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Preface

The domesticated members of the genus Equus (horses,
ponies, donkeys, mules) are used for many purposes includ-
ing competition, recreation, entertainment, transportation,
farm and ranch work, and even therapy. Several nondomes-
ticated species of Equus are maintained in zoological parks
or are the focus of conservation efforts. The demand for in-
formation relating to the nutrition and feeding management
of horses, ponies, and their relatives has grown with the pop-
ularity of these animals and with the increased interest in
nutrition in general.

The Sixth Revised Edition of the Nutrient Requirements
of Horses is a project of the Board on Agriculture and
Natural Resources of the National Academies. This docu-
ment was produced from the work of a committee appointed
in February 2004. The committee accepted input from stake-
holders and sponsors during several public information ses-
sions and from a public website. The purpose of this publi-
cation is to review the existing scientific literature relating to
the nutrition and feeding of horses and to summarize the in-
formation relating to nutrient requirements of horses of var-
ious physiological classes. The publication is accompanied
by a web-based computer program. The computer program
will calculate nutrient requirements of domestic horses and
ponies of specific weights and physiological classes.
Included in this edition of this publication is a discussion of
the nutrition and feeding of donkeys, mules, and captive
equids.

A complete review of information pertaining to the di-
gestive physiology of the horse was outside of the charge
given to this committee for this report. However, an under-
standing of the anatomy and physiology of the equine di-
gestive tract will be helpful in interpreting and applying
many of the recommendations contained in this publication.
Reviews of various aspects of equine digestive physiology
may be found in veterinary and animal science texts cited in
this publication.

A great deal of new information has appeared in the sci-
entific literature on topics related to the nutrition and feed-

vii

ing of horses since the publication of the previous edition in
1989. New information, previously existing information,
and previous recommendations have been considered in the
process of determining requirements. In some cases, authors
of papers on specific subjects were contacted for clarifica-
tion. In addition a few data sets were obtained for some
areas (growth) to augment existing values. In most cases
these data sets were from a graduate thesis so were pub-
lished in some format. Some areas of equine nutrition have
received little study from the scientific community.
Therefore, data from other animals were reviewed for appli-
cability when studies using horses were not available. Most
recent research has used horses of light horse breeding (such
as Thoroughbreds, Quarter horses, Standardbreds, and
Arabians). Several older studies used ponies. Very little re-
cent information is available for draft breeds, and, similarly,
few studies have compared draft breeds, light horse breeds,
and pony breeds. Users should recognize that many recom-
mendations for ponies and draft horses have been extrapo-
lated from data obtained using light horses. Therefore, it is
suggested that the recommendations for ponies and draft
horses be applied with discretion. Several sections of the
text provide information on how body size might affect re-
quirements for specific nutrients.

A central purpose of this publication was to evaluate the
recommendations in the previous edition in light of new in-
formation about the nutrient requirements of horses and
to revise nutrient requirements when appropriate. Several
mathematical equations have been derived to provide more
dynamic estimates of requirements for some physiological
states including growth, gestation, and exercise. The re-
quirements shown in the tables provide recommendations
for broad classifications of horses, whereas the computer
program allows some flexibility in calculating the nutrient
requirements for a specific animal. The values listed in this
document represent the committee’s best estimates of the
nutrient requirements of horses of different physiological
states. The required amounts of many nutrients have been



determined using average values for nutrient availability in
common horse feeds. Users of the document and the associ-
ated computer program may choose to recalculate require-
ments when they possess specific information on nutrient
availability for the rations being fed in practice. The com-
mittee recognizes that the values suggested here may not
meet the need for all horses in all situations and that adjust-
ments may be needed for individual horses or to meet spe-
cific production goals. Users of this document will find a
more detailed review of the literature on equine nutrition than
in previous editions. The committee has attempted to sum-
marize information on the factors that might modify a re-

quirement, such as individual variation, breed, feed composi-
tion, and environment. It is not possible for the committee to
predict every combination of variables that could influence
the nutrient requirements of a specific animal. Therefore, it is
incumbent upon the user to accurately assess the factors that
could alter requirements and then apply appropriate adjust-
ments accordingly.

Laurie M. Lawrence
Chair, Committee on Nutrient
Requirements of Horses
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Summary

The National Research Council has published five previ-
ous editions of Nutrient Requirements of Horses. A great
deal of research on the nutrition and feeding of horses has
been conducted since the fifth edition was published in
1989. The Sixth Revised Edition contains updated informa-
tion on the nutrient requirements of domestic horses and
ponies, as well as expanded information on general consid-
erations for equine feeding management. This report in-
cludes a discussion of feeding management of other equids,
such as donkeys and wild equids kept in captivity. One chap-
ter provides information on the feeding management of
horses with nutritionally related disorders. A new web-based
computer program has been developed that will assist users
in determining the nutrient requirements of domestic horses
and ponies of specific physiological classes.

