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Swine production represents an important segment of
the food animal industry in the United States and through-
out the world. Pork is an important source of energy, pro-
tein, minerals, and vitamins, and is the most widely con-
sumed red meat in the world. Proper formulation of diets
is fundamental to the efficient production of swine in sys-
tems that address environmental concerns, and this process
depends on a knowledge of the nutrient requirements of
swine and the nutritional characteristics of nutrient
sources. This tenth edition of Nutrient Requirements of
Swine contains a reassessment of the nutrient requirements
of swine and incorporates new information that was used
to establish the requirements.

An abundance of new knowledge in swine nutrition has
surfaced since the last edition of Nutrient Requirements
of Swine was published in 1988. There is now a greater
awareness and understanding of the effects of growth rate,
carcass leanness, gender, health, environmental tempera-
ture, crowding, and carcass modifiers on the nutrient
requirements of growing pigs. The higher nutrient require-
ments of prolific sow$ nursing large litters are now better
understood. Additionally, new information on the bioavail-
ability of nutrients is now available. A better understanding
of the nutrient requirements and nutrient sources allows
one to accurately formulate diets to meet the pig's dietary
requirements without producing overages of nutrients that
are excreted into the environment.

A major change was made in this edition in that the
subcommittee provided the biological basis used to estab-
lish energy an(s) amino acid requirements in the form of
integrated mathematical equations (models). The models
were developed by the subcommittee with the goal of
keeping them 91mple transparent (i.e., inner parts under-
standable to the user), and firmly anchored to empirical
data. The process of model development and validation
was an extremely laborious and time-consuming task.
While these versions of the models are not perfect, the
subcommittee believes that they represent a marked
improvement over previous systems of establishing
requirements and provide the groundwork for develop-
ment of improved models by future subcommittees.

Preface

The model for growing-finishing pigs allows the user to
generate tables of nutrient requirements for various body
weights of pigs, based on the pig’s lean growth rate, gender,
and environmental conditions. Similarly, the energy and
amino acid requirements of gestating and lactating sows are
estimated by models, and the user can generate nutrient
requirement tables for sows with different body weights
and weight gains during gestation and for various levels of
lactational productivity. To accomplish this, a user-friendly
computer program containing the models is included in
this edition.

Requirements for amino acids in the models were gener-
ated on a true ileal digestible basis. The amino acid require-
ments are provided to the user on a true and apparent
digestible basis as well as on a total basis, using corn and
soybean meal as the major ingredients. The models also
estimate energy requirements for gestating and lactating
sows and energy intakes of growing pigs given ad libitum
access to feed. Equations to estimate mineral and vitamin
requirements at various body weights are also included in
the growth model.

Other new information is presented in this tenth edition.
Minimizing nutrient excretion is addressed and a discussion
of nonnutritive feed additives was expanded. New informa-
tion on the nutrient composition of an expanded list of
feed ingredients and on the bioavailability of amino acids
(true and apparent ileal basis), phosphorus, and other nutri-
ents is also included in this edition. Finally, the nutrient
requirement tables also provide more information than did
those in previous editions.

This three-year study was conducted by the Subcommit-
tee on Swine Nutrition, which was appointed in 1994 under
the guidance of the Board on Agriculture’s Committee on
Animal Nutrition. The subcommittee began its work in
November 1994 and the study was completed in December
1997, with the release of the report in April 1998.

GARY L. CROMWELL, Chair
Subcommittee on Swine Nutrition
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Energy, amino acids, minerals, vitamins, and water are
needed by pigs for body maintenance, growth, reproduc-
tion, and lactation. Synthesis of muscle and adipose tissue,
bone, hair, skin, and other body components, resulting in
accretion of water, protein, lipid, and ash, is dependent
upon an adequate dietary supply of nutrients. Pigs must
be provided these essential nutrients in adequate amounts
and in forms that are palatable and efficiently utilized in
order for optimal growth, reproduction, and lactation to
oceur.

Since 1944, the National Research Council has pub-
lished nine editions of Nutrient Requirements of Swine.
This publication has guided nutritionists and other profes-
sionals in academia and the swine and feed industries in
developing and implementing nutritional and feeding pro-
grams for swine, This tenth edition continues that tradition,
but the format of this edition is quite different from that
of previous ones. The text has been expanded with new
sections that address contemporary issues, and the tables
are more comprehensive. A new approach using integrated
mathematical equations (models) was utilized to generate
estimates of energy and amino acid requirements, and a
computer program and software allow the user to create
tables of nutrient requirements for swine of a specific body
weight and level of productivity.

