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Preface

Dairy cattle production 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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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.

JIMMY H. CLARK, Chair
Subcommittee on Dairy Cattle Nutrition
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Overview

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.
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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
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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.
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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 DMI.

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
DMI 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).

E QU AT I ON S F O R P RE D IC TI N G D MI

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

DMI (kg) �
NEL required (Mcal)

NEL concentration of diet (Mcal/kg)
(1-1)

where net energy of lactation (NEL) 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 NEL 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 NEL 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 kg2/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 � FCM
� 0.0968 � BW0.75)
� (1 � e(�0.192�(WOL�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 � e(�0.192�(WOL�3.67)) 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).

FIGURE 1-1 Dry matter intake prediction of early lactation
cows using Equation 1-2 and Kertz et al. (1991) equations.
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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 kg2/day) and multiparous (0.12 kg/
day and 3.20 kg2/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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FIGURE 1-2 a) Dry matter intake, b) 4 percent fat corrected milk production, and c) body weight change of primiparous and
multiparous cows during 48 weeks of lactation.

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
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the thermal neutral zone; temperatures �20° C, DMI �
(1 � ((° C � 20) � 0.005922)) and temperatures �5° C,
DMI/(1 � ((5 � ° C) � 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 Cattle (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,a kg2/d

Quigley et al. (1986) �0.32 1.47
Stallings et al. (1985) �1.32 1.90
National Research Councilb (1996) Calves �0.51 1.48

aMean square prediction error.
bNutrient 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) � (BW0.75 � (0.2435 � NEM

� 0.0466 � NEM
2

� 0.1128)/NEM) (1-3)

where BW � body weight (kg) and NEM 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)
� 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.

N UT RI E NT S A N D F EE D IN G
M AN AG E ME NT R EL AT E D T O D M I
O F L AC T AT IN G DA IR Y CO WS

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

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).

C OW BE H AV IO R , M AN A GE ME N T, AN D
E NV IR O NM EN T AL FA C TO RS A FF EC T IN G
F EE D I N TA KE

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

Feed Bunk Length Per Cow (cm)

50 40 30 20 10

Time at feed bunk, h 3.82 3.73 3.73 3.76 2.57b

Correlation of time with 0.46 0.32 0.30 0.67c 0.71d

social dominance
Percentage of time at feed 21.5 26.9 34.6 51.9 70.6

bunk, %
Daily feed intake, kg of DM 17.5 17.6 17.8 16.9 15.7

aFrom Friend et al. (1977).
bDiffers from 50 cm feed bunk/cow.
cDiffers from zero (P � 0.05).
dDiffers 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

at temperatures as low as 24° C with high humidity (Cop-
pock, 1978).

Feeding Method—Total 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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2 Energy

E NE RG Y RE QU I RE ME N TS OF
L AC TA T IN G A N D P RE G NA NT C OW S

Energy Units

Energy requirements for maintenance and milk produc-
tion are expressed in net energy for lactation (NEL) units.
The net energy for lactation system (Moe and Tyrrell,
1972) uses a single energy unit (NEL) 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 NEL units. Thus in the tables in Chapter 14
and in the computer model, one feed value (NEL) is used
to express the requirements for maintenance, pregnancy,
milk production, and changes in body reserves (not growth)
of adult cows.

E NE RG Y VA LU E S O F F E ED S

The method used to obtain and express feed energy
values in this edition is substantially different from that
used in previous versions. In the 6th 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 NEL 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 DE1X to
ME1X. Equation 2-3 converts TDN1X to NEL3X assuming
an 8 percent reduction in digestibility at 3X maintenance.
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DE (Mcal/kg) � 0.04409 � TDN(%) (2-1)

ME (Mcal/kg) � 1.01 � DE (Mcal/kg) � 0.45 (2-2)

NEL (Mcal/kg) � 0.0245 � 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 NEL values of individual feedstuffs
are available; rather ME and NEL values of mixed diets
are measured. The equations used to convert TDN to ME
and NEL 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 (TDX1X) in Table 15-1 and in the software dictionary
were calculated from composition data rather than being
experimentally determined. In addition, NEL values are
calculated based on actual intake and the digestibility of
the entire diet. In Table 15-1, NEL values for individual
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feeds are shown assuming intake at 3 and 4X maintenance
and a total diet TDN1X of 74 percent. The NEL of diets
formulated using the NEL values in Table 15-1 may be
different than the NEL of diets formulated by the computer
model because intake and digestibility discount (estimated
from total diet TDX1X) may be different from those
assumed in Table 15-1.