In 2005, the American Horse Council estimated that the
number of horses in the United States exceeded 9 million and
that more than 2 million people were involved in horse own-
ership. The economic impact of the U.S. horse industry was
estimated to be more than $100 billion. Horses are used for
recreational purposes, sport (e.g., racing, polo, and Olympic
events), exhibition, breeding, ranch and farm work, and even
therapy. Type of use, age, and physiological state affect the
nutrient requirements of horses. Horses are distributed
broadly across the United States and the world, where they
are subjected to a variety of climates and housing conditions.
Effective feeding management practices must consider many
factors, including nutrient requirements, environmental con-
ditions, and available feeds. This report addresses not only
the nutrient requirements of horses, but also provides infor-
mation on feeds, feed processing, and feeding behavior of
horses. It is expected that professional nutritionists, veteri-
narians, feed manufacturers, researchers, teachers, students,
and horse owners will use the information.

Energy systems and energy requirements of horses are
discussed in Chapter 1. The energy needs of horses for
maintenance, reproduction, lactation, growth, and exercise
are expressed in units of digestible energy. Maintenance re-

quirements have been related to body weight, and guidelines
for adjusting the energy intake to meet the needs of adult
horses with various levels of voluntary activity are given. A
method that enables users to estimate expected body weight
of growing horses at any age from expected mature body
weight has been proposed. The effect of exercise on energy
requirements is discussed in this chapter, as are the effects
of excessive and deficient energy intakes on horses.

Chapters 2 (Carbohydrates) and 3 (Fats and Fatty Acids)
address the main energy-containing compounds used by
horses. These chapters include information on the metabo-
lism of carbohydrates and fats during exercise. Chapter 2
discusses the classification of carbohydrates in horse feeds,
and Chapter 3 provides extensive review of the effects of
feeding fat-supplemented diets to horses.

A comprehensive review of protein and amino acid nutri-
tion of horses is presented in Chapter 4. Protein require-
ments are expressed in grams of crude protein, and lysine re-
quirements are estimated. This chapter includes a discussion
of protein digestibility and protein quality.

The requirements of horses for macrominerals and mi-
crominerals are found in Chapter 5. There has been a sub-
stantial amount of research on the mineral nutrition of
horses since the previous edition of this document was pub-
lished in 1989. This chapter includes an expanded discus-
sion on several topics in mineral nutrition, including the ef-
fect of exercise on mineral requirements, and the addition of
chromium and silicon to equine diets.

Chapter 6 addresses the vitamin requirements of horses.
A review of the literature revealed that previous recommen-
dations for several vitamins were based on extremely lim-
ited data. There have been a few new studies on vitamin nu-
trition in horses since 1989, and these studies were used to
evaluate previous vitamin requirements. However, the com-
mittee relied on previous recommendations as a basis for the
current estimates of requirements for several vitamins.

The section of the publication dealing with water re-
quirements of horses has been significantly expanded.



Chapter 7 discusses water requirements, factors affecting
water requirements, and water quality.

Feeds and feed processing are covered in Chapter 8. This
chapter includes an extensive discussion of forages and
the factors affecting forage composition. Grains, byproduct
feeds, protein supplements, vitamin supplements, and min-
eral supplements are also discussed. The effect of feed pro-
cessing on nutrient digestibility and site of nutrient absorp-
tion is also reviewed. Chapter 9 describes feed additives that
affect feed characteristics (such as colors, antioxidants, fla-
vors, and pellet-binders), as well as additives that are in-
tended to affect animal health.

The implementation of a successful feeding program de-
pends on an accurate assessment of the nutritional value of
the feed, as well as an understanding of the nutrient require-
ments of an animal. Therefore, Chapter 10 addresses feed
analysis. This chapter reviews many of the analytical proce-
dures currently available for feed analysis, with particular
emphasis on carbohydrates and proteins. Chapter 10 in-
cludes a schematic that compares several systems used to
classify carbohydrates in animal nutrition.

Chapter 11 reviews the existing literature pertaining to
feeding behavior in horses and also provides guidelines for
general considerations relating to feeding management. In-
cluded in this chapter is a discussion of factors affecting vol-
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untary feed intake. This chapter also addresses the relation-
ship between dietary management of horses and the excretion
of nutrients into the environment. Chapter 12 covers several
unique aspects of equine nutrition, such as feeding the orphan
foal and feeding horses in very hot or very cold weather.
Chapter 12 also addresses the interactions between feeding
management and several disorders such as colic, laminitis, re-
current airway obstruction, polysaccharide storage myopathy,
and gastric ulcer syndrome. The interaction between nutrition
and developmental orthopedic disease is also discussed. A
new addition to this publication is Chapter 13, which summa-
rizes the existing information related to the feeding manage-
ment of wild equids in captivity as well as donkeys.

