74 Mcal/kg, but based on measured heats
of combustion (Moe and Tyrrell, 1972), the actual coeffi-
cient is 0.749/kg of FCM when calculated using the Gaines
equation. The Gaines formula, which is based on volume
of milk and total yield of fat, underestimates the energy
value of milk when milk fat content is less than 3 percent.
When milk fat is the only milk constituent measured, NE,
concentration can be calculated using the Tyrrell and Reid
(1965) formula:

NE;, (Mcal/kg of milk) = 0.360

+ [0.0969(fat %)]  (2-17)

The feed energy requirements for production of individ-
ual milk components have not been defined. The NE;
system in this edition is based on yield of total energy in
milk and does not account for many of the differences
in metabolic transactions or the substrates required for
synthesis of individual milk components. The measured
calorimetric inefficiency of use of ME for milk includes
losses associated with metabolic transactions for conversion
of absorbed nutrients into milk components, the energy
required for nutrient absorption, and increased rates of
metabolism in visceral tissues required for support of
increased milk production. Theoretical calculations of
energy requirements for production of individual milk
components have been made (Baldwin, 1968; Dado et al.,
1993). These estimates only account for energy losses in
metabolic transactions associated with production of indi-
vidual milk components. Theoretical efficiencies for use of
ME for milk fat, protein, and lactose synthesis as estimated
from Mertens and Dado (1993) were 81, 89, and 77 per-
cent, respectively, each well above the 64 percent mea-
sured calorimetric efficiency for use of dietary ME for
milk energy production (Moe and Tyrrell, 1972). Metabolic
models that incorporate changes in visceral metabolism,
transport, resynthesis of metabolites, and other energy
costs (Baldwin et al., 1987) account for most of this discrep-
ancy, but it is still difficult to assign these costs to produc-
tion of individual milk components. It is envisioned that
future net energy requirements for milk will be centered
more on substrate requirements for production of individ-
ual milk components rather than a more general require-
ment for total milk energy output.
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Actiuity Requ'irements

The energy required for maintenance includes a 10 per-
cent allowance for activity, which should provide sufficient
energy for the usual activity of lactating cows that are fed
in individual stalls or drylot systems. At similar production,
grazing cattle expend more energy than animals fed in
confinement because: 1) the distance between the milking
center and pasture is usually greater than the distance
between the milking center and most confinement housing
areas; 2) grazing cattle may have to walk where elevations
change; and 3) grazing cattle spend more time eating than
do confinement fed cattle. The increase in energy require-
ment for grazing cattle is largely a function of the distance
walked, topography of the pasture, and BW. Heat produc-
tion increases 0.00045 Mcal’kg BW for every kilometer a
cow walks horizontally (Agricultural Research Council,
1980; Bellows et al., 1994; Coulon et al., 1998). Because
no net work is actually done, increased energy required
for physical activity is reflected in increased heat produc-
tion and by definition is equivalent to NE, required for
maintenance. Thus in NE;, units, the energy required for
excessive walking was set at 0.00045 Mcal/kg per kilometer
walked. Excessive walking was defined as the distance a
grazing cow travels between the pasture and the milking
center. For a grazing 600-kg cow walking 0.5 km to and
from the milking parlor 2 times per day (2 km total), the
extra NE;, allowance is 0.54 Mcal or about a 5 percent
increase in maintenance requirements.

Based on data generated with growing cattle (Holmes
et al., 1978; Havstad and Malechek, 1982), the increased
eating activity associated with grazing compared with stall-
fed cattle required 0.003 Mcal of ME/kg BW per day or
approximately 0.002 Mcal of NE;/kg BW. That value was
for cattle consuming only pasture and should be reduced
to reflect the amount of concentrate fed. In this edition,
it is assumed that the diet for grazing lactating cows would
be 60 percent pasture (dry basis). Therefore the activity
allowance for eating act by grazing lactating cows (Mcal
of NE,) is calculated as 0.0012/kg of BW. For good quality,
high yielding pastures, we assumed that energy expended
walking within a paddock would be similar to that of cows
housed in free stall barns. The total increase in the daily
energy requirement for maintenance of cows grazing rela-
tively flat, high yielding pasture should be increased
0.00045 Mcal of NE;/kg BW per km of distance between
the pasture and milking center plus 0.0012 Mcal per kilo-
gram BW. For example, a 600-kg cow grazing a flat pasture
(comprised 60 percent of total diet) approximately 0.5 km
from the milking center and milked twice daily will walk
2 knm/d to and from the milking center. The maintenance
energy requirement should be increased by 2 X 0.00045
X 600 = 0.54 Mcal for walking and 0.0012 X 600 = 0.7
Mcal for eating activity or approximately 1.2 Mcal of NE,/

day (approximately a 12 percent increase in maintenance
requirement).

The energetic cost for cows grazing hilly topography is
higher than that for cows grazing relatively flat pastures.
The actual cost for a specific situation is difficult to quantify,
because the change in elevation usually will not be known,
and cows will walk both up and down hills. The Agricultural
Research Council (1980) estimated that 0.03 Mcal of NE,
per kg BW is required for a cow to walk 1 vertical km.
The committee used a qualitative system to adjust for
topography. A ‘hilly’ pasture system was defined as one in
which cows moved a total of 200 m of vertical distance
(50 m hill walked 4 times each day). Using the Agricultural
Research Council (1980) value, the energy requirement for
maintenance of cows grazing a hilly location was increased
0.006 Mcal of NE/kg BW. That adjustment is in addition
to the increases in energy requirements for walking from
the pasture to the milking center and for eating. Using the
previous example for a cow that is milked twice daily and
is grazing a hilly pasture located 0.5 km from the milking
center, maintenance requirements would be increased
(0.00045 X 600 X 2) + (0.0012 X 600) + 0.006 X 600
= 4.9 Mcal NE;/day or an increase in maintenance of
about 50 percent. As milk yield increases, appetite and the
amount of energy expended gathering food would also
increase, but this effect is not included in activity require-
ment calculations.

The time spent grazing is dependent on the amount of
forage consumed and the relative availability of herbage.
Where abundance of herbage is low, cows spend more
time to consume the same amount of forage. Forage intake
is dependent on milk production of cows and the amount
of supplemental grain that is fed with the pasture. In a
review (CSIRO, 1990), it was estimated that grazing activity
increased energy requirements relative to maintenance by
20 percent on flat terrain and by as much as 50 percent
on hilly pasture. They proposed a system to account for
increased energy costs associated with grazing based on
forage intake and digestibility, terrain, and herbage avail-
ability. This system was included in the National Research
Council’'s Nutrient Requirements of Beef Cattle (1996);
however, the proposed equation has not been evaluated.
Evaluation of that equation suggested that a 600-kg milking
cow, consuming 15 kg of DM from good quality pasture
(65 percent DM digestibility) with moderate to good avail-
ability of forage (2 to 3 metric tons/hectare), increased
NE;, requirements by 4 to 4.4 Mcal/d.

For growing heifers on pasture, energy requirements
should be increased to cover increased eating activity and
walking. The same energy costs used for lactating cows
were used for heifers (NEy; values assumed to be equiva-
lent to NE;). The energy required for walking by heifers
was set at 0.00045 Mcal of NE\/kg BW per kilometer
walked. The distance heifers walk each day will vary



depending on availability of forage and placement of water.
Havstad and Malechek (1982) reported that grazing beef
heifers walked 3.9 km per day when forage supply was
adequate. The committee assumed the average growing
heifer would walk approximately twice as much when graz-
ing as when housed in confinement (an increase of approxi-
mately 2 km/d). Therefore, the NEy requirement for walk-
ing for grazing heifers was set at 0.00045 X 2 = 0.0009
Mcal’kg BW per day. The energy associated with eating
activity was the same as that used for lactating cows except
pasture was assumed to provide 80 percent of the diet
(0.0016 Mcal NEy X BW). The total adjustment for the
daily energetic cost (NEy,, Mcal/day) of grazing for growing
heifers is (0.0016 X BW) + (0.0009 X BW). The same
equation as that used to estimate energy required for walk-
ing in hilly pasture for lactating cows was used for heifers.
For hilly pastures, maintenance requirements should be
increased an additional 0.006 Mcal of NE\/kg BW per day.
For example a 300-kg heifer grazing a hilly pasture would
require (0.0009 X 300) + (0.0016 X 300) + (0.006 X
300) = 2.6 Mcal of ME for activity (or an increase in
maintenance requirement of about 40 percent).

The energy requirements for activity given above are
based on many assumptions and very limited data. Accurate
information on walking distances, topography, pasture
yields, etc., for a specific situation is very difficult to quan-
tify. The actual energy required for activity under specific
circumstances could vary greatly from those calculated with
the above equations. The previous edition of the Nutrient
Requirements of Dairy Cattle (National Research Council,
1989) stated that maintenance energy should be increased
by 10 percent with good quality, high yielding pastures.
Based on available data, that value is probably too low.
The value probably ranges from about 10 (flat pasture
located close to the milking center) to more than 50 (hilly
pasture located far from the milking center) percent of
maintenance energy.

Environmental Effects

For lactating cows in cold environments, the change in
energy requirement is probably minimal because of the
normally high heat production of cows consuming large
amounts of feed. Even with the increased use of naturally
ventilated free stall housing systems, it is unlikely that cows
will require increased intake of energy to counteract cold
environments if they are kept dry and are not exposed
directly to wind. Young (1976) summarized experiments
with ruminants in which an average reduction in DM
digestibility of 1.8 percentage units was observed for each
10°C reduction in ambient temperature below 20°C. Much
of this lowered digestibility under cold stress may be related
to an increased rate of passage of feed through the digestive
tract (Kennedy et al., 1976). Because of the effects of low
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temperature on digestibility, under extremely cold weather
conditions, feed energy values could possibly be lower
than expected.

Mild to severe heat stress has been estimated (National
Research Council, 1981) to increase maintenance require-
ments by 7 to 25 percent, respectively (for a 600-kg cow,
this equates to between 0.7 and 2.4 Mcal of NE/day);
however, insufficient data are currently available to quan-
tify these effects accurately. Heat stress induces behavioral
and metabolic changes in cattle (West, 1994). Some
changes, such as panting, increase energy expenditures,
while other changes (reduced dry matter intake, selective
consumption, reduced activity, and reduced metabolic
rate) will reduce heat production. An equation to adjust
maintenance requirement based on environmental factors
related to heat stress (ambient temperature, relative
humidity, radiant energy, and wind speed) has been devel-
oped (Fox and Tylutki, 1998), but it has not been suffi-
ciently validated. Because of limited data, no adjustments
for heat stress have been included in the calculation of
maintenance requirements of adult cattle in this version.
Users, however, should be aware of the effects heat stress
has on maintenance requirement and may wish to make
dietary adjustments to account for those effects.

Pregnancy Requirements

Estimates of the energy requirements for gestation dur-
ing the last 100 days of pregnancy are from Bell et al.
(1995). The energy required for gestation is assumed to
be 0 when the day of gestation is less than 190 and the
maximum gestation length is set to 279 days (longer gesta-
tion periods result in no change in energy requirements).
Bell et al. (1995) serially slaughtered Holstein cows at
various stages of gestation and generated a quadratic equa-
tion to describe the energy content of the gravid uterus.
The first derivative of that equation yields the daily change
in energy content. The subcommittee assumed that energy
requirements for gestation would depend on birth weight
of the calf; therefore, an adjustment relative to the mean
birth weight of Holstein calves (45 kg) was included in the
Bell et al. equation. Efficiency of ME use by the gravid
uterus was assumed to be 0.14 (Ferrell et al., 1976). There-
fore, the ME requirement for gestation is described as:

ME (Mcal/d) = [(0.00318 X D — 0.0352)

X (CBW/45)]/0.14 (2-18)

where D = day of gestation between 190 and 279, and
CBW is calf birth weight in kilograms. To convert ME to
NE, an efficiency of 0.64 was used; therefore, the NE,
requirement for pregnancy is:

NE; (Mcal/d) = [(0.00318 X D — 0.0352)

X (CBW/45)]/0.218 (2-19)
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where D = day of gestation between 190 and 279, and
CBW is calf birth weight in kilograms.

Tissue Mobilization and Repletion During Lactation and
the Dry Period

The growth model (Chapter 11) computes growth
requirements until females reach their mature weight.
However, changes in body composition during lactation
and the dry period primarily reflect depletion and repletion
of tissues when diets provide insufficient or excess energy.
The body tissues involved (primarily internal and external
fat depots) are commonly called body reserves.

Optimum management of energy reserves is critical to
economic success with dairy cows. When cows are too fat
or thin, they are at risk for metabolic disorders and diseases,
decreased milk yield, low conception rates, and difficult
calving (Ferguson and Otto, 1989). Overconditioning is
expensive and can lead to calving problems and lower dry
matter intake during early lactation. Conversely, thin cows
may not have sufficient reserves for maximum milk produc-
tion and often do not conceive in a timely manner.

The dairy cow mobilizes energy from body tissue to
support energy requirements for milk production during
early lactation and repletes mobilized tissue reserves during
mid and late lactation for the subsequent lactation. As
this is a normal physiological process that occurs in all
mammals, it should be expected that all cows will mobilize
energy stores in early lactation. There have been a number
of experiments in which amounts of energy mobilized from
tissue during early lactation were measured (Andrew et
al., 1994, 1995; Komaragiri and Erdman, 1997, 1998; Chil-
lard et al., 1991; Gibb et al., 1992). In addition, experiments
with bST (Tyrrell et al., 1988; Brown et al., 1989; McGuffey
et al., 1991) clearly demonstrate that the initial increase
in milk production associated with bST relies on partial
mobilization of energy stores. In both early lactation and
during a 4- to 6-week period after bST injection, increases
in DMI lag behind the increase in milk production. Under
these circumstances body tissue is mobilized as a source
of energy and to a lesser extent a source of protein to
support nutrient requirements for milk production.

Changes in BW of cows may not reflect true changes
in stores of tissue energy. In experiments where stores of
body energy were measured by slaughter analysis, stores
of energy differed by as much as 40 percent, and there
was little or no change in BW from calving to 5 to 12 weeks
postpartum (Andrew et al., 1994; Gibb et al., 1992). As
feed intake increases, gastrointestinal contents (gut fill)
increase. The average gut fill in dairy cows is approximately
15 percent of BW. French workers (Chillard et al., 1991)
suggested a 4 kg increase in gut fill for each kilogram
increase in DMI. Data from more recent experiments using
both direct and indirect measurements of gut fill suggest

gut fill increases 2.5 kg for each kilogram increase in dry
matter intake (Komaragiri and Erdman, 1997, 1998; Gibb
etal., 1992). Because tissue mobilization during early lacta-
tion occurs at the same time that feed intake is rapidly
increasing, decreases in body tissue weight are masked by
increases in gut fill such that changes in BW do not reflect
changes in tissue weight. After peak milk production, feed
intake declines and gut fill decreases, such that increases
in BW underestimate true changes in body tissue weight.

The energy value of a kilogram of true body tissue that
is lost or gained is dependent on the relative proportions
of fat and protein in the tissue and their respective heat
of combustion. On average, fat-free mass contains 72.8
percent water, 21.5 percent protein, and 5.7 percent ash
(Andrew et al., 1994, 1995; Komaragiri and Erdman, 1997,
1998; Chilliard et al., 1991; Gibb et al., 1992); nearly identi-
cal to the respective values of 72.91, 21.64, and 5.34 percent
reported by Reid (1955).

This committee chose to use the National Research
Council (1996) body reserves model with modifications by
Fox et al. (1999) to predict body composition based on
body condition score (BCS; see section below) of cows of
different body sizes and amounts of body reserves. Body
condition score (BCS) measurements can be made readily
on farms, and BCS is correlated with body fat and
energy contents.

Equations relating BCS with body composition were
developed from data using a nine point BCS scale (1 to 9
scoring system, BCS(9)) on 106 mature cows of diverse
breed types, mature weights and BCSs. The resulting equa-
tions that describe relationships between BCS(9) and
empty body percentage of fat (Equation 2-20, protein;
Equation 2-21, water) and ash were linear. The BCS
accounted for 65, 52, and 66 percent of the variation in
body fat, body protein, and body energy, respectively
between individual animals.

Proportion of empty body fat

= 0.037683 X BCS(9) (2-20)
Proportion of empty body protein
= 0.200886 — 0.0066762 X BCS(9) (2-21)

Equations 2-20 and 2-21 use BCS on a 1 to 9 scale (i.e.,
BCS(9)); however, a 1 to 5 scale is commonly used for
dairy cattle (Wildman et al., 1982; Edmonson et al., 1989;
Figure 2-2). In the model, users input BCS on a 1 to 5
scale, and the program internally converts those to the 1
to 9 scale as

BCS(9) = ((Dairy BCS — 1) X 2) + 1 (2-22)

Equations 2-20 and 2-21 are used to estimate the compo-
sition of body tissue gain or loss, which is then used to
calculate the energy supplied or required for changes in
body reserves. Regression analysis on slaughter data from
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25 cows at various stages of lactation (Andrew et al., 1991)
suggested a heat of combustion for body fat and protein
of 9.2 and 5.57 Mcal/kg, respectively. These values are
similar to the values of 9.4 and 5.55 Mcal/kg reported for
growing steers (Garrett, 1987). The committee chose 9.4
and 5.55 Mcal/kg for body fat and protein. To determine
the total energy contained in 1 kg of reserves, the heats
of combustion are multiplied by the estimated proportions
of fat and protein:

Total reserves energy (Mcal/kg)
= Proportion empty body fat X 9.4
+ proportion of empty body protein X 5.55  (2-23)

The amount of energy per kilogram of BW for different
BCS are shown in Table 2-4. Reserve energy when used
to support milk production has an efficiency of 0.82. There-
fore NE,, provided by body reserves is:

NE,, from body reserve loss (Mcal/kg)
= Reserve energy (Equation 2-23) X 0.82 (2-24)

The measured efficiency of use of dietary ME for body
tissue energy deposition was 0.60 percent in nonlactating
cows and 0.75 in lactating cows (Moe et al., 1971). If the
efficiencies of ME used for milk production and BW gain
by lactating animals are 0.64 and 0.75, respectively, the
amount of NE; required for 1 kg of gain in reserves during
lactation is:

NE,, (Mcal/kg gain)
= Reserve energy (Equation 2-23
X (0.64/0.75)) (2-25)

In nonlactating cows, the efficiency term in the previous
equation is (0.64/0.60). Because digestibility is decreased
when large amounts of feed are consumed by cows, the
feed required for tissue gain during the dry period would

be less than projected because of greater digestibility of
any given diet when cows are fed at maintenance. The
NE,, provided by loss of reserves or needed to replenish
reserves is shown in Table 2-4 for cows with different BCS.

To estimate the amount of energy provided by or
required for a one-unit change in BCS, change in BW
relative to change in BCS must be calculated. The mean
change in empty BW (EBW) per one-unit change in BCS
(5-point scale) is 13.7 percent (Fox et al., 1999). The EBW
is calculated as 0.851 X shrunk BW; shrunk BW = 0.96
X BW; therefore, EBW = 0.817 X BW. The BCS 3 (5-
point scale) was set as the base (1.00); the relative EBW
(or BW) can be calculated at other BCS (Table 2-4). For
example, a 600-kg cow with a BCS of 3 (EBW of 513 kg)
would be expected to weigh 518 kg (600 X 0.863; Table
2-4) at a BCS of 2. The amount of tissue energy required
per kilogram gain in EBW (Table 2-4) is calculated as the
energy provided by fat and protein at the next higher BCS
(weighted by EBW at next higher BCS), subtracted from
the energy provided by fat and protein at the current BCS
(weighted by EBW at the current BCS), divided by EBW at
next higher BCS minus EBW at current BCS. To calculate
energy provided per kilogram of EBW loss, the same equa-
tion is used except values at current BCS are subtracted
from values at next lower BCS.

This model was validated with the data of Otto et al.
(1991), as described by Fox et al. (1999). In this study,
body composition and BCS of 56 Holstein cows selected
to represent the range in dairy body condition scores 1 to
5 were determined. Body fat at a particular condition score
in Holstein cows was predicted with an r* of 0.95 and a bias
of — 1.6 percent. The relationship between BW change and
BCS in these Holstein cows was 84.6 kg/BCS (1> = 0.96).
This value of 84.6 kg/BCS compared well to 80 kg predicted
by the model and 82 kg in the data previously mentioned

TABLE 2-4 Empty Body (EB) Chemical Composition at Different Body Condition Scores (BCS), Relative EB
Weight (EBW), and NE,, Provided by Live Weight (LW) Loss and NE;, Needed for LW Gain*

% of EB Energy, Mcal Mcal
EBW Mcal/kg NE,/kg of NE, /kg of
BCS Fat Protein Ash Water (% of BCS 3) EBW changeb LW loss® LW gain®
1.0 3.77 19.42 7.46 69.35 72.6 5.14 o 3.60
1.5 7.54 18.75 7.02 66.69 79.4 5.72 (5.14) 3.44 4.01
2.0 11.30 18.09 6.58 64.03 86.3 6.41 (5.72) 3.83 4.50
2.5 15.07 17.42 6.15 61.36 93.1 6.98 (6.41) 4.29 4.90
3.0 18.84 16.75 5.71 58.70 100.0 7.61 (6.98) 4.68 5.34
3.5 22.61 16.08 5.27 56.04 106.9 8.32 (7.61) 5.10 5.84
4.0 26.38 15.42 4.83 53.37 113.7 8.88 (8.32) 5.57 6.23
4.5 30.15 14.75 4.43 50.71 120.6 9.59 (8.88) 5.95 6.73
5.0 33.91 14.08 3.96 48.05 127.4 (9.59) 6.43 -

“Empty body weight = 0.817 X live weight.

“Tissue energy contained in 1 kg of EBW gain going to next higher 0.5 BCS. Values in parentheses are tissue energy contained in 1 kg of EBW loss going to next lower
0.5 BCS.

“Values were calculated by converting tissue energy per kilogram of EBW into tissue energy per kilogram of BW (EBW X 0.855) and then converting to dietary NE
using an efficiency of 0.82 for converting tissue energy from live weight loss to dietary NE;, and an efficiency of 1.12 for converting dietary NE; to tissue energy for live
weight gain.
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TABLE 2-5 Energy Provided by or Needed to Change Body Condition Score (BCS) of Cows of Different Live

Weights and BCS

Live weight (kg)

BCS 400 450 500 550 600 650 700 750
Mcal of NE,, provided by a loss of one BCS*
2 230 259 288 317 346 375 404 432
3 245 276 307 338 368 399 430 460
4 257 289 321 353 385 417 450 482
5 266 299 332 365 399 432 465 498
Mcal of NE;, needed to gain one BCS?
1 287 323 359 395 431 467 502 535
2 298 335 372 410 447 484 522 559
3 306 344 382 421 459 497 535 574
4 312 351 390 429 468 507 546 585

“Represents the NE,, provided by mobilization of reserves when moving to next lower score. For example, a 400-kg cow in BCS 3 will provide 245 Mcal of NE;, when

BCS decreases one unit.

b Represents the NE;, required to replenish reserves when moving to the next higher score. For example a 600-kg cow in BCS 3 will require 459 Mcal of NE;, to increase

BCS one unit.

in this chapter. Although the evaluation strongly supports
the use of this model, further validation with other data
sets should be conducted.

This model predicts energy reserves to be 5.47 Mcal/kg
live weight loss from BCS 3.0 to BCS 2.0. The mean value
of tissue energy is 6 Mcal/kg (Gibb et al., 1992; Andrew
et al., 1994; Komaragiri and Erdman, 1997, Tamminga,
1981) and that is the value used in the 1989 edition
(National Research Council, 1989). The predicted energy
content of weight loss ranged from 4.36 Mcal/kg at BCS
1.5 to 7.59 Mcal/kg at BCS 4.5 compared to CSIRO (1990)
values of 3.0 and 7.1, respectively. Protein in the weight
loss from BCS 3 to BCS 2 was predicted to be 68 g/kg,
compared to 135, 138, and 160g/kg weight loss for the
CSIRO (1990), AFRC (1993), and National Research
Council (1989).

Body Condition Scoring

Body condition scoring (BCS), although subjective in
nature, is the only practical method of evaluation of body
energy stores in dairy cows. In the U.S., the most common
systems of BCS use a five-point scale originally proposed
by Wildman et al. (1982) with a BCS of 1 being extremely
thin and a score of 5 being extremely fat. This system
included a combination of both visual appraisal and manual
palpation to score individual cows. Edmonson et al. (1989)
suggested a BCS chart system using a 5-point scale based
on visual appraisal of only 8 separate body locations. Analy-
sis of variation due to cows and to individuals assessing
BCS suggested that visual appraisal of two key locations
(between the hooks and between the hooks and pins) had
the smallest error due to assessor and accounted for the
greatest proportion of variation due to individual cows.

Figure 2-2 shows the suggested BCS chart based on these
two key areas.

Loss of BCS is expected during early lactation when a
cow is mobilizing body fat in support of energy needs for
lactation. Typical observed changes in BSC range from
0.5 to 1.0 condition score units during the first 60 days
postpartum. A 1-unit decrease in BCS for a cow weighing
650 kg at calving (BCS 4) would provide 417 Mcal of NE,
(Table 2-5). That amount of NE;, is sufficient to support
564 kg of 4 percent fat-corrected milk.
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Fat is typically fed to increase the energy density of the
diet, but fat supplementation has other potential benefits,
such as increased absorption of fat-soluble nutrients and
reduced dustiness of feed. Fat is usually used as a generic
term to describe compounds that have a high content of
long-chain fatty acids (FAs) including triglycerides, phos-
pholipids, nonesterified FAs, and salts of long-chain FAs.
Long-chain FAs are the energy-rich moiety of fats. Various
forms of fat are fed to dairy cattle, including oilseeds,
animal and animal-vegetable blends, dry-granular fats, and
“protected” fats. Oilseeds contain mostly triglycerides that
are rich in unsaturated FAs. Animal and animal-vegetable
blends can be made up of triglycerides, free FAs, or both
and have an unsaturated to saturated fatty acid ratio greater
than or equal to 1:1. Dry-granular fats are often referred
to as ruminally inert fats, because they have been manufac-
tured to have minimal effects on ruminal fermentation.
Protected fats have been encapsulated in some manner,
so ruminal microorganisms are not affected by them; the
types of fat and encapsulation process vary.

DIGESTION AND ABSORPTION

For an excellent review of lipid digestion and absorption
in ruminants see Noble (1981) and Jenkins (1993). Esteri-
fied FAs, mainly triglyceride, are rapidly hydrolyzed to the
free form by lipolytic microorganisms within the rumen.
Following hydrolysis, unsaturated FAs are hydrogenated by
ruminal microorganisms, but the extent of hydrogenation is
dependent on the degree of unsaturation of FAs and the
level and frequency of feeding. Estimates for ruminal
hydrogenation of polyunsaturated fatty acids (PUFAs)
range from 60 to 90 percent (Bickerstaffe et al., 1972;
Mattos and Palmquist, 1977). Biohydrogenation of supple-
mental unsaturated FAs may be as low as 30 to 40 percent
if the FAs are fed as calcium salts (Klusmeyer and Clark,
1991). Because of hydrogenation in the rumen, C18:0 and
various isomers of C18:1 are the major FAs leaving the
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rumen. The generation time for bacteria that are able
to degrade long-chain FAs is relatively long precluding
substantial inhabitation of the rumen. Consequently, little
degradation of long-chain FAs occurs in the rumen.
Regression of dietary lipid (measured as fatty acid or ether
extract) flow to the duodenum (total lipid flow minus esti-
mate of microbial lipid flow) vs. lipid intake revealed a
slope of 0.92 indicating an 8 percent loss of lipid in the
rumen (Jenkins, 1993). Digestion coefficients for total FAs
within the rumen are negative, which reflects microbial
synthesis of FAs. The majority of FAs synthesized by rumen
microbes are incorporated into phospholipids. Jenkins
(1993) estimated microbial lipid synthesis to be 15 g/kg of
lipid-free organic matter digested in the rumen. Approxi-
mately 85 to 90 percent of the FAs leaving the rumen are
free FAs, and approximately 10 to 15 percent are microbial
phospholipids. Since FAs are hydrophobic, they associate
with particulate matter and pass to the lower gut.

Although little triglyceride reaches the small intestine
of ruminants, bile and pancreatic lipase are required for
lipid absorption. If triglycerides are fed at moderate levels
in a form that protects them from hydrolysis (e.g., formal-
dehyde protected casein-fat emulsion), there appears to be
sufficient lipase for triglyceride hydrolysis (Noble, 1981).
However, pancreatic lipase does not appear to be inducible
(Johnson et al., 1974) and may become limiting if large
quantities of triglyceride are presented to the small intes-
tine. In the absence of substantial amounts of monoglycer-
ide reaching the small intestine, ruminants are believed to
be dependant on lysolecithin and the monounsaturate,
oleic acid, for fatty acid emulsification. Lysolecithin is
formed by pancreatic phospholipase activity on lecithin
that may be of microbial or hepatic origin. Monounsatura-
ted fatty acid is predominantly from digesta leaving the
rumen. Therefore, it is critical that a portion of dietary
unsaturated fatty acids avoid complete hydrogenation by
ruminal organisms. Fatty acid emulsification and micelle
formation in the small intestine is essential for the efficient
absorption of fat.



DIGESTIBILITY AND ENERGY VALUE
OF FATS

Energy values of the fat supplements listed in Table 2-3
were determined as described in Chapter 2. The variability
in NE; content among fat supplements is a function pri-
marily of the long-chain FA content and the digestibility
of the long-chain FAs. Digestibility of FAs can be influ-
enced by dry matter (DM) intake, amount of fat consumed,
characteristics of fat in the basal diet, and characteristics
of the supplemental fat. Degree of unsaturation is probably
the most important characteristic that influences digestion
(Grummer, 1995). Fatty acid composition and IV values
of selected fat sources are listed in Table 3-1.

Iodine value is an indicator of the degree of unsaturation:
the higher the IV, the greater the content of unsaturated
fatty acids in the fat. Digestibility may decrease if the
iodine value (IV) is below 45 (Firkins and Eastridge, 1994).
Maximal digestibility of fats with an IV greater than 40
was 89 percent, compared with 74 percent for fats with
an IV less than 40 (Jenkins, 1994). Saturated FAs are less
digestible than unsaturated FAs, and the difference is
greatest when predominantly saturated fats are supple-
mented (Borsting et al., 1992). That indicates that unsatu-
rated FAs may have a synergistic effect on the digestibility
of saturated FAs.
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Increasing FA chain length may also increase digestibil-
ity, but, the effects appear to be more subtle than the
effects of degree of unsaturation (Grummer, 1995). There
are probably interactions between degree of unsaturation
and chain length. Firkins and Eastridge (1994) reported
that increasing the C16:C18 ratio has a greater effect on
digestion as IV increases. Digestibility in the intestine is
inversely related to the melting point of the FA, which
probably influences micelle formation and movement of
fatty acids through the unstirred water layer adjacent to
the microvilli of the small intestine.

Decreasing particle size of dry granular fats may increase
digestibility, but responses have tended to be small and
not statistically significant. A summary of trials (Firkins
and Eastridge, 1994) indicated that mean FA digestibility
of prilled (n = 8) and flaked (n = 5) hydrogenated tallow
was 77 and 69 percent, respectively.

Fat structure—the form in which FAs are fed—may
have modest effects on digestibility. A review of the litera-
ture (Firkins and Eastridge, 1994) indicated that FA digest-
ibility of diets containing triglyceride prills or FA prills
was 77 or 73 percent of control diets without added fat.
However, effects of fat structure might have been con-
founded: mean IV and C16:18 ratio were 20.7 and 0.41
for triglyceride prills and 11.2 and 0.45 for FA prills. If
FAs are fed as a salt, digestibility will be determined by

TABLE 3-1 Fatty Acid Composition and Iodine Values of Fats and Oils’

Other

Fatty Todine
Type of Fat Reference” C14:0 C16:0 Cl6:1 C18:0 C18:1 C18:2 C18:3 Acids Value
Granular fats:
Calcium salt palm oil FAs 1 1.3 48.6 1.1 4.1 36.5 7.8 0.3 0.2 49
Hydrolyzed tallow FAs 1 2.4 39.7 0.7 42.7 10.9 1.0 — 2.6 12
Partiaﬂy hydrogenated 1 1.4-24 25.4-25.8 0.2-0.7 37.2-52.6 13.8-31.9 0-0.9 0.1-0.2 3.2-4.3 14-31

tallow®

Animal and animal-vegetable blends:
Tallow 1,2, 3 3.0 24.5 3.7 19.3 40.9 3.2 0.7 49 48
Choice white grease 1,2 1.9 23.4 4.3 13.3 434 10.9 1.3 1.5 62
Yellow grease 1,2 1.8 22.1 35 11.5 43.7 14.6 0.9 19 72
Poultry fat 1,2 1.0 22.1 7.2 6.5 43.0 18.5 0.9 0.7 82
Fish oil, menhaden? 3 8.0 15.1 10.5 3.8 14.5 2.2 1.5 445 31
Fish oil, herringd 3 7.2 11.7 9.6 0.8 12.0 1.1 0.8 56.8 25
Vegetable oils:
Canola (rapeseed) 3 — 4.8 0.5 1.6 53.8 22.1 11.1 6.1 119
Corn 3 0.0 10.9 — 1.8 24.2 58.0 0.7 4.4 126
Cottonseed 3 0.8 22.7 0.8 2.3 17.0 51.5 0.2 4.7 107
Linseed 3 — 5.3 — 4.1 20.2 12.7 53.3 4.4 185
Palm 3 1.0 43.5 0.3 4.3 36.6 9.1 0.2 5.0 50
Peanut 3 0.1 9.5 0.1 2.2 44.8 32.0 — 11.3 95
Safflower 3 0.1 6.2 0.4 2.2 11.7 74.1 0.4 4.9 145
Sesame 3 — 8.9 0.2 4.8 39.3 41.3 0.3 5.2 111
Soybean 3 0.1 10.3 0.2 3.8 22.8 51.0 6.8 5.0 131
Sunflower 3 — 5.4 0.2 3.5 45.3 39.8 0.2 5.6 113

“Selected FAs are expressed as a percent of total FAs (g/100 g X 100).

bl, scientific literature; 2, rendering industry, including Pearl (1995); 3, US Department of Agriculture Food Composition Standard Release 12 (1998).
“Composition of partially hydrogenated tallow is reported as a range because degree of hydrogenation varies considerably among products.
4Other fatty acids consist predominantly of polyunsaturated fatty acids greater than 18 carbons in length.
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fatty acid profile, because the salts are dissociated in the
acidic abomasum and duodenum (Sukhija and Palm-
quist, 1990).

Concentration of fat in the diet also can affect postrumi-
nal fat digestion. FA digestibility decreased by 2.2 percent
for each 100 g of FA intake as intake of supplemental fat
increased from 200 to 1400 g/d (Palmquist, 1991). True
FA digestibility of tallow was curvilinear with diminishing
digestibility as FA intake increased from 200 to 900 g/d
(Weisbjerg et al., 1992). Apparent digestibility increased
when supplemental fat was increased from 0 to 3 percent
of (DM) but decreased when fat was increased from 3
to 6 percent of DM (Wu et al., 1991). The increase in
digestibility of fat at low intakes might indicate that supple-
mental fat was more digestible than fat in the basal diet
or that endogenous fat was being diluted. A summary of
20 studies indicated that the rate of decline in digestibility
of fat as fat intake increases is greater for fats with an
IV greater than 40 than for fats with an IV less than 40
(Jenkins, 1994).