Estimating TDN of Feeds at Maintenance

A summative approach was used to derive the TDN1X

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
a nutritionally 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]) � PAF (2-4a)

Truly digestible CP for forages (tdCPf)
� CP � exp[�1.2 � (ADICP/CP)] (2-4b)

Truly digestible CP for concentrates (tdCPc)
� [1 � (0.4 � (ADICP/CP))] � CP (2-4c)

Truly digestible FA (tdFA)
� FA Note: If EE �1, then FA � 0 (2-4d)

Truly digestible NDF (tdNDF)
� 0.75 � (NDFn � L)

� [1 � (L/NDFn)0.667] (2-4e)

In Equations 2-4a, 2-4b, 2-4c, 2-4d, 2-4e, NDICP �
neutral detergent insoluble N � 6.25, PAF � processing
adjustment factor (see below), ADICP � acid detergent
insoluble N � 6.25, FA � fatty acids (i.e., 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 TDN1X is then calculated using Equation
2-5.

TDN1X (%) � tdNFC � tdCP
� (tdFA � 2.25) � tdNDF � 7 (2-5)

Equations 2-4 and 2-5 were used to calculate TDN1X,
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 NFCa

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 dryb 0.95
Corn grain, groundb 1.00
Corn grain, ground high moistureb 1.04
Corn and cob meal, ground high moistureb 1.04
Corn grain, steam flakedc 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-flakedd 1.04
Wheat grain, rolled 1.04
All other feeds 1.00

aSee 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.

cMean density of 0.36 kg/L; PAF should be negatively correlated with density.
dMean density of 0.36 kg/L; PAF should be negatively correlated with density.
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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 NEL 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, TDN1X

was estimated using Equation 2-6.

TDN1X (%) � CPdigest � CP � FA
� 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 TDN1X 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
Whey 1.00

FAT SUPPLEMENTS

The TDN1X 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 0.11 15
Hydrolyzed tallow fatty acids Fatty acids 0.79 0.08 9
Partially hydrogenated tallow Fat plus glycerol 0.43 0.13 9
Tallow Fat plus glycerol 0.68 0.13 10
Vegetable oil Fat plus glycerol 0.86 — —

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 TDN1X. After adjusting digestibility for
intake (Table 2-3), digestible fat was multiplied by 2.25 to
convert to TDN1X (Equations 2-7a and 2-7b).

For fat sources that contain glycerol:
TDN1X (%) � (EE � 0.1) � [FAdigest

� (EE � 0.9) � 2.25] (2-7a)

For fat sources that do not contain glycerol:
TDN1X (%) � (EE � FAdigest) � 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 � 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, 2-8c, 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 � 0.044 � 0.3
Mcal/kg.
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For most feeds:
DE1X (Mcal/kg) � (tdNFC/100)

� 4.2 � (tdNDF/100) � 4.2 � (tdCP/100) (2-8a)
� 5.6 � (FA/100) � 9.4 � 0.3

For animal protein meals:
DE1X (Mcal/kg) � (tdNFC/100) � 4.2

� (tdCP/100) � 5.6 � (FA/100)
� 9.4 � 0.3 (2-8b)

For fat supplements with glycerol:
DE1X (Mcal/kg) � 9.4 � (FAdigest � 0.9

� (EE/100)) � (4.3 � 0.1 � (EE/100)) (2-8c)

For fat supplements without glycerol:
DE1X (Mcal/kg) � 9.4 � FAdigest

� (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 TDN1X would be 3 percentage
units per multiple of maintenance, while the depression
for a diet containing 60 percent TDN1X 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.,