The sixth revised edition of Nutrient Requirements of
Horses concludes with Chapters 14 and 15, which cover ra-
tion formulation and the equations used to develop the com-
puter program that accompanies this document. In addition,
the document contains sample tables that list the nutrient re-
quirements of selected types of horses, feed composition ta-
bles, and a table summarizing the composition of mare’s
milk. Users should recognize that many recommendations
for ponies and draft horses have been extrapolated from data
obtained using light horses. Therefore, it is suggested that
the recommendations for ponies and draft horses be applied
with discretion.
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ENERGY SYSTEMS

Conceptual energy systems have been developed to par-
tition and quantify the energy utilized by animals and the en-
ergy contained in feeds. The chemical energy in feeds may
be partitioned into the portion that is recovered in product or
tissue and the portion that is lost (Figure 1-1). Energy re-
quirements of animals and the energy content of animal
foods are expressed in calories in the United States. The en-
ergy requirements of horses are often expressed in terms of
kilocalories (kcal) or megacalories (Mcal). Energy require-
ments may also be expressed in joules. One megacalorie is
equivalent to 4.184 megajoules (MJ).

Gross Energy

The gross energy of a feed represents the amount of heat
produced from the total combustion of that feed, as mea-
sured in a bomb calorimeter (NRC, 1998). The chemical
composition of a feed will affect its gross energy. Lipids are
higher in gross energy per unit weight than proteins or car-
bohydrates. The type of carbohydrate in a feed has minimal
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FIGURE 1-1 Energy flow diagram (NRC, 1981).

effect on the gross energy of a feed because the gross energy
of a nonstructural carbohydrate such as starch is similar to
the gross energy of a structural carbohydrate such as cellu-
lose. Feeds that are composed mostly of minerals are very
low in gross energy. The total amount of gross energy con-
sumed by an animal is termed the intake energy (IE), as
shown in Figure 1-1 (NRC, 1981).

Digestible Energy

The apparent digestible energy (DE) content of a ration is
calculated by subtracting the gross energy in the feces from
the gross energy (intake energy) consumed by an animal.
The term “apparent” is used because some of the material
excreted in the feces does not originate from the feed but
from cells sloughed from the gastrointestinal tract and di-
gestive secretions. The true DE of a feed may be calculated
if fecal endogenous losses are known. Endogenous fecal en-
ergy losses are not routinely determined in studies with
horses and thus most DE values represent apparent DE, not
true DE.

Two factors that impact the amount of DE in a feed are
the gross energy content of the feed and the digestibility of
the energy-containing components. A feeding trial is the
most accurate method of estimating the DE content of feeds.
Digestible energy values for some common horse feeds have
been determined using feeding trials, but the number of
equine studies is limited compared to studies with other
species. Prior to 1989, it was common to estimate the DE
value of horse feeds from data compiled in other species
(NRC, 1978). Because digestive processes vary among
species of animals, the DE value of a feed also varies among
species. For example, when fed to dairy cattle, alfalfa meal
has a DE value of 2.6 Mcal/kg (NRC, 2001), but when fed
to swine, the value is 1.83 Mcal/kg (NRC, 1998).

The NRC (1989) adopted the following equations for es-
timating DE content of horse feeds from the chemical com-
position of the feeds.



Dry Forages and Roughages, Pasture, Range Plants,
and Forages Fed Fresh:

DE x (Mcal/kg) =4.22 — 0.11 X (%ADF) + 0.0332 x
(%CP) + 0.00112 X (%ADF?)

Energy Feeds and Protein Supplements:
DE x (Mcal/kg) = 4.07 — 0.055 x (%ADF)

where ADF = acid detergent fiber and CP = crude protein.
These equations were based on work by Fonnesbeck (1981)
that summarized chemical and biological data from 108 di-
gestion trials conducted with horses. Fonnesbeck (1981) did
not report any of the characteristics of the specific feeds
used in the digestion trials.

Using data from 30 different diets (120 observations),
Pagan (1998) reported that DE could be estimated from the
following equation:

DE X (kcal’kg DM) = 2,118 + 12.18 X (%CP) —9.37 X
(%ADF) — 3.83 x (%hemicellulose) + 47.18 X (%fat) + 20.35
X (%non-structural carbohydrate) — 26.3 (%ash); R> = 0.88

where hemicellulose = ADF — neutral detergent fiber (NDF)
and nonstructural carbohydrate = (100 — %NDF — %Fat —
9% Ash — %CP).