EFFECTS OF FAT ON RUMINAL
FERMENTATION

Although increasing the degree of unsaturation increases
digestibility of FAs, it also increases the likelihood that
ruminal fermentation will be adversely affected (Jenkins,
1993). Fat sources with high amounts of polyunsaturated
fatty acids include fish oils and some vegetable oils (Table
3-1). Reductions in DM intake, milk fat percentage, and
ruminal fiber digestion are indicators that fermentation
has been altered. The rate at which unsaturated FAs are
released from feeds and exposed to ruminal microorgan-
isms determines whether rumen fermentation is affected.
Ruminal microorganisms hydrogenate unsaturated FAs. If
the microbial capacity to saturate FAs is exceeded, unsatu-
rated FAs can accumulate and interfere with fermentation.
Feeding polyunsaturated oils as part of a whole-oilseed
diet has minimal effects on fermentation (Knapp et al.,
1991; DePeters et al., 1987), probably because the oil is
released slowly from the seed to ruminal fluid. Extrusion
of oilseeds releases some of the oil, so the rate of exposure
of microorganisms to oil might be sufficient to influence
their metabolism. Polyunsaturated fats can be encapsulated
to minimize interaction of fat with microorganism. Mineral
salts of long-chain FAs and hydrogenated fatty acids are
examples of dry granular fats that inhibit fermentation less
than unsaturated FAs, probably because they have lower
solubility in an aqueous medium. Tallow and yellow grease
might be more likely than oilseeds or dry granular fats to
inhibit rumen fermentation. However, up to 3 percent of
DM as tallow or yellow grease in totally mixed diets has
been fed without altering feed intake, milk fat percentage,

or fermentation (DePeters et al., 1987; Knapp et al., 1991).
Effects of oilseeds, tallow or yellow grease on fermentation
can vary depending on the basal diet. Adverse effects might
be more likely when diets based on corn silage (Smith et
al., 1993) or low forage (Grant and Weidner, 1992) are fed.

UTILIZATION OF FAT IN CALF DIETS

See Chapters 10 and 11 on calf and heifer replacement
nutrition for discussions of fat in calf and heifer diets.

FAT IN LACTATION DIETS

Milk-yield response to supplemental fat can be influ-
enced by several factors, including basal diet, stage of lacta-
tion, energy balance, fat composition, and amount of sup-
plemental fat. If fat supplementation is begun during the
early postpartum period, there can be a lag before a milk
response (Jerred et al., 1990; Schingoethe and Casper,
1991). An extensive summary by Chilliard (1993) indicated
that the average fat-corrected milk response to fat supple-
mentation (average increase 4.5 percent ether extract) dur-
ing early lactation (beginning before 4 weeks and ending
before 11 weeks postpartum) was 0.31 kg/d and not signifi-
cantly different from controls. Average fat-corrected milk
response to fat supplementation during peak lactation
(beginning before 8 weeks and ending at 11-24 weeks
postartum; average increase, 3.6 percent ether extract) or
middle to late lactation (beginning after 7 weeks postpar-
tum and lasting longer than 5 weeks; average increase, 3.4
percent ether extract) was 0.72 or 0.65 kg/d; the former
was significantly different from controls. Another summary
(Grummer, 1994) indicated that average fat-corrected milk
response to supplementation with dry granular fats (aver-
age supplementation 2.3 percent of DM) vs. tallow or
vegetable oils (average supplementation 2.65 percent of
DM) when diets already contained whole oilseeds was 1.1
vs. 0.1 kg/d, respectively. Average milk production of cows
in both summaries was less than 35 kg/d. Milk-yield
responses to supplemental fat in cows that produce more
than 40 kg/d are not well defined.

Milk-yield response to supplemental fat is curvilinear;
the response diminishes as supplemental fat in the diet
increases (Palmquist, 1983; Jenkins, 1994). Kronfeld (1976)
indicated that milk production reaches its maximal effi-
ciency when FAs constitute 16 percent of metabolizable
energy. That equates to about 600-700 g of supplemental
fat per day (Jenkins, 1997). A review of the literature indi-
cated that maximal milk-yield responses to dietary fat rarely
exceed 3.5 kg of FCM per day. About 700 g of supplemental
fat is required to support production of 3.5 kg of FCM,
assuming that fat is 80 percent digestible and uptake of



absorbed FAs by the mammary gland is 75 percent (Jen-
kins, 1997). Assuming 23 kg of DM intake, 700 g of supple-
mental fat equates to about 3 percent of DM.

Supplemental fat has increased milk yield in many stud-
ies; however, responses have been variable. Some of the
variation may be due to depression of feed intake when
feeding supplemental fat. If feed intake is depressed suffi-
ciently, total energy intake by the cow may not be increased.
Mechanisms by which fat reduces feed intake are not
known. Potential factors were recently reviewed (Allen,
2000) and include effects on feed intake and gut motility,
acceptability of diets supplemented with fat, release of gut
hormones, and oxidation of fat by the liver. Sanchez et al.
(1998) speculated that insufficient metabolizable protein
may account for feed intake depression when feeding fat.
However, an extensive summary of the literature indicated
that crude protein content of the diet does not appear to
have any appreciable effect on intake responses to supple-
mental fat (Allen, 2000). The same review yielded a com-
parison among oilseeds, unprocessed fat (tallow and
grease), hydrogenated FAs and triglycerides, and calcium
salts of FAs on their effects on dry matter intake (Allen,
2000). Calcium salts of FAs decreased dry matter intake
by 2.5 percent for each percentage unit in the diet above
control. Unprocessed fat also decreased intake, but the
decrease was approximately 50 percent of that observed
with calcium salts of FAs. Added hydrogenated FAs and
triglyceride did not decrease dry matter intake. Feeding
oilseeds resulted in a quadratic effect with minimum dry
matter intake occurring at 2 percent added fatty acid. The
magnitude of depression when feeding oilseeds was less
than that when feeding calcium salts of FAs. Differences
among fat sources could be due to acceptability, fatty acid
chain length or degree of saturation, or form (free fatty
acid, triglyceride, or salt). Several studies have suggested
that unsaturated FAs are more likely to depress feed intake
than saturated FAs (Drackley et al., 1992; Christensen et
al., 1994; Firkins and Eastridge, 1994; Bremmer et al.,
1998). Dietary unsaturated FAs may be hydrogenated in
the rumen. Extent of hydrogenation varies among fat
sources; therefore, the profile of FAs reaching the duode-
num should be better than the profile of FAs consumed
for predicting effects on feed intake. Top-dressed calcium
salts of palm oil FAs were less acceptable than tallow,
sodium alginate encapsulated tallow, or prilled long-chain
FAs (Grummer et al., 1990). Differences were no longer
significant when fats were mixed with grain or when cows
were allowed an adaptation period.

The influence of supplemental fat on milk fat percentage
is variable and depends on fat composition and the amount
fed. In general, encapsulated fats, FAs fed as calcium salts,
and saturated fats either have no effect on or increase
milk fat percentage (Sutton, 1989; DePeters, 1993). As the
amount of unsaturated FAs fed in free or esterified form
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increases, the likelihood of milk-fat depression increases.
Greater formation of trans-FAs during microbial hydroge-
nation of polyunsaturated FAs might negatively affect
mammary lipid synthesis (See Chapter 9; Davis and Brown,
1970; Gaynor et al., 1994).

Feeding supplemental fat decreases milk protein per-
centage and the effect diminishes slightly as the amount
of supplemental fat increases (for example, y = 101.1 —
0.6381x + 0.0141x% where y = milk protein concentration
[(treated/control, %) X 100] and x = total dietary fat, %);
Wu and Huber, 1994). Casein is the milk nitrogen fraction
that is most depressed (DePeters and Cant, 1992).
Although milk protein percentage is usually depressed,
total protein production usually remains constant or is
increased. Of 83 treatment comparisons (fat supplementa-
tion vs. control) summarized by Wu and Huber (1994),
milk protein production was unchanged or increased in 65
comparisons and decreased in 26. However, in 15 of the
26 comparisons in which protein production was
decreased, milk production also was decreased. Why milk
protein pr()duction does not increase at a similar rate as
milk volume during fat supplementation has not been
determined.

Fat supplementation can positively influence reproduc-
tive performance of dairy cows. A summary of 20 studies
indicated that first-service conception rate or overall con-
ception rate was increased in 11 of the studies (Staples et
al., 1998). The mean increase was 17 percentage units for
all studies. Three studies indicated a negative influence of
supplemental fat on reproduction, but the effects were
confounded by substantial increases in milk production.
Feeding fat increases follicle numbers and the size of the
dominant follicle. It has not been determined whether
those changes in follicular dynamics have a positive effect
on reproductive performance. Potential mechanisms by
which fat influences reproduction include amelioration of
negative energy balance, enhancement of follicular devel-
opment via changes in insulin status, stimulation of proges-
terone synthesis, and modification of the production and
release of prostaglandin Fy,, which influences the persis-
tence of the corpus luteum (Staples et al., 1998). In the
20 studies reviewed by Staples et al. (1998), there was little
evidence of a relationship between change in energy status
and change in conception rate. Likewise, the effects of fat
on insulin have not been consistent, although, the trend is
toward a reduction. How a reduction in plasma insulin
could benefit reproduction has not been determined. Fat
supplementation consistently increases plasma progester-
one concentration, but the change might be because of
depressed clearance rather than increased production
(Hawkins et al., 1995). Staples et al. (1998) proposed that
feeding fats that are rich in linoleic acid suppresses prosta-
glandin F,, and prevents regression of the corpus luteum.
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In most situations, total dietary fat should not exceed
67 percent of dietary DM. Feeding higher concentrations
of fat can result in reduced DM intake, even if the fat
has minimal effects on ruminal fermentation (Schauff and
Clark, 1992). A reduction in DM intake will negate part
or all of the advantage of using fat to increase dietary
energy density and can limit milk-production responses.
Optimal amounts of fat to include in dairy cattle diets will
depend on numerous factors, including type of fat, feeds
making up the basal diet, stage of lactation, environment,
level of milk production, and feeding management. Feed-
ing less than 6 percent total dietary fat might be prudent
during early lactation, when feed-intake depression due to
fat supplementation has been observed (Jerred et al., 1990;
Chilliard, 1993). Mixtures of cereal grains and forages usu-
ally contain about 3 percent fat. Therefore, up to 3 or 4
percent of dietary DM can come from supplemental fat.
Oilseeds and animal or animal-vegetable blends are accept-
able fat supplements; however, partial substitution with
ruminally inert fats might be warranted if the previously
mentioned fat supplements are adversely affecting ruminal
fermentation, milk fat percentage, or DM intake.

Feeding supplemental fat to ruminants has reduced
digestibility of calcium, magnesium, or both in some studies
(Tillman and Brethour, 1958; Steele, 1983; Palmquist and
Conrad, 1978; Rahnema et al., 1994, Zinn and Shen, 1996).
FAs can form insoluble soaps with cations in the rumen,
distal small intestine, and large intestine. Soap formation
is favored as pH increases (Sukhija and Palmquist, 1990).
Soap formation can reduce magnesium absorption from
the rumen and calcium absorption from the intestine. Con-
sequently, concentrations of dietary calcium and magne-
sium higher than those listed in tables in Chapter 14 might
be warranted when supplemental fat is fed. However, inter-
actions between diet and cation absorption when fat is
fed have not been adequately described, and research to
identify optimal amounts of dietary calcium and magne-
sium to feed when supplementing fat to the diet has not
been conducted.
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Carbohydrates are the major source of energy in diets
fed to dairy cattle and usually comprise 60 to 70 percent
of the total diet. The main function of carbohydrates is to
provide energy for rumen microbes and the host animal.
A secondary, but essential, function of certain types of
carbohydrates is to maintain the health of the gastrointesti-
nal tract. The carbohydrate fraction of feeds is a complex
mixture of numerous monomers and polymers that are
usually defined according to analytic procedures and avail-
ability to the animal. Carbohydrates are broadly classified
as either nonstructural or structural. Nonstructural carbo-
hydrates (NSC) are found inside the cells of plants and
are usually more digestible than structural carbohydrates
that are found in plant cell walls.

NONSTRUCTURAL CARBOHYDRATES

Sugars, starches, organic acids, and other reserve carbo-
hydrates such as fructans make up the NSC fraction and
are major sources of energy for high producing dairy cattle.
Nonstructural carbohydrates and pectin are highly digest-
ible and are generally increased in the diet at the expense
of neutral detergent fiber (NDF) to meet the energy
demands of lactating dairy cows. Ruminal fermentation of
NSC varies greatly with type of feed and conservation and
processing methods.

Nonfibrous carbohydrate (NFC) as calculated by differ-
ence: NFC = 100 — (%NDF + %CP + %Fat + %Ash)
and NSC (also referred to as total nonstructural carbohy-
drates), as measured by enzymatic methods (Smith, 1981)
are distinct fractions. Mertens (1988) reported that the
concentrations of NFC and NSC are not equal for many
feeds and the terms should not be used interchangeably.
The difference between NFC and NSC concentrations
varies considerably (Table 4-1). Much of the difference is
caused by the contribution of pectin and organic acids.
Pectin is included in NFC but not in NSC. When using
the modified (ferricyanide as the colorimetric indicator)
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TABLE 4-1 Nonstructural (NSC) and Nonfiber
(NFC) Analyses of Selected Feedstuffs (adapted from
Miller and Hoover, 1998)

NDF NFC’ NSc?

Feedstuff % of DM

Alfalfa silage 51.4 18.4 75
Alfalfa hay 43.1 22.0 12.5
Mixed mainly grass hay 60.9 16.6 13.6
Corn silage 44.2 41.0 34.7
Ground corn 13.1 67.5 68.7
Beet pulp 473 36.2 19.5
Whole cottonseed 48.3 10.0 6.4
High moisture shelled corn 13.5 71.8 70.6
Barley 23.2 60.7 62.0
Corn gluten meal 7.0 17.3 12.0
Soyhulls 66.6 14.1 5.3
Soybean meal, 48 % CP 9.6 34.4 17.2

“NFC, % = 100 — (NDF, % + CP, % + fat, % + ash, %).
bNSC = nonstructural carbohydrates determined using an enzymatic method
(Smith, 1981).

enzymatic method of Smith (1981), starch, sucrose, and
fructans are measured as NSC. For forages, particularly
grasses, fructans and sucrose are major components of
NSC. Sucrose is found in beet and citrus pulp and other
byproduct feeds. For many of these feeds, the NSC is likely
all sugars. For corn silage, grains, and most byproducts, the
NSC is nearly all starch (Miller and Hoover, 1998). Table
4-2 illustrates the differences in the components that make
up NFC for selected feedstuffs. Depending on preserva-
tion method and grain type the composition of NSC can
vary greatly, which can affect the rate and extent of diges-
tion and the overall energy value of the feed for the animal.

Recently, Hall et al. (1999) developed a method to frac-
tionate the neutral detergent soluble carbohydrates
(NDSC) in feedstuffs. Differential solubilities of carbohy-
drates were used to partition NDSC into organic acids and
oligosaccharides soluble in ethanol/vater from starch and
neutral detergent soluble fiber (NDSF) that are insoluble.
The method allows the partitioning of the NDSC on a
nutritionally relevant basis into 1) organic acids, 2) total



TABLE 4-2  Composition of the NFC” Fraction of
Selected Feedstuffs (adapted from Miller and Hoover,
1998)

Volatile
Fatty Acids

Sugar  Starch  Pectin

Feedstuff % of NFC

Alfalfa silage 0 24.5 33.0 425
Grass hay 354 15.2 494 0
Corn silage 0 71.3 0 28.7
Barley 9.1 81.7 9.2 0
Corn grain 20.9 80.0 0 0
Beet pulp 33.7 1.8 64.5 0
Soyhulls 18.8 18.8 62.4 0
Soybean meal 48% CP  28.2 28.2 43.6 0

“NFC calculated by difference as shown in footnote 2, Table 4-1.

ethanol/water-soluble carbohydrate, 3) starch, and
4) neutral detergent soluble fiber.

The optimal concentration of NSC or NFC in diets for
lactating cows is not well defined. To avoid acidosis and
other metabolic problems, the maximum concentration of
NSC should be approximately 30 to 40 percent of the
ration dry matter (DM) (Nocek, 1997). The acceptable
concentrations for NFC are probably 2 to 3 percentage
units higher than for NSC. The optimal concentration of
NSC or NFC in diets of high producing cows are related
to: 1) the effects of rapidly degradable starch on ruminal
digestion of fiber, which can decrease the differences
between diets relative to total carbohydrate digestion;
2) the amount of NSC or NFC that replaces NDF in the
diet, as this can affect volatile fatty acid production, rumina-
tion, and saliva production; 3) site of starch digestion; 4) dry
matter intake (DMI) and physiologic state of the animal;
and 5) conservation and processing methods used to alter
rate and extent of NSC or NFC digestion.

Alteration of dietary NFC influences ruminal fermenta-
tion patterns, total tract digestion of fiber and milk fat
percentage (Sievert and Shaver, 1993; Sutton and Bines,
1987). Batajoo and Shaver (1994) concluded that for
cows producing over 40 kg of milk, the diet should con-
tain more than 30 percent NFC, but found little benefit
of 42 percent over 36 percent NFC. Nocek and Rus-
sell (1988) suggested that 40 percent NFC was optimal in
diets for lactating cows from an evaluation of diets based
on alfalfa silage, corn silage, and 50:50 alfalfa:corn silage;
dietary NFC ranged from 30 to 46 percent. Hoover and
Stokes (1991) regressed data from Nocek and Russell
(1988) and found that when dietary NFC was greater than
45 to 50 percent or less than 25 to 30 percent, milk produc-
tion was decreased. In another study, the percentage and
yield of milk protein increased when NFC in the dietary
DM was increased from 41.7 to 46.5 percent (Minor et
al., 1998).

Starch comprises 50 to 100 percent of the NSC in most
feedstuffs. In addition to total starch level, the rate and
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extent of ruminal starch digestion also may affect the
amount of a particular starch source that can safely be
added to a diet. Rate of fermentation of starch varies exten-
sively by type of grain and grain processing. Herrera-Sal-
dana et al. (1990) ranked the degradability of starch from
various sources as follows: oats > wheat > barley > comn
> sorghum. Processing methods, such as fine grinding and
steam flaking also may alter ruminal availability of starch.
Lykos and Varga (1995) demonstrated that effective degra-
dability of starch in situ for cracked corn, fine ground corn,
and steam flaked corn was 44.4, 64.5 and 75.4 percent,
respectively. In addition, the effective degradability of
starch was increased for ground versus cracked soybeans
whether raw or roasted. Most grain processing methods
increase both rate of starch fermentation and ruminal
starch digestibility. Reducing particle size by cracking and
grinding significantly increases rate of starch digestion
(Galyean et al., 1981; McAllister et al., 1993) and effects
are greater with unprocessed than heat processed grains.
Grinding increases both rate of digestion and rate of pas-
sage, which have counteractive effects on ruminal digest-
ibility (Galyean et al., 1979). Animal characteristics and
DMI affect rate of passage. Therefore, fine grinding may
have less effect on ruminal starch digestibility at higher
DMI, due to faster rate of passage, such as for high pro-
ducing dairy cows.

Results of lactation studies that compared starch sources
with differing digestibilities have been variable and may
be related to the carbohydrate source and how it is pro-
cessed, level of intake, the basal forage in the ration, and
the degradability of the protein source. Herrera-Saldana
and Huber (1989) reported higher milk production with
a barley-cottonseed meal diet than with a sorghum grain-
cottonseed meal diet, while McCarthy et al. (1989) and
Casper et al. (1990) reported higher milk production by
cows fed diets with corn grain compared with barley. Milk
vield was increased for cows in early lactation by increasing
ruminally available starch fed as steam flaked sorghum
instead of dry rolled corn (Moore et al., 1992; Poore et al.,
1993) or fed as ground instead of cracked corn (Knowlton et
al., 1996). Wilkerson and Glenn (1997) demonstrated an
increase in yield of milk for cows fed high moisture corn
versus dry corn (41.7 vs. 39.7 kg/d) and ground corn versus
rolled corn (41.8 vs. 39.6 kg/d). Ruminal digestibility of
starch was greater for high moisture corn than dry corn
whether corn was rolled or ground. Lykos et al. (1997)
demonstrated that increasing the rate of NSC digestion
from 6 to 7.9 percent/h significantly increased milk yield
2.5 kg/d and protein yield 130 g/d. Aldrich et al. (1993)
observed 4 percent lower FCM yields when diets high in
rapidly fermentable nonstructural carbohydrates (81 per-
cent ruminal degradable NSC) were fed to lactating cows
during early lactation. Diets with increased ruminally
degraded starch did not affect milk yield or FCM in other



36 Nutrient Requirements of Dairy Cattle

studies (Clark and Harshbarger, 1972; Oliveira et al., 1993,
1995). Varga and Kononoff (1999) evaluated the relation-
ship between dietary concentration or intake of NSC or
NFC and milk yield in 16 studies published in the Journal
of Dairy Science from 1992 through 1998. The relation-
ships between concentration of NSC or NFC and milk
yield were poor (r* = 0.04). The relationship between
NFC intake and milk yield was good (r* = 0.40); a 1 kg
increase in NFC intake resulted in a 2.4 kg increase in
milk yield. See a more detailed discussion related to starch
processing in Chapter 13.

STRUCTURAL CARBOHYDRATES

Crude fiber, acid detergent fiber, and neutral detergent
fiber are the most common measures of fiber used for
routine feed analysis, but none of these fractions are chemi-
cally uniform. Neutral detergent fiber measures most of
the structural components in plant cells (i.e., cellulose,
hemicellulose, and lignin). Acid detergent fiber does not
include hemicellulose, and crude fiber does not quantita-
tively recover hemicellulose and lignin. Neutral detergent
fiber is the method that best separates structural from
nonstructural carbohydrates in plants, and NDF measures
most of the chemical compounds generally considered to
comprise fiber. Within a specific feedstuff, concentrations
of NDF, ADF, and crude fiber are highly correlated, but
for mixed diets that contain different fiber sources, the
correlations among the different measures of fiber are
lower. Neutral detergent fiber is the best expression of
fiber available currently, but recommendations are also
given for ADF because of its widespread use. Crude fiber
will not be discussed because it is considered obsolete.

On average NDF is less digestible than nonfiber carbo-
hydrates; therefore, the concentration of NDF in feeds or
diets is negatively correlated with energy concentration.
The chemical composition of the NDF (proportions of
cellulose, hemicellulose, and lignin) affects the digestibility
of the NDF fraction. Therefore, feeds or diets with similar
NDF concentrations will not necessarily have similar NE;,
concentrations, and certain feeds or diets with high NDF
may have more NE, than another feed or diet with lower
concentrations of NDF.

The maximum amount of NDF that should be included
in diets is a function of the NE;, requirement of the cow,
the minimum amount of NFC needed for good ruminal
fermentation, and the potential negative effects of high
NDF on feed intake. In most cases, the maximum NDF
concentration will be determined by the NE; requirement
of the cow. In a summary of published studies, NDF con-
centration usually did not constrain DMI when diets were
formulated to provide adequate NE; (Mertens, 1994).
Based on Mertens (1994), DMI may have been limited

when cows producing approximately 40 kg of milk/d were
fed diets with more than about 32 percent NDF. For cows
producing 20 kg/d of milk, DMI was not restricted until
the diet contained about 44 percent NDF. Source of NDF,
especially with respect to rate and extent of NDF digestion,
will influence those values (Oba and Allen, 1999).

The minimum amount of dietary NDF needed is based
largely on ruminal and cow health. The concentration of
NDF is inversely related to ruminal pH because NDF
generally ferments slower and is less digestible than NFC
(i.e., less acid production in the rumen), and because the
majority of dietary NDF in typical diets is from forage
with a physical structure that promotes chewing and saliva
production (i.e., buffering capacity). Various indices have
been used to monitor ruminal conditions including milk
fat percentage, ruminal pH, rumen VFA concentrations,
and time spent chewing. Those measures respond quickly
to dietary changes and can be monitored in short-term
studies. Long-term effects of poor ruminal health may
include increased prevalence of laminitis (Nocek, 1997)
and displaced abomasum (Shaver, 1997), but the literature
is extremely limited on long-term health responses to
dietary NDF concentration.

Based on several studies with cows fed alfalfa-based diets
and corn grain as the primary starch source (Colenbrander
etal., 1991; Hansen et al., 1991; Weiss and Shockey, 1991;
Clark and Armentano, 1993; Depies and Armentano,
1995), diets with 25 percent total NDF resulted in similar
milk production with a similar composition as did diets
with higher NDF concentrations. In these studies, dietary
DM contained 16 to 20 percent NDF from forage. Forage
is defined as feedstuffs that are composed of stems, leaves,
and possibly grain and is fed as fresh material, hay, or
silage (e.g., corn silage is considered a forage even though
it contains corn grain). Diets with less than 25 percent
total NDF and less than about 16 percent NDF from
forage depressed milk fat percentage (Clark and Armen-
tano, 1993; Depies and Armentano, 1995). Few studies
designed to determine the minimum amount of NDF
needed with corn silage diets have been conducted. Milk
fat percentage for cows fed corn silage-based diets with
24 percent NDF was less than that for cows fed 29 or 35
percent NDF (Cummins, 1992), but in another study (Bal
etal., 1997) production of milk fat and milk was not differ-
ent among cows fed corn silage-based diets with 25 or 29
percent NDF. Corn silage elicits similar or greater chewing
activity by cows than does alfalfa silage (Mertens, 1997),
and mean NDF digestibility is similar for corn and alfalfa
silages (Kung et al., 1992); therefore, the minimum amount
of NDF needed to maintain ruminal function when diets
are based on corn silage is probably similar to that for diets
based on alfalfa silage assuming particle size is adequate.
The NDF content of corn silage must be measured using
amylase, or NDF values will be inflated and the risk of



supplying insufficient dietary NDF is increased (See Chap-
ter 13).

NDF Recommendations

Based on the above cited studies, the recommended
concentration of total dietary NDF for cows fed diets with
alfalfa or corn silage as the predominate forage and dry
ground corn grain as the predominant starch source was
set at 25 percent of dietary DM with the condition that
19 percent of dietary DM must be NDF from forage (Table
4-3). The minimum recommended NDF concentration is
increased as the amount of forage NDF in the diet
decreases (discussed below). The NDF concentration in
the diet must be higher when the forage is finely chopped,
but because of the limited amount of data available we did
not quantify this relationship. Diets that are formulated at
the minimum concentration of NDF should be based on
the actual composition of the feedstuffs, not table values.
The potential for errors in mixing and feed delivery should
be considered, and when the probability for errors is high,
diets should be formulated to be above the minimum NDF
concentration.

Although cows appear to be able to tolerate diets with
25 percent NDF and 19 percent NDF from forage, those
recommendations are for very specific situations (i.e, the
diet contains forage with adequate particle size, dry corn
grain is the predominant starch source, and diets are fed
as total mixed rations). Diets with small particle forage,
diets with starch sources that have higher ruminal availabil-
ity than corn, diets that have less than about 19 percent

TABLE 4-3 Recommended Minimum Concentrations
(% of DM) of Total and Forage NDF and Recommended
Maximum Concentrations (% of DM) of NFC for Diets of
Lactating Cows When the Diet is Fed as a Total Mixed
Ration, the Forage has Adequate Particle Size, and
Ground Corn is the Predominant Starch Source’

Minimum Minimum Maximum Minimum
forage dietary dietary dietar]y
NDF? NDF NFC* ADF!

19¢ 25°¢ 44°¢ 17¢

18 27 42 18

17 29 40 19

16 31 38 20

15¢ 33 36 21

“Values in this table are based on the assumption that actual feed composition
has been measured; values may not be appropriate when values from feed tables
are used.

b All feeds that contain substantial amounts of vegetative matter are considered
forage. For example, corn silage is considered a forage, although it contains signifi-
cant amounts of grain.

“Nonfiber carbohydrate is calculated by difference 100 - (ANDF + %CP +
%Fat + %Ash).

“Minimum dietary ADF recommendations were calculated from NDF concentra-
tions (See text).

“Diets that contain less fiber (forage NDF, total NDF or total ADF) than these
minimum values and more NFC than 44 percent should not be fed.
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NDF from forage, and diets not fed as total mixed rations
will require higher minimum concentrations of NDF.
Inclusion of supplemental buffers may decrease the
amount of NDF required in the diet (Allen, 1991). Further-
more, the minimum recommended concentration of NDF
should not be considered the optimal concentration. Lower
producing cows require less energy, and diets should con-
tain NDF concentrations greater than the minimum.

The committee decided to adjust NDF recommenda-
tions based on the concentration of NDF from forage in
the diet. The primary reason was that source of NDF has
a major impact on cow response to NDF concentrations,
and concentration of forage NDF is easily obtainable under
field conditions. Forages that are long or coarsely chopped
provide NDF in a form that is distinctly different from
NDF in nonforage sources such as soyhulls, wheat midds,
beet pulp, and corn gluten feed. The NDF from grain
sources are also considered nonforage fiber sources. Many
nonforage fiber sources have a relatively large pool of
potentially degradable NDF, small particle size, and rela-
tively high specific gravity (Batajoo and Shaver, 1994).
Nonforage fiber sources have similar or faster passage rates
than many forages (Bhatti and Firkins, 1995), and many
have rates of NDF digestion that are similar to or slower
than those of forages. A large proportion of the potentially
available NDF from nonforages may escape ruminal fer-
mentation resulting in less acid production in the rumen
(Firkins, 1997).

Most sources of nonforage NDF are significantly less
effective at maintaining milk fat percentage than are for-
ages (Swain and Armentano, 1994; Vaughan et al., 1991;
Clark and Armentano, 1993, 1997). Based on an empirical
relationship developed by Allen (1997), NDF from non-
forage was only 0.35 times as effective at maintaining
rumen pH as was NDF from forage. Firkins (1997) con-
cluded that NDF from nonforage was about 0.6 times as
effective at maintaining NDF digestibility in the gastroint-
estional tract as was NDF from forage. Based on chewing
activity, Mertens (1997) concluded that NDF from high
NDF nonforage sources (i.e., byproducts) was about 0.4
and for other concentrates between 0.3 and 0.8 times as
effective as NDF from forage. Based on these three studies,
the average effective value of NDF from nonforage was
set to 50 percent of that for NDF from forage. For every
1 percentage unit decrease in NDF from forage (as a
percentage of dietary DM) below 19 percent, the recom-
mended concentration of total dietary NDF was increased
2 percentage units, and maximum NFC concentration was
reduced 2 percentage units (Table 4-3). A possible excep-
tion to this relationship is whole linted cottonseed. Whole
cottonseeds appear to have significantly more value at
maintaining milk fat percentage than do other sources of
NDF from nonforage fiber sources (Clark and Armen-
tano, 1993).
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Determining whether changes in milk fat percentage,
ruminal pH, or chewing activity are caused by altering
dietary NDF or NFC is difficult because their concentra-
tions are correlated. On average, dietary concentrations of
NDF and NFC have a high negative correlation (Armen-
tano and Pereira, 1997). If all nutrients are held constant
except for NDF and NFC, a change in NDF concentration
from 33 to 28 percent of dietary DM (a 15 percent
decrease) means that NFC must increase from 40 to 45
percent of dietary DM (an 11 percent increase) (Armen-
tano and Pereira, 1997). However, because of variations
in dietary concentrations of CP and supplemental fat, the
correlation is not perfect. The concentrations of NFC in
a diet with 25 percent NDF could vary by 2 to 9 percentage
units. Diets with excess NFC can cause ruminal upsets and
health problems (Nocek, 1997). Therefore, the minimum
NDF required must be considered in conjunction with
NFC concentrations. Diets that contain lower concentra-
tions of CP and ether extract should have higher NDF
concentrations. Recommended maximum NFC concentra-
tions are presented in Table 4-3. The minimum concentra-
tion of NDF should be increased so that the maximum
recommended concentrations of NFC are not exceeded.

QUALITATIVE ADJUSTMENTS TO NDF RECOMMENDATIONS

Source of Starch Milk fat percentage, ruminal pH, and
ruminal VFA profile are often altered when starch availabil-
ity in the rumen is increased (e.g., steam-flaked vs. dry
processed grains, high moisture vs. dry grains, or corn vs.
barley) even when the concentration of dietary NDF is
not altered. These alterations in ruminal fermentation and
milk fat percentage suggest that the NDF requirement
increases when sources of readily available starch replace
dry ground corn in the diet. Ruminal fermentation profiles
and milk fat data from Knowlton et al. (1998) suggest that
diets that contain high moisture corn should contain at
least 27 percent NDF. Cows fed diets based on barley
should contain about 34 percent NDF (Beauchemin,
1991). Insufficient information is available to give specific
recommendations for diets that contain other starch
sources. However, diets with steam-flaked corn, steam-
flaked sorghum, or other sources of starch that have a high
ruminal availability should contain more than 25 percent
NDF and less than 44 percent NFC.

Particle Size of Forage Particle size of forage as well as
concentration of NDF in the diet has an impact on ruminal
pH. Allen (1997) reported that when finely chopped forage
was substituted for coarsely chopped forage, salivary buffer
flow decreased by nearly 5 percent, but an increase in
forage NDF in the diet from 20 to 24 percent increased
salivary buffer flow less than 1 percent. The mean particle
size of alfalfa hay necessary to maintain rumen pH, chewing

activity, and milk fat percentage appears to be about 3 mm
(Grant et al., 1990a; Woodford et al., 1986; Shaver et al.,
1986). Diets with alfalfa silage that had a mean particle
length less than about 3 mm resulted in depressed milk
fat, decreased rumen pH, and reduced time spent chewing
(Grant et al., 1990b; Beauchemin et al., 1994). Allen (1997)
evaluated the relationship between particle length of forage
and total time spent chewing using data from 10 dairy
cattle experiments and found a clear breakpoint at approxi-
mately 3 mm at which point no further increase in particle
length affected total chewing time. The concentration of
NDF in the diet should be increased by several percentage
units when the mean particle size of the forage is less than
about 3 mm. Diets that contain finely ground forages and
sources of rapidly fermentable starch (e.g., barley or high
moisture corn) may require even more dietary NDF to
maintain milk fat percentage. Quantitative measures of
particle size (i.e., mean particle size, mean standard devia-
tion and/or distribution) rather than qualitative descrip-
tions (e.g., coarsely chopped) are needed to improve the
accuracy of assessing fiber requirements of dairy cows.

Effective Fiber The effective fiber concept is an attempt
to formulate diets not only for NDF but also for the ability
of a diet to stimulate chewing (Sudweeks et al., 1981;
Mertens, 1992, 1997). The origin of the effective fiber
concept was to meet the minimum fiber requirement that
would maintain milk fat percentages (Mertens, 1997).
Effective fiber values were assigned to feeds based on
changes in milk fat. When only milk fat is used as the
response variable, the physical effects of NDF on chewing,
salivation, and ruminal buffering are confounded with met-
abolic effects caused by different chemical composition of
the feeds (Allen, 1997). For example, the effect of feeding
whole cottonseed on milk fat percentage may be a result
of both its fiber and fat contribution to the diet. Milk
composition of cows during mid to late lactation is more
sensitive to changes in ration composition than is milk
composition of cows during early lactation. For animals in
early lactation, ruminal pH is a more meaningful response
variable for determining fiber requirements than are other
factors (Allen, 1997). Most of the trials evaluating the effec-
tiveness of NDF lasted only a few weeks. Long-term effects
on ruminal health, laminitis, and production are not known.

Several researchers have suggested that chewing
response is an important characteristic of feeds (Balch,
1971), and that dairy cows have a minimum requirement
for chewing activity (Sudweeks et al., 1981; Norgaard,
1986). Mertens (1997) proposed that two terms should be
used to distinguish between the effectiveness of fiber in
maintaining milk fat percentage or in stimulating chewing
activity. Effective NDF (eNDF) was defined as the sum
total ability of the NDF in a feed to replace the NDF in
forage or roughage in a ration so that the percentage of



milk fat is maintained. Physically effective NDF (peNDF)
is related to the physical characteristics of NDF (primarily
particle size) that affect chewing activity and the biphasic
nature of ruminal contents.