The first chapter deals with energy and reviews new
information on digestible energy (DE), metabolizable
energy (ME), and net energy (NE) requirements of swine.
Equations for predicting DE, ME, and NE from chemical
components are presented. New information on factors
affecting energy requirements of swine also is included in
this chapter.

In the chapter on proteins and amino acids (Chapter 2),
much of the discussion relates to lysine, the first limiting
amino acid in most diets for pigs, and to new information
on lysine requirements. The concept of “ideal ratios™ of
essential amino acids to lysine for maximum lean tissue

Overview

synthesis in growing pigs and optimal productivity in gestat-
ing and lactating sows is described. Discussion of bioavail-
ability of amino acids, on a true and apparent ileal digest-
ibility basis, has been expanded. A section on amino acid
requirements of boars is now included.

Chapter 3 addresses the use of mathematical models to
estimate energy and amino acid requirements of swine.
This chapter describes the modeling approach that was
taken by the subcommittee to generate the amino acid
requirements of growing-finishing pigs from 20 to 120 kg
body weight and for gestating and lactating sows. The
growth model is based on the pig’s lean growth rate and
it estimates the daily true ileal digestible lysine needed to
support maximum protein accretion at a given body weight.
The dietary lysine requirement is then estimated based on
the pig's daily feed intake, which, in turn, is based on
body weight, gender, environmental conditions, and DE
concentration of the diet. Estimates of the requirements
for other essential amino acids are based on the ideal ratio
of each to lysine for maintenance and protein accretion.
The gestation model estimates the energy and amino acid
requirements of sows based on their breeding weight, tar-
geted gestational weight gain, and litter size. The lactation
model estimates requirements based on the sow’s postfar-
rowing weight, lactational weight change, and daily litter
weight gain, a reflection of the amount of milk production.

Chapters on minerals and vitamins were updated with
results from research studies reported since the previous
edition. Chromium is recognized as an essential trace min-
eral for swine. The sodium and chlorine requirements of
the young pig and the manganese requirement of the ges-
tating and lactating sow were increased, and new infor-
mation on the bioavailability of minerals is presented.
The vitamin E and folacin requirements of gestating and
lactating sows were increased, based on new research
information.



2 Overview

The chapter on water was expanded. In addition to more
discussion of the water requirements of all classes of swine,
this section also reviews factors that affect quality of drink-
ing water. The chapter on nonnutritive feed additives was
expanded to include antimicrobial agents and other feed
additives, including anthelmintics, microbial supplements,
oligosaccharides, enzymes, acidifiers, flavors, odor control
agents, antioxidants, pellet binders, flow agents, mineral
supplements, and carcass modifiers.

A new chapter that addresses nutrient excretion was
added to the tenth edition. This chapter discusses the
potential environmental impact of excessive excretion of
nutrients, particularly nitrogen and phosphorus, and
addresses means of reducing excretion of these potential
environmental pollutants by dietary manipulation.

The feed ingredient composition data have been
updated and greatly expanded, with 23 additional ingredi-
ents added to the tables, for a total of 79 feed ingredients.
Net energy, neutral- and acid-detergent fiber (NDF,
ADF), and beta-carotene concentrations of feedstuffs were
added, and crude fiber was deleted. Vitamin E levels in
feedstuffs were modified to include only those assayed by
high-performance liquid chromatography. New tables that
give estimates of apparent and true digestible coefficients
for the amino acids in feedstuffs are now included. Other
new tables give the fatty acid composition of fat sources
and estimates of the four most limiting amino acids in
feedstuffs based on their crude protein content.

Finally, the tables of nutrient requirements have been
revised and updated. The amino acid requirements are

based on the subcommittee’s assessment of the biological
relationships that govern accretion of protein and fat for
growth, reproduction, and lactation. The estimates for all
nutrients, including amino acids, are based on the best
judgment of the subcommittee members following their
thorough review of the world’s scientific literature.

As in previous editions, the estimated nutrient require-

" ments in this publication are minimum standards without

any safety allowances. Therefore, they should not be con-
sidered as recommended allowances. Professional nutri-
tionists may choose to increase the levels of some of the
more critical nutrients to include “margins of safety” in
some circumstances (this comment does not apply to sele-
nium). Another important point is that, for minerals and
vitamins, the estimated requirements include the amounts
of these nutrients that are present in the natural feedstuffs
and are not estimates of amounts of nutrients that should
be added to diets.