DE content predicted by the equations from NRC (1989)
and Pagan (1998) were reported to be similar for many feeds
(Pagan, 1998). However, Pagan (1998) suggested that neither
equation accurately predicted the DE content of some high-
fiber feeds, and feeds that were high in fat. The DE of rice
bran was measured to be 3.17 Mcal/kg (as fed basis), whereas
the values estimated by the NRC (1989) and Pagan (1998)
equations were 2.62 and 2.71 Mcal/kg (as fed basis), respec-
tively (Pagan, 1998). Pagan (1998) suggested that DE values
for feeds containing more than 5 percent fat could be adjusted
by increasing the DE (as fed basis) by 0.044 Mcal/kg for each
1 percent fat above 5 percent. The measured DE value for beet
pulp was approximately 20 percent higher than the value es-
timated from chemical composition (Pagan, 1998). The meas-
ured value for soybean hulls was approximately 42 percent
higher than the value predicted by the Pagan (1998) equation
and 52 percent higher than predicted by the NRC (1989)
equation (Pagan, 1998). The Pagan (1998) and NRC (1989)
equations overestimated the DE content of oat hulls by 55 and
27 percent, respectively. Zeyner and Kienzle (2002) have also
developed an equation to estimate the DE content of horse
feeds, using data from 170 digestion trials. The diets used to
develop the equation ranged in composition from 5.7-28.7
percent crude protein, 4.2-34.7 percent crude fiber (CF),
33.8-69.8 percent nitrogen-free extract (NFE), and 1.6-7.9
percent acid ether extract (AEE). The equation derived by
Zeyner and Kienzle (2002) to predict DE of horse feeds was:

DE (MJ/kg DM) = -3.6 + 0.211 X (%CP) + 0.421 x
(%AEE) + 0.015 x (%CF) + 0.189 x (%NFE)
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When the equation was tested using an additional set of ob-
servations not included in the original data set, there was no
systematic deviation between the actual and predicted val-
ues for feeds containing less than 35 percent crude fiber and
less than 8 percent AEE (DM basis). The relationship be-
tween predicted and actual values was given as r = 0.626
with a standard error (SE) of the regression equation of
1.012 (Zeyner and Kienzle, 2002). The authors stated that
the DE content of feeds high in fat or highly fermentable
fiber was somewhat underestimated, but specific values
were not given.

For most cereal grains, cereal grain byproducts, and some
other byproduct feeds (such as pulps), the equations devel-
oped by Pagan (1998) and by Zeyner and Kienzle (2002) to
predict DE content do not appear to have any advantages
over the equation previously used by the NRC (1989). How-
ever, the equation developed by Zeyner and Kienzle (2002)
may predict DE content more accurately than the equations
in the previous NRC (1989) edition for feeds high in fat.
However, the equation derived by Zeyner and Kienzle
(2002) utilizes chemical components of the diet that may not
be available in current feed databases, such as acid ether ex-
tract, crude fiber, and nitrogen free extract.

The DE content of a ration or particular feed may not be
constant across all situations. Diet digestibility may be af-
fected by individual variation, exercise, and diet form (pro-
cessing) (Hintz et al., 1985; Pagan et al., 1998). There is also
potential for one feed component to affect the digestibility
of another feed component. Kienzle et al. (2002) reported
that the addition of concentrate to a diet consisting of poor
quality roughage (straw) could increase the digestibility of
the roughage. It was suggested that this associative effect
was due to a positive effect of the concentrate on the ability
of the microbial population to digest fiber. However, Martin-
Rosset (2000) suggested that the ratio of forage to concen-
trate does not affect organic matter digestibility in horses.
Adding fat to equine diets has been reported to reduce fiber
digestibility in some experiments (Jansen et al., 2000,
2002), but not in others (Rich et al., 1981; Bush et al., 2001).
A complete discussion of the effects of dietary fat can be
found in Chapter 3. Energy digestibility of a specific feed
may also be affected by differences among horses. Pagan
and Hintz (1986a) reported that energy digestibility of a pel-
leted alfalfa-oat diet ranged from 58.8 percent to 65.8 per-
cent among individual horses.

Metabolizable Energy

Metabolizable energy (ME) is calculated by subtracting
urinary energy losses and gaseous losses from DE. Urinary
and gaseous losses in the horse are smaller than fecal losses.
When horses were fed a pelleted diet, approximately 87 per-
cent of the DE was converted to ME (Pagan and Hintz,
1986a). The efficiency of DE conversion to ME will be in-
fluenced by the composition of the diet consumed (Vermorel
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et al., 1997a). Gaseous losses will be higher when feeds are
digested in the large intestine. Vermorel et al. (1991) re-
ported that the efficiency of DE conversion to ME was 90
percent for a mixed diet and 87 percent for a hay diet. When
ponies were fed diets consisting primarily of oats, the effi-
ciency of DE use for ME was greater than 90 percent (Kane
et al., 1979).