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 � �10.3, r2 � 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 � TDN1X �10.3 (r2 � 0.85). Because
DE, not TDN, is used to calculate ME and NEL, this
equation was converted so that a percent discount, not a
TDN percentage unit discount, was calculated:

Discount � [(TDN1X � [(0.18 � TDN1X)
� 10.3]) � Intake)]/TDN1X (2-9)

where TDN1X 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 TDN1X 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 TDN1X 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 TDN1X is negligible; therefore, for diets
with 60 percent or less TDN1X 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 TDN1X

by increasing dietary fat above 3 percent would not affect
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the digestibility discount. Therefore the TDN1X value, used
only for the discount calculation, does not include TDN
provided by dietary fat in excess of 3 percent. Diets with
TDN1X 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 DE1X 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 (DEp).

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 (MEp) should be calcu-
lated from DEp. 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 � DE � 0.45) and
dividing by the change in EE concentration (100 � 3)
yields the expression: 0.000103 � DE � 0.00464 change
in ME per increase in EE content (percentage unit). The
DE term was assumed to be negligible; therefore, MEp

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 MEp.

MEp (Mcal/kg) � [1.01 � (DEp) � 0.45]
� 0.0046 � (EE � 3) (2-10)

where DEp is Mcal/kg and EE is percent of DM.

For fat supplements, MEp (Mcal/kg) � DEp (Mcal/kg).

Estimating NEL at Actual Intake

The use of Equation 2-3 to estimate NEL has been
criticized because it results in essentially equal efficiencies
of converting DE to NEL 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 NEL3X of 0.49 and for a feed with a TDN of 90
percent (DE � 3.97 Mcal/kg), the efficiency is 0.53. That

range in efficiencies is less than would be expected among
feeds when DE is converted to NEL. To overcome this
problem, an equation derived by Moe and Tyrrell (1972)
to convert MEp to NEL at production levels of intake (NELp)
was chosen to replace the previous TDN-based NEL

equation.

NELp (Mcal/kg) � [0.703 � MEp (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 NEL is 0.80 [sd � 0.05; N � 3; (Andrew et al.,
1991; Romo et al., 1996)]. The same approach as discussed
above to adjust MEp for fat content was used to account
for increased efficiency of converting ME from fat to NEL.
The resulting term was: (0.097 � MEp � 0.19)/97 increase
in NEL 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 NELp.

NELp (Mcal/kg) � 0.703 � MEp � 0.19
� ([(0.097 � MEp

� 0.19)/97] � [EE � 3]) (2-12)

where MEp is Mcal/kg and EE is percent of DM.

For fat supplements, NELp (Mcal/kg) � 0.8 � MEp

(Mcal/kg).

Estimating Net Energy of Feeds for Maintenance and
Gain

The equations used to estimate the net energy for main-
tenance (NEM) and net energy for gain (NEG) used for
beef cattle (National Research Council, 1996) were
retained. The NEM and NEG content of feeds assumed dry
matter intake at 3 times maintenance and are calculated
by multiplying DE1X (described above) by 0.82 to obtain
ME (National Research Council, 1996). That ME value
is then converted to NEM and NEG using the following
relationships (Garrett, 1980):

NEM � 1.37 ME � 0.138 ME2

� 0.0105 ME3 � 1.12 (2-13)

NEG � 1.42 ME � 0.174 ME2

� 0.0122 ME3 � 1.65 (2-14)

where ME, NEM, and NEG are expressed in Mcal/kg.
Those equations are not appropriate for fat supplements.

For those feeds, MEp � DEp, and the same efficiency
(0.80) of converting ME to NEL was used to convert ME
to NEM. The efficiency of converting ME to NEG 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 NEL Values with Values from
1989 Edition

For feedstuffs in Table 15-1, NEL 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 NEL

value for all feeds listed in Table 15-1 is 2 percent lower
than the mean NEL value for the same feeds in the 6th

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 NEL values, high protein feeds have higher NEL

values, and starchy concentrates have values similar to
those in the previous edition (National Research Council,
1989). The NEL 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 NEL 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
NEL provided by those diets did not deviate greatly from
estimated NEL expenditures.