Different systems have been proposed to measure effec-
tive NDF. Mertens (1997) developed the peNDF system
using regression analysis to assign physical effective factors
(PEF) to classes of NDF based on the chewing activity
they stimulated. The PEF of feeds is expressed relative to
the chewing activity of cows when they are fed long grass
hay. The PEF of long grass hay was set to 1; coarsely
chopped grass silage, corn silage, and alfalfa silage had
PEF values of 0.9 to 0.95; and finely chopped forage had
values of 0.7 to 0.85. Diets with 22 percent of the DM as
physically effective NDF maintained average rumen pH
at 6, and diets with 20 percent physically effective NDF
maintained milk fat percentage at 3.4 percent for Holstein
cows during early to mid lactation. The proportion of DM
(or NDF) retained on a sieve with an aperture of 1.18 mm
was proposed by Mertens (1997) as a simple laboratory
method that might be applicable to the routine analysis of
physically effective NDF in feeds. The Nutrient Require-
ments of Beef Cattle (National Research Council, 1996)
defined effective NDF as the percentage of total NDF
that is retained on a screen with 1.18 mm or greater open-
ings after dry sieving. Buckmaster et al. (1997) developed
an effective fiber intake based on particle size distributions
from a three screen (>19 mm, 8 to 19 mm, and <8 mm)
sieve (Lammers et al., 1996) and the NDF concentration
of each fraction. In that system, average legume and corn
silages had similar effectiveness values, and both were
about 10 percent less than the average value for grass silage
(Kononoff et al., 1999). More information is needed to
determine the accuracy of all these systems to measure
the effectiveness of forage sources for altering milk fat and
chewing time.

At the present time, the lack of standard, validated meth-
ods to measure effective fiber of feeds or to establish
requirements for effective fiber limits the application of
this concept. Mertens (1997) peNDF concept is a step
towards the quantification of the chemical and physical
attributes of fiber into a single measurement. However,
this concept is currently not validated; not enough feeds
have values, and requirements have not been determined.
Effective NDF should be a measure of the sum total ability
of a feed to replace forage or roughage in a ration so that
the percentage of fat in milk and rumen pH are maintained
(Mertens, 1997). Differences in the rate and extent of
digestion of NDF and the difference between ruminal
digestibility of NDF and NFC are related to acid produc-
tion and ultimately the ability of a feed to maintain ruminal
pH. These factors can differ among different sources of
NDF especially when forage and nonforage sources of
NDF are compared. More research is needed to identify
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other chemical and physical characteristics of feeds that
influence their ability to maintain optimal ruminal function
and animal health before specific values for effectiveness
of various forage and nonforage fiber sources can be deter-
mined. Because of these problems, a requirement for effec-
tive NDF is not given. Dietary NDF concentrations, how-
ever, may have to be altered based on differences in particle
size of the forage and source of NDF.

Supplemental dietary buffers ~ Supplemental dietary buff-
ers increase buffering capacity in the rumen (Erdman,
1988) and should reduce the NDF requirement. Detailed
information on the effects of buffers and recommendations
regarding their use are in Chapter 9.

Feeding method Essentially all recent experiments on
fiber requirements have used total mixed rations (TMR).
When cows consume a TMR, rate of NSC consumption
is moderated due to simultaneous consumption of fiber.
Because forage is consumed at the same time as concen-
trate, increased chewing and salivation occurs, and rumen
buffering capacity is high when the NSC is being fer-
mented. Experiments specifically designed to determine
whether NDF requirements are increased when cows are
fed concentrate separately from forages have not been
conducted.

Feeding forage separately from concentrate alters diur-
nal patterns for pH and fermentation acids in the rumen.
The degree of change depends on feeding frequency of
the concentrate and the fermentability of the concentrate.
Diurnal changes in ruminal pH and fermentation acids are
very pronounced when concentrates that are predomi-
nantly NFC are consumed twice daily compared with TMR
feeding (Robinson, 1989). These severe changes in ruminal
pH may be associated with reduced milk fat percentage
and yield. When concentrate is offered more than twice
daily (e.g., using a computer-controlled concentrate
feeder), fewer effects on production, milk composition,
and ruminal conditions have been reported (Cassel et al.,
1984; Robinson, 1989; Maltz et al., 1992).

The NDF requirement when concentrates are fed twice
daily and separately from forages is unknown but is proba-
bly higher, and maximum NFC concentrations are lower
than the values in Table 4-3. Increased dietary NDF con-
centrations may not completely overcome the problem
associated with the rapid consumption of large amounts
of grain. In such cases, the NDF concentration of the
concentrate mixture may have to be increased.

Cows grazing high quality pasture and fed concentrate
twice daily, often (Polan et al., 1986; Berzaghi et al., 1996),
but not always (Holden et al., 1995), produce milk with
reduced fat even when they are fed diets that appear ade-
quate in NDF. Lowered milk fat percentage may be caused
by reduced salivation when cows are grazing, the highly
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digestible nature of the fiber in high quality pasture, and
the rapid consumption of grain caused by feeding concen-
trate only twice daily and separately from forage. When
high fiber concentrates (e.g., beet pulp or corn gluten feed)
replaced starchy feeds (corn or barley) in diets of grazing
cows milk fat percentage was increased (Meijs, 1986; Garns-
worthy, 1990). However, when a concentrate based on
corn was fed alone, or mixed with corn silage twice daily,
to grazing cows no difference was observed in milk fat
percentage (Holden et al., 1995). The corn silage did not
reduce the intake of corn grain but should have increased
the time needed to consume the corn. Because data are
not available, specific recommendations for NDF concen-
trations of diets for grazing cattle are not known; therefore,
the guidelines in Table 4-3 may not be adequate for grazing
cattle. Limited data (Holden et al., 1995) suggest that cows
grazing high quality pasture and fed concentrate twice daily
should be fed a ruminal buffer (mixed with the concen-
trate), or the concentrate should not be comprised solely
of starchy feedstuffs.

ADF Requirement

Expressing the fiber requirement as NDF is superior to
ADF for many reasons; however, ADF requirements are
given because of the widespread use of ADF. The ADF
requirements shown in Table 4-3 were derived from the
recommended NDF concentrations. Concentrations of
NDF and ADF are highly correlated within forage classifi-
cations. Regression equations were developed to estimate
ADF concentrations from NDF concentrations for corn
silage, grass forage, and legume forage:

Corn silage ADF, %
= —1.15 + 0.62 NDF,
% (r* = 0.89, syx = 1.4, N = 2495)

Grass forage ADF, %
= 6.89 + 0.50 NDF,
% (r* = 0.62, syx = 3.1, N = 722)

Legume forage ADF, %
= —0.73 + 0.82 NDF,
% (r* = 0.84, syx = 2.0, N = 2899)

The ADF requirements shown in Table 4-3 were derived
by formulating numerous test diets that included a wide
variety of feedstuffs. The composition values used for all
feeds were from Table 15-1 except the ADF concentration
of forages were estimated using the above regression equa-
tions. The dietary concentration of ADF that resulted when
most diets met NDF requirements was set as the ADF
requirement. Factors described previously that increase
the NDF requirement will also increase the ADF
requirement.
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Dietary protein generally refers to crude protein (CP),
which is defined for feedstuffs as the nitrogen (N) content
X 6.25. The definition is based on the assumption that
the average N content of feedstuffs is 16 g per 100 g of
protein. The calculated CP content includes both protein
and nonprotein N (NPN). Feedstuffs vary widely in their
relative proportions of protein and NPN, in the rate and
extent of ruminal degradation of protein, and in the intesti-
nal digestibility and amino acid (AA) composition of rumi-
nally undegraded feed protein. The NPN in feed and sup-
plements such as urea and ammonium salts are considered
to be degraded completely in the rumen.

IMPORTANCE AND GOALS OF PROTEIN
AND AMINO ACID NUTRITION

Ruminally synthesized microbial CP (MCP), ruminally
undegraded feed CP (RUP), and to a much lesser extent,
endogenous CP (ECP) contribute to passage of metaboliz-
able protein (MP) to the small intestine. Metabolizable
protein is defined as the true protein that is digested postru-
minally and the component AA absorbed by the intestine.
Amino acids, and not protein per se, are the required
nutrients. Absorbed AA, used principally as building blocks
for the synthesis of proteins, are vital to the maintenance,
growth, reproduction, and lactation of dairy cattle. Presum-
ably, an ideal pattern of absorbed AA exists for each of
these physiologic functions. The Nutrient Requirements of
Poultry (National Research Council, 1994) and the Nut¢ri-
ent Requirements of Swine (National Research Council,
1998) indicate that an optimum AA profile exists in MP
for each physiologic state of the animal and this is assumed
to be true for dairy animals.

The goals of ruminant protein nutrition are to provide
adequate amounts of rumen-degradable protein (RDP) for
optimal ruminal efficiency and to obtain the desired animal
productivity with a minimum amount of dietary CP. Opti-
mizing the efficiency of use of dietary CP requires selection

43

Protein and
Amino Acids

of complementary feed proteins and NPN supplements
that will provide the types and amounts of RDP that will
meet, but not exceed, the N needs of ruminal microorgan-
isms for maximal synthesis of MCP, and the types and
amounts of digestible RUP that will optimize, in so far
as possible, the profile and amounts of absorbed AA. As
discussed later, research indicates that the nutritive value
of MP for dairy cattle is determined by its profile of essen-
tial AA (EAA) and probably also by the contribution of
total EAA to MP. Improving the efficiency of protein and
N usage while striving for optimal productivity is a matter
of practical concern. Incentives include reduced feed costs
per unit of lean tissue gain or milk protein produced, a
desire for greater and more efficient yields of milk protein,
creation of space in the diet for other nutrients that will
enhance production, and concerns of waste N disposal.
Regarding milk protein production, research indicates that
content (and thus yield) of milk protein can be increased
by improving the profile of AA in MP, by reducing the
amount of “surplus” protein in the diet, and by increasing
the amount of fermentable carbohydrate in the diet.

Major Differences from Previous Edition

In 1985, the Subcommittee on Nitrogen Usage in Rumi-
nants (National Research Council, 1985) expressed protein
requirements in units of absorbed protein. Absorbed pro-
tein was defined as the digestible true protein (i.e., digest-
ible total AA) that is provided to the animal by ruminally
synthesized MCP and feed protein that escaped ruminal
degradation. This approach was adopted for the previous
edition of this publication (National Research Council,
1989). The absorbed protein method introduced the con-
cept of degraded intake CP (DIP) and undegraded intake
CP (UIP). Mean values of ruminal undegradability for
common feeds, derived from in vivo and in situ studies
using sheep and cattle, were reported. This factorial
approach for estimating protein requirements recognized
the three fates of dietary protein (fermentative digestion
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in the reticulo-rumen, hydrolytic/enzymatic digestion in
the intestine, and passage of indigestible protein with feces)
and separated the requirements of ruminal microorganisms
from those of the host animal. However, a fixed intestinal
digestibility of 80 percent for UIP was used, no consider-
ation was given to the contribution of endogenous CP to
MP, and no consideration was given to the AA composition
of UIP or of absorbed protein.

Some differences exist in terminology. To be consistent
with the current edition of Nutrient Requirements of Beef
Cattle (National Research Council, 1996), and to avoid
implications that proteins are absorbed, the term MP
replaces absorbed protein. To be consistent with the Jour-
nal of Dairy Science, the terms DIP and UIP are replaced
with RDP and RUP, respectively.

The primary differences between the protein system of
this publication and that used in the previous edition relate
to predicting nutrient supply. Microbial CP flows are pre-
dicted from intake of total tract digestible organic matter
(OM) instead of net energy intake. The regression equation
considers the variability in efficiency of MCP production
associated with apparent adequacy of RDP. A mechanistic
system developed from in situ data is used for calculating
the RUP content of feedstuffs. Insofar as regression equa-
tions allow, the system considers some of the factors (DMI,
percentage of concentrate feeds in diet DM, and percent-
age NDF in diet DM) that affect rates of passage of undi-
gested feed and thus the RUP content of a feedstuff. The
system is considered to be applicable to all dairy animals
with body weights greater than 100 kg and that are fed for
early rumen development. To increase the accuracy of
estimating the contribution of the RUP fraction of individ-
ual feedstuffs to MP, estimates of intestinal digestibility
have been assigned to the RUP fraction of each feedstuff
(range = 50 to 100). Endogenous protein and NPN also
are considered to contribute to passage of CP to the small
intestine. Endogenous CP flows are calculated from intake
of DM. And finally, regression equations are included that
predict directly the content of each EAA in total EAA of
duodenal protein and flows of total EAA. Flows of digest-
ible EAA and their contribution to MP are calculated.
Dose-response curves that relate measured milk protein
content and yield responses to changes of predicted per-
centages of digestible Lys and Met in MP are presented.
The dose-response relationships provide estimates of
model-determined amounts of Lys and Met required in
MP for optimal utilization of absorbed AA for milk protein
production. The inclusion of equations for predicting pas-
sage of EAA to the small intestine along with assignment
of RUP digestibility values that are unique to individual
feedstuffs brings awareness to differences in nutritive value
of RUP from different feedstuffs and should improve the
prediction of animal responses to substitution of protein
sources.

PROTEIN
Chemistry of Feed Crude Protein

Feedstuffs contain numerous different proteins and sev-
eral types of NPN compounds. Proteins are large molecules
that differ in size, shape, function, solubility, and AA com-
position. Proteins have been classified on the basis of their
3-dimensional structure and solubility characteristics.
Examples of classifications based on solubility would
include globular proteins [albumins (soluble in water and
alkali solutions and insoluble in salt and alcohol), globulins
(soluble in salt and alkali solutions and sparingly soluble
or insoluble in water and insoluble in alcohol), glutelins
(soluble only in alkali), prolamines (soluble in 70 to 80
percent ethanol and alkali and insoluble in water, salt,
and absolute alcohol), histones (soluble in water and salt
solutions and insoluble in ammonium hydroxide)] and
fibrous proteins [e.g., collagens, elastins, and keratins
(insoluble in water or salt solutions and resistant to diges-
tive enzymes)] (Orten and Neuhaus, 1975; Rodwell, 1985;
Van Soest, 1994). Globular proteins are common to all
feedstuffs whereas fibrous proteins are limited to feeds of
animal and marine origin. Albumins and globular proteins
are low molecular weight proteins. Prolamines and glutel-
ins are higher molecular weight proteins and contain more
disulfide bonds. Generally, feeds of plant origin contain
all of the globular proteins but in differing amounts. For
example, cereal grains and by-product feeds derived from
cereal grains contain more glutelins and prolamines
whereas leaves and stems are rich in albumins (Blethen et
al., 1990; Sniffen, 1974; Van Soest, 1994). A sequential
extraction of 38 different feeds with water, dilute salt (0.5
percent NaCl), aqueous alcohol (80 percent ethanol), and
dilute alkali (0.2 percent NaOH) indicated that the classic
protein fractions (albumins, globulins, prolamines, and glu-
telins) plus NPN accounted for an average of 65 percent
of total N (Blethen et al., 1990). The unaccounted for,
insoluble N would include protein bound in intact aleurone
granules of cereal grains, most of the cell-wall associated
proteins, and some of the chloroplasmic and heat-dena-
tured proteins that are associated with NDF (Van Soest,
1994). Among the feeds that were evaluated, those with
the highest percentage of insoluble protein (> 40 percent
of CP) were forages, beet pulp, soy hulls, sorghum, dried
brewers grains, dried distillers grains, fish meal, and meat
and bone meal (Blethen et al., 1990).

Feedstuffs also contain variable amounts of low molecu-
lar weight NPN compounds. These compounds include
peptides, free AA, nucleic acids, amides, amines, and
ammonia. Nonprotein N compounds generally are deter-
mined as the N remaining in the filtrate after precipitation
of the true protein with either tungstic or trichloroacetic
acid (Licitra et al., 1996). Grasses and legume forages
contain the highest and most variable concentrations of



NPN. Most of the reported concentrations of NPN in CP
of grasses and legume forages are within the following
ranges: {resh material (10B15%), hay (15B25%), and silage
(30B65%) (Fairbairn et al., 1988; Garcia et al., 1989; Grum
et al., 1991; Hughes, 1970; Krishnamoorthy et al., 1982;
Messman et al., 1994; Van Soest, 1994; Xu et al., 1996).
Hays and especially silages contain higher amounts of NPN
than the same feed when fresh because of the proteolysis
that occurs during wilting and fermentation. The proteoly-
sis that occurs in forages during wilting and ensiling is a
result of plant and microbial proteases and peptidases.
Plant proteases and peptidases are active in cut forage and
are considered to be the principal enzymes responsible for
the conversion of true protein to NPN in hays and ensiled
feeds (Fairbairn et al., 1988; Van Soest, 1994). Rapid wilt-
ing of cut forages and conditions that promote rapid reduc-
tions in pH of ensiled feeds slow proteolysis and reduce
the conversion of true protein to NPN (Garcia et al., 1989;
Van Soest, 1994). The NPN content of fresh forage is
composed largely of peptides, free AA, and nitrates (Van
Soest, 1994). Fermented forages have a different composi-
tion of NPN than fresh forages. Fermented forages have
higher proportional concentrations of free AA, ammonia,
and amines and lower concentrations of peptides and
nitrate (Fairbairn et al., 1988; Van Soest, 1994). The NPN
content of most non-forage feeds is 12 percent or less of
CP (Krishnamoorthy et al., 1982; Licitra et al., 1996; Van
Soest, 1994; Xu et al., 1996).

Mechanism of Ruminal Protein Degradation

The potentially fermentable pool of protein includes
feed proteins plus the endogenous proteins of saliva,
sloughed epithelial cells, and the remains of lysed ruminal
microorganisms. The mechanism of ruminal degradation
has been reviewed (Broderick et al., 1991; Broderick, 1998;
Cotta and Hespell, 1984; Jouany, 1996; Jouany and Ushida,
1999; Wallace, 1996; Wallace et al., 1999). In brief, all of
the enzymatic activity of ruminal protein degradation is
of microbial origin. Many strains and species of bacteria,
protozoa, and anaerobic fungi participate by elaborating a
variety of proteases, peptidases, and deaminases (Wallace,
1996). The liberated peptides, AA, and ammonia are nutri-
ents for the growth of ruminal microorganisms. Peptide
breakdown to AA must occur before AA are incorporated
into microbial protein (Wallace, 1996). When protein deg-
radation exceeds the rate of AA and ammonia assimilation
into microbial protein, peptide and AA catabolism leads
to excessive ruminal ammonia concentrations. Some of the
peptides and AA not incorporated into microbial protein
may escape ruminal degradation to ammonia and become
sources of absorbed AA to the host animal.

Bacteria are the principal microorganisms involved in
protein degradation. Bacteria are the most abundant micro-
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organisms in the rumen (10""""/ml) and 40 percent or more
of isolated species exhibit proteolytic activity (Broderick
etal., 1991; Cotta and Hespell, 1984; Wallace, 1996). Most
bacterial proteases are associated with the cell surface
(Kopecny and Wallace, 1982); only about 10 percent of
the total proteolytic activity is cell free (Broderick, 1998).
Therefore, the initial step in protein degradation by rumi-
nal bacteria is adsorption of soluble proteins to bacteria
(Nugent and Mangan, 1981; Wallace, 1985) or adsorption
of bacteria to insoluble proteins (Broderick et al., 1991).
Extracellular proteolysis gives rise to oligopeptides which
are degraded further to small peptides and some free AA.
Following bacterial uptake of small peptides and free AA,
there are five distinct intracellular events: (1) cleavage of
peptides to free AA, (2) utilization of free AA for protein
synthesis, (3) catabolism of free AA to ammonia and carbon
skeletons (i.e., deamination), (4) utilization of ammonia for
resynthesis of AA, and (5) diffusion of ammonia out of the
cell (Broderick, 1998).

The bacterial population that is responsible for AA
deamination has been of considerable interest. Amino acid
catabolism and ammonia production in excess of bacterial
need wastes dietary CP and reduces efficiency of use of
RDP for ruminant production. For many years it was
assumed that deamination was limited to the large number
of species of bacteria that had been identified to produce
ammonia from protein or protein hydrolyzates (Wallace,
1996). However, this assumption was challenged by Russell
and co-workers (Chen and Russell, 1988, 1989; Russell et
al., 1988) who concluded that the deaminative activity of
these bacteria was too low to account for rates of ammonia
production usually observed in vivo or in vitro with mixed
cultures. Their efforts led to the eventual isolation of a small
group of bacteria that had exceptionally high deaminative
activity and that used AA as their main source of carbon
and energy (Russell et al., 1988; Paster et al., 1993). As a
result of these and other studies, it is now accepted that
AA deamination by bacteria is carried out by a combination
of numerous bacteria with low deaminative activity and a
much smaller number of bacteria with high activity (Wal-
lace, 1996). Of particular interest has been the observation
that the growth of some of these bacteria with high deami-
nating activity is suppressed by the ionophore, monensin
(Chen and Russell, 1988, 1989; Russell et al., 1988).

Protozoa also are active and significant participants in
ruminal protein degradation. Protozoa are less numerous
than bacteria in ruminal contents (10°>-%ml) but because
of their large size, they comprise a significant portion of
the total microbial biomass in the rumen (generally less
than 10 percent but sometimes as high as 50 percent)
(Jouany, 1996; Jouany and Ushida, 1999). Several differ-
ences exist between protozoa and bacteria in their metabo-
lism of protein. First, they differ in feeding behavior.
Instead of forming a complex with feeds, protozoa ingest



46 Nutrient Requirements of Dairy Cattle

particulate matter (bacteria, fungi, and small feed parti-
cles). Bacteria are their principal source of ingested protein
(Jouany and Ushida, 1999). As a result of this feeding
behavior (i.e., ingestion of food), protozoa are more active
in degrading insoluble feed proteins (e.g., soybean meal
or fish meal) than more soluble feed proteins (e.g., casein)
(Hino and Russell, 1987; Jouany, 1996; Jouany and Ushida,
1999). Ingested proteins are degraded within the cell to
yield a mixture of peptides and free AA; the AA are incorpo-
rated into protozoal protein. Proteolytic specific activity of
protozoa is higher than that of bacteria (Nolan, 1993). A
second difference between protozoa and bacteria is that
while both actively deaminate AA, protozoa are not able
to synthesize AA from ammonia (Jouany and Ushida, 1999).
Thus, protozoa are net exporters of ammonia and because
of this, defaunation decreases ruminal ammonia concentra-
tions (Jouany and Ushida, 1999). And lastly, protozoa
release large amounts of peptides and AA as well as pepti-
dases into ruminal fluid. This is the result of significant
secretory processes and significant autolysis and death
(Coleman, 1985; Dijkstra, 1994). Jouany and Ushida (1999)
suggest that excreted small peptides and AA can represent
50 percent of total protein ingested by protozoa. Other
studies indicate that 65 percent or more of protozoal pro-
tein recycles within the rumen (Ffoulkes and Leng, 1988;
Punia et al., 1992).

Much less is known about the involvement of fungi in
ruminal protein catabolism. Currently, anaerobic fungi are
considered to have negligible effects on ruminal protein
digestion because of their low concentrations in ruminal
digesta (10**/ml) (Jouany and Ushida, 1999; Wallace and
Monroe, 1986).

Kinetics of Ruminal Protein Degradation

Ruminal degradation of dietary feed CP is an important
factor influencing ruminal fermentation and AA supply to
dairy cattle. RDP and RUP are two components of dietary
feed CP that have separate and distinct functions. Rumina-
lly degraded feed CP provides a mixture of peptides, free
AA, and ammonia for microbial growth and synthesis of
microbial protein. Ruminally synthesized microbial protein
typically supplies most of the AA passing to the small intes-
tine. Ruminally undegraded protein is the second most
important source of absorbable AA to the animal. Knowl-
edge of the kinetics of ruminal degradation of feed proteins
is fundamental to formulating diets for adequate amounts
of RDP for rumen microorganisms and adequate amounts
of RUP for the host animal.

Ruminal protein degradation is described most often by
first order mass action models. An important feature of
these models is that they consider that the CP fraction of
feedstuffs consists of multiple fractions that differ widely
in rates of degradation, and that ruminal disappearance of

protein is the result of two simultaneous activities, degrada-
tion and passage. One of the more complex of these models
is the Cornell Net Carbohydrate Protein System (CNCPS)
(Sniffen et al., 1992). In this model, feed CP is divided
into five fractions (A, B;, B,, B;, and C) which sum to
unity. The five fractions have different rates of ruminal
degradation. Fraction A (NPN) is the percentage of CP
that is instantaneously solubilized at time zero, which is
assumed to have a degradation rate (k) of infinity; it is
determined chemically as that proportion of CP that is
soluble in borate-phosphate buffer but not precipitated
with the protein denaturant, trichloroacetic acetic (TCA)
(Figure 5-1). Fraction C is determined chemically as the
percentage of total CP recovered with ADF (i.e., ADIN)
and is considered to be undegradable. Fraction C contains
proteins associated with lignin and tannins and heat-dam-
aged proteins such as the Maillard reaction products (Snif-
fen et al., 1992). The remaining B fractions represent
potentially degradable true protein. The amounts of each
of these 3 fractions that are degraded in the rumen are
determined by their fractional rates of degradation (k) and
passage (k,); a single k, value is used for all fractions.
Fraction B, is that percentage of total CP that is soluble
in borate-phosphate buffer and precipitated with TCA.
Fraction Bj is calculated as the difference between the
portions of total CP recovered with NDF (i.e., NDIN) and
ADF (i.e., fraction C). Fraction B, is the remaining CP
and is calculated as total CP minus the sum of fractions
A, By, B;, and C. Reported ranges for the fractional rates
of degradation for the three B fractions are: B, (120-400
%/h), By (3-16 %/h), and B; (0.06—0.55 %/h). The RDP
and RUP values (percent of CP) for a feedstuff using this
model are computed using the equations

RDP = A + B, [kB, / (k;B, + k)]
+ B, [keBy / (kBy + k)]
+ By [keBs / (kiBy + k)]

P

and

RUP = B, [k, / (k;B, + k)]
+ Bz [kp / (kde + kp)]
+ By [k, / (ksBs + k)] + C

This model is used in Level IT of the Nutrient Requirements
of Beef Cattle (National Research Council, 1996) report.
The most used model to describe in situ ruminal protein
degradation divides feed CP into three fractions (A, B, and
C). Fraction A is the percentage of total CP that is NPN
(i.e., assumed to be instantly degraded) and a small amount
of true protein that rapidly escapes from the in situ bag
because of high solubility or very small particle size. Frac-
tion C is the percentage of CP that is completely undegrad-
able; this fraction generally is determined as the feed CP
remaining in the bag at a defined end-point of degradation.
Fraction B is the rest of the CP and includes the proteins
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FIGURE 5-1 Analyses of crude protein fractions using borate-
phosphate buffer and acid detergent and neutral detergent solu-
tions (Roe et al., 1990; Sniffen et al, 1992).

that are potentially degradable. Only the B fraction is con-
sidered to be affected by relative rates of passage; all of
fraction A is considered to be degraded and all of fraction
C is considered to pass to the small intestine. The amount
of fraction B that is degraded in the rumen is determined
by the fractional rate of degradation that is determined in
the study for fraction B and an estimate of fractional rates
of passage. The RDP and RUP values for a feedstuff (per-
cent of CP) using this model are computed using the equa-
tions RDP = A + B [k;/ (k; + k)] and RUP = B [k, /
(ke + k,)] + C. This simple model has been the most
widely used model for describing degradation and ruminal
escape of feed proteins (e.g., AFRC, 1984; National
Research Council, 1985; @rskov and McDonald, 1979). It
is noted that data obtained from in situ, in vitro, and enzy-
matic digestions generally fit a model that divides feed CP
into these fractions (Broderick et al., 1991) and that most
of the in situ data used to validate results obtained with
cell-free proteases have been obtained using this model
(Broderick, 1998). As discussed later, it is this model in
conjunction with in situ derived data that is used for pre-
dicting ruminal protein degradability in this edition.
Numerous factors affect the amount of CP in feeds that
will be degraded in the rumen. The chemistry of feed CP
is the single most important factor. The two most important
considerations of feed CP chemistry are: (1) the propor-
tional concentrations of NPN and true protein, and (2) the
physical and chemical characteristics of the proteins that
comprise the true protein fraction of the feedstuff. Nonpro-
tein N compounds are degraded so quickly in the rumen
(>300%/h) that degradation is assumed to be 100 percent
(Sniffen et al.,, 1992). However, this is not an entirely
correct assumption because degradability is truly related
to rate of passage. For example, assuming a k, of 2.0%/h
and a ky of 300%/h, then degradation = 3.00/(3.00 + 0.02)
= 0.993 or 99.3 percent, and not 1.00 or 100 percent.
Feedstuffs that contain high concentrations of NPN in CP
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contribute little RUP to the host animal. When dairy cattle
are fed all-forage diets, measurements of passage of non-
ammonia, non-microbial N (i.e., RUP-N plus endogenous
N) often are less than 30 percent of N intake (Beever et
al., 1976, 1987; Holden et al., 1994a; Van Vuuren et al.,
1992). In contrast to NPN, which is assumed to be com-
pletely degraded, the rates of degradation of proteins are
highly variable and result in variable amounts of protein
being degraded in the rumen. For example, the range in
kq given in Tables 15-2a,b are 1.4 for Menhaden fish meal
to 29.2 for sunflower meal. Assuming a k, for each feed
of 7.0 percent, the range in degradabilites of the B fraction
would be 16.7 to 80.7 percent. Some characteristics of
proteins shown to contribute to differences in rates of
degradation are differences in 3-dimensional structure, dif-
ferences in intra- and inter-molecular bonding, inert barri-
ers such as cell walls, and antinutritional factors.

Differences in 3-dimensional structure and chemical
bonding (i.e., cross-links) that occur both within and
between protein molecules and between proteins and car-
bohydrates are functions of source as well as processing.
These aspects of structure affect microbial access to the
proteins, which apparently is the most important factor
affecting the rate and extent of degradation of proteins in
the rumen. Proteins that possess extensive cross-linking,
such as the disulfide bonding in albumins and immunoglob-
ulins or cross-links caused by chemical or heat treatment,
are less accessible to proteolytic enzymes and are degraded
more slowly (Ferguson, 1975; Hurrell and Finot, 1985;
Mahadevan et al., 1980; Mangan, 1972; Nugent and Man-
gan, 1978; Nugent et al., 1983; Wallace, 1983). Proteins in
feathers and hair are extensively cross-linked with disulfide
bonds and largely for that reason, a considerable amount
of the protein in feather meal is in fraction C (Tables 15-
2a,b). Similarly, a considerable portion of the protein in meat
meal and meat and bone meal is in fraction C. Proteins in
meat meal and meat and bone meal may contain considerable
amounts of collagen that has both intramolecular and inter-
molecular cross-links (Orten and Neuhaus, 1975). In contrast,
a majority of the protein in menhaden fish meal is in fraction
B but the fractional rate of degradation of fraction B is slower
than in other protein supplements (Tables 15-2a,b). Heat
used in the drying of fish protein was shown to induce the
formation of disulfide bonds (Opstvedt et al., 1984). Heat
processing also coagulates protein in meat products which
makes it insoluble (Bendall, 1964; Boehme, 1982), and cool-
ing of the products causes a random relinkage of chemical
bonds which shrinks the protein molecules (Bendall, 1964).
Collectively, these effects of heating and cooling of proteins
decrease microbial access and make the proteins more resis-
tant to ruminal degradation.

Other factors affecting the ruminal degradability of feed
protein include ruminal retention time of the protein,
microbial proteolytic activity, and ruminal pH. The effect
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of these factors on the kinetics of ruminal protein degrada-
tion have been reviewed (Broderick et al., 1991; National
Research Council, 1985).

Nitrogen Solubility vs. Protein Degradation

Several commercial feed testing laboratories in the
United States provide at least one measurement of N solu-
bility for feedstuffs. Although recognized that N solubility
in a single solvent is not synonymous with CP degradation
in the rumen, the general absence of alternatives other
than using “book values™ for RUP (e.g., National Research
Council, 1985) left little else to help nutritionists ensure
that adequate but not excessive amounts of RDP were
fed. Solubility measurements have been useful for ranking
feeds of similar types for ruminal CP degradability. This
is because of the positive relationship that exists between
N solubility and degradation within similar feedstuffs (e.g.,
Beever et al., 1976; Laycock and Miller, 1981; Madsen and
Hvelplund, 1990; Stutts et al., 1988). Many studies have
indicated that changing N solubility by adding or removing
NPN supplements, by changing method of forage preserva-
tion, or processing conditions of protein supplements
affects animal response (e.g., Aitchison et al., 1976; Crish et
al., 1986; Lundquist et al., 1986). Several different solvents
have been used. At present, the most common procedure
is incubation in borate-phosphate buffer (Roe et al., 1990).
This method has gained in popularity because it is used
for determining the A and B, nitrogen fractions in the
CNCPS (Sniffen et al., 1992).

Although a high correlation exists between N solubility
in a single solvent and protein degradability for similar
feedstuffs, the same does not exist across classes of feed-
stuffs. For example, Stern and Satter (1984) reported a
correlation of 0.26 between N solubility and in vivo protein
degradation in the rumen of 34 diets that contained a
variety of N sources. Madsen and Hvelplund (1990) also
reported a poor relationship between N solubility and in
vivo degradation of CP when used over a range of feed-
stuffs. There appear to be several reasons for these poor
relationships. First, as indicated in the section “Chemistry
of Feed Crude Protein”, the proteins that are extracted
by a solvent depend not only on the chemistry of the
proteins but also on the composition of the solvent. For
that reason, different solvents provide different estimates
of CP solubility (Cherney et al., 1992; Crawford et al.,
1978; Crooker et al., 1978; Lundquist et al., 1986; Stutts
et al., 1988). Second, soluble proteins are not equally sus-
ceptible to degradation by rumen enzymes. Among the
pure soluble proteins, casein is degraded rapidly whereas
serum albumin, ovalbumin, and ribonuclease A are
degraded much slower (Annison, 1956; Mahadevan et al.,
1980; Mangan, 1972). Mahadevan et al. (1980) also
observed that soluble proteins from soybean meal, rape-

seed meal, and fish meal were degraded at different rates
with rates of degradation for all three supplements being
intermediate between those for albumins and casein.
Therefore, structure as well as solubility determines degra-
dability. Third, as indicated in the section “Mechanism of
Ruminal Protein Degradation”, solubility is not a prerequi-
site to degradation. As an example, Mahadevan et al. (1980)
observed that soluble and insoluble proteins of soybean
meal were hydrolyzed in vitro at almost identical rates.
Because bacteria attach to insoluble proteins and because
protozoa engulf feed particles, insoluble proteins need not
enter the soluble protein pool before attack by microbial
proteases. And last, soluble proteins that are not yet
degraded may leave the rumen faster than insoluble pro-
teins. This is because of a more likely association of soluble
protein with the liquid fraction of ruminal contents. For
example, Hristov and Broderick (1996) observed that
although feed NAN in the liquid phase of ruminal contents
was only 12 percent of total ruminal feed NAN, 30 percent
of the feed NAN that escaped the rumen flowed with the
liquids. This indicates a disproportional escape of solu-
ble proteins.

In conclusion, a change in N solubility in a single solvent
appears to be a more useful indicator of a change in protein
degradation when applied to different samples of the same
feedstuff than when used to compare different feedstuffs
that differ in chemical and physical properties. Clearly,
the relationship between solubility and degradability is the
highest when most of the soluble N is NPN (Sniffen
et al., 1992).

Microbial Requirements for N Substrates

Peptides, AA, and ammonia are nutrients for the growth
of ruminal bacteria; protozoa cannot use ammonia. Esti-
mates of the contribution of ammonia versus preformed
AA to microbial protein synthesis by the mixed rumen
population have been highly variable (Wallace, 1997).
Studies using N'> ammonia or urea infused into the rumen
or added as a single dose demonstrated that values for
microbial N derived from ammonia ranged from 18 to 100
percent (Salter et al., 1979). The N* studies of Nolan
(1975) and Leng and Nolan (1984) indicated that 50 per-
cent or more of the microbial N was derived from ammonia
and the rest from peptides and AA. The mixed ruminal
microbial population has essentially no absolute require-
ment for AA (Virtanen, 1966) as cross-feeding among bac-
teria can meet individual requirements. However,
researchers have observed improved microbial growth or
efficiency when peptides or AA replaced ammonia or urea
as the sole or major source of N (Cotta and Russell, 1982;
Russell and Sniffen, 1984; Griswold et al., 1996). Maeng
and Baldwin (1976) reported increased microbial yield and
growth rate on 75% urea + 25% AA-N as compared to



100% urea. Microbial requirements for N substrates of
ammonia-N, AA, and peptides can also be affected by the
basal diet and may explain some of the variability in the
above experiments.