Net Energy

Metabolizable energy is the starting point for net energy
(NE) systems (Ferrell, 1988). Metabolizable energy may be
transformed to recovered energy (RE) or to heat (Figure
1-1). Recovered energy includes energy stored in tissues
(during pregnancy or weight gain) or secreted in a product
(such as milk). Recovered energy may be designated as NE,
and may be further partitioned according to its specific type
(lactation, growth, conceptus). Total heat production (HE) is
the amount of energy lost to the environment. Total heat pro-
duction may be partitioned into several components (NRC,
1981). The components of HE include:

H_E = the heat associated with basal metabolism;

HjE = the heat associated with voluntary activity;

H_E = the heat of thermal regulation;

HE = the heat associated with product formation;

H,E = the heat of digestion and absorption;

H_E = the heat associated with waste formation and
excretion;

H{E = the heat of fermentation.

The term “heat increment” (H.E) encompasses H E, H E,
H_E, and HE (NRC, 1981). In thermoneutral environments,
when H E is zero, the metabolizable energy for maintenance
(ME) includes HjE, H,E, and HE.

Because specific losses can be partitioned, NE systems
have the potential to predict more accurately the ability of
specific diets to meet the true energy needs of an animal.
However, NE systems require more information and are
more complicated than DE systems. The losses described
above do not constitute a consistent proportion of the ME in
feeds. For example, the energy costs associated with obtain-
ing and chewing food can vary. The energy cost of eating
various feeds has been reported to range from 1-28 percent
of ME (Vermorel et al., 1997b). These losses might be ac-
counted for as either HjE or H E. The chemical composition
of the energy-yielding components of ME will also influ-
ence the magnitude of the various losses from individual
feeds. HE would be expected to be larger for feeds that are
digested by microbial fermentation than for feeds assimi-
lated through enzymatic digestion. Therefore, the NE value
of a feed containing starch could vary depending upon
whether the starch was digested and absorbed in the small
intestine, or if it was fermented and absorbed as volatile
fatty acids (VFAs). The NE value of a feed may also vary

with its ultimate use in the body (maintenance, exercise, lac-
tation). For example, in the NE system currently in use for
dairy cattle, an individual feed may be assigned four differ-
ent NE values (NRC, 2001). Information relating to the NE
value of each feed for each specific function is considered
one of the requirements of a useful NE system (NRC, 1981).

In the United States, NE systems have been developed
for cattle (NRC, 2000, 2001), but the DE system has been
used for horses (NRC, 1989). Work on an NE system for
horses was initiated in France in the early 1980s. Kronfeld
(1996) also proposed an approach to modeling NE that fo-
cuses primarily on the exercising horse. Although the two
systems share some common characteristics, Harris (1997)
pointed out that they make different assumptions about the
efficiency of ME use of various fuels during exercise. In ad-
dition, the system proposed by Kronfeld (1996) did not en-
compass all physiological classes of horses or define NE
values for horse feeds. At this time, the French system is the
most fully developed NE system for horses. French horse-
feeding standards are based on the Unite Fourragere Cheval
(UFC; or horse feed unit) (Martin-Rosset et al., 1994,
Vermorel and Martin-Rosset, 1997; Martin-Rosset, 2000;
Martin-Rosset and Vermorel, 2004). The UFC system re-
lates the NE requirements and the NE value of feeds to a
standard unit derived from the NE value of 1 kg of barley
(1 UFC = NE of 1 kg standard barley). The UFC system uti-
lizes information about the gross energy and digestibility of
horse feeds, the efficiency of DE conversion to ME (deter-
mined in horses), the expected proportions of energy sup-
plied by absorbed nutrients, and estimates of the efficiency
of ME utilization for those nutrients (Martin-Rosset et al.,
1994; Vermorel and Martin-Rosset, 1997). In the French
system the efficiency of converting ME to NE is estimated
at 85 percent for glucose, 80 percent for long-chain fatty
acids, 70 percent for amino acids, and 63-68 percent for
VFAs. The French system also accounts for the energy cost
of eating (Martin-Rosset, 2000) in assessing the efficiency
of ME use for NE for various feeds. The French system has
NE values for many common horse feeds, but it does not
currently assign different values to feeds based on their effi-
ciency of use for different physiological functions.