Knowledge of the nutritional needs of swine has
expanded considerably since the last revision of this publi-
cation. Nevertheless, there is still conflicting, incomplete,
or no information for several nutrients at different stages
of the life cycle. This is particularly true for many of the
vitamins and trace minerals, especially for the very young
pig and the gestating and lactating sow. More research is
encouraged to expand the knowledge base in these areas.

The user of this publication is reminded that knowledge
of the principles and assumptions described in the text of
this publication is absolutely essential for the proper use
of the model and the tables of nutrient requirements.



Energy is produced when organic molecules undergo
oxidation. Energy is either released as heat or is trapped
in high—energy bonds for subsequent use for the metabolic
processes in animals.

Energy content in feedstuffs can be expressed as calories
(cal), kilocalories (kcal), or megacalories (Mcal) of gross
energy (GE), digestible energy (DE), metabolizable energy
(ME), or net energy (NE). Energy can also be expressed
as joules (]), kilojoules (kJ), or megajoules (M]) (1 Mcal
= 4184 MJ; 1 M] = 0.239 Mcal; 1 MJ = 239 keal). The
terms used in this publication to describe energy require-
ments and energy content of feeds are similar to those
defined and extensively discussed in Nutritional Energetics
of Domestic Animals and Glossary of Energy Terms
(National Research Council, 1981). Whittemore and Mor-
gan (1990), Chwalibog (1991), Ewan (1991), Noblet and
Henry (1991), and Hoffmann (1994) have published
reviews of energy utilization by swine.

Determination of the energy values of feedstuffs for
swine is a difficult and tedious task. Originally, energy
values were estimated from studies with chicks or were
calculated from Total Digestible Nutrients (TDN)
(National Research Council, 1971). Since the original
direct determinations of energy in feedstuffs for pigs by
Diggs et al. (1959, 1965) and Tollett (1961), the database
has grown. A summary of energy values of feedstuffs from
around the world has been compiled by Ewan (1996). Still,
where data are not available by direct means from pig
studies, energy concentrations can only be estimated from
chemical composition of the feedstuff. Prediction equa-
tions that have been used for estimating energy concentra-
tions in feeds are given in the subsequent sections. In all
of these equations, the energy and nutrient concentrations
are expressed on a dry matter basis.

Energy

CLASSIFICATION OF ENERGY
Gross Energy

Gross energy is the energy liberated when a substance
is combusted in a bomb calorimeter. The GE concentration
of a feed ingredient is dependent on the proportions of
carbohydrate, fat, and protein present in the ingredient.
Water and minerals contribute no energy; carbohydrates
provide 3.7 (glucose) to 4.2 (starch) keal/g, protein provides
5.6 keal/g, and fat provides 9.4 kcal/g. If the composition
of a feed is known, GE can be predicted fairly accurately.
The following relationship was reported by Ewan (1989)
for predicting GE (kcal’kg) from ether extract (EE), crude
protein (CP), and ash.

GE = 4,143 + (56-X % EE) + (15 X % CP)
— (44 X % Ash), R* = 0.98 (1-1)

Digestible Energy

Dietary GE intake minus the GE of the excreted feces
is DE. Apparent indigestible energy is a major variable in
the evaluation of feed ingredients. Farrell (1978), Agricul-
tural Research Council (1981), and Morgan and Whitte-
more (1982) suggest that DE is preferable in describing
the energy requirements of swine and the energy content
of swine feeds, because DE is easily and precisely deter-
mined and is, in principle, additive. In addition, DE values
are available for most of the commonly used feeds. How-
ever, in the conventional scheme of energy utilization, DE
is apparent, not true, because fecal metabolic energy is
not considered.

Chemical composition of feed ingredients is a major
determinant of DE, with positive effects of ether extract
and negative effects of fiber and ash. The following equa-
tions have been reported for predicting DE (kcal/kg) from

chemical composition:
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DE = —174 + (0.848 X GE)
+ (2 X % SCHO) — (16 X % ADF),
R?* = 0.87; Ewan (1989) (1-2)

DE = 949 + (0.789 X GE)
— (43 X % Ash) — (41 X % NDF),
R? = 0.91; Noblet and Perez (1993) (1-3)

DE = 4,151 — (122 X % Ash) + (23 X % CP)
+ (38 X % EE) — (64 X % CF),
R? = 0.89; Noblet and Perez (1993) (1-4)

in which SCHO is soluble carbohydrate calculated as 100
— (% CP + % EE + % Ash + % NDF), ADF is acid
detergent fiber, NDF is neutral detergent fiber, and CF
is crude fiber.