There is evidence that AA and especially peptides are
stimulatory in terms of both growth rate and growth yield
for ruminal microorganisms growing on rapidly degraded
energy sources (Argyle and Baldwin, 1989; Chen et al.,
1987; Cruz Soto et al., 1994; Russell et al., 1983). However,
when energy substrates are fermented slowly, stimulation
by peptides and AA does not always occur. Chikunya et
al. (1996) demonstrated that when peptides were supplied
with rapidly or slowly degraded fiber, microbial growth was
enhanced only if the fiber was degraded rapidly. Russell et
al. (1992) indicated that microorganisms fermenting struc-
tural carbohydrates require only ammonia as their N source
while species degrading nonstructural carbohydrate
sources will benefit from preformed AA.

Recent experiments (Wallace, 1997) have confirmed the
earlier results of Salter et al. (1979) showing that the pro-
portion of microbial N derived from ammonia varies
according to the availability of N sources. The minimum
contribution to microbial N from ammonia was 26 percent
when high concentrations of peptides and AA were present,
with a potential maximum of 100 percent when ammonia
was the sole N source. Griswold et al. (1996) examined
the effect of isolated soy protein, soy peptides, individual
AA blended to profile soy protein, and urea on growth
of microorganisms in continuous culture. Griswold et al.
(1996) demonstrated that N forms other than ammonia
are needed not only for maximum microbial growth but
also as NPN for adequate ruminal fiber digestion.

Many reports of the uptake of C'*-AA and peptides have
indicated that mixed microbial populations preferentially
took up peptides rather than free AA (Cooper and Ling,
1985; Prins et al., 1979). However, Ling and Armstead
(1995) found that free AA were the preferred form of
AA incorporated by S. bovis, Selenomonas ruminantium,
Fibrobacter succinogenes and Anaerovibrio lipolytica,
whereas peptides were preferred only by P. ruminicola. P.
ruminicola can comprise greater than 60 percent of the
total flora in sheep fed grass silage (Van Gylswyk, 1990).
In other studies where an AA preference was exhibited,
the preference may have been the result of specific dietary
conditions where P. ruminicola numbers were lower. Wal-
lace (1996) demonstrated that AA deamination is carried
out by two distinct bacterial populations, one with low
activity and high numbers and the other with high activity
and low numbers. P. ruminicola occurs in high numbers
but has low deaminase activity.

Jones et al. (1998) investigated the effects of peptide
concentrations in microbial metabolism in continuous cul-
ture fermenters. The basal diet contained 17.8 percent
CP, 46.2 percent NSC, and 32.9 percent NDF. Peptides
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replaced urea as a N source at levels of 0, 10, 20 and 30
percent of total N, a urea-molasses mixture represented
8.6,7.0,4.9, and 2.9 percent of DM with increasing peptide
and glucose replacement. Digestion of DM and CP and
microbial CP production were affected quadratically by
peptide addition; the highest values for each variable occur-
red at 10 percent peptide addition. Fiber digestion
decreased linearly with increasing peptide addition.
Reduced ammonia-N concentrations appeared to be the
cause of reduced microbial CP production and reduced
fiber digestion at levels of peptides greater than 10 percent
of total N. The efficiency of conversion of peptide N to
microbial CP increased with increasing peptides; however,
there was no change in grams of microbial N produced
per kilogram of OM digested. Jones et al. (1998) suggested
that with diets containing high levels of NSC, excessive
peptide concentrations relative to that of ammonia can
depress protein digestion and ammonia concentrations,
limit the growth of fiber-digesting microorganisms, and
reduce ruminal fiber digestion and microbial protein pro-
duction. Microorganisms that ferment NSC produce and
utilize peptides at the expense of ammonia production
from protein and other N sources (Russell et al., 1992). Tt
should be noted that in continuous culture systems, proto-
zoa can be washed out in the first few days of operation.

Animal Responses to CP, RDP, and RUP
LACTATION RESPONSES

Crude protein. A data set of 393 means from 82 protein
studies was used to evaluate the milk and milk protein
yield responses to changes in the concentration of dietary
CP (Table 5-1). The descriptive statistics for the data set
are presented in Table 5-2. When CP content of diets
change, the relative contribution of protein from different
sources also change so this evaluation is confounded with
source of protein and concentrations of RDP and RUP.
Overall, milk yield increased quadratically as diet CP con-
centrations increased. The regression equation obtained
was:

Milk yield = 0.8 X DMI + 2.3 X CP
— 0.05 X CP* — 9.8 (* = 0.29)

where milk yield and dry matter intake (DMI) are kilo-
grams/d and CP is percent of diet DM.

Dry matter intake was included in the regression to
account indirectly for some of the differences among stud-
ies such as basal milk production and BW. Dry matter
intake accounted for about 60 percent and CP about 40
percent of non-random variation. Assuming a fixed DMI
(there was no correlation between intake and CP percent
in this data set), the maximum milk production was
obtained at 23 percent CP. The marginal response to
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TABLE 5-1
Dietary Crude Protein

Studies Used to Evaluate Milk and Milk Protein Yield Responses to Changes in the Concentration of

Annexstad et al. (1987)
Aharoni et al. (1993)
Armentano et al. (1993)
Atwal et al. (1995)

Baker et al. (1995)

Bertrand et al. (1998)
Blauwiekel and Kincaid (1986)
Blauwiekel et al. (1990)
Bowman et al. (1988)
Broderick (1992)

Broderick et al. (1990)
Bruckental et al. (1989)
Canfield et al. (1990)
Casper et al. (1990)

Chen et al. (1993)
Christensen et al. (1993a, b)
Crawley and Kilmer (1995)
Cunningham et al. (1996)
De Gracia et al. (1989)
DePeters and Bath (1986)
Dhiman and Satter (1993)
Garcia-Bojalil et al. (1998a)
Grant and Haddad (1998)
Grings et al. (1991)

Grings et al. (1992a)
Grummer et al. (1996)
Hadsell and Sommerfeldt (1988)

Henderson et al. (1985)
Henson et al. (1997)
Higginbotham et al. (1989)
Hoffman and Armentano (1988)
Hoffman et al. (1991)

Holter et al. (1992)
Hongerholt and Muller (1998)
Howard et al. (1987)

Huyler et al. (1999)

Jaquette et al. (1986)

Jaquette et al. (1987)

Kaim et al. (1983)

Kaim et al. (1987)

Kalscheur et al. (1999a,b)
Kerry and Amos (1993)
Khorasani et al. (1996a)

Kim et al. (1991)

King et al. (1990)

Klusmeyer et al. (1990)
Komaragiri and Erdman (1997)
Lees et al. (1990)

Leonard and Block (1988)
Lundquist et al. (1986)
Macleod and Cabhill (1987)
Manson and Leaver (1988)
Mantysaari et al. (1989)
McCarthy et al. (1989)

McCormick et al. (1999)
McGuffey et al. (1990)
Nakamura et al. (1992)
Owen and Larson (1991)
Palmquist and Weiss (1994)
Palmquist et al. (1993)
Polan et al. (1997)

Polan et al. (1985)
Powers et al. (1995)
Robinson and Kennelly (1988b)
Robinson et al. (1991b)
Roseler et al. (1993)
Santos et al. (1998a,b)
Sloan et al. (1988)

Spain et al. (1995)

Voss et al. (1988)
Wattiaux et al. (1994)
Weigel et al. (1997)
Wheeler et al. (1995)
Windschitl (1991)

Wohlt et al. (1991)
Wright (1996)

Wu et al. (1997)

Wu and Satter (2000)
Zimmerman et al. (1992)
Zimmerman et al. (1991)

TABLE 5-2  Descriptive Statistics for Data Set Used
to Evaluate Animal Responses to CP and RDP

Variable N Mean Std. Dev.
Milk, kg/d 393 314 6.1
Milk protein yield, g/d 360 972 153

Dry matter intake, kg/d 393 20.2 3.4
CP, % of dry matter 393 17.1 2.6
RDP, % of dry matter 172 10.7 1.8
RUP, % of dry matter 172 6.2 1.4

increased dietary CP (first derivative of the CP components
of the regression equation) is: 2.3 — 0.1 X CP. Therefore,
increasing dietary CP one percentage unit from 15 to 16
percent would be expected to increase milk yield an aver-
age of 0.75 kg/d and increasing CP one percentage unit
from 19 to 20 percent would be expected to increase milk
yield by 0.35 kg/d. Although milk production may be
increased by feeding diets with extremely high concentra-
tions of CP, the economic and environmental costs must
be compared with lower CP diets. The marginal response
obtained from this data set was similar to that obtained by
Roffler et al. (1986). With their equation, increasing dietary
CP from 14 to 18 percent would result in an increase of
2.1 kg/d of milk and with the equation above the expected
increase is 2.8 kg/d.

Dietary CP was not correlated (P>0.25) with milk pro-
tein percent, but was correlated weakly (r = 0.14; P<<0.01)
with milk protein yield (because of the relationship of
dietary CP with milk yield). The regression equation was:

milk protein yield (g/d) = 17.7 X DMI + 55.6 X CP —
1.26 X CP? + 31.8 (r* = 0.19) where DMI is kilograms/
day and CP is percent of diet DM. Maximum yield of milk
protein was obtained at 22 percent CP (essentially the
same as for milk yield) and the marginal response is equal
to 55.63 — 2.52 X CP where CP is a percent of diet DM.

Rumen degradable and undegradable protein. A regres-
sion approach also was used to evaluate lactation responses
to concentrations of RDP and RUP in the dietary DM. To
evaluate lactation responses to RDP in diet DM, 38 studies
with 206 treatment means were selected in which diets
varied in content of RDP (Table 5-3). All diets were
entered into this edition’s model for predicted concentra-
tions of RDP and RUP in diet DM. As expected, concentra-
tions of RDP and RUP (as percentages of diet DM) were
correlated with concentrations of dietary CP (RDP; r =
0.78, P<0.001; RUP, r = 0.53, P<<0.001), therefore it is
not possible to separate effects of total CP from those of
RDP or RUP. A regression equation for milk yield with
RDP and RUP (both as percent of DM) was derived to
overcome the problems associated with the correlation
between CP and RDP and RUP (the correlation between
RDP and RUP was not significant (r = —0.11, P>0.05).
Dietary RDP and RUP were calculated using the model
described in this publication based on values in the data
set described above. The regression equation also included
DMI for the reasons explained above. The regression equa-
tion (Figure 5-2) was:

Milk = —55.61 + 1.15 X DMI + 8.79 X RDP — 0.36
X RDP? + 1.85 X RUP (2 = 0.52)
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TABLE 5-3  Studies Used to Evaluate Milk Yield Responses to Changes in the Concentration of Dietary Ruminally

Degraded Protein

Annexstad et al. (1987)
Armentano et al. (1993)
Baker et al. (1995)

Barney et al. (1981)
Bertrand et al. (1998)
Blauwiekel et al. (1990)
Casper et al. (1990)
Christensen et al. (1993a,b)
Cunningham et al. (1996)
Dhiman and Satter (1993)
Garcia-Bojalil et al. (1998a)
Grant and Haddad (1998)
Grings et al. (1991)

Grings et al. (1992)

Harris et al. (1992)
Henson et al. (1997)

Hoffman et al. (1991)
Holter et al. (1992)

Kim et al. (1991)

Grummer et al. (1996)
Ha and Kennelly (1984)

Higginbotham et al. (1989)

Hongerholt and Muller (1998)
Kalscheur et al. (1999a)
Khorasani et al. (1996b)

King et al. (1990)
Komaragiri and Erdman (1997)
Leonard and Block (1988)
Mantysaari et al. (1989)
McGuffey et al. (1990)
Palmquist and Weiss (1994)
Roseler et al. (1993)

Santos et al. (1998a,b)
Wattiaux et al. (1994)
Weigel et al. (1997)
Windschitl (1991)

Wu and Satter (2000)
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FIGURE 5-2 Response surface for data set described in “Ani-
mal Responses to CP, RDP, and RUP” section. Maximum milk
yield occurred at 12.2 percent RDP (percent of diet DM). Dry
matter intake was held constant at 20.6 kg/day.

where DMI and milk are kilograms/day, and RDP and
RUP are percent of diet DM. Based on that equation,
maximum milk yield occurred (DMI and RUP held con-
stant) when RDP equaled 12.2 percent of diet DM, and
the marginal change in milk to increasing RDP was 8.79
— 0.72 X RDP. The quadratic term for RUP was not
significant and was removed from the model. Milk yield
increase linearly to RUP at the rate of 1.85 kg for each
percentage unit increase in RUP.

In comparison this edition’s model estimates an average
RDP requirement of 10.2 percent for this data set. Pre-
dicted milk yield (using the above regression equation) at
10.2 percent RDP (DMI and RUP held constant mean
values of the data set of 20.6 kg/d DMI and 6.2 percent,
respectively) is 31.7 kg/d and 33.2 kg/d when RDP is 12.2
percent. A portion of the discrepancy between model pre-
dicted requirement for RDP and regression predicted max-
imal milk production may be caused by the positive correla-
tion between RDP and DM intake (DMI = 144 + 0.58

X RDP; r = 0.35, P<0.001). Based on that regression,
an increase in 2 percentage units of RDP (i.e., 10.2 to 12.2
percent) would increase DMI by about 1.1 kg/d. Based on
this edition’s requirements (assumed 72 percent TDN), an
increase of about 2 kg/d of milk is expected from that
change in DMI. Increasing dietary RDP above model pre-
dicted requirements may result in increased DM intake.

A similar shaped function (data not shown) was obtained
when milk protein yield was regressed on dietary RDP
and RUP:

Milk protein = —1.57 + 0.0275 X DMI + 0.223
X RDP — 0.0091 X RDP? + 0.041
X RUP (r» = 0.51)

where milk protein and DMI are kilograms per day and
RDP and RUP are percentages of dietary DM. Maximum
milk protein yield occurred at 12.2 percent RDP (the same
as milk yield). Milk protein yield increased linearly with
increasing dietary RUP.

Santos et al. (1998b) published a comprehensive review
of the effects of replacing soybean meal with various
sources of RUP on protein metabolism (29 published com-
parisons) and production (127 published comparisons).
Santos et al. (1998b) reported that in 76 percent of the
metabolism studies, higher RUP decreased MCP flows to
the small intestine. Supplementation with RUP usually did
not affect flow of total EAA, and RUP supplementation
usually did not increase or actually decreased flow of lysine
to the duodenum. Supplementation of RUP increased milk
production in only 17 percent of the studies and heat-
treated or chemically-treated soybean meal or fish meal
were the most likely RUP supplements to cause increased
milk production (Santos et al., 1998b). When studies were
combined, cows fed diets with treated soybean meal
(P<<0.03) or fish meal (P<<0.01) produced statistically more
milk than cows fed soybean meal. Cows fed other animal
proteins (blood, feather, meat meals) or corn gluten meal
produced similar or numerically less milk than cows fed
soybean meal (Santos et al., 1998b). See additional discus-
sion in Chapter 16.
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The regression equations derived above for milk and
milk protein yield responses to dietary CP, RDP, and RUP
should be interpreted and used cautiously in view of low
r* values. A more sophisticated statistical analysis (e.g.,
controlling for trial effects, adjusting for variances within
trials, etc.) would probably yield different and more accu-
rate coefficients.

EFFECTS ON REPRODUCTION

Protein in excess of lactation requirements has been
shown to have negative effects on reproduction. Several
workers have reported that feeding diets containing 19
percent or more CP in diet DM lowered conception rates
(Bruckental et al., 1989; Canfield et al., 1990; Jordan and
Swanson, 1979; McCormick et al., 1999). Others have
observed that cows fed 20-23 percent CP diets (as com-
pared to 12-15 percent CP) had decreased uterine pH,
increased blood urea, and altered uterine fluid composition
(Jordan et al., 1983; Elrod and Butler, 1993). In a majority
of the studies reviewed by Butler (1998), plasma progester-
one concentrations in early lactation cows were lower when
diets contained 19-20 percent CP vs. lower concentrations
of CP.

In a review of protein effects on reproduction, Butler
(1998) concluded that excessive amounts of either RDP
or RUP could be responsible for lowered reproductive
performance. However, intakes of “digestible” RUP in
amounts required to adversely affect reproduction without
a coinciding surplus of RDP would be uncommon. In most
of the studies reviewed by Butler (1998), excessive RDP
rather than excessive RUP was associated with decreased
conception rates. Canfield et al. (1990) showed that feeding
diets containing RUP to meet requirements while feeding
RDP in excess of requirements resulted in decreased con-
ception rates. Garcia-Bojalil et al. (1998b) reported that
RDP fed in excess (15.7 percent of DM) of recommenda-
tions decreased the amount of luteal tissue in ovaries of
early lactation cows.

Although most studies have indicated an adverse effect
on reproductive performance of feeding high CP diets,
others indicate no effect of diet CP on reproduction. Car-
roll et al. (1988) observed no differences in pregnancy rate
or first service conception rates of dairy cows fed 20 percent
CP and 13 percent CP diets. Howard et al. (1987) reported
no difference in fertility between cows in second and
greater lactation fed 15 percent CP or 20 percent CP diets.

There are many theories as to why excess dietary CP
decreases reproductive performance (Barton, 1996a,
1996b; Butler, 1998; Ferguson and Chalupa, 1989). The
first theory relates to the energy costs associated with meta-
bolic disposal of excess N. To the extent that additional
energy may be required for this purpose, this energy may
be taken from body reserves in early lactation to support

milk production. Delayed ovulation (e.g., Beam and Butler,
1997; Staples et al., 1990) and reduced fertility (Butler,
1998) have been associated with negative energy status.
Another effect of negative energy status is decreased
plasma progesterone concentrations (Butler, 1998).

Another theory is that excessive blood urea N (BUN)
concentrations could have a toxic effect on sperm, ova, or
embryos, resulting in a decrease in fertility (Canfield et
al., 1990). High BUN concentrations have also been shown
to decrease uterine pH and prostaglandin production (But-
ler, 1998). High BUN may also reduce the binding of
leutinizing hormone to ovarian receptors, leading to
decreases in serum progesterone concentration and fertil-
ity (Barton, 1996a). Ferguson and Chalupa (1989) reported
that by-products of N metabolism may alter the function of
the hypophysealpituitary-ovarian axis, therefore decreasing
reproductive performance. And last, high levels of circulat-
ing ammonia may depress the immune system and, there-
fore, may result in a decline in reproductive performance
(Anderson and Barton, 1988).

Milk urea nitrogen (MUN) and blood urea nitrogen
(BUN) are both indicators of urea production by the liver.
Milk urea N concentrations greater than 19 mg/dl have
been associated with decreased fertility (Butler et al.,
1995). Likewise, BUN concentrations greater than 20 mg/
dl have been linked with reduced conception rates in lactat-
ing cows (Ferguson et al., 1988). Bruckental et al. (1989)
found that BUN levels increased when diet CP was
increased from 17 to 21.6 percent and pregnancy rate
decreased by 13 percentage units. In a case study, Ferguson
et al. (1988) observed that cows with BUN levels higher
than 20 mg/dl were three times less likely to conceive than
cows with lower BUN concentrations. Although high BUN
concentrations have been associated with decreased repro-
ductive performance, others have reported no adverse
effects on pregnancy rate, services per conception, or days
open with BUN levels above 20 mg/dl (Oldick and Fir-
kins, 1996).

Studies by Carroll et al. (1987) and Howard et al. (1987)
indicate that maintaining a strict reproductive management
protocol can reduce the negative effects of excess protein
intake on reproduction. Barton (1996a) demonstrated that
an intense reproductive program could be used to reach
reproductive success regardless of diet CP level or plasma
urea N concentrations. These studies highlight the idea
that dietary protein is just one of many things that have
an effect on reproductive performance. Protein intake,
along with other factors such as reproductive management,
energy status, milk yield, and health status all have an
effect on reproductive performance in dairy cattle.

Synchronizing Ruminal Protein and Carbohydrate
Digestion: Effects on Microbial Protein Synthesis

Microbial protein synthesis in the rumen depends largely
on the availability of carbohydrates and N in the rumen.



Bacteria are capable generally of capturing the majority of
ammonia that is released in the rumen from AA deamina-
tion and the hydrolysis of NPN compounds. However,
dietary conditions often occur in which the rate of ammonia
release in the rumen exceeds the rate of uptake by ruminal
bacteria. Examples of such conditions would include a
surplus of RDP or a lack of available energy (Maeng et al.,
1997). This asynchronous release of ammonia and energy in
the rumen results in inefficient utilization of fermentable
substrates and reduced synthesis of MCP. A variety of
studies have focused on increasing the efficiency of micro-
bial protein synthesis by manipulating dietary components
(Aldrich et al., 1993a; Hoover and Stokes, 1991; Herrera-
Saldana et al., 1990; Maeng et al., 1976). Excellent reviews
describe the relationship between ruminal protein and car-
bohydrate availability and its impact on MCP synthesis in
the rumen (Hoover and Stokes, 1991; Clark et al., 1992;
Stern et al., 1994; Dewhurst et al., 2000).

Several studies indicate that synchronizing for rapid fer-
mentation with fast degradable starch and protein sources
stimulates greater synthesis or efficiency of synthesis of
MCP. Herrera-Saldana et al. (1990) reported that MCP
passage to the duodenum of lactating cows was highest
(3.00 kg/d) when starch and protein degradability were
synchronized for fast rates of digestion (barley and cotton-
seed meal). Flows of MCP were lower when the primary
fermentable carbohydrate and protein sources were either
synchronized for slow degradability (milo and brewer’s
dried grains; 2.14 kg/d) or asynchronized (barley and brew-
er’s dried grains or milo and cottonseed meal; 2.64 and 2.36
ke/d, respectively). Efficiency of MCP synthesis (MCP/kg
of truly digested OM) followed similar trends as MCP
passage to the duodenum. Aldrich et al. (1993b) formulated
diets to contain high and low concentrations of rumen-
available nonstructural carbohydrates (HRANSC and
LRANSC) and high and low concentrations of rumen-
available protein (HRAP and LRAP) using high moisture
shelled corn vs. coarse ground, dry ear corn and canola
meal vs. blood meal, respectively. Flow of MCP to the
duodenum was highest (1.64 kg/d) with HRANSC/HRAP
and lowest (1.34 kg/d) with HRANSC/LRAP, flows were
intermediate (1.46 and 1.48 kg/d) for the two LRANSC
diets. Similar to the findings of Herrera-Saldana et al.
(1990), efficiencies of synthesis of MCP were highest with
the HRANSC/HRAP diet. Stokes et al. (1991a) reported
that diets formulated to contain 31 or 39 percent NSC and
11.8 or 13.7 percent RDP in diet DM supported greater
MCP synthesis than a diet containing 25 percent NSC and
9 percent RDP. Diets formulated to be synchronous vs.
asynchronous in ruminal digestion rates of carbohydrate
and protein have also increased flows and efficiency of
synthesis of MCP in sheep (Sinclair et al., 1993, 1995). In
the study by Sinclair et al. (1995), diets were similar in
carbohydrate source (barley) and were either synchronous
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with rapeseed meal (diet A) or asynchronous with urea
(diet B). The efficiency of MCP synthesis was 11-20 per-
cent greater in sheep given diet A vs. diet B.

Numerous other studies have reported higher MCP pas-
sage (in vivo or in continuous culture) when either the
NSC level was increased or more degradable carbohydrates
were substituted for those less degradable (McCarthy et
al., 1989; Spicer et al., 1986; Stokes et al., 1991a; Stern et
al., 1978) or when RDP in diet DM was increased (Cecava
et al., 1991; Hussein et al., 1991; McCarthy et al., 1989;
Stokes et al., 1991b). A review of 16 studies indicated that
MCP flow to the duodenum was increased by an average
of 10 percent when slowly degradable sources of starch
(e.g., corn grain) were replaced by more rapidly degraded
starch (e.g., barley) (Sauvant and van Milgen, 1995). How-
ever, there was no effect of differences in rate of starch
degradation on the efficiency of conversion of ruminally
digested OM to MCP. Lykos et al. (1997) evaluated diets
formulated to have similar rates of RDP with three rates
(6.04,6.98, and 7.94%/h) of NSC degradation in the rumen.
Concentrations of RDP and NSC in diet DM were held
constant across treatments. Rates of NSC degradation were
achieved primarily by replacing cracked corn with ground
high moisture corn. Flow of MCP to the duodenum tended
to be the highest with the highest rate of NSC degradation.
Efficiency of conversion of ruminally digested OM to MCP
was increased as ruminal NSC availability increased, dem-
onstrating the importance of timing of available energy to
the ruminal microorganisms.

Studies evaluating the importance of providing a gradual
or even supply (vs. an uneven supply) of energy and N
substrates to ruminal microorganisms are limited. Henning
et al. (1993) investigated this issue in cannulated sheep
fed both at maintenance and at a higher level of nutrition.
Treatments consisted of a soluble carbohydrate mixture
(maltose, dextrose and maltotriose) and a soluble N mixture
(urea and sodium caseinate). Providing an even supply of
energy increased passage of MCP and efficiency of MCP
synthesis when the maintenance diet was fed but only
tended to increase efficiency of MCP synthesis when the
more adequate diet was fed. In contrast, the even supply
of N increased passage of MCP only when the more ade-
quate diet was fed. The results indicate that merely improv-
ing the degree of synchronization between energy and N
release rates in the rumen does not necessarily increase
microbial cell yield and that a gradual or even release of
energy and possibly N as well are also important.

Synchronizing rates of ruminal degradation of carbohy-
drates and protein may have a more pronounced effect in
animals having high rates of ruminal passage (e.g., high
DMI). Newbold and Rust (1992) observed in batch culture
that a temporary restriction of supplies of either N or
carbohydrate reduced subsequent bacterial growth rate.
However, given the same total supply of nutrients, bacterial
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concentrations recovered after 12 h of incubation to con-
centrations observed prior to restriction of nutrient sup-
plies. This suggests that microbial cells in the rumen are
able to handle periods of nutrient shortage. These results
were confirmed by the in vitro studies of Van Kessel and
Russell (1997). However, when midlactation dairy cows
were provided diets that varied in rumen degradable OM
and CP, or fed at different feeding frequencies, no differ-
ences were observed in MCP production or microbial effi-
ciency (Shabi et al., 1998).

The importance of providing a synchronized vs. an
unsynchronized supply of N substrates to the mixed rumi-
nal microbial population on ruminal protein and carbohy-
drate synchrony is unclear. Of particular interest is the
identification of factors that affect efficiency of bacterial
uptake of ammonia and alpha-amino N. Hristov et al.
(1997) investigated the effect of different levels of carbohy-
drates and simultaneous provision of ammonia and alpha-
amino N (AA and peptides) on the utilization of ammonia
and alpha-amino N by ruminal microorganism in vitro.
Rumen inoculum was incubated with five concentrations
(0,1, 5, 15, and 30 g/L) of carbohydrate (75 percent mixed
sugars and 25 percent soluble starch) and five N sources
(ammonia, free AA, ammonia plus free AA, peptides, and
ammonia plus peptides). The ammonia pool in all treat-
ments was labeled with ('’ NH,),SO,. Observations
included: (1) increased uptake and incorporation of ammo-
nia into microbial N from all N treatments with increasing
carbohydrate level, (2) a preference for rumen microbes
to use alpha-amino N as compared to ammonia N, and
(3) increased uptake of AA and peptides with added ammo-
nia. It is concluded that the efficiency of use of ammonia
and alpha-amino N by rumen microbes is not constant and
is influenced by the availability (or balance) of energy,
ammonia, and alpha-amino N.

Others have found that higher NSC or RDP in diet DM
does not always support greater microbial growth. The
extent to which ammonia is captured as MCP is affected
by various factors such as diet type, ruminal fermentation
characteristics, and DMI. Therefore, it should not be sur-
prising that several studies conducted to evaluate the effect
of synchronizing carbohydrate and protein degradation in
the rumen observed no effects on MCP synthesis, effi-
ciency of MCP synthesis, or no carbohydrate by protein
interaction effects on MCP passage (Casper et al., 1999;
Cecava et al., 1991; Feng et al., 1993; Hussein et al., 1991;
McCarthy et al., 1989; Scollan et al., 1996; Stokes et al.,
1991b).

The major nutrients required by rumen microbes are
carbohydrates and proteins, but the most suitable sources
and quantities needed to support maximum growth have
not been determined. Although peptides, AA, and ammo-
nia all may serve individually as sources of N for mixed
ruminal microbes, the total population achieves the highest

growth rate on mixtures of all three sources. Based on data
from both in vitro and in vivo studies, there is general
agreement that rate of digestion of carbohydrates is the
major factor controlling the energy available for microbial
growth (Hoover and Stokes, 1991).

It is possible to alter the synchronization of protein and
carbohydrate, either by changing dietary ingredients or by
altering the relative times of feeding ingredients (Shabi et
al., 1998). However it is not possible to identify whether an
increase in MCP synthesis by feeding different ingredients
(Herrera-Saldana et al., 1990; Aldrich et al., 1993a; Sinclair
et al., 1993, 1995) is an effect of synchrony or a factor
associated with the manipulation of the ingredients (level
and type) themselves (Dewhurst et al., 2000).

In summary, it is well documented that the kinetics of
carbohydrate and protein degradation varies widely accord-
ing to feed source, its chemical composition, and method
of processing. The available literature indicates that when
rumen fermentation is normal, there is little additional
benefit of altering carbohydrate and protein degradation
rates, or their level of synchrony, on microbial protein
synthesis.

Ruminally Protected Proteins

“Rumen protected” has been defined by the Association
of American Feed Control Officials (Noel, 2000) as “a
nutrient(s) fed in such a form that provides an increase in
the flow of that nutrient(s), unchanged, to the abomasum,
yet is available to the animal in the intestine.” Thus, rumen
protected proteins are protein-containing feeds that have
been treated or processed in ways to decrease ruminal
protein degradability and increase the content of digestible
RUP. Most research has focused on oilseeds and oilseed
meals. Rumen protected proteins, as well as protein supple-
ments that have an inherent high rate of ruminal escape,
are important in dairy cattle nutrition because of the low
content of digestible RUP in most feedstuffs. Reliance on
feed proteins with a high content of digestible RUP is
greatest in high producing cows when most or all of the
forage is provided by high quality grasses and legumes. In
these situations, the basal diet often contains adequate or
more than adequate amounts of RDP but is deficient in
RUP. Thus, protein supplementation should be limited
to high RUP-containing feedstuffs to avoid large excesses
of RDP.

Many methods have been investigated to decrease the
rate and extent of ruminal degradation of feed proteins.
Most of the methods have involved the use of heat, chemi-
cal agents, or a combination of heat and chemical agents
(Kaufmann and Liipping, 1982; Satter, 1986; Broderick et
al., 1991; Schwab,1995). The challenge has been to identify
treatments or processing conditions that increase digestible
RUP to an extent that justifies the cost of the treatment,



and in the case of the first three methods, with minimal
loss of AA.

Heat processing is the most used treatment in North
America. Heat processing decreases rumen protein degra-
dability by denaturation of proteins and by the formation
of protein-carbohydrate (Maillard reactions) and protein-
protein cross-links. Commercial methods that rely solely on
heat (dry or in combination with added moisture) include
cooker-expeller processing of oilseeds, additional heat
treatment of solvent extracted oilseed meals, roasting,
extrusion, pressure toasting, and micronization of legume
seeds, and expander treatment of cereal grains and protein
supplements. Studies of ruminal degradation of protein of
heat processed feedstuffs using the in situ approach indi-
cate reductions in fraction A, increases in fractions B and
C, and decreases in the fractional rates of degradation of
the B fraction (Goelema et al., 1999; Prestlgkken, 1999;
Wang et al., 1999).

Careful control of heating conditions is required to opti-
mize the content of digestible RUP (Schwab, 1995a).
Under-heating results in only a small increase in digestible
RUP. Over-heating of feeds (i.e., heat-damaged protein)
reduces the intestinal digestibility of RUP through the
formation of indigestible Maillard products and protein
complexes (Van Soest, 1994). Over-heating also causes sig-
nificant absolute losses of lysine, cystine, and arginine (Par-
sons et al., 1992; Barneveld et al., 1994a; Dale, 1996).
Among those AA, lysine is the most sensitive to heat dam-
age and undergoes both destruction and decreased avail-
ability (Weiss et al. 1986a,b; Barneveld et al., 1994b,c;
Nakamura et al., 1994b). Optimal conditions of heat pro-
cessing are generally considered to be those which signifi-
cantly decrease ruminal protein degradability without
adverse effects on postruminal digestion or significant
losses of AA. However, combined measurements of RUP
with measurements (or estimates) of intestinal-available
lysine in RUP indicates that some loss of chemically deter-
mined available lysine is needed to achieve the heat treat-
ment of oilseeds and oilseed meals that maximizes postru-
minal available lysine (Broderick and Craig, 1980; Craig
and Broderick, 1981; Faldet et al., 1991; Faldet et al.,
1992a,b). The relationships between heat input and con-
centrations of RDP, RUP, indigestible RUP, and digestible
RUP have been described (Satter, 1986).

Chemical treatment of feed proteins can be divided
into three categories: (1) chemicals that combine with and
introduce cross-links in proteins (e.g., aldehydes),
(2) chemicals that alter protein structure by denaturation
(e.g., acids, alkalis, and ethanol), and (3) chemicals that
bind to proteins but with little or no alteration of protein
structure (e.g., tannins) (Broderick et al., 1991;
Schwab,1995a). For a variety of reasons, often including
less than desired levels of effectiveness, use of chemical
agents as the sole treatment for increasing the RUP content

Protein and Amino Acids 55

of feed proteins has not received commercial acceptance.
A more effective approach involving “chemical” agents
has been to combine chemical and heat treatments. An
example of this approach is the addition of lignosulfonate,
a byproduct of the wood pulp industry that contains a
variety of sugars (mainly xylose), to oilseed meals before
heat treatment. The combined treatments enhance nonen-
zymatic browning (Maillard reactions) because of the
enhanced availability of sugar aldehydes that can react with
protein (Broderick et al., 1991; Schwab, 1995a).

Successful use of rumen protected proteins and other
proteins that have a high ruminal escape requires consider-
ation of AA composition and knowledge of the content and
intestinal digestibility of the RUP fraction.

Predicting Passage of Microbial Protein

Ruminally synthesized microbial protein typically sup-
plies a majority of the AA flowing to the small intestine of
growing cattle (Titgemeyer and Merchen, 1990b) and dairy
cows (Clark et al., 1992). Microbial protein is the protein
of the ruminal bacteria, protozoa, and fungi that pass to
the small intestine. Bacteria provide most of the microbial
protein leaving the rumen. Protozoa contribute signifi-
cantly to the microbial biomass of ruminal contents. How-
ever, because they are more extensively recycled in the
rumen than bacteria (Ffoulkes and Leng, 1988; Leng et
al., 1986; Punia et al., 1992), protozoa do not contribute
to postruminal protein supply in proportion to their contri-
butions to the total microbial biomass in the rumen.

In the 1989 Nutrient Requirements of Dairy Cattle publi-
cation, bacterial crude protein production (BCP) in lactat-
ing dairy cows was predicted from net energy intake using
the equation: BCP = 6.25 (—30.93 + 11.45 NE;). For
growing animals, BCP was predicted from TDN intake
using the equation: BCP = 6.25 (—31.86 + 26.12 TDN).
These equations were adapted from the 1985 National
Research Council’s report Ruminant Nitrogen Usage.

The most recent Nutrient Requirements of Beef Cattle
report (National Research Council, 1996) adopted two dif-
ferent strategies in predicting microbial protein production
in the rumen. In Level I of the beef model (National
Research Council, 1996), BCP was estimated to be 130
grams per kilogram TDN intake with a downward adjust-
ment for diets containing less than 40 percent forage, an
unlikely circumstance for growing dairy heifers. Level II
of the beef model (National Research Council, 1996) used
an adaptation of the Cornell Net Carbohydrate and Protein
System to predict BCP in both growing and mature beef
cattle.