The advantages and disadvantages of applying NE or DE
systems in equine nutrition have been discussed elsewhere
(Hintz and Cymbaluk, 1994; Harris, 1997; Martin-Rosset,
2000; Cuddeford, 2004). Net energy systems provide a more
complete theoretical basis for matching the energy content
of feeds to the energy requirements of specific animals. Har-
ris (1997) concluded that NE systems better explain the val-
ues of various feeds for exercising horses, as a DE system
may overestimate the value of forage compared to grains or
fats. However, a system based on NE would be more com-
plex than a system based on DE as it accounts for more
losses, many of which are interrelated. Cuddeford (2004)
has suggested that because of its complexity, a NE system
may not offer a major advantage over the DE system used in



the NRC (1989) system. In France, the NE values of com-
mon feeds were related to the NE value of a standard, well-
accepted feed (barley), creating a system where users can
compare feeds on a substitution basis rather than on an ab-
solute energy basis (Vermorel and Martin-Rosset, 1997).
This substitution system may be more easily understood and
applied in practical situations. Barley was chosen as the ref-
erence feed in the French system, but it might not be as
widely accepted as the standard horse feed elsewhere in the
world. In addition, the French system does not currently ac-
count for differences among feeds in their efficiency of use
for different purposes. This concern may not be significant
for situations in which maintenance requirements represent
the majority of the daily energy needs. However, failure to
account for differences in the efficiency of energy use for
various physiological functions may induce errors into the
estimates for certain types of horses, such as horses in heavy
work or rapidly growing horses. Few studies have compared
the two systems in practice, although several authors made
comparisons based on theoretical diets. Hintz and Cym-
baluk (1994) found that the estimated amount of feed re-
quired by broodmares as calculated using the UFC system
was similar to the amount calculated using the DE system in
the 1989 NRC system. Martin-Rosset and Vermorel (2004)
calculated that a diet of hay, barley, and soybean meal that
met the DE requirements (NRC, 1989) of growing horses
exceeded the NE requirement estimated by the UFC system
by about 19 percent. Many feeding trials with different
classes of horses and different types of feeds will be neces-
sary to completely compare the effectiveness of the two
systems.

Even though NE systems are more complex, they offer an
opportunity to partition energy more completely in individ-
ual situations. NE systems have been well accepted and ap-
plied with success in other sectors of the livestock industry.
The most fully developed NE system for horses has been
created in France. However, the system still lacks informa-
tion about the NE values of all feeds of all classes of horses.
In addition, more information is needed to verify that diets
based on UFC units meet the requirements for horses for
different activities and physiological states. The DE system
is retained in this document as the method for expressing the
energy requirements of horses. The DE system is retained,
in part, because the French UFC system is considered to be
somewhat incomplete and because the use of barley as a ref-
erence unit is potentially confusing to individuals who do
not use it as a common horse feed. This should not be taken
as a criticism of the French UFC system, as it has many pos-
itive attributes and has advanced the understanding of en-
ergy use by horses. However, the DE system has a few prac-
tical advantages over the French UFC system. More is
known about estimating the DE content of horse feeds from
chemical composition. Most feeding experiments with
horses in the United States (and perhaps the world) have ex-
pressed the dietary energy content on a DE basis. The DE
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system is more familiar to equine nutritionists, veterinari-
ans, feed manufacturers, and horse owners.

ENERGY SOURCES

The following section provides a brief overview of en-
ergy sources used by the horse. More detailed discussions of
carbohydrate, fat, and protein metabolism in horses can
be found in Chapters 2, 3, and 4. A discussion of energy-
yielding feedstuffs and information on the effect of feed pro-
cessing on energy availability can be found in Chapter 8.

Adenosine triphosphate (ATP) is the major source of
readily available chemical energy in cells. Cells generate
ATP from the catabolism of carbohydrates, fats, and pro-
teins. Carbohydrates and fats are the predominant sources of
ATP under normal circumstances. The balance between car-
bohydrate and fat utilization may be influenced by the phys-
iological status of the horse, feeding state, physical condi-
tioning, and type of diet being consumed.

Glucose is the primary form of carbohydrate used for
ATP production. Cells may obtain glucose from the circula-
tion or from intracellular stores of glycogen. Glucose in the
circulation may originate from hepatic gluconeogenesis,
from hepatic glycogenolysis, or from food consumed and di-
gested by the horse. Red blood cells and brain cells depend
almost entirely on glucose as an energy source under normal
circumstances. Other tissues may use fat as an energy source
and, in some cases, amino acids. Amino acid catabolism
may be accelerated during starvation, but in most other
cases, amino acids are a relatively minor component of the
energy used by the body.

Fat is the most abundant energy source in the body. The
long-chain fatty acids utilized by cells may originate from
recently consumed food, but most of the long-chain fatty
acids that are oxidized for energy probably come from either
intracellular stores or adipose tissue. The triglycerides in
adipose tissue are broken down to long-chain fatty acids and
glycerol that are released into the blood.