Using two different methods, the NEL values for feeds
in the 6th 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 NEL

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
et al. (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, NEL 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
NEL 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.

E NE RG Y RE QU I RE ME N TS

Maintenance Requirements

Measured fasting heat production (Flatt et al., 1965) in
dry non-pregnant dairy cows averaged 0.073 Mcal/kg
BW0.75, 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 NEL is set at 0.080 Mcal/
kg BW0.75 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/kg0.75 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/kg0.75. 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/kg0.75,
which is nearly identical to the current value of 0.080 Mcal/
kg BW0.75 used in this report.
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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 (NEL) is defined as the
energy contained in the milk produced. The NEL 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, NEL concen-
tration in milk is calculated as:

NEL (Mcal/kg) � 0.0929 � Fat % � 0.0547
� Crude Protein %
� 0.0395 � 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 NEL concentration of milk is calculated as:

NEL (Mcal/kg) � 0.0929 � Fat % � 0.0547
� 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

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 � milk, kg/d
� 15 � 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 NEL

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, NEL

concentration can be calculated using the Tyrrell and Reid
(1965) formula:

NEL (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 NEL

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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Activity Requirements

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 NEL required for
maintenance. Thus in NEL 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 NEL 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 NEL/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 NEL) 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 NEL/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 km/d to and from the milking center. The maintenance
energy requirement should be increased by 2 � 0.00045
� 600 � 0.54 Mcal for walking and 0.0012 � 600 � 0.7
Mcal for eating activity or approximately 1.2 Mcal of NEL/

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 NEL

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 NEL/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 � 600 � 2) � (0.0012 � 600) � 0.006 � 600
� 4.9 Mcal NEL/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
NEL 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 (NEM values assumed to be equiva-
lent to NEL). The energy required for walking by heifers
was set at 0.00045 Mcal of NEM/kg BW per kilometer
walked. The distance heifers walk each day will vary
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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 NEM requirement for walk-
ing for grazing heifers was set at 0.00045 � 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 NEM � BW). The total adjustment for the
daily energetic cost (NEM, Mcal/day) of grazing for growing
heifers is (0.0016 � BW) � (0.0009 � 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 NEM/kg BW per day.
For example a 300-kg heifer grazing a hilly pasture would
require (0.0009 � 300) � (0.0016 � 300) � (0.006 �
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

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 NEL/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 � D � 0.0352)
� (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
NEL an efficiency of 0.64 was used; therefore, the NEL

requirement for pregnancy is:

NEL (Mcal/d) � [(0.00318 � D � 0.0352)
� (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
et al., 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 � BCS(9) (2-20)

Proportion of empty body protein
� 0.200886 � 0.0066762 � 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) � 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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FIGURE 2-2 Body condition scoring chart adapted from Edmonson et al. (1989).
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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 � 9.4

� proportion of empty body protein � 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 NEL provided by body reserves is:

NEL from body reserve loss (Mcal/kg)
� Reserve energy (Equation 2-23) � 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 NEL required for 1 kg of gain in reserves during
lactation is:

NEL (Mcal/kg gain)
� Reserve energy (Equation 2-23

� (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

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

% of EB Energy, Mcal Mcal
EBW Mcal/kg NEL/kg of NEL/kg of

BCS Fat Protein Ash Water (% of BCS 3) EBW changeb LW lossc LW gainc

1.0 3.77 19.42 7.46 69.35 72.6 5.14 . . . 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 . . .

aEmpty body weight � 0.817 � live weight.
bTissue 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.
cValues were calculated by converting tissue energy per kilogram of EBW into tissue energy per kilogram of BW (EBW � 0.855) and then converting to dietary NEL

using an efficiency of 0.82 for converting tissue energy from live weight loss to dietary NEL, and an efficiency of 1.12 for converting dietary NEL to tissue energy for live
weight gain.

be less than projected because of greater digestibility of
any given diet when cows are fed at maintenance. The
NEL 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 � shrunk BW; shrunk BW � 0.96
� BW; therefore, EBW � 0.817 � 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 � 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 r2 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 (r2 � 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
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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 NEL provided by a loss of one BCSa

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 NEL needed to gain one BCSb

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

aRepresents the NEL 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 NEL when
BCS decreases one unit.

bRepresents the NEL 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 NEL 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 NEL

(Table 2-5). That amount of NEL is sufficient to support
564 kg of 4 percent fat-corrected milk.
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3 Fat

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.