Using the range in TDN requirements for growing heif-
ers from Table 6-2 in Nutrient Requirements of Dairy
Cattle (1989), TDN intake would range from 1.82 to 8.80
kg/day. The implied range in BCP production per unit of
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TDN would be 53 to 140 g BCP/kg of TDN. The calculated
variation in microbial efficiency is due to the negative
intercept in the original 1985 National Research Council
equation (National Research Council, 1985). The adjust-
ment to a constant 130 g BCP/kg of TDN presented in
Nutrient Requirements of Beef Cattle (National Research
Council, 1996) appears more reasonable. Burroughs et al.
(1974) proposed a value of 104.4 for microbial amino acids.
Assuming 80 percent microbial amino acids in microbial
N, this would correspond to a factor of 130.5 (104.4/0.8)
for MCP. However, validation of this was nearly impossible
because of the lack of reported data specific to growing
dairy heifers in the literature. There are considerable data
in the beef cattle literature but unfortunately, most of these
reports were in animals fed high concentrate diets that
would be atypical of those fed to growing replacement
heifers and bulls.

There is a wealth of published data on MCP production,
particularly in lactating dairy cows at high feed intakes,
which has been published since the 1985 National
Research Council’s report on Ruminant Nitrogen Usage.
Several methods were considered for predicting MCP pro-
duction in the lactating dairy cow. Figure 5-3 shows the
relationship between NE; intake and microbial N flows
using a data set (Table 5-4) consisting of 334 treatment
means from published literature since 1985 and collected
from lactating and dry cows. Superimposed on Figure 5-
3 is a prediction line using the 1989 lactating dairy cow
equation. Although the previous edition of Nutrient
Requirements of Dairy Cattle (National Research Council,
1989) equation performed reasonably well at intakes of
less than 30 Mcal of NE;, microbial N flow was consistently
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FIGURE 5-3 Plot of observed (open circles) and residuals
(squares) for measured microbial N flow (g/day) versus estimated
NE, intake in lactating and dry dairy cows. The National Research
Council, 1989, line is the predicted line where microbial N =
—30.93 + 11.45 NE;. At high levels of NE; intake, microbial
N production is over-predicted.

over-predicted at high NE; intakes which are more com-
mon in today’s higher producing cows. The 1985 equation
was based on cows fed NE; intakes ranging from 5 to
29 Mcal/day. The maximal NE, intake in that data set is
equivalent to only about 3 times maintenance intake for a
600 kg dairy cow. To overcome this problem, the literature
data set (Table 5-4) was used to develop new microbial N
prediction equations.

Several different prediction variables were evaluated
including both linear and quadratic effects of DM, OM,
and NE,, intakes. Although addition of quadratic terms did
correct for over prediction at high feed intake, the standard
error of prediction for individual treatment means was high
(61 g N) and no regression equation had an r* of more
than 0.39. Alternatively, equations used in Level II of the
beef model (National Research Council, 1996) were tested
on a smaller subset of data with similar results where micro-
bial N flow was again over-predicted at high feed intake
with no improvement in overall prediction error. Measured
rumen fermentable OM obtained from the literature data
set was an even poorer predictor of microbial N with a
standard error of prediction of 67 g N.

Within the literature data set (Table 5-4), there was a
large range in measured efficiencies of microbial protein
synthesis (12-54 g microbial N/kg rumen fermented OM).
The wide range in measured efficiencies of microbial pro-
tein synthesis explains why fermented OM was a poor
predictor of microbial N passage to the duodenum.
Because of the variability in efficiency of microbial protein
synthesis, it was concluded that systems driven by fer-
mented energy alone or by indirect indicators of fermented
energy such as TDN or NE; would not be accurate enough
to predict passage of microbial N to the duodenum unless
at least some of the variability was accounted for in effi-
ciency of microbial protein synthesis.

An important factor affecting efficiency of microbial pro-
tein synthesis is the relative availability of N for fermenta-
tion. Apparent ruminal N balance is an indirect indicator
of N availability for microbial protein synthesis. Where
balance is positive, N from dietary RDP is in excess of N
captured as microbial N and there is a net loss of N from
the rumen to the animal tissues. Where apparent ruminal
N balance is negative, there is a net gain of N in the rumen
indicating inadequate N from RDP for microbial protein
synthesis and a net gain from recycling of N from the animal
tissues to the rumen. Figure 5-4 shows the relationship
between observed microbial efficiency and apparent rumi-
nal N balance using the literature data set where the micro-
bial efficiency (g microbial N/kg truly fermented OM) was
equal to 29.74 — 0.30 ARND (1> = 041, SEy = 6.5).
The equation suggests a microbial efficiency of 29.74 g N/
kg truly fermented OM at an apparent ruminal N digestibil-
ity of zero.
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TABLE 5-4  Studies Used to Determine the Relationship Between NE;, Intake and Passage of Microbial Protein to
the Small Intestine of Lactating Dairy Cows

Aldrich et al. (1993b)
Arieli et al. (1993)
Armentano et al. (1986)
Benchaar et al. (1994a)
Benchaar et al. (1991)
Benchaar et al. (1994b)
Blauwiekel et al. (1997)
Calsamiglia et al. (1995b)
Cameron et al. (1991)
Chan et al. (1997)
Christensen et al. (1993b)
Christensen et al. (1996)
Cunningham et al. (1993)
Cunningham et al. (1994)
Cunningham et al. (1996)
Doreau et al. (1991)
Erasmus et al. (1992)
Erasmus et al. (1994b)
Espindola et al. (1997)
Feng et al. (1993)
Herrera-Saldana et al. (1990)
Holden et al. (1994a)

Joy et al. (1997)
Kalscheur et al. (1997a)
Kalscheur et al. (1997b)
Khorasani et al. (1996a)
King et al. (1990)
Klusmeyer et al. (1991a)

Klusmeyer et al. (1991b)
Klusmeyer et al. (1990)
Kung et al. (1983)

Lu et al. (1988)

Lykos et al. (1997)
Lynch et al. (1991)
Mabjeesh et al. (1996)
Mabjeesh et al. (1997)
Madsen (1986)
Mansfield and Stern (1994)
McCarthy et al. (1989)
Merchen and Satter (1983)
Moller (1985)

Murphy et al. (1987)
Narasimhalu et al. (1989)
Ohajuruka et al. (1991)
Oldham et al. (1979)
Oliveira et al. (1995)
O’Mara et al. (1997b)
Overton et al. (1995)
Palmquist et al. (1993)
Pantoja et al. (1995)
Pantoja et al. (1994)
Pena et al. (1986)

Pires et al. (1997)

Poore et al. (1993)
Prange et al. (1984)
Putnam et al. (1997)

Robinson and Sniffen (1985)
Robinson et al. (1991a)
Robinson et al. (1997)
Robinson et al. (1994)
Robinson et al. (1985)

Rode and Satter (1988)
Rode et al. (1985)

Santos et al. (1984)

Sarwar et al. (1991)

Schwab et al. (1992a)
Schwab et al. (1992b)
Seymour et al. (1992)

Song and Kennelly (1989)
Stensig and Robinson (1997)
Stern et al. (1983)

Stern et al. (1985)

Stokes et al. (1991b)
Tamminga et al. (1979)
Teller et al. (1992)

Tice et al. (1993)

van Vuuren et al. (1992)
Waltz et al. (1989)
Weisbjerg et al. (1992)
Windschitl and Stern (1988)
Yang et al. (1997)

Yoon and Stern (1996)
Zerbini et al. (1988)

Zhu et al. (1997)
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FIGURE 5-4 Relationship between measured efficiency of
microbial protein synthesis (g microbial N/kg rumen fermented
OM) and apparent ruminal N balance (microbial efficiency =
29.74 — 0.30 apparent ruminal N digestibility percent, r* = 0.41,
P <0.001, Sy = 6.49, n = 306).

The Nutrient Requirements of Dairy Cattle (National
Research Council, 1989) report assumed a net recycling
of 15 percent of dietary N intake or an apparent ruminal
N balance of — 15 percent. The average apparent ruminal
N balance in the literature data set was plus 1.0 percent
suggesting that on average net recycling of N to the rumen
was zero. If under practical circumstances, ruminal N bal-
ance ranges from + 20 to — 20 percent, efficiency of micro-
bial protein synthesis would vary from 24 to 36 g N/kg of

OM fermented in the rumen and would have a major
impact on estimated microbial protein production.

The implication is that as availability of N increases in
relation to fermented OM, efficiency of microbial protein
synthesis decreases. If ruminal N availability is relatively
high compared to fermented OM, then output of microbial
N per unit of fermented OM decreases, indicating that
microbial utilization of N and energy becomes uncoupled
and energy utilization for microbial protein synthesis
becomes less efficient because the excess N is not used
by the rumen microbes (Clark et al., 1992). Systems for
predicting microbial N production as fixed linear functions
are likely to over predict microbial protein production,
particularly at high intakes of ruminally fermented OM.
This would be true regardless of whether microbial N
was predicted directly from ruminally fermented OM or
indirectly using total tract digestible OM (TTDOM) intake
or energy intake as an indicator of ruminally fermented
OM.

The 1989 Nutrient Requirements of Dairy Cattle
(National Research Council, 1989) report assumed an effi-
ciency of use of apparent ruminally degraded N (RDP) of
0.9. If N recycling is set to zero, then net RDP required
would be 1.11 X microbial N. The mean RDP to microbial
N ratio (RDP:MN) in the data set was 1.18 or about 1.2.
Although deficits in RDP for microbial N synthesis can be
made up through N recycling, the impact of low RDP
availability on rumen fermentation is not well understood
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nor could it be defined using the current literature data
set. Therefore, the mean RDP to microbial N ratio of
1.18 was used to define RDP requirements assuming an
apparent ruminal N balance of zero.

Ruminally fermented OM is not practical to use as a
direct index of available energy for microbial growth as
there are not adequate means by which rumen fermentabil-
ity of an individual feedstuff or diet can be predicted.
Previously cited techniques for predicting TDN offered a
more practical indirect indicator of ruminally fermented
OM. This is similar to the use of NE, intake in Nutrient
Requirements of Dairy Cattle (National Research Council,
1989) publication. In a summary of experiments with dairy
cows fed diets containing as much as 7 percent of added
dietary fat, rumen fermentability of the diet was reduced
by an amount equivalent to the amount of fat added to
the diet and total microbial N production was unaffected
(Erdman, 1995). Because the increase in efficiency of
microbial protein synthesis was due to a reduction in fer-
mented OM and not an increase in microbial N synthesis,
TTDOM was used as an indirect indicator of fermentable
energy. This can be calculated by adjusting the contribution
of fat to TDN by a factor of 1.25 where: TTDOM = TDN
— [(EE — 1) X 1.25]. The factor of 1.25 corresponds to
the increase in energy content of absorbed ether extract
(EE) versus other dietary components and EE is adjusted
downward to account for the 1 percent dietary EE of non-
fatty acid origin.

To correct for differences in microbial efficiency due to
availability of RDN in relation to microbial N, the microbial
efficiency values were adjusted in the literature data set
using the equation (g microbial N/kg of TTDOM = 32.78
— 8.29 RDN:MN, r* = 0.35, P <0.001, Sy = 48, n
= 270). The microbial N yields adjusted to a common
RDN:MN availability of 1.2 were then regressed against
TTDOM. The results are shown in Figure 5-5.
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FIGURE 5-5 Plot of adjusted (open circles) and residuals
(squares) for measured microbial N (g/d) versus measured total
tract digestible OM (kg/d). (Microbial N = 21.03 total tract
digestible OM. r* = 0.69, P < 0.001, Sy = 38.1, n = 266).
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Microbial N flow corrected to 1.2 RDN:MN was related
linearly to TTDOM at all levels of TTDOM intakes. This
was also true for the relationship with both NE; and TDN
intake. Calculated intercepts were not different from zero
and regression coefficients using zero intercepts were
21.03,20.32, and 8.21 g microbial N per kilogram TTDOM,
per kilogram TDN, and per Mcal NE;, respectively. Each
equation had a standard error of prediction of 38 g. If
coefficients were converted to a microbial CP basis (N X
6.25), corresponding coefficients would be 131, 127, and
51 g respectively. The coefficient (127) for TDN is identical
to the adapted Burrough’s value (130.5) and the value (130)
used in Level I of the Nutrient Requirements of Beef Cattle
report (National Research Council, 1996) suggesting that
a common value (130) could be used for both growing
animals and lactating dairy cows. In this volume, 130 g
of microbial CP/kg discounted TDN is used to estimate
microbial protein synthesis. Because there is no intercept
in these equations, the microbial protein and net absorbed
protein values can be assigned to individual feeds, which
was not possible in the Nutrient Requirements of Dairy
Cattle (National Research Council, 1989) report.

In summary, it is assumed that the yield of MCP is 130
g/kg of TDN (discounted) intake and that the requirement
for RDP is 1.18 X MCP yield. Therefore, yield of MCP
is calculated as 0.130 X TDN (discounted TDN, see Chap-
ter 2) when RDP intake exceeds 1.18 X MCP yield. When
RDP intake is less than 1.18 X TDN-predicted MCP, then
MCP yield is calculated as 0.85 of RDP intake (1.00/1.18
= 0.85).

Predicting Passage of Rumen Undegradable Feed Protein

The values for RUP reported in the previous edition of
Nutrient Requirements of Dairy Cattle (National Research
Council, 1989) were based on in vivo and in situ estimates
from cattle and sheep and in many cases represented few
observations. Subsequent to the Nutrient Requirements of
Dairy Cattle (National Research Council, 1989) publica-
tion, a wealth of data has been published that have pro-
vided estimates of RUP concentrations in feedstuffs.
Approaches have included in vivo, in situ, and in vitro
(enzymatic, inhibitor, nitrogen solubility and protein frac-
tionation, continuous culture fermentation, gel electropho-
resis, and near-infrared reflectance spectroscopy) tech-
niques (Hoffman et al., 1999; Michalet-Doreau and Ould-
Bah, 1992; Nocek, 1988; Stern et al., 1997). Although often
used as the standard by which other methods are evaluated,
the in vivo approach requires the use of cannulated animals
and, therefore, is subject to errors associated with cannula
placement and the use of microbial and digesta flow
markers.

The in situ procedure has emerged as the most widely
used approach for estimating RUP (Stern et al., 1997) and



is used in this edition. The procedure has been modified
and adopted in several countries (Lindberg, 1985; Micha-
let-Doreau and Ould-Bah, 1992; Nocek, 1988; Stern et al.,
1997; Vanzant et al., 1998). Adherence to guidelines for
standardizing factors known to affect the results (Michalet-
Doreau and Ould-Bah, 1992; Nocek, 1988; Stern et al.,
1997) have increased considerably the reproducibility of
the measurements within and among laboratories.

As described in the section “Kinetics of Ruminal Protein
Degradation”, the in situ procedure can be used to identify
and quantify at least three N fractions which commonly
are referred to as the A, B, and C fractions, and the rate
of degradation (Kd) of fraction B. Fraction A includes
NPN, rapidly solubilized protein, and protein in particles
of smaller size than the porosity of the Dacron polyester
or nylon bags into which the feedstuff is placed during
incubation in the rumen. The different forms of N in
fraction A cannot be separated by using the in situ proce-
dure, nor can the rate be determined at which fraction A
is degraded. Fraction C is estimated by a defined end-point
of degradation, which corresponds to the lowest percent
residual beyond which no further ruminal degradation
occurs (Nocek and English, 1986). Different approaches
have been described to combine estimates of the Kd of
fraction B with rates of passage (Kp) from the rumen to
estimate RUP (see Michalet-Doreau and Ould-Bah, 1992;
Stern et al., 1997; and Bach et al., 1998, for review). The
portion of fraction B determined not to be degraded, plus
fraction C, is assumed to be RUP. Important assumptions
with the in situ method are that “disappearance” from the
bag is synonymous with degradation and that any N that
has disappeared from the bag, including N associated with
rapidly degradable proteins that are likely to be hydrolyzed
as peptides (Broderick and Wallace, 1988), has been
degraded and can be used by ruminal microorganisms.

In situ data from 190 cattle experiments were reviewed.
The experiments involved 1326 individual feedstuff obser-
vations. Most of the publications were published between
1988 and 1998. Experiments involving sheep were not used
because rumen degradation kinetics have been shown to
differ between sheep and cows (Sebek and Everts, 1999;
Siddons and Paradine, 1983; Prigge et al., 1984; Uden and
Van Soest, 1984). Rarely were all three fractions reported,
and sometimes Kd was not reported. In cases of incomplete
information, the data were discarded unless enough infor-
mation was provided to solve for the missing parameter
by using either of the two equations, RDP = A + B[Kd/
(Kd + Kp)] or RUP = B[Kp/(Kp + Kd)] + C. For
observations in which no C fraction was reported, but the
sum of the A and B fractions was less than 100, the residual
was considered to be the C fraction. In the majority of
observations where the protein fractions and Kd were esti-
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mated by using the model of @rskov and McDonald (1979),
or the linear approach of Mathers and Miller (1981), the
sum of the A and B fractions equaled 100 (i.e., B and C
were “lumped” together and Kd was for the “B + C”
fractions). In general, those data were considered accept-
able if a small to negligible C fraction could be expected
(e.g., most energy feeds, unprocessed oil-seeds, or unpro-
cessed oil-seed meals). However, for forages or for feed-
stuffs that were heat processed, or feedstuffs where a mod-
erate to large C fraction could be expected (e.g., blood
meal, corn gluten meal), if the sum of the A and B fractions
equaled 100, then those data were not used. In situations
in which an assumed value for Kp was needed to calculate
RDP, RUP, or a missing N fraction, an assumed rate of
5 %/h was used. If needed and not reported, RDP was
calculated as 100-RUP and RUP was calculated as 100 —
RDP. Some authors included a lag term for model-fitting
procedures. However, lag was not considered for purposes
of solving for missing information.

Of the total 1326 feedstuff observations, 801 observa-
tions from 170 experiments (Table 5-5) were considered
acceptable for inclusion into the feed library (Tables 15-
2a,b). Most of the rejected data were of feedstuffs that
were either experimental in nature or uncommon to North
America. Other reasons for not accepting data included
clear deviations from recommended procedures, reported
estimates of protein fractions that exceeded 100% of CP,
or no reported C fraction when one would be expected.

A number of diet-related factors such as ruminal pH,
frequency of feeding, particle size, and Kp can affect the
estimates of Kd (see reviews by Lindberg, 1985; Michalet-
Doreau and Ould-Bah, 1992; Nocek, 1988; Vanzant et al.,
1998). However, sufficient data were not available to allow
for more than one set of Kd values to be summarized for
those factors. The RDP or RUP fraction of CP can be
calculated for each feedstuff by the two equations:

RDP = A + B[Kd/(Kd + Kp)] (5-1)
where:

RDP = RDP of the feedstuff, percentage of CP

A = Fraction A, percentage of CP

B = Fraction B, percentage of CP

Kd = rate of degradation of the B fraction, %/h

Kp = rate of passage from the rumen, %/h

RUP = B[Kp/(Kd + Kp)] + C (5-2)
where:

RUP = RUP of the feedstuff, percentage of CP

B = Fraction B, percentage of CP

Kd = rate of degradation of the B fraction, %/h
Kp rate of passage from the rumen, %/h
C Fraction C, percentage of CP

The sum of RDP plus RUP equals 100%.
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TABLE 5-5  Studies Reporting In Situ Determined Estimates of N Fractions and Rates of Protein Degradations That

Were Used in Preparing This Edition

Akayezu et al. (1997)
Aldrich et al. (1996)
Alexandrov (1998)
Antoniewicz et al. (1995)
Arieli and Adin (1994)
Arieli et al. (1989)

Arieli et al. (1995)
Armentano et al. (1997)
Armentano et al. (1993)
Armentano et al. (1983)
Armentano et al. (1986)
Balde et al. (1993)
Barney, N. C., Personal communication.
Batajoo and Shaver (1998)

Beauchemin et al. (1997)

Beckers et al. (1995)

Beever et al. (1986)

Ben Salem et al. (1993)

Berzaghi et al. (1997)

Bohnert et al. (1998)

Boila and Ingalls (1992)

Boila and Ingalls (1994)

Brown and Pate (1997)

Calsamiglia et al. (1995b)

Carey et al. (1993)

Caton et al. (1994)

Cecava, M. |, Personal communication.
Coblentz et al. (1999)

Coblentz et al. (1997)

Coblentz et al. (1998)

Cody et al. (1990)

Cozzi et al. (1995)

Cozzi et al. (1993)

Cozzi and Polan (1994)

Cushnahan et al. (1995)

Dawson and Mayne (1997)

Dawson and Mayne (1998)

Deacon et al. (1988)

Deacon et al. (1988)

Denham et al. (1989)

DePeters and Bath (1986)

DeVisser et al. (1998)

England et al. (1997)

Erasmus (1993)

Erdman et al. (1986)

Erdman and Vandersall (1983)

Erdman et al. (1987)

Erickson et al. (1986)

Faldet et al. (1991)

Ganesh and Grieve (1990)

Givens et al. (1997)

Goelema et al. (1998)

Gordon and Peoples (1986)

Grings et al. (1991)

Grings et al. (1992a)

Grings et al. (1992b)

Ha and Kennelly (1984)

Herrera-Saldana et al. (1990)
Hoffman et al. (1993)
Hongerholt and Muller (1998)
Hristov (1998)

Hristov and Sandev (1998)
Ibrahim et al. (1995)

Janicki and Stallings (1988)
Jones-Endsley et al. (1997)
Keady and Steen (1996)
Keady et al. (1994)

Kenelly et al. (1988)

Khalili et al. (1994)

Khalili et al. (1992)

Khorasani et al. (1996a)
Khorasani et al. (1994a, b)
Khorasani et al. (1992)
Khorasani et al. (1993)
Kibelolaud et al. (1993)
Kirkpatrick and Kennelly (1987)
Klover et al. (1998)

Kowalski et al. (1997)
Lehman et al. (1995)

Lu et al. (1988)

Lykos and Varga (1995)
Maiga et al. (1997)

Makoni et al. (1991)
Manyuchi et al. (1992)
Marshall et al. (1993)
McKinnon et al. (1995)
McNiven et al. (1994)
Michalet-Doreau and Cerneau (1991)
Michalet-Doreau and Noziere (1998)
Michalet-Doreau and Ould-Bah (1992)
Mir et al. (1993)

Mir et al. (1992)

Mupeta et al. (1997)

Murphy and Kennelly (1987)
Murphy et al. (1993)

Mustafa et al. (1996)

Mustafa et al. (1997)

Napoli and Santini (1989)
Negi et al. (1988)

Nocek et al. (1979)

Nocek and Grant (1987)
Olson et al. (1994)

O’Mara et al. (1997a, b)
O’Mara et al. (1998)

Petit et al. (1994)

Petit and Tremblay (1992)
Peyraud et al. (1997)
Piepenbrink and Schingoethe (1998)
Pires et al. (1997)

Polan et al. (1997)

Polan et al. (1998)

Powers et al. (1995)

Prakash et al. (1996)

Rioux et al. (1995)

Robinson et al. (1991a)

Robinson et al. (1991b)

Robinson and Kennelly (1988a)

Robinson and Kennelly (1988b)

Robinson and McNiven (1993)

Robinson and McNiven (1994)

Robinson and McQueen (1994)

Romagnolo et al. (1994)

Rooke et al. (1985)

Schroeder et al. (1996)

Seymour and Polan (1986)

Sicilano-Jones, J. L., Personal communication.
Sievert and Shaver (1993)

Singh et al. (1995)

Song and Kennelly (1989)

Stallings et al. (1991)

Stanford et al. (1996)

Steg et al. (1994)

Stutts et al. (1988)

Subuh et al. (1994)

Susmel et al. (1993)

Susmel et al. (1991)

Susmel et al. (1990)

Tamminga et al. (1991)

Valentine and Bartsch (1988)

van der Aar et al. (1984)

van der Koelan et al. (1992)

Vanhatalo et al. (1995)
van Vuuren et al. (1989
van Vuuren et al. (1992
van Vuuren et al. (1991
van Vuuren et al. (1993
Vanzant et al. (1996)
Varvikko and Vanhatalo (1992)
Vasquez-Anon et al. (1993)

Vieira et al. (1997)

Vik-Mo (1989)

von Keyserlingk and Mathison (1993)
von Keyserlingk and Mathison (1989)
von Keyserlingk et al. (1996)
Walhain et al. (1992)

Waltz and Stern (1989)

Waltz et al. (1989)

Wanderly et al. (1999)

Wang et al. (1997)

Wattiaux et al. (1994)

Wen-Shyg et al. (1995)

Windschitl and Stern (1988)

Xu et al. (1996)

Yan et al. (1998)

Yang et al. (1997)

Yang et al. (1996)

Yang et al. (1999)

Yong-Gang et al. (1994)

Yoon et al. (1996)

Zerbini and Polan (1985)

z o ==

The use of the equations presented above requires for
each feedstuff an estimate of the rate of passage (K,) from

the rumen. For the purpose of developing equations that
would predict rates of passage, 275 experiments were



reviewed in which estimates of K, were reported for a
variety of feedstuffs. Three equations were developed and
have been adopted for use in this publication:

Equation for estimating K, of wet forages (i.e., silages
and fresh forages)

K, = 3.054 + 0.614X,

where:
K, = rate of passage from the rumen, %/h
X; = DMI, percentage of BW

Equation for estimating K, of dry forages
K, = 3.362 + 0.479X, —0.007X,—0.017X;

where:
K, = rate of passage from the rumen, %/h
X, = DMI, percentage of BW
X, = concentrate, percentage of diet DM
X; = NDF of feedstuff, percentage of DM

Equation for estimating Kp of concentrates
Kp = 2.904 + 1.375X;—0.020X,

where:
K, = rate of passage from the rumen, %/h
X, = DML, percentage of BW
X, = concentrate, percentage of diet DM

The equations were derived from experiments in which
rare earth elements were used as K, markers. Studies
involving Cr-mordanted feeds and Cr-mordanted NDF
were not used to estimate K;, of feeds. No significant inde-
pendent variables could be identified for predicting K, of
concentrates when the data set included these studies.
The subcommittee recognized that intrinsic properties of
feedstuffs, such as particle size and density, functional spe-
cific gravity, and processing of grains are not considered
by the equations. Those factors, in addition to others (e.g.,
ruminal pH, feeding frequency, and use of ionophores)
(see reviews by Owens and Goetsch, 1986 and Firkins et
al., 1998), could not be considered because data are too
sparse to make adjustments for those factors. Nonetheless,
data from which the equations were developed for estimat-
ing K, are diverse with respect to DMI (2.7 to 26.8 kg/d),
body weight (120 to 745 kg), DMI as percentage of body
weight (0.8 to 4.4%), concentrate in dietary DM (0 to
85%), and represent estimates of K, obtained in growing,
lactating, and nonlactating cattle.

Standardized methods have been proposed (AFRC,
1992; Lindberg, 1985; Madsen et al., 1995; Michalet-Dor-
eau and Ould-Bah, 1992; Nocek, 1988; Orskov, 1982; Van-
zant et al., 1998; Wilkerson et al., 1995) for the in situ
procedure of estimating RUP of feedstuffs. Those reviews
agree generally about most procedural aspects, but the
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committee deemed it necessary to augment the recommen-
dations in those reviews to foster a more complete report-
ing of data such that future summaries possibly may
account for factors (e.g., ruminal pH, DMI) that may affect
estimates of Kd. The recommendations by the committee
are shown in Table 5-6.

The committee encourages the development and accep-
tance of an alternative method for quantifying N fractions
and Kd that can be adopted by commercial feed testing
laboratories for estimating RUP of feedstuffs. Chemical
approaches are the most attractive for quantifying N frac-
tions in feedstuffs because those procedures can be per-
formed under routine laboratory conditions. The most
sophisticated approach described to date is the use of the
detergent system developed by Goering and Van Soest
(1970) for analysis of carbohydrates in conjunction with
extraction with borate phosphate buffer (Krisnamoorthy
et al., 1982; Fox et al., 1990; Chalupa et al., 1991; Sniffen
etal., 1992). As discussed previously, this method partitions
CP into five fractions (A, B1, B2, B3, and C) according to
rates of ruminal degradation and is the method that is used
in the CNCPS (Sniffen et al., 1992). Protein degradability
is calculated on the basis of pool size and rates of degrada-
tion of protein fractions in combination with ruminal pas-
sage rate.

Digestibility of Rumen Undegradable Feed Protein

The previous edition of Nutrient Requirements of Dairy
Cattle (National Research Council, 1989) recognized that
intestinal digestion of feed proteins may differ. However,
because of the lack of sufficient data at the time, a constant
digestibility value of 80 percent was used for RUP of all
feedstuffs. This value was selected because it approximated
the average calculated true absorption of both nonammo-
nia-N and RUP as measured in vivo (see Tables 13 and
14 in Nutrient Requirements of Dairy Cattle 1989 report).
The current edition of Nutrient Requirements of Beef Cat-
tle (National Research Council, 1996) also assumes that
all RUP is 80 percent digestible.

Other feeding standards have attempted to account for
differences in RUP digestibility among feedstuffs. How-
ever, the approaches have differed. For example, it is
assumed in the UK Metabolizable Protein System (Web-
ster, 1987) that acid detergent insoluble nitrogen (ADIN)
is both undegradable in the rumen and indigestible in the
small intestine. The equation of Webster et al. (1984) was
adopted in that publication to predict digestible RUP from
ADIN values [g/kg DM = 0.90 (RUP N-ADIN)/RUP N].
However, more recent data raise concerns about the appro-
priateness of using ADIN to predict RUP digestibility.
Although a good relationship between ADIN and N indi-
gestibility has been demonstrated for most forages (Goer-



62 Nutrient Requirements of Dairy Cattle

TABLE 5-6 Recommended Procedures and Reporting Details for a Standardized In Situ Procedure for Measuring
Ruminal Degradability of Protein in Dairy Cattle”

Ttem Recommendation
Diet
Type Similar to that of desired application. Report ingredient and chemical composition (minimum of DM, CP, NDF, and ash)

Feeding level
Feeding frequency

Evaluated feedstuff
Chemical composition
Physical characteristics
Sample processing

Bag
Material
Pore size

Incubation procedure
Number of animals
Number of days
Number of replications
Presoaking
Ruminal position

Similar to that of desired application; report DMI and ruminal pH
2 times/d if not fed for ad libitum DMI

Report (minimum) DM, CP, NDF, and ash
Report specifics about processing of feedstuffs (e.g., steam-flaked, 0.39 kg/L; heated, 150 °C, 3 h)
2-mm screen size (Wiley mill)

Polyester
40 to 60

2; report BW
2

1
Recommended
Ventral rumen

0,2, 4,8, 16, 24, and 48 (include 72 for forages). Report time zero washout so a lag time can be calculated.

Insertion/removal Remove simultaneously
Incubation times, h
Rinsing Machine (5 times at 1 min/rinse)
Standard substrate Recommended

Microbial correction Required

Mathematic model Non-linear

“Adapted and modified from AFRC, 1992; Lindberg, 1985; Madsen et al., 1995; Michalet-Doreau and Ould-Bah, 1992; Nocek, 1988; @rskov, 1982; Vanzant et al., 1998;

Wilkerson et al., 1995.

ing et al., 1972; Yu and Thomas, 1976) and other feeds
that were not heat processed (Waters et al., 1992), others
have reported that ADIN is partially digestible and that a
poor relationship exists between ADIN and N digestibility
in nonforage plant protein sources that have been subjected
to heat treatment (e.g., Nakamura et al., 1994a; Rogers et
al., 1986; Cleale et al., 1987; Weiss et al., 1989; Harty et
al., 1998; Waters et al., 1992). In each of the latter studies,
the evaluated feedstuffs were distiller’s products and other
grain-byproducts that had been subjected to sufficient heat
and moisture to induce the Maillard reactions and thus
have “added” ADIN. These data indicate that much of the
ADIN from these products is digestible but it is not clear
whether this involves ruminal digestion, postruminal diges-
tion, or both. Nakamura et al. (1994b) confirmed that
significant amounts of ADIN in heat-damaged corn gluten
meal and distillers grains were digestible but that the
absorbed N from the heat-damaged protein was not used
for growth by lambs and cattle. Waters et al. (1992) also
confirmed the findings of Van Soest et al. (1987) that high
tannin feeds bind protein in the gut which appears as
ADIN in feces. The result was a high negative mean value
(— 89 percent) for apparent digestibility of ADIN in digest-
ibility trials with sheep in which diets contained high tannin
feeds. In contrast, diets that contained distillers products
resulted in high positive values (62 percent) for ADIN
digestibility whereas diets consisting only of “conventional”

feeds resulted in a mean digestibility value for ADIN of 2
percent (Waters et al., 1992). Observations such as these
indicate that ADIN is probably a useful indicator of non-
usable N but that it may not be useful for estimating
digestibility of RUP. In the French PDI System (Jarrige,
1989), variable digestibility values for RUP (0.25 to 0.95)
are assigned to feedstuffs. Digestibility values were calcu-
lated from results of digestibility experiments with sheep
using the assumption that the between-feed differences in
fecal N excretion per unit of DMI results from indigestible
dietary protein.

Other methods for estimating the intestinal digestibility
of RUP include in vivo procedures, nonruminant animal
bioassay, the in situ mobile nylon bag technique, and in
vitro techniques (e.g., lysine availability test and enzymatic
methods) (Stern et al., 1997). Although used as the stan-
dard by which other methods are evaluated, the in vivo
approach requires the use of cannulated animals and is
subject to inherent animal variation and errors associated
with cannula placement and the use of microbial and
digesta flow markers. The most widely used approach for
estimating the true intestinal digestibility of the RUP frac-
tion of feedstuffs is the mobile bag technique. Although
requiring the need for ruminally and duodenally cannu-
lated animals, the technique is relatively easy and it pro-
vides a more direct and physiologic approach than the use
of ADIN. Using this method, small amounts of washed,



ruminally undegraded feed residues are placed in bags.
The bags are then usually preincubated in a pepsin/HCI
solution for 1 to 3 h, inserted into the duodenum of cannu-
lated ruminants, and then recovered either from an ileal
cannula or (more typically because of convenience) from
the feces. A comparison of ileal and fecal recovery of mobile
bags provides similar estimates of RUP digestibility (Beck-
ers et al., 1996; Boila and Ingalls, 1994, 1995; Hvelplund,
1985; Jarosz et al., 1994; Moshtaghi Nia and Ingalls, 1995;
Todorov and Griginov, 1991; Vanhatalo and Ketoja, 1995).
Recovered bags are washed thoroughly to remove endoge-
nous and other contaminating protein and analyzed for N
or AA content. Therefore, estimates of RUP digestibility
obtained using this technique are considered to be esti-
mates of true rather than apparent digestibility. Factors
that can potentially affect the accuracy of the estimates
of intestinal digestibility obtained using the mobile bag
technique have been reviewed (Beckers et al., 1996; Stern
et al., 1997) and a standardized procedure for its use has
been recommended (Madsen et al., 1995). Studies have
indicated good correlation between results from fecal col-
lection of bags and in vivo intestinal CP digestion (Hvel-
plund, 1985; Todorov and Griginov, 1991).

Calsamiglia and Stern (1995) developed a three-step in
vitro procedure that provides an alternative to the use of
intestinally cannulated ruminants for estimating intestinal
digestibility of the RUP fraction of feed proteins. The
procedure consists of: (1) incubating ruminally undegraded
feed residues for 1 h in 0.1IN HCI solution containing 1 g/L
of pepsin, (2) neutralizing the mixture with 1IN NaOH and
a pH 7.8 phosphate buffer containing pancreatin followed
by a 24-h incubation, and (3) precipitation of undigested
proteins with a 100 percent (wt/vol) trichloracetic acid
solution. Pepsin-pancreatin digestion of protein is calcu-
lated as TCA-soluble N divided by the amount of N in the
sample (Dacron bag residue) used in the assay. The authors
reported an excellent correlation (r = 0.91) with in vivo
estimates of intestinal CP digestion when using ruminally
undegraded feed residues from 16-h ruminal incubations.