Short-chain (volatile) fatty acids can also be used for en-
ergy production. Most short-chain fatty acids originate from
the large intestinal fermentation of carbohydrates. VFA pro-
duction in the cecum may be sufficient to meet up to 30 per-
cent of a horse’s energy needs at maintenance (Glinsky et al.,
1976). Additional VFAs are produced in the colon. It has
been estimated that horses consuming a diet composed pri-
marily of hay will meet more than 80 percent of their energy
needs from VFAs (Vermorel et al., 1997a). VFAs may be
available as energy sources to cells or they may be metabo-
lized to long-chain fatty acids or glucose. After measuring
blood acetate concentrations and estimating blood flow,
Pethick et al. (1993) suggested that acetate oxidation might
contribute about 30 percent of the energy utilized by the hind
limb at rest. Acetate that is not oxidized for energy could be
converted to long-chain fatty acids and stored in adipose tis-
sue, or converted to long-chain fatty acids for secretion into
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milk. Acetate is the predominant VFA produced in the large
intestine, but significant amounts of propionate are also gen-
erated. Lieb (1971) demonstrated that a large portion of pro-
pionate infused into the cecum does not pass the liver. In ad-
dition, Argenzio and Hintz (1970) demonstrated that
propionate infusion can elevate blood glucose levels in fasted
ponies. More recent work has suggested that up to 50-60
percent of circulating glucose in forage-fed ponies originates
from absorbed propionate (Simmons and Ford, 1991).

Excess energy consumed by horses can be stored as
glycogen or as triglyceride. It is most efficient to immedi-
ately utilize absorbed energy sources because there is an en-
ergetic cost of storing, and then mobilizing, endogenous en-
ergy sources. These energy costs are included in H E—the
heat production associated with digestion and absorption. It
has been estimated that the energy cost of incorporating glu-
cose into glycogen for later use is about 5 percent (Blaxter,
1989). However, if glucose is metabolized for the synthesis
of long-chain fatty acids and then the long-chain fatty acids
are oxidized, the energy cost is greater (Blaxter, 1989).
McMiken (1983) estimated that a 500-kg horse with 5 per-
cent body fat would have almost 10 times more calories
stored in fat than in glycogen. However, several studies have
reported the body fat of horses to be greater than 10 percent
of body weight (Robb et al., 1972; Schryver et al., 1974;
Westervelt et al., 1976; Lawrence et al., 1986; Kane et al.,
1987). Therefore the amount of energy stored as fat can vary
among individuals. Several indirect methods have been used
to estimate body fat percentage in horses. Westervelt et al.
(1976) reported that rump fat thickness as determined by ul-
trasound was related to percent extractable fat in the carcass.
Kane et al. (1987) also reported a relationship between ultra-
sonically determined rump fat thickness and percent body fat
in horses. These studies used small numbers of animals, and
effects due to breed, gender, and age were not investigated.
However, in the absence of more comprehensive studies val-
idating indirect estimates of body fat in horses, many subse-
quent studies have utilized the methods described by Wester-
velt et al. (1976) or Kane et al. (1987) to estimate body fat in
sedentary and athletic horses. These indirect estimates indi-
cate body fat in mature, sedentary horses in moderate or
fleshy body condition may exceed 15 percent (Kubiak et al.,
1987; Kearns et al., 2002a), while the body fat of competitive
endurance horses was estimated at less than 11 percent
(Lawrence et al., 1992b). Similarly, Kearns et al. (2002b) es-
timated that the body fat of elite harness racing horses was
approximately 8 percent, and Webb et al. (1987) reported an
estimated body fat in cutting horses of 12 percent.

ENERGY REQUIREMENTS

Maintenance

Animals that are not pregnant, lactating, growing, or per-
forming work are often considered to be in a physiological
state of maintenance. The amount of dietary energy needed

to prevent a change in the total energy contained in the
body of these animals can be considered the maintenance
requirement.

Maintenance energy requirements have been estimated in
mature horses using a variety of methods, including indirect
calorimetry, metabolic balance trials, and simple feeding tri-
als. In addition, maintenance energy requirements have been
expressed on a body weight basis and on a metabolically
scaled basis, usually BW°7> or BW%%7, The convention of
expressing energy requirements on a metabolically scaled
basis was established to account for differences in the rela-
tionship of surface area to body weight in animals of widely
differing sizes. However, because many other nutrient re-
quirements are expressed on a body weight basis, it is con-
venient to express energy requirements on a body weight
basis as well. In addition, Pagan and Hintz (1986a) con-
cluded that maintenance energy requirements varied linearly
with body weight for equids weighing 125 to 856 kg. The
previous edition of this document used the results of Pagan
and Hintz (1986a) as a reason to express daily energy re-
quirements on a body weight basis. It is recognized that their
study utilized a small number of horses. However, in the ab-
sence of a study illustrating the benefits of using a metabol-
ically scaled body weight, energy requirements calculated in
this document will be calculated on a body weight basis.