Digestibility of dietary energy increases slightly with
increased body weight (Noblet and Shi, 1993) because of
increased degradation of undigested carbohydrate in the
large intestine. Noblet and Shi (1993) proposed that for
finishing pigs and particularly sows fed at restricted feed
intakes, DE concentrations (kcal/kg) should be corrected
by one of the following relationships.

DE = 1,391 + (0.58 X DE) + (23 X % EE)
+ (12.7 X % CP), R* = 0.96 (1-5)

or,

DE = -T712 + (1.14 X DE)
+ (33 X % NDF), R* = 0.93 (1-6)

Metabolizable Energy

The DE minus the GE of gaseous and urinary losses
is metabolizable energy (ME). The loss of energy as gas
produced in the digestive tract of swine is usually between
0.1 and 3.0 percent of DE (Noblet et al., 1989b; Shi and
Noblet, 1993). These amounts are generally ignored
because they are small and not easily measured. For most
practical swine diets used in North America, ME is 94 to
97 percent of DE, with an average of 96 percent (Farrell,
1979; Agricultural Research Council, 1981).

A correction is sometimes made to ME concentrations
for nitrogen gained or lost from the body (ME,, Morgan
et al., 1975). ME is corrected to nitrogen equilibrium
because the energy that is deposited as retained protein
cannot be totally recovered by the animal if the amino
acids are degraded for energy. This correction to nitrogen
equilibrium may be valid for mature animals but is not
valid for growing pigs that retain considerable amounts of
nitrogen. Therefore, the correction probably is not neces-
sary (Farrell, 1979) or should be made to a constant positive
nitrogen retention. The correction factor that is used has
been obtained by expressing the GE of urine per gram of
urinary nitrogen. For swine, Diggs et al. (1959) used a
correction factor of 6.77, Morgan et al. (1975) used 9.17,

and Wu and Ewan (1979) used 7.83 keal of ME/g of nitro-
gen to correct for each gram of nitrogen above or below
nitrogen equilibrium. This correction is added to the deter-
mined ME for pigs in negative nitrogen balance and sub-
tracted when animals are in positive nitrogen balance.

If protein is of poor quality or in excess, ME decreases
because the amino acids not used for protein synthesis are
catabolized and used as a source of energy, and the nitrogen
is excreted as urea. Therefore, as the nitrogen content of
the urine increases, the energy losses in the urine increase
and the ME of the diet decreases.

Estimates of ME (kcal/kg) may be calculated from DE
(kcal’kg) and CP using one of the following relationships.

ME = DE X (1.012 — (0.0019 X % CP)),
R* = 0.91; May and Bell (1971) (1-7)

ME = DE X (0.998 — (0.002 X % CP)),
R? = 0.54; Noblet et al. (1989c¢) (1-8)

ME = DE X (1.003 — (0.0021 X % CP)),
R? = 0.48; Noblet and Perez (1993) (1-9)

The ME of diets fed to finishing pigs or to sows fed at
restricted intakes increases because digestibility is
improved. Noblet and Shi (1993) proposed that ME con-
centrations (kcal/kg) determined with growing pigs (<60
kg) should be adjusted by one of the following relationships
for finishing pigs and sows.

ME = 1,107 + (0.64 X ME) + (22.9 X % EE)

+ (6.9 X % CP), R* = 0.96 (1-10)
or,
ME = —946 + (1.17 X ME)
+ (3.15 X % NDF), R* = 094 (1-11)
Net Energy

Net energy (NE) is the difference between ME and
heat increment (HI). The HI is the amount of heat released
because of the energy costs of the digestive and metabolic
processes. The energy of the HI is not used for productive
processes but can be used to maintain body temperature
in cold environments. Net energy, therefore, is the energy
that the animal uses for maintenance (NE,;) and production
(NE,). The energy used for maintenance (NE,) is also
dissipated as heat, so that total heat production is the sum
of HI and NE,,. Evaluation of NE requires the measure-
ment of energy balance or heat production. If energy is
required to maintain body temperature or excess activity,
NE, is reduced. Although difficult to measure, NE is the
best indication of the energy available to an animal for
maintenance and production (Noblet et al., 1994).