To arrive at estimates of RUP digestibility for this publi-
cation, 54 studies were summarized (Table 5-7). The
mobile bag technique with recovery of the bags from the
feces was used in 48 studies and the in vitro procedure of
Calsamiglia and Stern (1995) was used in 6 studies. Porosity
of bag material used in the mobile bag technique studies
ranged from 9 to 53 wm. Comparative data within studies
in which the effect of bag pore size on protein digestibility
was measured indicated that digestibility tended to increase
slightly with increasing pore size. Beckers et al. (1996)
obtained digestibility values of 87 and 92 percent, 72 and
75 percent, and 64 and 69 percent for ruminal residues of
soybean meal, wheat bran, and meat and bone meal when
pore size was 10 and 43 pm, respectively. Hvelplund (1985)
obtained values of 95 and 97 percent, 87 and 87 percent,
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and 74 and 75 percent for residues of soybean meal, coco-
nut cakes, and rapeseed meal when pore size was 9 and
22 wm. Porosities of 40 to 53 pm were used in all but
twelve studies identified for this data set. Mobile bags
containing the ruminal residues were preincubated in a
pepsin/HCI solution before placement in the duodenum
in 75 percent of the studies. Studies not employing pepsin/
HCI preincubation were retained in the data set because
comparative data in studies that have evaluated the impor-
tance of pepsin/HCI preincubation indicate that it is not
a necessary step when the mobile bag technique includes
preincubation of feeds in the rumen (Vanhatalo et al., 1995;
Voigt et al., 1985). For feeds in which data were limited
or did not exist, the values reported by Jarrige (1989) in
Table 13.3 of Ruminant Nutrition: Recommended Allow-
ances and Feed Tables were used. The mean values used
in this revision (Tables 15-2a,b) are rounded to the nearest
5 percentage units to emphasize the lack of precision
involved in arriving at mean values.

Predicting Passage of Endogenous Protein

Predicted passage of protein to the small intestine in
the previous Nutrient Requirements of Dairy Cattle publi-
cation (National Research Council, 1989) was assumed
to originate entirely from ruminally synthesized microbial
protein and RUP. However, research indicates that endog-
enous protein N also contributes to N passage to the duode-
num and maybe should be considered in models designed
to predict passage of protein to the small intestine. Sources
of endogenous protein that may contribute to duodenal
protein include: (1) mucoproteins in saliva, (2) epithelial
cells from the respiratory tract, (3) cellular debris from the
sloughing and abrasion of the epithelial tissue of the mouth,
esophagus, and the reticulo-rumen, (4) cellular debris from
the sloughing and abrasion of the epithelial tissue of the
omasum and abomasum, and (5) enzyme secretions into
the abomasum. Significant amounts of the first three
sources of endogenous protein probably are degraded by
ruminal microorganisms, and therefore do not contribute
in their entirety to protein passage to the small intestine.

Attempts to measure passage of endogenous protein N
to the small intestine of ruminants are limited because of
the difficulty of being able to distinguish endogenous N
from microbial N and feed N in duodenal digesta. Several
different approaches have been used. One approach has
been to measure the flow of nonammonia-N (NAN)
through the rumen and abomasum when cows and steers
were nourished totally on volatile fatty acids infused into
the rumen. Using this approach, @rskov et al. (1986)
obtained mean flows of NAN from the rumen of two non-
lactating, pregnant Holstein cows (650 and 700 kg) of 8.3
g/d or 51 mg/kg BW"™; for two steers (307 and 405 kg),
the flows were 5.1 g/d or 58.2 mg/kg BW"™. @rskov et al.
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TABLE 5-7  Published Studies That Were Summarized for the Purpose of Arriving at Estimates of Intestinal
Digestibility of the RUP Fraction of Feedstuffs

Antoniewicz et al. (1992)
Arieli et al. (1989)
Beckers et al. (1996)
Boila and Ingalls (1994)
Boila and Ingalls (1995)
Calsamiglia and Stern (1995)
Calsamiglia et al. (1995a)
Cros et al. (1992a)

Cros et al. (1992b)
Dakowski et al. (1996)
Deacon et al. (1988)

de Boer et al. (1987)
Erasmus et al. (1994a)
Frydrych (1992)
Goelema et al. (1998)
Hindle et al. (1995)

Hvelplund et al. (1994)
Hvelplund et al. (1991)

Jarosz et al. (1994)

Kendall et al. (1991)

Kibelolaud et al. (1993)

Kopecny et al. (1998)

Liu et al. (1994)

Maiga et al. (1996)

Masoero et al. (1994)

Mhgeni et al. (1994)

Moshtaghi Nia and Ingalls (1992)
Moshtaghi Nia and Ingalls (1995)
Mupeta et al. (1997)

Mustafa et al. (1998)

O’Mara et al. (1997a)

Palmquist et al. (1993)

Prestlgkken (1999)

Rae and Smithard (1985)
Rooke (1985)

Steg et al. (1994)

Todorov and Girginov (1991)
Vanhatalo et al. (1995)
Vanhatalo and Ketoja (1995)
Vanhatalo and Varvikko (1995)
Vanhatalo et al. (1996)

van Straalen and Huisman (1991)
van Straalen et al. (1993)

van Straalen et al. (1997)
Varvikko and Vanhatalo (1992)
Volden and Harstad (1995)
von Keyserlingk et al. (1998)
Walhain et al. (1992)

Howie et al. (1996)
Hvelplund (1985)

Pereira et al. (1998)

Piepenbrink and Schingoethe (1998)

Wang et al. (1999)
Weisbjerg et al. (1996)

(1986) used the same approach with growing cattle and
lambs but measured flows of NAN through both the rumen
and abomasum. In this experiment with four steers (240
to 315 kg), they reported flows of total N and NAN through
the rumen of 9.9 and 5.8 g/d (145 and 85 mg/kg BW"%)
and flows through the abomasum of 17.0 and 13.4 g/d (248
and 195 mg/kg BW"%). In lambs (40 to 50 kg), respective
flows of N and NAN from the rumen and abomasum were
103 and 76 and 244 and 181 mg/kg BW*™. In both steers
and lambs, the contribution of the omasum and abomasum
to the total endogenous N leaving the abomasum was
greater than the contributions from the other sources.

A more physiologic approach for obtaining estimates of
passage of endogenous N to the small intestine of cattle
has been to measure flows of N fractions when diets consid-
ered free of rumen digestible protein are fed. In this case,
flows of endogenous N are estimated as the difference
between the sum of N intake and measured flows to the
duodenum of microbial N and flows of total NAN. Hannah
et al. (1991) and Lintzenich et al. (1995) fed dormant
bluestem-range hay (2.3 and 2.8 percent CP, respectively)
as the sole source of dietary energy and protein to Holstein
steers (370 to 424 kg). Ad libitum intake of DM was 0.7
to 0.8 percent of BW (about 3.1 kg/d in both studies). Flows
of endogenous N to the small intestine were calculated
to be 278 (Hannah et al., 1991) and 279 mg/kg BW*™
(Lintzenich et al., 1995). Hart and Leibholz (1990) fed
variable amounts of alkali-treated wheat straw (1.7 to 4.1
kg/d) to 300 kg steers fitted with ruminal and abomasal
(distal pyloric region) cannulas. The hay was demonstrated
to be free of rumen digestible protein. The average flow
of endogenous N to the abomasum was 325 mg/kg BW’™.
The flow of endogenous N from the rumen to the omasum
increased with increasing DMI, averaging 2.2 g/kg DMI
(87 mg/kg BW" ™), whereas the contribution of the omasum

to flow of endogenous N to the abomasum appeared unaf-
fected by DMI, averaging 17.2 g N/d.

Brandt et al. (1980) used an alternative approach that
allowed for the provision of N for ruminal microorganisms.
Two lactating cows fitted with ruminal and duodenal can-
nulas were fed twelve daily meals of (kg/d) 4.86 cellulose,
0.48 straw, and 3.0 concentrate (corn starch, sugar, oil, and
minerals). The basal diet was supplemented with constant
ruminal infusions of N-enriched urea. From measured
BN surpluses in duodenal NAN, microbial N, and milk N
they determined that 3.6 g of endogenous protein N passed
to the duodenum of dairy cows for each kilogram of OM
that passes to the small intestine. Assuming that dietary
DM approximates 90 to 93 percent OM and that 60 to 65
percent of OM intake passes to the small intestine of dairy
cows (Clark etal., 1992), then approximately 2.1 g of endog-
enous N passes to the small intestine for each kilogram of
DM consumed (3.6 g X 0.915 X 0.625 = 2.1 g). The
authors concluded that with normal diets, endogenous pro-
tein N may constitute 9 to 12 percent of NAN passing to
the small intestine.

Vérité and Peyraud (1989) reported a regression equa-
tion that was developed to determine the contributions of
microbial N, feed N, and endogenous N to passage of NAN
to the small intestine. It was assumed in the regression
model that flow of endogenous N to the small intestine is
proportional to the intake of nondigestible OM (OM not
digested in the entire digestive tract). Using a data set
involving 405 measurements of NAN passage in sheep,
growing cattle and cows, the resulting equation indicated
that flow of endogenous N to the small intestine is equal
to 5.3 g/kg of nondigestible OM intake, or approximately
1.7 g/kg DML

In summary, it is apparent that significant amounts of
endogenous N may pass to the small intestine. The quantity



that passes to the duodenum in an animal of a given BW
appears to be correlated closely to intake of indigestible
OM. However, because OM digested in the rumen is not
calculated in the model, for purpose of simplicity it was
decided to predict passage of endogenous N to the duode-
num from DMI. The equation selected for use in this
publication is: endogenous N (g/d) = 1.9 X DMI (kg/d).
The value of 1.9 is less than the value of 2.1 reported by
Brandt et al. (1980) and was selected for use in this model
because it yields a mean bias closest to zero for predicting
non-ammonia-non-microbial N in the model (see next sec-
tion). The value of 1.9 also provides estimates of endoge-
nous N that are consistent with the above cited data. For
example, using a cow weighing 600 kg and consuming 25
kg of dry matter, the predicted flow of endogenous N is
475 g/d, or 392 mg/kg BW'™. The value of 392 mg/kg
BW'% is 58 percent higher than the measured flow of 248
mg/kg BW™ in steers maintained by intragastric infusion
and consuming no feed (@rskov et al., 1986).

Evaluation of Model for Predicting Flows of N Fractions

The described approaches to predicting passage of MCP,
RUP, and ECP to the small intestine were validated using
99 published studies that reported flows of N {ractions
[non-ammonia N (NAN), microbial N (MN), and non-
ammonia-non-microbial N (NANMN)] to the small intes-
tine (Table 5-8). Selected studies were limited to those in
which duodenal N flow was partitioned into NAN, MN,
and NANMN; data were not used if it was not explicitly
clear that ammonia-N was measured and subtracted from
total N for reporting flows of NAN. Of the 99 selected
studies, 27 used growing cattle (106 treatment means) and
72 used lactating and non-lactating dairy cows (284 treat-
ment means). The animals (155 to 785 kg BW) were fed
a diversity of diets (e.g., 0 to 90% concentrate, mean =
50%; 8.0 to 24.8% CP, mean = 16.2%; and 7.2 to 12.8%
RDP, mean 10.9%) at variable intakes of DM (0.95 to
4.40% of BW; mean = 2.86%). Although independently
selected by a blind collaborator, 56 of the 72 studies involv-
ing cows in the 99-study data base used for evaluation were
used for developing the equation for predicting passage of
MCP. None of the growing cattle studies were used in
developing the equation for predicting passage of MCP.

Figures 5-6, 5-7, and 5-8 are plots of predicted vs. mea-
sured flows and of residuals (predicted-measured) vs. mea-
sured flows for MN, NANMN (ruminally undegraded feed
N + endogenous N), and NAN for cows. The plots for
growing cattle showed the same tendencies as those for
the cows so only the plots for cows are presented. On
average, for all variables and for both growing cattle and
cows, discrepancies were small between predicted and
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measured flows. Mean biases of prediction for MN,
NANMN, and NAN for growing cattle and cows were
(g/d) —0.75, +0.44, —1.9 and +0.52, —0.12, +0.14,
respectively. Mean biases of prediction for MN, NANMN,
and NAN for the combined data set were (g/d) +0.18,
—0.01, and —0.37. In 57 percent of the cases for growing
cattle and 28 percent of the cases for cows (36 percent of
the total cases), passage of microbial CP was restricted by
the availability of RDP and therefore, predicted by RDP
intake (0.85 X RDP intake).

The degree of the negative slope-bias that is evident in
the residual plots are of concern. However, some negative
slope-bias was expected because of errors in measurement.
A negative slope-bias was expected for NAN (Figure 5-8)
because of errors associated with quantifying passage of
digesta to the small intestine. Because measurements of
digesta passage require the use of markers, flows can be
under- or over-estimated to varying degrees. A greater
negative slope-bias was expected for MN (Figure 5-6) and
NANMN (Figure 5-7) because errors in measurement
include errors in quantifying passage as well as estimating
the content of MN in NAN. Primarily because of the error
associated with the use of markers for estimating MN in
NAN, estimates may be lower or higher than actual. To
help determine if the negative slope-biases were attribut-
able to the data used for evaluation, the model, or both,
the residuals were regressed on some variables that were
reported in most of the studies and considered to possibly
influence the prediction accuracy of the model. These vari-
ables included BW, DMI (percent of BW and kg/d), con-
centrate intake (percent of DMI), diet CP (percent of
DM), and CP intake. None of these factors contributed
appreciably to the negative slope biases. Therefore, it was
concluded that errors in the structure of the model are
probably major contributors to the negative slope biases.
The series of equations used for predicting flows of N
fractions includes some nonlinear equations. Therefore,
because of its nonlinear nature, the model is sensitive to
generating bias predictions because of errors in model
input (i.e., errors in measuring the independent variables).

Predicting Passage of Metabolizable Protein

Microbial CP as provided by bacteria and protozoa is
considered to contain 80 percent true protein; the remain-
ing 20 percent of MCP is considered to be provided by
nucleic acids (National Research Council, 1989). The true
protein of MCP is assumed to be 80 percent digestible
(National Research Council, 1989). Consequently, the con-
version of MCP to MP is assumed to be 64 percent. Rumi-
nally undegraded feed CP is assumed to be 100 percent
true protein (National Research Council, 1989). As dis-
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TABLE 5-8  Studies Used to Evaluate the Model Equations for Predicting Flows of MCP, RUP plus ECP, and NAN

Flows to the Small Intestine

Aldrich et al. (1995)
Aldrich et al. (1993a)
Aldrich et al. (1993b)
Armentano et al. (1986)
Beauchemin et al. (1999)
Bernard et al. (1988)
Bohnert et al. (1999)
Cameron et al. (1991)
Cecava et al. (1993)
Cecava and Parker (1993)
Christensen et al. (1993a, b)
Christensen et al. (1996)

Klusmeyer et al. (1990)
Koster et al. (1997)

Kung et al. (1983)

Lardy et al. (1993)

Lu et al. (1988)

Lykos et al. (1997)

Lynch et al. (1991)
Mabjeesh et al. (1996)
Mansfield and Stern (1994)
McCarthy et al. (1989)
Merchen and Satter (1983)
Milton et al. (1997)

Robinson et al. (1985)
Rode et al. (1985)
Rooke et al. (1985)
Santos et al. (1984)
Sarwar et al. (1991)
Schwab et al. (1992a)
Schwab et al. (1992b)
Song and Kennelly (1989)
Stern et al. (1983)
Stern et al. (1985)
Stokes et al. (1991b)
Tesfa (1993)

Crocker et al. (1998)
Cunningham et al. (1993)
Cunningham et al. (1994)
Cunningham et al. (1996)
Elizalde et al. (1999)
Erasmus et al. (1992)
Erasmus et al. (1994b)
Espindola et al. (1997)
Feng et al. (1993)

Glenn et al. (1989)
Goetsch et al. (1987)
Holden et al. (1994a)
Holden et al. (1994b)
Johnson et al. (1998)

Joy et al. (1997)
Kalscheur et al. (1997a)
Kalscheur et al. (1997b)
Keery et al. (1993)
Khorasani et al. (1996b)
Klusmeyer et al. (1991a)
Klusmeyer et al. (1991b)

Murphy et al. (1993)
Murphy et al. (1994)

Oliveira et al. (1995)
O’Mara et al. (1998)
O’Mara et al. (1997b)
Overton et al. (1995)
Pantoja et al. (1995)
Pantoja et al. (1994)
Pena et al. (1986)
Peyraud et al. (1997)
Pires et al. (1997)
Poore et al. (1993)
Prange et al. (1984)
Putnam et al. (1997)

Rinne et al. (1997)
Robinson (1997)

Narasimhalu et al. (1989)
Ohajuruka et al. (1991)

Rangngang et al. (1997)

Robinson and Sniffen (1985)
Robinson et al. (1994)

Tice et al. (1993)

van Vuuren et al. (1992)
van Vuuren et al. (1993)
Volden (1999)

Waltz et al. (1989)
Wessels et al. (1996)
Yang et al. (1997)

Yang et al. (1999)

Yoon and Stern (1996)
Younker et al. (1998)
Zerbini et al. (1988)
Zhu et al. (1997)

Zinn (1988)

Zinn (1993a)

Zinn (1993b)

Zinn (1995)

Zinn et al. (1995)

Zinn and Plascencia (1993)
Zinn et al. (1994)

Zinn and Shen (1998)
Zinn et al. (1996)
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FIGURE 5-6  Plot of predicted vs. measured (filled circles) and

residuals (predicted-measured; open circles) vs. measured flows

of microbial N to the small intestine of dairy cows (y = 0.4109x

+ 146.5; r* = 0.35; mean bias = + 0.52; RMSPE = 63.1; n

= 284).

cussed previously, estimates of intestinal digestibility have
been assigned to the RUP fraction of each feedstuff;
assigned values vary from 50 to 100 percent. Therefore,
the contribution of RUP to MP is variable and dependent
on feed type. Published data on the content and digestibil-
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FIGURE 5-7  Plot of predicted vs. measured (filled circles) and
residuals (predicted-measured; open circles) vs. measured flows
of NANMN (rumen undegradable N plus endogenous N) to the
small intestine of dairy cows (y = 0.5701x + 91.193; r* = 0.51;
mean bias = —0.12; RMSPE = 63.1; n = 275).

ity of true protein in ECP is extremely limited. @rskov et
al. (1986) reported that NAN constituted 79 percent of
total N in ruminal fluids and 74 percent of total N in
abomasal fluids collected from 40-50 kg lambs nourished
by N-free ruminal infusions of volatile fatty acids. Using a
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N) to the small intestine of dairy cows (y = 0.7251x + 127.1;
r? = 0.64; mean bias = +0.14; RMSPE = 78.3; n = 275).

similar approach, Guilloteau (1986) found that 30 percent
of abomasal endogenous N was AA-N. Based on these two
experiments, the true protein content of ECP passing to
the duodenum is assumed to be 50 percent. The true
protein of ECP is assumed to be 80 percent digestible;
consequently, the conversion of ECP to MP is assumed to
be 40 percent.

METABOLIZABLE PROTEIN
REQUIREMENTS

Previous National Research Council (1985, 1989)
requirements for MP were based on the factorial method.
The same approach is used in this edition. The protein
requirement includes that needed for maintenance and
production. The maintenance requirement consists of uri-
nary endogenous N, scurf N (skin, skin secretions, and
hair), and metabolic fecal N. The requirement for produc-
tion includes the protein needed for the conceptus, growth,
and lactation.

MP Requirements for Maintenance

Swanson (1977) derived the equation used to estimate
the endogenous urinary protein requirement. The equation
of Swanson (UPN = 2.75 X BW®¥) was in net protein
units and was used as such in the previous Nutrient
Requirements of Dairy Cattle publication (National
Research Council, 1989). The protein system used in this
version is based on MP. Assuming an efficiency of convert-
ing MP to net protein of 0.67 (National Research Council,
1989), the endogenous urinary protein requirement in MP
units is 4.1 X BW?®%,
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The original equation of Swanson (1977) for predicting
protein requirements for scurf protein also was in units of
net protein (SPN = 0.2 BW"®) and used in the previous
Nutrient Requirements of Dairy Cattle publication
(National Research Council, 1989). Assuming an efficiency
of converting MP to net protein of 0.67 (National Research
Council, 1989), the scurf protein requirement in MP units
is 0.3 X BW"%,

In the last edition (National Research Council, 1989),
metabolic fecal protein (MFP) was calculated using an
equation based on intake of indigestible DM (IDM) (i.e.,
MFP, g/d = 90 X IDM, kg/d). Because of the errors
associated with estimating the indigestibility of diets, the
committee chose to calculate MFP directly from DM
intake (DMI). Estimates of MFP have been made by two
methods (Swanson, 1982). The first is by feeding diets of
differing content of CP and regressing intake of digestible
CP on intake of CP. The intercept is estimated MFP.
Using this approach, Waldo and Glenn (1984) obtained a
proportional intercept of 0.029 on the lactating dairy cow
data of Conrad et al. (1960). Also using lactating cows,
Boekholt (1976) obtained a proportional intercept of 0.033.
Using sheep and cattle fed forage diets, Holter and Reid
(1959) obtained an intercept of 0.034. The other approach
for estimating MFP is to measure fecal N output when
animals are fed low CP diets and subtract from fecal N
an estimate of undigested feed N. Using this approach,
Swanson (1977) estimated metabolic fecal N for ruminating
cattle fed 70 natural and semi-synthetic low protein diets.
By subtracting 10 percent of feed N from fecal N, Swanson
(1977) obtained a mean estimate of metabolic fecal N of
4.7 ¢ /kg DMI (29.4 g CP/kg of DMI). Based on the above
data, the committee chose to calculate MFP (g/d) as: MFP
= 30 X DMI (kg).

Metabolic fecal protein consists of bacteria and bacterial
debris synthesized in the cecum and large intestine, kera-
tinized cells, and a host of other compounds (Swanson,
1982). Using different solvents and centrifugation tech-
niques, Mason (1979) reported that about 30 percent of
the nonfeed portion of fecal N was soluble and about 70
percent was bacterial and endogenous debris. Quantitative
data on the contribution of undigested bacterial CP synthe-
sized in the rumen to metabolic fecal N are limited. In a
series of experiments using cannulated lambs, Mason and
White (1971) observed no degradation in the small intes-
tine of the 2,6-diaminopimelic acid (DAPA)-containing
fraction of bacterial cell-wall material. Based on differences
in the quantities of DAPA passing through the terminal
ileum and passing out of the rectum, the authors reported
an 80 percent loss (apparent) of DAPA when the lambs
were fed concentrate diets and a 30 percent loss when
forage diets were fed. The true losses of the DAPA-contain-
ing material that originated in the rumen would be higher
than the reported values to the extent that hindgut synthesis
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of bacterial CP occurred, an event that is influenced by
the availability of energy in the hindgut (Mason et al.,
1981). Measurements of the amount of undigested ruminal
bacterial CP that appears in the feces of dairy cattle fed a
variety of diets are needed. Although uncertain of the
amount of undigested ruminal bacterial CP that appears
in the feces of dairy cattle, the subcommittee chose to
assume that 50 percent of model estimated, intestinally
indigestible MCP appears in the feces and that the other
50 percent is digested in the hindgut. Therefore, the equa-
tion for predicting the MP requirements for MFP (g/d) is:
MP = [(DMI (kg) X 30) — 0.50((bacterial MP/0.80)-
bacterial MP)].

In this edition, endogenous crude protein secretions are
considered to contribute to MP supply. In view of the lack
of published data, the efficiency of use of the absorbed
MP for endogenous MP is assumed to be 0.67. Therefore
the equation to calculate the MP requirement for endoge-
nous MP is: endogenous MP/0.67.

In summary, the overall equation for predicting the MP
requirement for maintenance (g/d) is: MP = 4.1 X BW*®
(kg) + 0.3 X BW"% (kg) + [(DMI (kg) X 30) —
0.50((bacterial MP/0.8)-bacteria MP)] + endogenous
MP/0.67.

Protein Requirements for Pregnancy

Dry cows require nutrients for maintenance, growth of
the conceptus, and perhaps growth of the dam. Estimating
nutrient requirements for pregnancy by the factorial
method requires knowledge of the rates of nutrient accre-
tion in conceptus tissues (fetus, placenta, fetal fluids, and
uterus) and the efficiency with which dietary nutrients are
utilized for growth of the conceptus. Data are limited for
dairy cattle.

This document differs from the last edition (National
Research Council, 1989) for estimates of protein require-
ments for gestation during the last two months of preg-
nancy. Current estimates are from Bell et al. (1995). Other
estimates are available, but they were obtained from beef
cattle, dairy breeds other than Holsteins, or from research
conducted more than 25 years ago. However, estimates
from Bell et al. (1995) do not vary greatly from previous
estimates and thus support the requirements published in
the 1989 National Research Council report. Bell et al.
(1995) measured rates of growth and conceptus chemical
composition in multiparous Holstein cows that were seri-
ally slaughtered from 190 to 270 d of pregnancy. A qua-
dratic regression equation best described protein accretion
in the gravid uterus.

Estimates were derived from cows with a mean BW of
714 kg that carried a single fetus. Estimates of protein
requirements to support pregnancy are solely a function
of day of gestation and calf BW. The requirement for

metabolizable protein to meet the demands of pregnancy
(MPPreg) was derived from the equation of Bell et al.
(1995), which includes conceptus weight, calf birth weight
and days of gestation as variables. The efficiency with which
MP is used for pregnancy (EffMPPreg) is assumed to be
0.33. Because the experiments conducted by Bell included
only animals more than 190 days pregnant and because
the requirements for pregnancy are small before this time,
pregnancy requirements are calculated only for animals
more than 190 days pregnant. If the animal is between
190 and 279 days pregnant, the equation to compute the
weight of the conceptus (CW) is:

CW = (18 + ((DaysPreg — 190) X 0.665)) X (CBW/45)
Where DaysPreg = days pregnant and CBW = calf
birth weight.
The average daily gain due to pregnancy (ADGPreg) is:
ADGPreg = 665 X (CBW/45).
The MPPreg is MPPreg = (((0.69 X DaysPreg) —
69.2) X (CBW/45))/EffMPPreg.

In the model, animals more than 279 days pregnant have
the same requirements as animals that are 279 days
pregnant.

Protein Requirement for Lactation

Protein required for lactation is based on the amount
of protein secreted in milk. The equation for calculating
protein in milk (kg/d) is (YProtn) = milk production, kg/d
X (milk true protein / 100). The efficiency of use of MP
for lactation is assumed to be 0.67. Use of this efficiency
value in this edition’s model resulted in MP balances of
zero or less for 61 of the 206 diet treatments reported in
the studies presented in Table 5-2. In all cases, cows were
in early to mid lactation and averaged 30.9 kg/d of milk
(range = 18.8 to 44.0). Crude protein, RDP, and RUP in
diet DM averaged 16.1 percent (range = 13.8 to 20.8),
10.9 percent (range = 7.8 to 14.7), and 5.2 percent (range
= 2.8 to 8.9). The equation to calculate MP requirement
for lactation (MPLact) is (g/d) MPLact = (YProtn/0.67)
X 1000.

Protein Requirements for Growth

The protein requirements for heifers and steers are from
the Nutrient Requirements of Beef Cattle (National
Research Council, 1996) (see growth section Chapter 11).
The net protein requirement (NP, g/d) for growth is calcu-
lated using retained energy (RE), average daily weight
gain (WG), and equivalent shrunk BW (EQSBW). The
following equations are needed: if WG = 0 then NPg =
0 otherwise NPg = WG X (268—(29.4 X (RE / ADG))).
If (EQSBW < or = 478 kg) then efficiency of use of MP
for growth (EffMP_NPg) = (83.4—(0.114 X EQSBW))/



100 otherwise EffMP_NPg = 0.28908. Metabolizable pro-
tein for growth in g/d (MPGrowth) = NPg/ EffMP_NPg.

AMINO ACIDS

Absorbed AA provided by ruminally synthesized MCP,
RUP, and ECP are essential as the building blocks for the
synthesis of tissue and milk proteins. Although to a lesser
extent, absorbed AA are required also as precursors for
the synthesis of other body metabolites. Amino acids other
than leucine also serve as precursors for gluconeogenesis
and all can be converted to fatty acids or serve as immediate
sources of metabolic energy when oxidized to CO,. The
metabolic fate of AA in ruminants has been reviewed
(Lobley, 1992).

Amino acids in plant and animal proteins and those
produced industrially in pure form for the feed industry
by fermentative technology (lysine, threonine, and trypto-
phan) are of the L-form. In contrast, methionine produced
by chemical synthesis is a DL-racemic mixture. Small
amounts of D-AA exist in bacterial cell walls and in free
form in a number of plants. Biologic use of absorbed D-
AA requires conversion to the L-isomer, the efficiency of
which is both AA and species dependent (Baker, 1994).
The conversion of D-methionine to L-methionine has been
of some concern in cattle nutrition because of the commer-
cial availability of various types of ruminally protected DL-
methionine. Titgemeyer and Merchen (1990a) noted a ten-
dency for lower N retention when steers were infused
abomasally with DL-methionine than with L-methionine.
However, Campbell et al. (1996) concluded that D-methio-
nine was used as effectively as L-methionine for N reten-
tion of growing cattle. Doyle (1981) and Reis et al. (1989)
concluded that D-methionine was used as efficiently as
L-methionine for wool growth.

Essential vs. Nonessential Amino Acids

Of the twenty primary AA that occur in proteins, ten
are usually classified as being “essential”” (or indispensable).
These include arginine (Arg), histidine (His), isoleucine
(Ile), leucine (Leu), lysine (Lys), methionine (Met), phe-
nylalanine (Phe), threonine (Thr), tryptophan (Trp), and
valine (Val). Amino acids termed essential either cannot
be synthesized by animal tissues or if they can (Arg and
His), not at rates sufficient to meet requirements, particu-
larly during the early stages of growth or for high levels
of production. It is understood that when EAA are
absorbed in the profile as required by the animal, the
requirements for total EAA is reduced and their efficiency
of use for protein synthesis is maximized (Heger and Fry-
drych, 1989). Amino acids classified as “nonessential” (or
dispensable) are those which are readily synthesized from
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metabolites of intermediary metabolism and amino groups
from surplus AA. Unlike the EAA, there remains little
evidence that the profile of absorbed nonessential AA
(NEAA) is important for efficiency of use of absorbed AA
for protein synthesis. If one or more of the NEAA are in
short supply relative to metabolic need, most of the evi-
dence indicates they can be synthesized in adequate
amounts from one another or from one or more of the
EAA that are absorbed in excess of need.

The classification of AA as being essential or nonessential
originates from research with nonruminant animals.
Research with dairy cattle is extremely limited. However,
the early isotopic tracer studies of Black et al. (1957) and
Downes (1961), using dairy cattle and sheep, indicated
that the classification is similar to that of non-ruminants.
Other studies in a more indirect way support that conclu-
sion. For example, it was demonstrated that postruminal
administration of mixtures of NEAA did not substitute for
mixtures of EAA in supporting N retention of postweaned
calves (Schwab et al., 1982) or milk protein production in
lactating cows (Oldham et al., 1979; Schwab et al., 1976).
Using the total intragastric nutrition technique, Fraser et
al. (1991) observed that exclusion of NEAA from a supple-
mental mixture of EAA and NEAA decreased urinary N
excretion without affecting productive N (milk N +
retained N). Schwab et al. (1976) observed that increases
in milk protein yields were generally of the same magnitude
as for casein when only the 10 standard EAA were infused
into the abomasum. Collectively, these observations indi-
cate that when AA supplies approach requirements for
total absorbable AA, requirements for total NEAA are met
before the requirements for the most limiting of the EAA
and that individual NEAA absorbed in amounts less than
required for metabolic need can be synthesized in adequate
amounts such that animal performance is not affected.
These observations are consistent with those observed in
Nutrient Requirements of Swine (National Research Coun-
cil, 1998) and Nutrient Requirements of Poultry (National
Research Council, 1994).

Although there is no evidence that NEAA as a group of
AA become more limiting than EAA when dairy cattle are
fed conventional diets, research is too limited to rule out
the potential importance of selected NEAA to dairy cattle
nutrition and production. For example, it is well-docu-
mented in nonruminants such as swine and poultry that
the EAA, Met and Phe, are precursors to the synthesis of
the NEAA, cysteine and tyrosine, respectively. Research
indicates also that cysteine and its oxidation product cystine
can satisfy approximately 50 percent of the need for total
sulfur AA and that tyrosine can satisfy approximately 50
percent of the need for tyrosine + Phe (National Research
Council, 1998; National Research Council, 1994). How-
ever, there are no reports involving dairy cattle as to the
extent that cysteine/cystine and tyrosine can spare Met and
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Phe in MP for maintenance and productive functions. Such
information is ultimately needed to balance diets for AA
and to know when cysteine/cystine or tyrosine in RUP can
substitute for Met and Phe. A single study by Ahmed and
Bergen (1983) indicated that as much as 58 percent of the
total sulfur AA requirement of growing cattle can be met
by cysteine and cystine. There are no reports that provide
an example of the Met-sparing effect of cysteine/cystine
in lactating dairy cows. Pruekvimolphan et al. (1997) con-
cluded from an experiment with lactating dairy cows fed
a Met-deficient diet that cystine in feather meal probably
cannot substitute for Met in MP.

The percentage contributions of cysteine/cystine to total
sulfur AA and of tyrosine to tyrosine + Phe of ruminal
microorganisms and of feedstuffs are presented in Table
5-9. If cysteine/cystine can satisfy approximately 50 percent
of the sulfur AA requirements and tyrosine can satisfy
approximately 50 percent of the tyrosine + Phe require-
ments of dairy cattle, then it would appear there may often
be an obligatory use of Met and Phe for cysteine and
tyrosine synthesis. In cases where this exists, feedstuffs
with higher concentrations of cysteine/cystine and tyrosine

in RUP would be important in reducing the need for Met
and Phe in MP. An eventual understanding of the extent
that cysteine/cystine can contribute to the requirements
of total sulfur AA in MP is particularly important as Met
has been identified as one of the most limiting EAA for
growth and milk protein production. An apparent example
of the Phe-sparing effect of tyrosine was provided by Rae
and Ingalls (1984) who reported increased milk yields with
supplemental tyrosine when cows were fed large amounts
(17 percent of DM) of formaldehyde-treated canola meal.
Substantial amounts of tyrosine have been shown to be
destroyed or rendered unavailable by formaldehyde treat-
ment (Rae et al., 1983; Sidhu and Ashes, 1977). The milk
yvield response of cows in the study by Rae and Ingalls
(1984) may have resulted because of decreased bioavail-
ability of tyrosine and an increased requirement for Phe
to synthesize tyrosine.