D IG ES T IO N A N D A BS O RP TI O N

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.
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D IG ES T IB IL I TY AN D EN ER G Y V AL U E
O F F AT S

Energy values of the fat supplements listed in Table 2-3
were determined as described in Chapter 2. The variability
in NEL 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.

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

Other
Fatty Iodine

Type of Fat Referenceb C14:0 C16:0 C16:1 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
Partially hydrogenated 1 1.4– 2.4 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

tallowc

Animal and animal-vegetable blends:
Tallow 1, 2, 3 3.0 24.5 3.7 19.3 40.9 3.2 0.7 4.9 48
Choice white grease 1, 2 1.9 23.4 4.3 13.3 43.4 10.9 1.3 1.5 62
Yellow grease 1, 2 1.8 22.1 3.5 11.5 43.7 14.6 0.9 1.9 72
Poultry fat 1, 2 1.0 22.1 7.2 6.5 43.0 18.5 0.9 0.7 82
Fish oil, menhadend 3 8.0 15.1 10.5 3.8 14.5 2.2 1.5 44.5 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

aSelected FAs are expressed as a percent of total FAs (g/100 g � 100).
b1, scientific literature; 2, rendering industry, including Pearl (1995); 3, US Department of Agriculture Food Composition Standard Release 12 (1998).
cComposition of partially hydrogenated tallow is reported as a range because degree of hydrogenation varies considerably among products.
dOther fatty acids consist predominantly of polyunsaturated fatty acids greater than 18 carbons in length.

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
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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).

E FF EC T S O F F A T O N R U MI NA L
F ER ME N TA TI O N

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.

U TI LI Z AT IO N OF FA T IN CA L F D IE T S

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

F AT IN L AC TA T IO N D I ET S

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
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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

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 � 0.0141x2, where y � milk protein concentration
[(treated/control, %) � 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 product ion was
decreased, milk production also was decreased. Why milk
protein production 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 F2a, 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 F2� and prevents regression of the corpus luteum.
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In most situations, total dietary fat should not exceed
6– 7 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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4 Carbohydrates

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.

N ON ST R UC TU R AL CA R BO HY D RA TE S

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 NFCa NSCb

Feedstuff % of DM

Alfalfa silage 51.4 18.4 7.5
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 47.3 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

aNFC, % � 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/water 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
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TABLE 4-2 Composition of the NFCa Fraction of
Selected Feedstuffs (adapted from Miller and Hoover,
1998)

Sugar Starch Pectin Volatile
Fatty Acids

Feedstuff % of NFC

Alfalfa silage 0 24.5 33.0 42.5
Grass hay 35.4 15.2 49.4 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

aNFC 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

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 � corn
� 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
yield 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
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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 (r2 � 0.04). The relationship between
NFC intake and milk yield was good (r2 � 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.

S TR UC T UR AL C AR BO H YD RA T ES

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 NEL

concentrations, and certain feeds or diets with high NDF
may have more NEL 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 NEL 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 NEL 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 NEL (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
et al., 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
et al., 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
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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 Sourcea

Minimum Minimum Maximum Minimum
forage dietary dietary dietary
NDFb NDF NFCc ADFd

19e 25e 44e 17e

18 27 42 18
17 29 40 19
16 31 38 20
15e 33 36 21

aValues 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.

bAll 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.

cNonfiber carbohydrate is calculated by difference 100 - (%NDF � %CP �
%Fat � %Ash).

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

eDiets 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.

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
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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

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,

% (r2 � 0.89, syx � 1.4, N � 2425)

Grass forage ADF, %
� 6.89 � 0.50 NDF,

% (r2 � 0.62, syx � 3.1, N � 722)

Legume forage ADF, %
� �0.73 � 0.82 NDF,

% (r2 � 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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