For pigs fed conventional diets and kept at thermoneu-
tral temperatures, the ratio of NE to ME ranged from 0.66



to 0.75 (Thorbek, 1975; Noblet et al., 1994). Ewan (1976),
Phillips and Ewan (1977), and Pals and Ewan (1978)
reported the efficiency of ME utilization for energy gain
and maintenance (NE) in growing pigs to vary from 27
percent for wheat middlings, to 69 percent for corn, to
75 percent for soybean oil. Noblet et al. (1994) reported
efficiencies of energy utilization of 90, 82, 80, 72, and 60
percent for rapeseed oil, cornstarch, sucrose, and mixtures
of protein and fiber sources, respectively, for pigs ranging
in weight from 45 to 150 kg. Some of the reported relation-
ships between NE (kcal/kg) and chemical composition are
as follows:

NE = 328 + (0.599 X ME)
— (15 X % Ash) — (30 X % ADF),
R?® = 0.81; Ewan (1989)

NE = (0.726 X ME) + (13.3 X % EE)
+ (39 X % St) — (6.7 X % CP)
— (8.7 X % ADF)
R? = 0.97; Noblet et al. (1994) (1-13)

NE = 2,790 + (41.2 X % EE) + (8.1 X % St)
— (66.5 X % Ash) — (472 X % ADF),
R? = 0.90; Noblet et al. (1994) (1-14)

(1-12)

in which St is starch.

HEAT PRODUCTION

Measurement of total heat production includes the
energy associated with HI, the energy required for mainte-
nance, and energy expended in response to changes in
the environment. The major environmental factors that
influence heat production are temperature and physical
activity.

Temperature

Cold thermogenesis influences energy requirements
when the ambient temperature (T, °C) is below the critical
temperature (T,, °C). The critical temperature is the point
below which an animal must increase heat production to
maintain body temperature. Below T, the pig must
increase its rate of metabolic heat production to maintain
homeothermy (National Research Council, 1981). Factors
that alter the rate of energy exchange between the animal

and its environment will alter T, (National Research Coun- .

cil, 1981). The energy cost of cold thermogenesis can be
described by the following equation:

MEH., (kcal ME/day) = ((0.313

X BW) + 22.71) X (T. — T) (1-15)

where MEH, is energy cost of cold thermogenesis, BW is
animal weight in kg, and T, and T are expressed in °C
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(Agricultural Research Council, 1981). Verstegen et al.
(1982) estimated that during their growth period, from 25
to 60 kg, pigs needed an additional 25 g of feed/day (80
keal of ME/day) to compensate for each 1°C below T..
During the finishing period, from 60 to 100 kg, pigs
required an additional 39 g of feed/day (125 keal of ME/
day) for each 1°C below T..

For each 1°C below the lower critical temperature (18
to 20°C), there is an increase in heat production of approxi-
mately 3.7 to 4.5 keal of ME/kg of body weight raised to
the 0.75 power (BW"?) (Noblet et al., 1985; Close and
Poorman, 1993). The lower critical temperature is reduced
by group housing, by use of bedding, and by decreased
ventilation rate. For 180-kg sows in normal condition indi-
vidually housed on concrete, the increase in energy
required to maintain body temperature is about 4 percent
of maintenance requirement per °C below the lower criti-
cal temperature (Verstegen et al., 1987).

Between the upper and lower critical temperatures, a
zone of thermoneutrality exists where heat production is
relatively stable. Environmental temperatures above the
critical temperature will reduce feed intake (Ewan, 1976).
The National Research Council (1987) suggested that DE
intake is reduced by 1.7 percent for each 1°C that the
effective ambient temperature of the pig exceeds the upper
critical temperature. Here, effective ambient temperature
is the temperature the animal experiences.

Activity

Physical activity also influences heat production. Petley
and Bayley (1988) measured the heat production of pigs
running on a treadmill and reported that heat production
of the exercised pigs was 20 percent greater than that of
control animals. Close and Poorman (1993) calculated that
the additional expenditure of energy by growing pigs for
walking was 1.67 keal of ME/kg of BW for each kilometer.
Noblet et al. (1993) measured the increase in heat produc-
tion associated with standing by sows as 6.5 kcal of ME/
kg of BW"? for each 100 minutes. This figure was similar
to reports by Hornicke (1970) of 7.2, by McDonald et al.
(1988) of 7.1, by Susenbeth and Menke (1991) of 6.1, and
by Cronin et al. (1986) of 7.6 kecal’kg of BW” for each
100 minutes. Noblet et al. (1993) also determined that the
energy cost of consuming feed was 24 to 35 keal of ME/
kg of feed consumed.

ENERGY REQUIREMENTS
Maintenance

The ME requirement for maintenance (ME,;) includes
the needs of all body functions and moderate activity. These