Two NEAA that have received limited attention in
regards to their importance to milk production in dairy
cows are proline and glutamine. Bruckental et al. (1991)
reported increased content and yield of fat in milk when
proline was infused into the duodenum of early and midlac-

TABLE 5-9 Mean Percentage Contributions of Cysteine (and its oxidation product cystine) to Total Sulfur Amino
Acids (methionine + cysteine + cystine) and of Tyrosine to Tyrosine + Phenylalanine in Ruminal Microbes and

Feedstuffs
Cysteine Tyrosine Cysteine Tyrosine
Ruminal microbes® Plant proteins®
Bacteria 36 47 Brewer’s grains, dry 52 40
Protozoa 40 46 Brewer’s grains, wet 50 —
Forages Canola meal 58 44
Alfalfa hay 48 41 Corn distillers grain w/sol. 51 38
Alfalfa silage 37 39 Corn gluten meal 43 46
Corn silage 47 35 Cottonseed meal 51 36
Grass hay 47 39 Fava beans 61 46
Grass pasture Linseed meal 50 —
Grass silage 39 — Lupin 65 53
Oat silage 28 — Peas, field 60 49
Rye silage 36 — Peanut meal 54 45
Sorghum silage 33 — Rapeseed meal 55 44
Wheat silage 34 — Safflower meal 53 42
Grains and energy feeds® Soybean meal 51 43
Barley 57 38 Sunflower meal 44 37
Corn 50 44 Animal proteins
Corn gluten feed 57 45 Blood meal 52 31
Cottonseed 51 — Feather meal 87 38
Oats 63 40 Fish meal, menhaden 24 45
Sorghum 51 42 Fish meal, anchovy 24 45
Triticale 58 38 Meat meal 44 39
Wheat 58 39 Meat and bone meal 42 40
Fibrous byproduct feeds Skim milk powder 24 51
Beet pulp 47 57 Whey, wet 59 41
Citrus pulp 57 38
Cottonseed hulls 47 —
Rice bran 52 42
Soybean hulls 60 —
Wheat bran 57 42

“Values were calculated from mean AA concentrations as reported by Martin et al. (1996) and Storm and @rskov (1983).
b Gontributions of cysteine to total sulfur AA were calculated from AA concentrations presented in Tables 15-2a,b. Contributions of tyrosine to tyrosine + phenylalanine
were calculated largely from AA concentrations presented in the Degussa book (Fickler et al., 1996); the remaining values were calculated from data presented in Nutrient

Requirements of Swine (National Research Council, 1998).



tation cows. Proline infusion increased content and yield
of protein in milk during midlactation but not in early
lactation. In the same study, it was observed that proline
infusion reduced mammary gland uptake of Arg by 40 to
50 percent. Glutamine has been hypothesized to be one
of the first-limiting AA for milk protein synthesis in cows
during early lactation (Meijer et al., 1993, 1995). The rea-
sons for glutamine being suggested to be deficient were
low concentrations of free glutamine in plasma of cows
during early lactation and increased metabolic require-
ments during periods of energy deficiency. However, there
are no reported studies in which intestinal supplies of gluta-
mine were increased in cows during early lactation and
lactational responses measured. Increasing duodenal sup-
plies during late lactation did not increase content or yield
of protein in milk (Meijer and van der Koelen, 1994).
Proline and glutamine (including its intermediate precur-
sor glutamic acid) are similar in that: (1) concentrations of
both are considerably higher in milk casein (11.6 and 22.3
percent, respectively) than in the true protein fraction of
either ruminal bacteria (3.5 and 12.6 percent, respectively)
or of most feedstuffs (Fickler et al., 1996; Storm and
Orskov, 1983), (2) extraction by the lactating mammary
gland is considerably less than the quantities secreted in
milk protein (Clark, 1975; Clark et al., 1978; Illg et al.,
1987), and (3) both can be synthesized in the mammary
gland from Arg, an EAA, and ornithine (Clark et al., 1975;
Mepham and Linzell, 1967; Mezl and Knox, 1977). Gluta-
mine has received widespread attention in humans because
of its numerous physiologic roles and its increased require-
ments during stress and illness. The additional quantities
of glutamine required for stress and mild illness can be
met by adaptive mechanisms for biosynthesis and utiliza-
tion (Neu et al., 1996). However, during serious or long
illness, glutamine producing tissues are unable to meet
increased needs and thus, glutamine becomes conditionally
essential (Young and El-Khoury, 1995). Currently, there
are no reports of glutamine becoming a conditionally EAA
for dairy cattle. However, such might be expected, particu-
larly in young calves and early postpartum cows, when
nutritional status is compromised for extended periods of
time because of disease and metabolic disorders.

Limiting Essential Amino Acids

As noted in the previous section, research indicates that
the dairy animal’s requirement for total NEAA for growth
and milk protein production are met before the require-
ment for at least the most limiting of the EAA. If this is
true, then it follows that the efficiency of use of MP for
protein synthesis will be determined by how well the profile
of EAA in MP matches the profile required by the animal
and by the amount of total EAA in MP. This logic has led
to an interest in identifying the EAA that are most limiting
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when dairy cattle are fed diets that differ in ingredient
composition. Knowledge of how the sequence of AA limita-
tion is influenced by diet composition is useful for selecting
feed protein supplements that will improve the profile of
AA in MP. Also, knowledge of the first limiting EAA when
a diet of known composition is fed is requisite information
for initial studies to determine AA requirements.

Lysine and Met have been identified most frequently
as first-limiting EAA in MP of dairy cattle. The most direct
evidence of their limitation has been observed by infusing
individual AA or combinations of EAA into the abomasum
or duodenum and measuring effects on N retention and
milk protein production. Feeding ruminally inert supple-
ments of ruminally protected Met (RPMet) and ruminally
protected Lys (RPLys) and measuring effects on weight
gains of growing cattle and milk protein production of
lactating cows have confirmed and extended the results of
infusion studies. Use of the reflex closure of the reticular
groove also has provided a means of delivering AA to the
small intestine of weaned calves (Abe et al., 1997, 1998).

Use of the above approaches indicate that the sequence
of Lys and Met limitation is determined by their relative
concentrations in RUP. For example, Lys was identified
as first limiting for young post-weaned calves (Abe et al.,
1997), growing cattle (Abe et al., 1997; Burris et al., 1976;
Hill et al., 1980), and lactating cows (King et al., 1991;
Polan et al., 1991; Schwab et al., 1992a) when corn and
feeds of corn origin provided most or all of dietary RUP.
In contrast, Met was identified as first-limiting for young
post-weaned calves (Donahue et al., 1985; Schwab et al.,
1982), growing cattle (Hopkins et al., 1999; Klemesrud and
Klopfenstein, 1994; Lusby, 1994; Robert et al., 1999) and
lactating cows (e.g., Armentano et al., 1997; Rulquin and
Delaby, 1997; Robert et al., 1994; Schingoethe et al., 1988)
when smaller amounts of corn were fed, when high forage
diets were fed, or when most of the supplemental RUP was
provided by soybean products, animal-derived proteins, or
a combination of the two. Relative to concentrations in
ruminal bacteria, feeds of corn origin are low in Lys and
similar in Met whereas soybean products and most animal-
derived proteins are similar in Lys and low in Met (Table
5-10). Lysine and Met were identified as co-limiting when
lactating cows were fed diets without (Schwab et al., 1976)
or with minimal protein supplementation (Rulquin, 1987).

That Lys and Met are often the first two limiting EAA for
both growth and milk protein production may be expected.
First, Met was identified as first limiting (Richardson and
Hatfield, 1978; Titgemeyer and Merchen, 1990b) and Lys
was identified as second limiting (Richardson and Hatfield,
1978) in MCP for N retention of growing cattle. Second,
most feedstuffs have lower amounts of Lys and Met, partic-
ularly of Lys, in total EAA than in MCP (Table 5-10). And
last, contributions of Lys and Met to total EAA in body
lean tissue and milk are similar (Table 5-10).
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TABLE 5-10 A Comparison of the EAA Profiles of Body Tissue and Milk With That of Ruminal Bacteria and
Protozoa and Common Feeds

Item Arg His Ile Leu Lys Met Phe Thr Trp Val EAA
(% of total EAA) (%CP)
Animal products
Lean tissue” 16.8 6.3 7.1 17.0 16.3 5.1 8.9 9.9 2.5 10.1 —
Milk? 7.2 5.5 114 19.5 16.0 55 10.0 8.9 3.0 13.0 —
Rumen microbes
Bacteria® 10.2 4.0 115 16.3 15.8 5.2 10.2 11.7 2.7 12.5 —
Bacteria’ 10.6 4.3 11.6 15.5 17.3 4.9 10.0 11.0 2.6 12.2 —
Protozoa’ 9.3 3.6 12.7 15.8 20.6 4.2 10.7 10.5 2.8 9.7 —
Forages'®
Legume (alfalfa) hay 12.5 4.7 10.3 179 12.4 3.8 11.6 10.6 3.6 12.7 41.2
Legume (alfalfa) silage 10.9 4.7 11.1 17.9 12.1 3.8 11.7 10.7 2.7 14.1 35.6
Corn silage, normal 6.2 5.7 10.6 27.2 79 4.8 12.1 10.1 1.4 14.1 31.6
Grass hay 11.7 4.9 10.0 18.8 10.5 3.9 11.8 10.9 3.7 13.6 33.1
Grass silage 9.4 5.1 10.9 18.8 10.1 3.7 134 10.2 3.3 15.0 32.6
Grains
Barley 13.4 6.1 9.2 18.5 9.6 4.5 13.5 9.1 3.1 13.0 37.7
Corn, grain, cracked 11.5 7.8 8.2 27.9 7.1 5.3 11.5 8.8 1.8 10.0 40.1
Corn gluten feed 10.9 8.3 8.8 25.4 77 4.5 104 9.8 1.6 12.6 35.4
Oats 16.6 5.9 9.1 17.7 10.1 4.2 12.5 8.4 2.9 12.6 41.2
Sorghum 9.4 5.7 9.3 31.9 5.4 4.2 12.3 7.8 2.5 11.6 42.8
Wheat 13.6 7.1 9.6 19.3 8.1 4.6 13.3 8.4 3.5 12.3 34.4
Plant proteins/
Brewers grains, dry 14.7 5.1 9.8 20.0 10.4 4.3 11.7 9.1 2.5 12.1 39.2
Canola meal 16.5 6.6 9.0 159 13.2 4.4 9.5 10.4 3.4 11.1 42.6
Corn DDG w/sol. 10.7 6.6 9.8 25.4 5.9 4.8 12.9 9.1 2.3 124 37.8
Corn gluten meal 7.1 4.7 9.1 37.2 3.7 5.2 14.1 75 1.2 10.3 452
Cottonseed meal 26.0 6.6 7.3 13.8 9.7 3.7 12.5 7.6 2.8 10.0 42.6
Linseed meal 20.9 4.8 11.0 14.5 8.7 4.2 11.1 8.9 3.7 12.3 42.2
Peanut meal 27.6 6.0 8.1 159 8.3 2.9 12.1 6.7 2.4 9.8 40.1
Safflower meal 22.4 6.5 7.3 16.7 8.1 3.7 11.7 7.1 3.6 12.9 39.0
Soybean meal 16.2 6.1 10.1 17.2 13.9 3.2 11.6 8.7 2.8 10.2 45.3
Sunflower meal 20.8 6.2 9.9 15.2 8.0 5.6 11.0 8.7 2.9 11.7 42.2
Animal proteins
Blood meal, ring dried 7.8 11.3 2.2 22.7 15.9 2.1 12.1 7.7 2.8 154 56.4
Feather meal 16.2 2.7 11.4 19.9 6.0 1.8 11.6 11.1 1.7 17.6 42.7
Fish meal, menhaden 13.1 6.4 9.2 16.2 17.2 6.3 9.0 9.4 2.4 10.8 445
Meat and bone meal 19.5 5.3 7.7 17.2 14.5 3.9 94 9.1 1.6 11.8 35.7
Whey, dry 5.0 4.5 12.1 21.2 17.6 3.3 7.0 14.1 3.5 11.7 42.2

“From Ainslie et al. (1993); average values of empty, whole body carcasses as reported in 3 studies.
bEach value is an average of 3 observations from Jacobson et al. (1970), McCance and Widdowson (1978), and Waghorn and Baldwin (1984).

“From Clark et al. (1992); average values from 61 dietary treatments.
4From Storm and Drskov (1983); average values from 62 literature reports.
“From Storm and @rskov (1983); average values from 15 literature reports.

fGalculated from values presented in this edition of Nutrient Requirements of Dairy Cattle feed table.

8Legume and grass hays and silages are mid-maturity.

Responses of growing cattle to improved supplies of Lys
and Met in MP include variable increases in BW gains and
feed efficiency (Hopkins et al., 1999; Robert et al., 1999;
Veira et al., 1991) and variable decreases in urinary N
excretion (Abe et al., 1997, 1998; Campbell et al., 1996,
1997; Donahue et al., 1985; Schwab et al., 1982). Produc-
tion responses of lactating dairy cows to increased supplies
of Lys and Met in MP include variable increases in content
and yield of protein in milk, milk yield, and feed intake.
The nature of production responses of lactating cows to
increased postruminal supplies of Lys and Met have been
reviewed (Rulquin and Vérité, 1993; Schwab 1995b, 1996a;
Garthwaite et al., 1998). Collectively, these reviews and
other more recent studies (Piepenbrink et al., 1999; Nocek

et al., 1999; Sniffen et al., 1999a,b; Freeden et al., 1999;
Rode et al., 1999; Wu et al., 1999; Nichols et al., 1998;
Rulquin and Delaby, 1997) indicate: (1) that content of
protein in milk is more responsive than milk yield to supple-
mental Lys and Met, particularly in post-peak lactation
cows, (2) that increases in milk protein percentage are
independent of milk yield, (3) that casein is the most influ-
enced milk protein fraction, (4) that increases in milk pro-
tein production to increased supplies of either Lys or Met
in MP are the most predictable when the resulting pre-
dicted supply of the other AA in MP is near or at estimated
requirements (Rulquin et al., 1993; Schwab, 1996a; Sloan
et al., 1998), (5) that milk yield responses to Lys and Met

are more common in cows during early lactation than in



mid or late lactation cows, and (6) production responses
to increased supplies of Lys and Met in MP typically are
greater when CP in diet DM approximates normal levels
(14 to 18 percent) than when it is lower or higher. That
milk protein percentage is more sensitive than milk yield
to improved concentrations of Lys and Met in MP of post-
peak lactation cows was demonstrated by Chapoutot et al.
(1992). The authors used a multiple switch-back experi-
ment to determine individual responses of 40 post-peak
lactation cows to ruminally protected Lys and Met. The
RPAA blend was fed in amounts to provide 23 g/d of
digestible Lys and 7 g/d of digestible Met. They observed
that 37 cows responded with greater content of milk pro-
tein, 31 responded with greater protein yield, and 16
responded with more milk.

In addition to the effects on milk protein production,
there are reports also of increased percentages of fat in
milk with increased amounts of Met or Met plus Lys in
MP. These increases in milk fat have been observed in
postruminal infusion studies (Socha et al., 1994b) and when
Met (Brunschwig and Augeard, 1994; Brunschwig et al.,
1995; Yang et al., 1986) or Met and Lys (Bremmer et al.,
1997; Canale et al., 1990; Rogers et al., 1987; Xu et al.,
1998) were supplied in ruminally protected forms. The
increases in milk fat generally have been observed in associ-
ation with increases in milk protein but increases also have
been observed without increases in milk protein (Varvikko
et al., 1999). Increases in percentages of fat in milk with
improved Met and Lys nutrition also have not been predict-
able. For example, the infusion of graded amounts of Met
(0, 3.5, 7.0, 10.5, and 16.0 g/d) into the duodenum of post-
peak lactation cows fed a corn-based diet supplemented
with soybean products and blood meal increased percent-
ages in milk of both fat (3.73, 3.86, 3.78, 3.91, and 4.15)
and true protein (3.00, 3.07, 3.09, 3.13, and 3.15) (Socha
et al., 1994b). However, when the same cows fed the same
feedstuffs were infused with similar amounts of Met during
peak lactation (Socha et al., 1994¢) or mid lactation (Socha
et al., 1994a), percentages of fat in milk did not change
but protein in milk increased.

It is not clear why increased amounts of Met and Lys
in MP may sometimes increase fat content of milk. One
reason may involve a possible effect of Met on de novo
synthesis of short- and medium-chain fatty acids in the
mammary gland. This was suggested by Pisulewski et al.
(1996) who demonstrated that the infusion of Met into the
duodenum of early lactation cows increased proportions
of short- and medium-chain fatty acids and decreased pro-
portions of long-chain fatty acids in milk fat. Christensen
et al. (1994) reported a similar trend in the fatty acid
composition of milk when lactating cows were fed rumina-
lly protected Met and Lys. However, others did not observe
an effect of increased postruminal supplies of Met on fatty
acid composition of milk (Casper et al., 1987; Chow et al.,
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1990; Karunanandaa et al., 1994; Kowalski et al., 1999;
Rulquin and Delaby, 1997; Varvikko et al., 1999). Another
reason may relate to the role of AA in the intestinal and
hepatic synthesis of chylomicrons and very low density
lipoproteins (VLDL). Required substrates for the synthesis
of chylomicrons and VLDL, in addition to the presence
of the long-chain fatty acids that stimulate their formation,
include apolipoproteins and phospholipids (Bauchart et al.,
1996). The synthesis of apolipoproteins requires AA. The
synthesis of phosphatidylcholine (lecithin), the most abun-
dant phospholipid, requires choline. It has been demon-
strated that a portion of the dairy cows’ requirement for
Met is as a methyl donor for choline synthesis (Sharma
and Erdman, 1988) and that in some studies (Sharma and
Erdman,1988,1989; Erdman, 1994), but not in others (Erd-
man and Sharma, 1991; Grummer et al., 1987), choline
can be a limiting nutrient for milk fat synthesis. That Met
and Lys may sometimes be limiting for the synthesis of
chylomicrons or VLDL such that the availability of long-
chain fatty acids for milk fat synthesis is reduced has not
been demonstrated. However, there is limited evidence
that formation or secretion of these lipoproteins can be
enhanced with improved Met and Lys nutrition (Auboiron
et al., 1995; Durand et al., 1992). Decreases in plasma
nonesterified fatty acids concentrations in preruminant
calves (Auboiron et al., 1995; Chilliard et al., 1994) and
lactating cows (Pisulewski et al., 1996; Rulquin and Delaby,
1997) with increased amounts of Met in MP have been
reported. However, decreases in plasma nonesterified fatty
acids concentrations are generally considered to reflect
reduced mobilization of fatty acids from body reserves
rather than increased utilization.

Attempts to identify EAA that may become limiting after
Lys and Met in dairy cattle are limited. Using the total
intragastric nutrition technique, Fraser et al. (1991) con-
cluded that His was limiting after Met and Lys for lactating
cows when casein was the infused protein. Similar conclu-
sions could not be drawn from the abomasal infusion exper-
iments of Schwab et al. (1976) and Rulquin (1987) when
lactating cows were fed diets of conventional ingredients.
Rulquin (1987) concluded that Thr was not limiting after
Lys and Met. Schwab et al. (1976) concluded from five
infusion experiments that the sequence of limiting EAA
after Lys and Met for lactating cows will be determined
by the ingredient composition of the diet. Amino acid
extraction efficiencies, transfer efficiencies, and ratios of
uptake to output have been used in many studies to evalu-
ate the order of limiting AA. Nichols et al. (1998) and
Piepenbrink et al. (1999) concluded that AA extraction
efficiency is the most accurate of the three methods for
estimating the sequence of AA limitation because no errors
from estimates of blood flow are involved. Use of this
method identified Phe and Ile as most frequently limiting
after Lys and Met (Nichols et al., 1998; Piepenbrink et al.,
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1998; Liu et al., 2000) when corn-based diets are supple-
mented with common protein supplements such as soy-
bean meal, corn distillers dried grains, canola meal, or a
mixture of canola meal, corn gluten meal, blood meal, and
fish meal.

Although research is limited, there is little direct evi-
dence to indicate that other EAA might be more limiting
than either Lys or Met. Two exceptions may be Arg and
His. Abomasal infusion of Arg (13.7 g/d) increased N reten-
tion of 159-kg Holstein steers fed direct-cut vegetative
wheat silage (12.3 percent CP) as the sole feed. In contrast,
abomasal (178 g/d) and intravenous (112 g/d) infusions of
Arg did not affect milk production or milk composition
when post-peak lactating Holstein cows (544 kg) were fed
a 15.3 percent CP diet of alfalfa-grass silage, corn silage,
corn, and soybean meal (Vicini et al., 1988). Vanhatalo et
al. (1999) concluded that His was the first-limiting EAA
when post-peak lactating Finnish Aryshire cows were fed
a grass silage-based diet without feeds of corn origin and
without protein supplementation. The diet contained 56
percent grass silage ensiled with an acid-based additive,
18 percent barley, 18 percent oats, 6.7 percent beet pulp,
and 1.3 percent minerals and vitamins. The abomasal infu-
sion of 6.5 g/d His increased yields of milk (23.6 vs. 22.9
kg/d) and milk protein (721 vs. 695 g/d) but not milk protein
content. The infusions of either 6.0 g/d of Met or 19.0
g/d of Lys or both in combination with 6.5 g/d of His did
not further increase milk protein production. Factors that
probably contributed to His being first limiting in the study
by Vanhatalo et al. (1999) are: (1) the low content of RUP
in dietary DM, (2) the low content of His in microbial
protein as compared to feed proteins (Table 5-10), and (3)
the low content of His in barley and oats as compared to
corn (Table 5-10). Mackle et al. (1999) found no response
in milk yield or milk composition when Holstein cows in
early lactation fed a 16.2 percent CP diet (based on alfalfa
hay, corn, and soybean products) were abomasally infused
with branched-chain AA (55.5, 39.0, and 55.5 g/d of Leu,
Ile, and Val, respectively). Hopkins et al. (1994) provided
daily intraperitoneal infusions of branched-chain AA plus
Arg (46.1, 31.4, 38.3, and 25.0 g/d of Leu, Ile, Val, and
Arg, respectively) over a 2-h period each day to Holstein
cows in early lactation fed 13.6 percent CP diets that con-
tained 15.0 or 22.4 percent ADF, respectively. The infusion
of AA did not increase the content or yield of protein in
milk but it did appear to attenuate the decreases in content
and yield of fat in milk, when cows were fed the low fiber
diet. Analysis of milk fat for fatty acids indicated that the
infused AA may have increased de novo synthesis of C, to
Cis fatty acids, particularly the Cyq fatty acids. It is well-
documented that Arg and the branched-chain AA are taken
up by the mammary gland well in excess of their direct
output in milk protein (Clark et al., 1978; Nichols et al.,
1998; Piepenbrink et al., 1999) and that they can be con-

verted to NEAA or utilized as energy sources in the mam-
mary gland (Mepham, 1982; Wohlt et al., 1977).

Predicting Passage to the Small Intestine

As reviewed in the previous section, the efficiency of
use of MP by dairy cattle is influenced by its content of
EAA. To advance AA nutrition research (e.g., to define
the ideal content of EAA in MP) and to implement the
results of such research (e.g., to select protein and AA
supplements to optimize the balance of EAA in MP) mod-
els are needed that predict accurately the EAA composition
of duodenal protein. In recognition of this need, it was the
goal of the subcommittee to extend the use of the MP
system developed for this revision of Nutrient Require-
ments of Dairy Cattle to one that would predict directly the
EAA composition of duodenal protein. The EAA content of
MP and flow to the duodenum of the individual digestible
EAA could be calculated from knowledge of: (1) the pre-
dicted EAA composition of duodenal protein; (2) the pre-
dicted contribution of each protein fraction (microbial pro-
tein, the RUP fraction of each feedstuff, and endogenous
protein) to the total flow of each EAA; (3) the digestibility
coefficients assigned to microbial protein, the RUP fraction
of each feedstuff, and endogenous protein; and (4) the
predicted flows of MP.

The subcommittee considered both factorial and multi-
variate regression approaches. Prediction models based on
the factorial method require the assignment of AA values
to model-predicted supplies of ruminally synthesized
microbial protein, ruminally undegraded feed proteins, and
if predicted, endogenous protein. The challenge associated
with such an approach is to have the predicted flows of
protein fractions and their assigned AA values be accurate.
Indeed, it can be assumed that there are errors in predict-
ing flows of protein fractions as well as in assigning AA
values to each fraction. To the extent that this occurs, then
at each step in the factorial process, errors of prediction
are aggregated, and depending on the number of steps
involved, the aggregated error can be quite large. The net
result of such errors are biases of prediction of mean values.

Two examples of published factorial approaches for pre-
dicting AA passage to the small intestine are the AA submo-
del of the Cornell Net Carbohydrate and Protein System
(CNCPS) (O’Connor et al., 1993) and the AA submodel
developed by Rulquin et al. (1998). The CNCPS AA sub-
model, adopted in conjunction with the CNCPS model
for Level II of the Nutrient Requirements of Beef Cattle
(National Research Council, 1996) model, was developed
to predict directly the absolute flows of each of the EAA.
The AA submodel of Rulquin et al. (1998), which uses
the PDI system (INRA, 1989) to predict flows of protein
fractions, was developed to predict directly the content of
AA in duodenal protein and not the absolute flows of the



individual AA. This approach provided for a true integra-
tion of the AA submodel with the protein model. The
Nutrient Requirements of Beef Cattle (National Research
Council, 1996) and Rulquin et al. (1998) models differ in
the AA values assigned to microbial protein and RUP. In
the Nutrient Requirements of Beef Cattle (National
Research Council, 1996) model, predicted flows of micro-
bial protein are partitioned into cell wall and non-cell wall
fractions and estimated EAA compositions of each (O’Con-
nor et al., 1993) are assigned. The EAA values assigned to
the predicted digestible RUP fractions of feedstuffs are
those of the insoluble protein fraction of feedstuffs and
not of total CP (O’Connor et al., 1993). In the model of
Rulquin et al. (1998), the average AA composition of liquid-
associated bacteria from 66 publications are assigned to
microbial protein. The AA profile of the RUP fraction of
feedstuffs is assumed to be the same as in the original
feedstuff. The two submodels also differ in that endoge-
nous protein is considered in the model of Rulquin et al.
(1998) but not in the Nutrient Requirements of Beef Cattle
(National Research Council, 1996) model.

Both models were tested against published AA flow data
and reasonable results were obtained. However, in both
cases, the evaluation studies indicated biases of prediction
for individual AA. Based on slopes of regression lines that
related observed flows obtained from 200 diets (as reported
in 12 lactating cow studies and 9 nonlactating cow studies)
to predicted flows, O’Connor et al. (1993) observed that
the CNCPS model over-predicted flows of Thr and Leu
and under-predicted flows of Arg. Rulquin et al. (1998)
tested their model against abomasal and duodenal digesta
AA compositions measured in 133 dairy cow diets and 49
growing cattle diets. Mean percentage differences between
predicted and measured concentrations (g/100 g AA) were:
Arg (+5.6%), His (+0.9%), Ile (—1.5%), Leu (—5.8%),
Lys (=4.7%), Met (+12.3%), Thr (=0.2%), Phe
(+0.4%), and Val (+0.8%). As a result of these biases,
the authors adjusted the initial model by covariance (i.e.,
regression) analysis. This improved the accuracy of predic-
tion. In summary, if the two described models were perfect
both in structure (i.e., all of the contributing variables were
included) and parameters (i.e., assigned constants were
correct), and measured profiles of AA in duodenal digesta
protein used for evaluation were without systematic errors,
then a comparison of predicted values with measured val-
ues would have revealed no biases of prediction of mean
values.

In contrast to the described factorial models in which
both the structure and the parameters were determined
on theoretic grounds, the multivariate regression or semi-
factorial approach allows for some of the parameters to
be determined by regression. This allows the model (i.e.,
equations) to adapt to the measured data, and allows for at
least partial correction of the errors of the mechanistically
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determined variables. The result is that semi-mechanistic
models generally are better at predicting (forecasting) than
full mechanistic models when forecasting is within the
inference range of the model. Because of the potential for
increased accuracy of prediction, and because the approach
eliminated the need to assign AA values to ruminally syn-
thesized microbial protein and endogenous protein (AA
values had to be assigned only to feedstuffs), the semi-
mechanistic method was the method of choice by the sub-
committee for predicting the content of EAA in total EAA
of duodenal protein. This approach required the develop-
ment of an equation for each of the EAA and one for
predicting flows of total EAA.

The approach used for developing the AA submodel was
as follows. A data set of observed abomasal and duodenal
AA flows was compiled from 57 published studies involving
199 treatment means (Table 5-11). The data set included
155 treatment means from cows (lactating and dry) and
44 treatment means from growing cattle (dairy and beef).
Only one experiment reported flows of Trp; thus, no equa-
tion could be developed for predicting the content of Trp
in total EAA of duodenal protein. For data to be included
in the final data set, the following requirements had to be
met: (1) DMI was reported or could be calculated from
the information given, (2) ingredient composition of diets
was reported, (3) feedstuffs used in the experiments were
represented in the feed library of the model for N fractions,
K, and AA composition, and (4) flows (g/d) to the duode-
num of Arg, His, Ile, Leu, Lys, Met, Phe, Thr, and Val
were reported. An exception was made in regard to require-
ment # 3 in that N fractions and K, for barley straw were
used for oat straw, but the AA composition of oat straw
was used. The first three requirements were necessary
because the information is model-required data. For exper-
iments that employed a factorial arrangement of treatments
and reported main effect means only, data were used only
if one of the main effects was not related to diet (e.g., for
an experiment with main effects of protein source and
feeding frequency, data for the main effect of protein
source was used). Body weights of animals had to be esti-
mated for 15 of the 57 published studies; in all cases, these
15 studies involved cows. Body weights were estimated
from reported information on breed, stage of lactation,
and BW reported by the same authors in other papers.

The 199 treatment means for duodenal flows of each
EAA in the final data set represented 199 unique and
diverse diets fed to cattle ranging in BW from 191 to 717
kg. Intake of DM ranged from 3.6 to 26.7 kg/d. Feedstuffs,
their frequency of use, and the means and ranges of their
contribution to diet DM are summarized in Table 5-12.
Diets varied in percent concentrate (0 to 86%, mean =
46%), dietary CP (8.5 to 29.6%, mean = 16.2%), dietary
RDP (4.6 to 18.2, mean = 10.7%), and dietary RUP (2.2
to 11.9%, mean = 5.5%). The descriptive statistics of the
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TABLE 5-11  Experiments Used to Develop Equations for Predicting Amino Acid Passage to the Small Intestine

Aldrich et al. (1995) Klusmeyer et al. (1991b) Robinson (1997)
Aldrich et al. (1993a) Klusmeyer et al. (1990) Robinson et al. (1991a)
Aldrich et al. (1993b) Lardy et al. (1993) Robinson et al. (1994)
Armentano et al. (1986) Lynch et al. (1991) Santos et al. (1984)
Bernard et al. (1988) Mabjeesh et al. (1996) Schwab et al. (1992a)
Bohnert et al. (1999) Mansfield and Stern (1994) Schwab et al. (1992b)
Cameron et al. (1991) McCarthy et al. (1989) Stern et al. (1983)
Cecava et al. (1993) McNiven et al. (1995) Stern et al. (1985)
Cecava and Parker (1993) Merchen and Satter (1983) Titgemeyer et al. (1988)
Christensen et al. (1993a, b) Murphy et al. (1993) van Vuuren et al. (1992)
Christensen et al. (1996) Narasimhalu et al. (1989) van Vuuren et al. (1993)
Cunningham et al. (1993) O’Mara et al. (1998) Volden (1999)
Cunningham et al. (1994) O’Mara et al. (1997b) Waltz et al. (1989)
Cunningham et al. (1996) Overton et al. (1995) Wessels et al. (1996)
Erasmus et al. (1992) Palmquist et al. (1993) Zerbini et al. (1988)
Erasmus et al. (1994b) Pena et al. (1986) Zinn (1988)

Holden et al. (1994b) Pisulewski et al. (1996) Zinn (1993b)

Keery et al. (1993) Prange et al. (1984) Zinn and Shen (1998)
Klusmeyer et al. (1991a) Putnam et al. (1997)

TABLE 5-12  Feedstuffs and the Extent of Their Use in the 199 Diets in the Data Set Used to Develop Equations
to Predict the Content of Individual EAA in Total EAA of Duodenal Protein

Contribution to Contributions to
dietary DM (%) dietary DM (%)
Feedstuff N Mean Range Feedstuff N Mean Range
Forages Protein supplements
Corn silage 108 35 8-80 Alfalfa meal 5 9 5-10
Grass, fresh 10 87 56-100 Blood meal 22 4 0.6-10
Grass, hay 26 21 5-100 Brewers grains, dry 2 34 25-44
Grass, silage 17 58 38-100 Brewers grains, wet 1 32 —
Grass-legume, silage 18 19 11-26 Canola meal 10 12 4-20
Legume, fresh 5 86 65-100 Casein 4 3 2-4
Legume, hay 61 17 5-65 Corn distillers grains 14 8 4-28
Legume, silage 37 33 8—65 Corn gluten meal 17 6 1-19
Oat, silage 10 18 9-30 Feather meal 6 4 0.3-10
Oat, straw 13 6 3-95 Feather meal with viscera 3 4 2-6
Sorghum, sudan hay 7 11 10-12 Fish meal, anchovy 1 5 —
Sorghum, sudan, silage 6 68 66-70 Fish meal, menhaden 23 5 2-13
Wheat, silage 8 33 23-45 Meat meal 5 2 0.3-9
Wheat, straw 1 25 — Rapeseed meal 7 6 1-19
Energy feeds Soybean meal, expeller 6 8 4-15
Barley, grain 24 26 4-46 Soybean meal, heated 3 11 5-15
Barley, grain, heated 1 46 Soybean meal, nonenz browned 2 17 16-17
Barley, grain, steam-rolled 12 36 12-50 Soybean meal, solvent 78 9 0.3-20
Corn, grain 119 24 1-49 Sunflower meal 2 12 10-13
Corn, grain and cob 6 40 37-42 Urea 66 0.5 0.1-2.0
Corn, grain, high moisture 19 25 2-32 Energy and protein feeds
Corn, grain, steam-flaked 7 51 16-65 Cottonseed, whole, extruded 1 42 —
Corn, hominy 1 22 — Cottonseed, whole, heated 1 43 —
Corn, starch 19 5 0.3-17 Cottonseed, whole, raw 1 41 —
Fat 33 3 0.2-6 Soybean seed, raw 5 12 6-20
Molasses 75 4 0.5-13 Soybean seed, roasted 5 17 16-19
Oats, grain 5 21 17-25 Byproduct feeds
Sorghum, grain 1 10 — Beet pulp 7 18 9-36
Sugar/dextrose 2 3 — Corn gluten feed 9 14 6-32
Wheat, grain 5 23 5-29 Soy hulls 21 15 0.3-36
Wheat, grain, steam. flaked 2 51 50-52 Tapioca 4 7 2-20
Wheat middlings 16 8 0.2-34

“Number of diets in which the feedstuff was an ingredient.



animal, diet, and EAA flow data used in the development
of the equations are presented in Table 5-13. All of the
required animal and diet data for the 199 diets were
entered into this edition’s model for predicted intakes of
RUP and RDP and for predicted duodenal flows of MCP,
RUP, and endogenous CP. The CP content of feedstuffs
was obtained from the experiment if reported; otherwise,
model default values (+1.0 SD) were used.

The following approach was used to identify the inde-
pendent variables and a model structure that would most
accurately predict the content of each EAA (except Trp)
in total EAA of duodenal protein and flows of individual
EAA to the small intestine. The first step involved calculat-
ing the content of each EAA in total EAA of the RUP
fraction of each diet in the data set. The three equations
used for this purpose are presented; Lys is used as the
example EAA.

RUPL}/S = 2[ (DMI[ X CP{ X RUP[ X LyS[

X 0.001) (5-3)
where:
RUPLys = amount of Lys supplied by total diet RUP, g
DMI; = intake of DM of each feedstuff contributing
RUP, kg
CP; = crude protein content of each feedstuff con-
tributing RUP, g/100 ¢ DM
RUP; = ruminally undegraded protein content of
each feedstuff contributing RUP, /100 g CP
Lys; = lysine content of each feedstuff contributing

RUP, g/100 g CP

RUPEAA = RUPArg + RUPHis + RUPIle +
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RUPLeu + RUPLys + RUPMet + RUPPhe +
RUPThr + RUPTrp + RUPVal (5-4)

where:

RUPEAA = amount of essential AA supplied by RUP, g

RUPLysPctRUPEAA = 100 X
(RUPLys/RUPEAA) (5-5)

where:

RUPLysPctRUPEAA = Lys as percentage of essential
AA in RUP, each g/100 g essential AA.

The content of each EAA in total EAA of the RUP
fraction of each diet was estimated in recognition of the
belief that the resulting values would be significant predict-
ors of the contributions that each EAA makes to total EAA
in duodenal protein. Multivariate analysis of measurements
of AA passage to the small intestine indicated that the
concentrations of individual AA in RUP and the propor-
tional contribution of RUP to total protein passing to the
duodenum explained most of the variation in AA profiles
of duodenal protein (Rulquin and Vérité, 1993). Dietary
RUP and the percentage contributions of Lys and Met to
total EAA in diet RUP also emerged as significant indepen-
dent variables in regression equations developed for pre-
dicting concentrations of Lys and Met in total EAA of
duodenal protein of lactating dairy cows (Schwab, 1996b;
Socha, 1994).

The second step involved the identification of significant
independent variables to develop equations to predict per-
centages of each EAA (excluding Trp) and total EAA in
duodenal protein. Variables that were evaluated as poten-
tial significant predictors of the content of each EAA in
total EAA (e.g., g/100 g total EAA) of duodenal protein
were: “Trial,” dietary CP and predicted dietary RUP as

TABLE 5-13  Descriptive Statistics of the Data Used for Developing Equations for Predicting Content of Individual
EAA in Total EAA of Duodenal Protein and for Predicting Flows of Total EAA to the Small Intestine

Ttem Mean Median Minimum Maximum SD
Animal characteristics
DML, kg/d 155 16.4 3.6 26.7 6.4
BW, kg' 515.2 568.0 191.0 717.0 128.0
DMI, %BW 2.9 2.9 1.3 44 0.8
Diet characteristics, %DM
CP 16.2 16.5 8.5 29.6 2.7
RUP* 5.5 5.3 2.2 11.9 1.6
Concentrate 46.3 50.0 0.0 85.7 18.0
AA in duodenal protein, ZEAA
Arg 10.4 10.3 7.1 16.1 1.2
His 5.0 4.9 3.1 9.2 0.8
Ile 10.8 10.9 6.4 14.5 1.4
Leu 20.2 20.4 9.6 28.5 2.5
Lys 14.4 14.7 9.7 18.0 14
Met 4.3 4.1 2.2 7.1 0.9
Phe 11.3 11.2 9.8 15.1 0.7
Thr 11.1 11.1 8.9 13.8 0.8
Val 125 12.6 9.0 15.7 1.2
EAA flow to duodenum, gd 894.1 938.5 169.2 1970.0 463.7

“Predicted by the model.
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percentages of dietary DM, the percentage of each EAA
in dietary RUP (e.g., RUPLys, g/100 g RUP), the percent-
age of each EAA in total EAA of dietary RUP (e.g.,
RUPLysPctRUPEAA, g/100 g), and the percentage of pre-
dicted RUP in predicted flows of total duodenal protein
(predicted MCP + predicted RUP + predicted endoge-
nous protein). The potential independent variables consid-
ered for predicting flows of total EAA to the duodenum
were: “Trial,” dietary CP and predicted dietary RUP as
percentages of diet DM, the percentage of total EAA in
dietary RUP, RUPEAA intake (g/d), predicted flows of
endogenous protein (g/d), and model predicted MCP (g/d).
Trial was included in all models as a class variable to
account for variation caused by independent variables or
factors that are not continuous (e.g., feeding frequency,
sampling methods, microbial markers used, etc.) and for
which their inclusion risks overparameterization of the
model. Significant independent variables were identified
by using the backward elimination procedure of multiple
regression. Briefly, independent variables, their squared
terms (except for “Trial”), and all possible two-way interac-
tions (excluding interactions with “Trial”) were entered
into the model. The following algorithm was used to reduce
the model to significant (P < 0.05) independent variables.
First, non-significant (P > 0.05) interactions were removed
sequentially from the model. Second, non-significant main
effects were removed from the model if no interactions or
squared term of the main effect was significant. Third, if
variance inflation factors (VIF) were all less than 100 then
the model was accepted. If a term had a VIF greater than
100, it was removed. If more than one had a VIF greater
than 100, the term with the largest P value was removed.
In that case, all steps were repeated until an accepted
model was obtained at the third step. When an apparently
acceptable model was generated, the Difference in Fits
Statistic (DFFITS) was used as the basis for omitting outli-
ers; absolute values of DFFITS = 2 were omitted (Bower-
man and O’Connell, 1990). The variables that emerged as
significant predictors of the content of individual EAA in
total EAA of duodenal protein were Trial, each EAA as a
percentage of EAA in RUP, and RUP as a percentage of
total duodenal protein.

The third step involved the use of PROC MIXED of
SAS (a random effects model) to develop the final equa-
tions. This was done to yield more accurate parameter
estimates and to increase the utility of the prediction equa-
tions for purpose of field application (i.e., Trial effects
would be unknown). In brief, two random coefficient mod-
els for each EAA and for total EAA were fitted for the
prediction equations generated by using PROC GLM. The
first random coefficient model utilized unstructured covari-
ance to test whether the intercept and slope within trials
were significantly (P < 0.05) correlated, which was not
the case for any of the equations. The second random

coefficients model, which models a different variance com-
ponent for each random effect (the default structure), then
was used to generate the final prediction equations.

Arginine
Y = 7.31 + 0.251X, (RMSE = 0.278)

where:
Y = Arg, % of EAA in duodenal protein
X, = Arg, % of EAA in RUP

Histidine
Y = 2.07 + 0.393X; + 0.0122X, (RMSE = 0.156)

where:
Y = His, % of EAA in duodenal protein
X, = His, % of EAA in RUP
X; = RUP, % of duodenal protein (MCP + RUP +
endogenous CP)

Isoleucine
Y =759 + 0.391X;-0.0123X, (RMSE = 0.174)

where:
Y = Ile, % of EAA in duodenal protein
X, = Ile, % of EAA in RUP

X, = RUP, % of duodenal protein (MCP + RUP +
endogenous CP)
Leucine
Y =853 + 0410X; + 0.0746X, (RMSE = 0.541)
where:
Y = Leu, % of EAA in duodenal protein

X; = Leu, % of EAA in RUP

X, = RUP, % of duodenal protein (MCP + RUP +
endogenous CP)
Lysine
Y = 13.66 + 0.3276X,-0.07497X, (RMSE = 0.400)
where:
Y = Lys, % of EAA in duodenal protein
X; = Lys, % of EAA in RUP
X, = RUP, % of duodenal protein (MCP + RUP +
endogenous CP)
Methionine

Y =290 + 0.391X,-0.00742X, (RMSE = 0.168)

where:
Y = Met, % of EAA in duodenal protein

X; = Met, % of EAA in RUP
X, = RUP, % of duodenal protein (MCP + RUP +
endogenous CP)
Phenylalanine



Y =732 + 0.244X;, + 0.0290X, (RMSE = 0.194)

where:
Y = Phe, % of EAA in duodenal protein
X; = Phe, % of EAA in RUP
X, = RUP, % of duodenal protein (MCP + RUP +
endogenous CP)

Threonine
Y =755 + 0.450X,—0.0212X, (RMSE = 0.167)

where:
Y = Thr, % of EAA in duodenal protein
X, = Thr, % of EAA in RUP
X, = RUP, % of duodenal protein (MCP + RUP +
endogenous CP)

Valine
Y = 8.68 + 0.314X, (RMSE = 0.216)

where:
Y = Val, % of EAA in duodenal protein
X, = Val, % of EAA in RUP

Total essential amino acids
Y =309 + 0.863X; + 0.433X, (RMSE = 58.8)

where:
Y EAA in duodenal protein, g
X, = EAA supplied by RUP, g
X, = MCP, g

The model predicts flows (g/d) of individual EAA to the
small intestine by multiplying predicted concentrations of
each EAA in duodenal total EAA by predicted flows of
total EAA. Plots of predicted vs. measured values and of
residuals (predicted — measured) vs. measured values for
Lys, Met, and total EAA are presented in Figures 5-9
through 5-11.
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FIGURE 5-9 Plot of predicted vs. measured (filled circles) and
residuals (predicted — measured; open circles) vs. measured
(Lys, g/d) (from predicted Lys, percent of EAA and predicted
EAA, g/d) (mean bias = 2.4 X 107% RMSPE = 3.5;n = 186).
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FIGURE 5-10 Plot of predicted vs. measured (filled circles)
and residuals (predicted — measured; open circles) vs. measured
Met, g/d (from predicted Met, percent of EAA and predicted
EAA, g/d) (mean bias = 2.2 X 107% RMSPE = 1.3;n = 182).
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FIGURE 5-11 Plot of predicted vs. measured (filled circles)
and residuals (predicted — measured; open circles) vs. measured
flow of total EAA (mean bias = 3.06 X 107% RMSPE = 47.§;
n = 196).

The subcommittee also evaluated the use of a semi-
mechanistic approach to predict directly the “flows” of
individual EAA to the duodenum. Using the same data
base, the theoretically based model structure for each EAA
was Y = By + BX, + BoX; where: Y = flow to duode-
num(g), By = parameter estimate for contribution of
endogenous protein (g), B; = parameter estimate of the
fractional contribution of RUP to flows from RUP, X; =
model predicted flow of the EAA (g), B, = parameter
estimate of the fractional content of the EAA in MCP, and
X; = model predicted flow of MCP (g). The parameter
estimates that resulted appeared reasonable, indicating
that the model does an adequate job of predicting flows
of MCP and RUP and that the content of EAA in MCP
is similar to mean values reported in the literature (e.g.,
Clark et al., 1992). A comparison of the root mean square
prediction errors (RMSPE) obtained from two sets of resid-
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ual plots (“g/d” and “% of total EAA”) for each of the two
approaches is presented in Table 5-14.

The residual plots indicated that the equations that pre-
dict percentages directly predict more accurately both the
“percentages” of individual EAA in duodenal total EAA
and “flows” (g/d) of individual EAA. The lower RMSPE
for predicting “percentages” and “flows” when percentages
are predicted directly (and flows are calculated) result par-
tially because errors of prediction are “condensed” into
two variables (i.e., the prediction of the percentage and
prediction of total EAA, from which the product yields
prediction of flow). In contrast, prediction errors of all
nine EAA are aggregated into total EAA and subsequently
into the calculation of percentages for the more theoreti-
cally based model. Thus, the equations that predict directly
the percentages of each EAA in total EAA of duodenal
protein were accepted for use in this publication.

Knowledge of predicted flows of digestible EAA and the
EAA content of MP is more important than knowing the
predicted flows of total EAA and the EAA content of total
duodenal protein. This is because the AA in undigested
protein are not absorbed and do not contribute to meeting
the AA requirements of the animal. The EAA composition
of MP will generally be different from that of total duodenal
protein. This is because of differences among feedstuffs
in both the digestibility and the EAA composition of their
RUP fractions, differences in the proportional contribu-
tions that microbial protein and RUP make to total EAA
passage, and mean differences in the digestibility of micro-
bial protein and total dietary RUP. Because undigested
AA do not contribute to meeting the AA requirements of
the animal, and because the AA composition of MP is
likely to differ from the AA composition of total duodenal
protein, it is desirable also to express EAA requirements
in terms of digestible (i.e., metabolizable) requirements
rather than on the basis of total flows. In recognition of
the need for research aimed at defining AA requirements

and the need for models designed to predict as accurately
as possible passage of digestible EAA to the small intestine,
the model was extended to predict flows of digestible EAA
and the EAA composition of MP. The following 9 equations
are used; again, Lys is used as the example EAA.
RUPLys = S (DMI; X CP; X RUP;

X Lys; X 0.01) (5-6)

where:

RUPLys = amount of Lys supplied by total diet RUP, g
DMI; = intake of DM of each feedstuff contributing

RUP, ke

CPs = crude protein content of each feedstuff con-
tributing RUP, ¢/100 ¢ DM

RUP; = ruminally undegraded protein content of

each feedstuff contributing RUP, /100 g CP
lysine content of each feedstuff contributing
RUP, ¢/100 g CP

Lys £

The preceeding equation is used to calculate for each
feedstuff, and subsequently the diet, the amount of Lys
supplied by RUP. Equation 5-6 is extended in the following
manner to calculate the amount of digestible Lys supplied
by RUP, which weights feedstuffs appropriately for differ-
ences of digestibility of RUP and concentration of Lys
among feeds.

dRUPLys = 3; (DMI; X CP; X RUP; X
RUPdigestibility; X Lys; X 0.001) (5-7)

where:

dRUPLys = amount of digestible Lys supplied by total
diet RUP, g

DMI; = intake of DM of each feedstuff contributing
RUP, kg

CP; = crude protein content of each feedstuff contribut-
ing RUP, g/100 ¢ DM

RUP; = ruminally undegraded protein content of each
feedstuff contributing RUP, g/100 g CP

TABLE 5-14 Comparison of Root Mean Square Prediction Errors (RMSPE) Obtained from Plots of Residuals
(predicted-measured vs. measured) for Equations That Predicted Directly the Flow of Each EAA With Those
Accepted for Use in the Model That Predict Directly the Percentage of Each EAA in Total EAA of Duodenal Protein

Flow Percentage

RMSPE from RMSPE from RMSPE from RMSPE from
Amino acid plots for % plots for g/d* plots for % plots for g/d”
Arg 0.46 6.1 0.24 2.8
His 0.26 3.0 0.13 1.3
Ile 0.34 4.4 0.14 1.3
Leu 0.51 9.4 0.45 4.8
Lys 0.45 7.0 0.33 3.5
Met 0.22 2.7 0.14 1.3
Phe 0.28 5.9 0.16 1.5
Thr 0.25 5.6 0.14 15
Val 0.22 5.4 0.17 1.7
Total EAA 40.6 478

“Percentages of each EAA in duodenal total EAA were calculated from predicted flows of individual EAA.
b Flows of each EAA to the duodenum were calculated from predicted flows of total EAA and predicted percentages of each EAA in duodenal total EAA.



RUPdigestibility; = digestibility coefficient of ruminally
undegraded protein for each feedstuff contributing
RUP, ¢/100 ¢ RUP

Lys; = lysine content of each feedstuff contributing
RUP, ¢/100 g CP

The preceeding two equations then are combined to
yield the calculation of digestible RUPLys as a percentage
of total RUPLys for the diet.

PctdRUPLys = 100 X (ARUPLys/RUPLys) (5-8)

where:
PctdRUPLys = digestibility coefficient for Lys supplied
by RUP, ¢/100 g
dRUPLys = amount of digestible Lys supplied by total
diet RUP, g
RUPLys = amount of Lys supplied by total diet RUP, g

In order to calculate the supply of total digestible Lys,
two “pools” must be considered. The first pool is the
amount supplied by RUP. The equation for predicting
total EAA has associated with it a coefficient of 0.863 for
RUPEAA, which indicates that the total EAA supplied by
RUP (thus, individual AA supplied by RUP) is “discounted”
by 13.8 percent (i.e, 100 — 86.3). Theoretically, the total
flow (g/d) of Lys from RUP can be calculated.

Total RUPLysFlow = 0.863 X RUPLys  (5-9)

where:
Total RUPLysFlow = adjusted total supply of Lys from
RUP, ¢
RUPLys = amount of Lys supplied by total diet RUP, g

The second “pool” is the amount of Lys supplied from
MCP and endogenous CP, and is calculated by difference
from total Lys flow and the supply of Lys from RUP as
calculated in Equation 5-9.

TotalMCPEndoLysFlow = LysFlow —

Total RUPLysFlow (5-10)

where:
TotalMCPEndoLysFlow = supply of Lys from MCP
and endogenous CP, g
LysFlow = total amount of Lys in duodenal protein, g
Total RUPLysFlow = adjusted total supply of Lys from
RUP, g

The amount of digestible Lys supplied by each of the two
pools and total digestible Lys is calculated as follows:

dTotalRUPLys = TotalRUPLysFlow X PctdRUPLys
X 0.01 (5-11)

where:

dTotalRUPLys = supply of digestible Lys from RUP, g
Total RUPLysFlow = adjusted total supply of Lys from
RUP, g
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PctdRUPLys = digestibility coefficient for Lys supplied
from RUP (i.e., Equation 5-8), g/100g

dTotalMCPEndoLys = 0.80 X

TotalMCPEndoLysFlow (5-12)

where:

dTotalMCPEndoLysFlow = supply of Lys from MCP
and endogenous CP, g

TotalDigestibleLys = Equation 5-11 +

Equation 5-12 (5-13)

The final step is to calculate digestible Lys as percentage
of MP.

dLysPctMP = 100 X (TotalDigestibleLys/(MPBact +
MPFeed + MPEndo)) (5-14)

where:

dLysPctMP = digestible Lys as percentage of MP, %

TotalDigestibleLys = total amount of digestible Lys
(i.e., Equation 5-13), g

MPBact = model predicted MP from MCP, g

MPFeed = model predicted MP from RUP, g

MPEndo = model predicted MP from endogenous
CP, g

Requirements for Lysine and Methionine in
Metabolizable Protein for Lactating Cows

The AA requirements of dairy cattle are not known with
much certainty. Attempts have been made to quantify AA
requirements of cattle using the factorial approach (Old-
ham, 1981; O’Connor et al., 1993). The factorial method
is a mathematic approach of calculating requirements from
a segmentation of the requirements into individual and
independent components, and from knowledge of pool
sizes and the rates by which nutrients move through diges-
tive and metabolic pools. More specifically, calculating
requirements for absorbed AA using this approach requires
at a minimum a knowledge of: (1) net protein requirements
for maintenance, growth, pregnancy, and lactation, (2) AA
composition of products, and (3) efficiencies of use of
absorbed AA for maintenance and product formation. The
Cornell Net Carbohydrate and Protein System for evaluat-
ing cattle diets and the associated AA submodel (O’Connor
et al., 1993) is the most tested of the AA factorial models
published to date in the United States. It was the opinion
of the subcommittee, however, that current knowledge
is too limited, both for model construction and model
evaluation, to put forth a model that quantifies AA require-
ments for dairy cattle. Indeed, there have been few direct
attempts to quantify AA requirements of dairy cattle
(Campbell et al., 1997; Fenderson and Bergen, 1975; Tit-
gemeyer et al., 1988; Williams and Smith, 1974). This is
due largely to the technical difficulties involved in provid-
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ing graded amounts of a limiting AA to sites of absorption
in ruminants at various production levels, while simultane-
ously measuring AA flows to the small intestine and weight
gains or milk production.

An alternate and more direct approach to defining AA
requirements is to use the dose-response approach to esti-
mate required AA concentrations in MP for maximal use
of MP for protein synthesis. Thus far, the most progress
has been made for Lys and Met in lactating cows. Two
dose-response approaches have been used. The first is
the “direct” dose-response approach, whereby postruminal
supplies of Lys (Rulquin et al., 1990; Schwab et al., 1992b)
or Met (Pisulewski et al., 1996; Socha et al., 1994a.b,c)
were increased in graded fashion via intestinal infusion and
production responses and AA flows to the small intestine
were measured. A constant amount of supplemental Met
was provided in each of the Lys experiments and a constant
amount of supplemental Lys was provided in each of the
Met experiments to reduce the possibility that they would
limit responses. This approach indicated that for cows fed
corn-based diets, Lys must contribute about 7.0 percent
and Met about 2.5 percent of total AA in duodenal digesta
for maximum content and yield of protein in milk.

The second method for estimating the optimum amounts
of Lys and Met in MP for lactating cows is an “indirect”
dose-response approach. This approach was used by Rul-
quin et al. (1993) and involved five steps: (1) predicting
concentrations of digestible Lys and Met in protein truly
digested in the small intestine (PDI) for control and treat-
ment groups in experiments in which postruminal supplies
of Lys, Met, or both were increased (either by intestinal
infusion or by feeding in ruminally protected form) and
production responses were measured, (2) identifying
“fixed” concentrations of Lys and Met in PDI that were
intermediate to the lowest and highest values in the greatest
number of Lys experiments and Met experiments, respec-
tively, (3) calculating by linear regression a “reference pro-
duction value” for each production parameter in each Lys
experiment that corresponded to the “fixed” level of Lys
in PDI and in each Met experiment that corresponded to
the “fixed” level of Met in PDI, (4) calculating “production
responses” (plus and minus values) for control and treat-
ment groups relative to the “reference production values,”
and (5) regressing the production responses on the pre-
dicted concentrations of Lys and Met in PDI. Experiments
involving ruminally protected Lys or Met were limited to
those in which data on ruminal stability and postruminal
release of Lys and Met had been obtained in the
author’s laboratory.

Using the described approach, Rulquin et al. (1993)
obtained curvilinear (monomolecular) dose-response rela-
tionships for content and yield of milk protein to increasing
concentrations of Lys in PDI. The authors reported that
concentrations of Met in PDI had no apparent effect on

milk protein responses to Lys in PDI. In contrast, concen-
trations of Lys lower than 6.5 percent of PDI limited
responses to increases in Met. Thus, curvilinear dose-
response relationships for content and yield of milk protein
to increasing concentrations of Met in PDI were obtained
from the data for Lys concentrations greater than 6.5 per-
cent of PDI. Assuming that Lys and Met requirements
were met when protein yield responses were slightly below
the maximum attainable values (as determined from the
derived exponential equations), the authors concluded that
the requirements for Lys and Met in PDI are the amounts
that would result in the production of 16 gless milk protein
(i.e., 0.5 kg milk containing 3.2 percent true protein) than
the maximum attainable values. Using the derived equa-
tions, the calculated requirements for Lys and Met in PDI
were 7.3 percent and 2.5 percent, respectively.

The “indirect” dose-response approach described by
Rulquin et al. (1993) was used in this revision to determine
the requirements for Lys and Met in MP for lactating cows.
A unique and practical feature of this approach is that the
requirement values are estimated using the same model
as that used to estimate the contributions of feedstuffs
to AA passage to the small intestine. Experiments were
identified in which Lys (18 experiments; 63 treatments) or
Met (27 experiments; 87 treatments) was infused continu-
ously into the abomasum or duodenum or fed in ruminally
protected form (Table 5-15). Experiments were not consid-
ered if diet or feed intake information was insufficient for
model input, or if Lys and Met were supplemented
together and there was no corresponding control where
one of the two AA was supplemented at the same concen-
tration. Of the 36 different experiments that were identi-
fied (9 experiments involved the administration of one or
more quantities of both Lys and Met), 24 were Latin
squares and of these 18 were infusion experiments. Experi-
ments in which ruminally protected products were fed
were restricted to those that had data for viability reported
in peer-reviewed literature and estimates of ruminal escape
were 80 percent or higher. Experiments involving rumina-

TABLE 5-15 Studies Used to Determine the Dose-
Response Relationships for Lysine and Methionine in
Metabolizable Protein

Armentano et al. (1997)
Casper et al. (1987)

Casper and Schingoethe (1988)
Guinard and Rulquin (1994)
Ilg et al. (1987)

King et al. (1991)

Munneke et al. (1991)
Papas et al. (1984a)

Papas et al. (1984b)
Piepenbrink et al. (1999)
Pisulewski et al. (1996)
Polan et al. (1991)

Rogers et al. (1987)
Rulquin and Delaby (1997)
Rulquin and Delaby (1994)
Rulquin et al. (1994)
Schingoethe et al. (1988)
Schwab et al. (1976)
Schwab et al. (1992a)
Schwab et al. (1992b)
Socha (1994)

Socha et al. (1994a)

Socha et al. (1994b)

Yang et al. (1986)




lly protected products with published estimates of ruminal
escape less than 80 percent were not used because of the
concern that ruminally released Met may affect ruminal
fermentation and AA passage to the small intestine. All
experiments utilized Holstein cows. All but 2 experiments
involved early and mid lactation cows. Ten experiments
involved both multiparous and primiparous cows and 26
experiments involved only multiparous cows. Cows pro-
duced an average of 31.5 kg milk in the Lys experiments
(range = 20.7 to 46.3 kg) and an average of 33.7 kg milk
in the Met experiments (range = 20.9 to 43.1 kg).

To calculate concentrations of Lys and Met in MP, all
cow and diet data were entered into the model. Published
nutrient composition of the individual ingredients was used
when available; otherwise, model default values were used.
When nutrient composition of ingredients was not pub-
lished but nutrient composition of the total diet was
included, nutrient composition of individual ingredients
(usually only the forages) was changed so that the composi-
tion of the diet was the same as the published composition.
In all cases, model default values were used for the AA
composition of feeds. Contributions of supplemental Lys
and Met to predicted flows of digestible Lys and Met
originating from the basal diet were estimated as follows:
(1) the intestinal availability of infused Lys and Met was
considered to be 100 percent, (2) ruminally protected
sources of Lys and Met containing polymers in the surface
coating (see next section, “Ruminally Protected Amino
Acids”) were considered to have a ruminal escape of 90
percent and an intestinal digestibility coefficient of 90 per-
cent (Rogers et al., 1987; Schwab, 1995a) so 81 percent
(0.90 X 0.90) of the fed amounts of Lys and Met was
considered digestible, and (3) the ruminally protected Met
product, Ketionin (Rumen Kjemi; Oslo, Norway), was con-
sidered to have a ruminal escape of 80 percent and an
intestinal digestibility of 75 percent (Schwab, 1995a; Yang
et al., 1986) so 60 percent of the fed amounts of Met was
considered digestible.

Predicted concentrations of Lys in MP varied between
4.33 percent and 9.83 percent and for Met between 1.70
percent and 3.36 percent. The “fixed” concentration of
Lys in MP that was selected (6.67 percent) to calculate
the required “reference production values” was intermedi-
ate to the lowest and highest concentrations in 16 of the
18 Lys experiments. This eliminated the experiments of
Polan et al. (1991) (6 treatments with predicted concentra-
tions of Lys in MP between 4.32 percent and 5.87 percent)
and Rogers et al. (1987) (4 treatments with predicted con-
centrations of Lys in MP between 6.76 and 7.55 percent).
The “fixed” concentration of Metin MP (2.06 percent) that
was selected was intermediate to the lowest and highest
concentrations in all of the 27 Met experiments. The “refer-
ence production values” for each experiment and the “pro-
duction responses” (plus and minus values) for each pro-
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duction parameter for each treatment were calculated as
described above. The final database contained 53 observa-
tions for Lys and 87 observations for Met.

As observed by Rulquin et al. (1993), changes in milk
yield, milk fat content, and milk fat yield to changes in
concentrations of Lys and Met in MP were small and
inconsistent. These observations were expected (see sec-
tion, “Limiting Essential Amino Acids”). Therefore, no
attempt was made to use these production measurements
as response criteria for establishing requirements for Lys
and Met in MP.

Four statistical models were used to describe the rela-
tionships between increasing concentrations of Lys and
Met in MP and milk protein content and yield responses.
These were: (1) a straightforward quadratic model (SAS,
GLM procedure), (2) a negative exponential curve model
(SAS, NLIN procedure), (3) a segmented quadratic model
with a plateau (SAS, NLIN procedure), and (4) a rectilinear
model (referred to in the literature as a linear abrupt
threshold and plateau model, essentially consisting of a
straight line followed by a plateau) (SAS, NLIN proce-
dure). Analyses involving all models indicated that low
concentrations of Met in MP limited responses to increas-
ing concentrations of Lys in MP and that low concentra-
tions of Lys in MP limited responses to increasing concen-
trations of Met in MP. The final regression analysis for
Lys was limited to data where Met was 1.95 percent or
more of MP (n = 41 of 53) and for Met it was limited to
data where Lys was 6.50 percent or more of MP (n = 48
of 87). Using these restricted databases, the rectilinear
model was either equal to or superior to the other models
for describing protein content and protein yield responses
to increasing amounts of both Lys and Met in MP. Based
on these findings, the rectilinear model was accepted as
the final model. An advantage of the rectilinear model
is that the breakpoint in the nutrient dose-response line
provides an objective, mathematically determined estimate
of nutrient requirements. However, a requirement pre-
dicted by this type of break-point analysis is usually lower
than that predicted by a curvilinear model because of the
implicit smoothness constraint of curvilinear models. The
appropriateness of different models for defining AA
requirements have been discussed (Baker, 1986; Fuller
and Garthwaite, 1993; Owens and Pettigrew, 1989).

The plots of predicted concentrations of Lys and Met
in MP and the corresponding responses for milk protein
content for all data are presented in Figure 5-12; the equiv-
alent plots for milk protein yield are in Figure 5-13. The
rectilinear dose-response relationships for the restricted
databases are in the same figures. There are several note-
worthy observations. First, the breakpoint estimates for
the required concentrations of Lys and Met in MP for
maximal yield of milk protein (7.08 percent and 2.35 per-
cent, respectively; Figure 5-13) are similar to those
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FIGURE 5-12 Milk protein content responses as a function of
digestible Lys and Met concentrations in MP. Regression analysis
for Lys was limited to data where Met was 1.95 percent or more
of MP (filled circles) [y = —0.712 + 0.106x for the linear part
of the model and y = —0.712 + 0.106 X 7.24 for the plateau
(SE = 0.12 for x value of breakpoint); r* = 0.85; SE = 0.029;
n = 41]. Regression analysis for Met was limited to data where
Lys was 6.50 percent or more of MP (filled circles) [y = —0.496
+ 0.238x for the linear part of the model and y = —0.496 +
0.238 X 2.38 for the plateau (SE = 0.07 for x value of breakpoint);
¥ = 0.76; SE = 0.033; n = 48]. The “trial” effect was not
significant and therefore, not included in the model.

required for maximal content of milk protein (7.24 percent
and 2.38 percent; Figure 5-12). For both AA, the nutrient-
response relationships were determined more accurately
for protein content than for protein yield

Based on these results, it is concluded that optimal use
of MP for the combined functions of maintenance and
milk protein production requires concentrations of Lys and
Met in MP (as determined by this edition’s model) that
approximate 7.2 percent and 2.4 percent, respectively. Sec-
ond, the resultant requirement values are strikingly similar
to the values of 7.3 percent and 2.5 percent proposed by
Rulquin et al. (1993). As noted previously, the require-
ments proposed by Rulquin et al. (1993) were calculated
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FIGURE 5-13 Milk protein yield responses as a function of
digestible Lys and Met concentrations in MP. Regression analysis
for Lys was limited to data where Met was 1.95 percent or more
of MP (filled circles) [y = —419.6 + 63.62x for the linear part
of the model and y = —419.6 + 63.62 X 7.08 for the plateau
(SE = 0.18 for x value of breakpoint); > = 0.62; SE = 27.9; n
= 41]. Regression analysis for Met was limited to data where
Lys was 6.50 percent or more of MP (filled circles) [y = —159.1
+ 77.30x for the linear part of the model and y = —159.1 +
77.30 X 2.35 for the plateau (SE = 0.13 for x value of breakpoint);
¥ = 040; SE = 21.8; n = 48]. The “trial” effect was not
significant and therefore, not included in the model.

to be somewhat less than required for maximum response
as determined using an exponential representation of milk
protein yield responses. Third, the observed optimum con-
centrations of Lys and Met in MP for the combined func-
tions of maintenance and milk protein production (7.3
percent and 2.4 percent) are within their reported concen-
trations in milk protein (7.1 to 8.2 percent and 2.4 to 2.7
percent, respectively) (Rulquin et al., 1993; Waghorn and
Baldwin, 1984). This observation may be considered as
providing evidence of the reasonableness of the observed
requirements. And last, an examination of Figures 16-4
and 16-5 indicates that implementation of diet formulation
strategies that increase Lys and Met in MP to concentra-



tions that approach or meet the requirement levels can
result in more actual milk than MP allowable milk. Indeed,
achieving the optimum concentrations of the most limiting
AA in MP is the first step in balancing diets for AA. The
subcommittee encourages more research aimed at deter-
mining the ideal profile of EAA in MP of growing cattle
and lactating cows. The results of such efforts are needed
to combine protein supplements and ruminally protected
AA in ways to meet AA requirements of dairy cattle with
minimal MP, and thus, minimal RUP.

Ruminally Protected Amino Acids

As discussed, Lys and Met are two of the most limiting
AA for protein synthesis in dairy cattle fed corn-based diets.
A challenge in diet formulation, particularly for animals
requiring higher RUP diets, is to achieve the desired con-
centrations of both Lys and Met in MP by relying solely
on feed protein supplements. Supplements of crystalline
Lys and Met have not been considered efficacious because
of rapid deamination in the rumen (Chalupa, 1976; Onod-
era, 1993). Thus, a considerable effort has been made to
develop technologies for supplying Met and Lys in forms
that would allow them to escape ruminal degradation with-
out compromising substantially their digestibility in the
small intestine. The physical-chemical properties of Lys
are such that application of most technologies are currently
limited to Met.

The methods that have been evaluated for protecting
free AA from ruminal degradation have been reviewed
(Loerch and Oke, 1989; Schwab, 1995a). Technologically,
the approaches in current use fall into one of three catego-
ries: (1) surface coating with a fatty acid/pH-sensitive poly-
mer mixture, (2) surface coating or matrices involving fat
or saturated fatty acids and minerals, and (3) liquid sources
of Met hydroxy analog (DL-2-hydroxy-4-methylthiobuta-
noic acid; HMB).

Technology # 1 provides for a postruminal delivery sys-
tem that is independent of digestive enzyme function and
dependent on the differences in pH between the rumen
and abomasum. The resulting ruminally inert products
have an apparent high coefficient of rumen protection
(Mbanzamihigo et al., 1997; Robert and Williams, 1997;
Schwab, 1995a) and possess high intestinal release coeffi-
cients of the coated AA (Robert and Williams, 1997). This
technology appears to be the most effective in increasing
Met in MP as evidenced by the largest increases in blood
Met concentrations (Blum et al., 1999; Robert et al., 1997).

Several variations of technology # 2 have been evaluated
(Loerch and Oke, 1989; Schwab, 1995a). The physical-
chemical properties of Lys are such that this technology
has generally been limited to Met. The technology relies
in identifying a combination of process and materials that
provides a coating or matrix that gives a reasonable degree
of protection against ruminal degradation, provided by the
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relatively inert characteristics of saturated fat in the rumen,
while providing also for a reasonable degree of intestinal
release. The apparent bioavailability of Met (ruminal
escape X intestinal release) from RPMet products using
this approach is less than RPMet products utilizing technol-
ogy # 1 (Bach and Stern, 2000; Berthiaume et al., 2000;
Blum et al., 1999; Mbanzamihigo et al., 1997; Overton et
al., 1996).

Technology # 3 (i.e., liquid HMB) is currently being
evaluated as an alternative to coated or encapsulated forms
of Met. The Ca salt of HMB, commonly known as Met
hydroxy analog, has been studied extensively as a supple-
ment for increasing milk and milk fat production (Loerch
and Oke, 1989). The Ca salt of HMB is no longer manufac-
tured but liquid HMB is available and is used in the poultry
and swine industry as a substitute for Met. It is well docu-
mented in nonruminants that following absorption, HMB
is first converted to the a-keto analog of Met and then
transaminated to L-Met (Baker, 1994). The combined effi-
ciencies of absorption and conversion rates to Met in non-
ruminants is still being questioned. Baker (1994) summa-
rized the efficiency estimates for dietary HMB and con-
cluded that appropriate “Met bioavailability” values (molar
basis) for rats, chickens, and pigs were 70, 80, and 100
percent, respectively. Comparable “Met bioavailability”
data (ruminal escape X intestinal absorption X conversion
to Met) is not available for ruminants. However, studies
indicate that HMB is more resistant to ruminal degradation
than free Met (Belasco, 1972, 1980; Patterson and Kung,
1988), that it can be absorbed across the ruminal and
omasal epithelium (McCollum et al., 2000), and that rumi-
nants possess the enzymes involved in the conversion of
HMB to Met (Belasco, 1972, 1980; Papas et al., 1994).
The study of Koenig et al. (1999) is the only reported
attempt to quantify ruminal escape and intestinal absorp-
tion of liquid HMB in dairy cattle. In this study, a 90-g
pulse-dose of HMB was given to lactating dairy cows fed
a diet containing 30 g/d HMB. Based on fractional rate
constants for ruminal and duodenal disappearance of HMB
and passage of liquid, the workers reported that 50 percent
of the HMB escaped ruminal degradation. However, the
extent to which dietary HMB substitutes for absorbed Met
for protein synthesis remains questionable because of
observed minimal effects on blood Met concentrations
(Johnson et al., 1999; Robert et al., 1997) and milk protein
concentrations (Johnson et al., 1999; Rode et al., 1998).
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