A number of studies have estimated the amount of ME
required by adult horses or ponies at maintenance by mea-
suring daily heat production. The components of daily heat
production are shown in Figure 1-1. Studies that have mea-
sured heat production in horses have utilized a variety of
methods. These studies have used all forage as well as
mixed diets and results have been reported on either a meta-
bolically scaled basis or on a body weight basis. Data from
several studies are summarized in Table 1-1 (Wooden et al.,
1970; Pagan and Hintz, 1986a; Martin-Rosset and Vermorel,
1991; Vermorel et al., 1991; Vermorel et al., 1997a). When
studies reported results on a metabolic body weight basis,
these values were converted to a body weight basis using the
body weights reported in the study. When data were re-
ported for individual horses, the values were averaged to
provide a mean value for a particular diet or feeding level.
The average heat production ranged from 22.2 to 30.6
kcal/kg BW across treatments and studies. The digestible
energy for maintenance (DE_ ) was calculated using the ef-
ficiency of DE use for ME reported for each diet within each
study. The DE_ estimated across studies ranged from 25.7 to
35.1 kcal/kg BW.

It is not surprising that variation exists in the estimated
values of DE  that are reported by different studies. Coenen
(2000) suggested that the DE requirements for maintenance
range from 0.48 to 0.62 MJ/kg BW%/day (d) (approxi-
mately 24.3 to 31.4 kcal/kg BW/d for a 500-kg horse). Some
of the factors that can affect maintenance requirements are
discussed below. Within a study, heat production is often
higher when the diet consists of hay than when mixed diets
are fed (Table 1-1). Higher fiber diets would increase H/E; it
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TABLE 1-1 Summary of Studies that Measured Heat Production in Horses at Maintenance?
Number Heat
of Production Efficiency

Author Animals Type of Diet Level of Feeding BW (kg) kcal/kg BW DE/ME DE

Pagan and Hintz, 1986a 4 Alfalfa and oats Near maintenance 421.8 22.3 86.3 25.8
(125-856)

Pagan and Hintz, 1986a 4 Alfalfa and oats Above maintenance 421.8 27.0 87.6 30.8
(125-856)

Pagan and Hintz, 1986a 4 Alfalfa and oats Above maintenance 421.8 24.5 86.6 28.3
(125-856)

Wooden et al., 1970 2 Alfalfa and concentrate Near maintenance 454.5 27.2 90.0 30.2
(413-496)

‘Wooden et al., 1970 2 Alfalfa and concentrate Above maintenance 463.5 28.7 90.8 31.6
(417-510)

Vermorel et al., 1991 4 Meadow hay Maintenance and 490 29.7 87.2 34.1

above maintenance
Vermorel et al., 1991 4 Meadow hay and Maintenance and 470 28.6 90.0 31.8
concentrate above maintenance
Vermorel et al., 1997a 6 Grass hay and Below maintenance 475 30.6 87.2 35.1
protein supplement

Vermorel et al., 1997a 6 Grass hay and barley Maintenance 475 28.3 90.1 31.4

Vermorel et al., 1997a 6 Grass hay Maintenance 475 27.8 87.2 31.9

Vermorel et al., 1997a 6 Grass hay Above maintenance 475 294 88.2 333

Vermorel et al., 1997a 6 Grass hay and barley Maintenance 475 25.3 89.5 28.3

Vermorel et al., 1997a 6 Grass hay and barley Above maintenance 475 25.4 90.5 28.1

Vermorel et al., 1997a 6 Grass hay Above maintenance 475 27.6 89.1 31.0

Vermorel et al., 1997a 6 Grass hay and corn Above maintenance 475 25.7 90.2 28.5

Vermorel et al., 1997a 6 Grass hay and beet pulp Above maintenance 475 27.6 89.1 31.0

Vermorel et al., 1997a 6 Straw and concentrate Above maintenance 475 26.1 89.9 29.0

Vermorel et al., 1997a 8 Alfalfa hay Above maintenance 475 27.8 87.1 31.9

Vermorel et al., 1997a 8 Grass hay Above maintenance 475 27.0 84.6 31.9

Vermorel et al., 1997a 8 Grass hay and corn Above maintenance 475 26.3 89.7 29.3

Vermorel et al., 1997b 8 Grass hay and corn Above maintenance 475 25.1 87.7 28.6

Vermorel et al., 1997b 6 Grass hay Near maintenance 208 26.3 85.2 30.9

Vermorel et al., 1997b 6 Grass hay Near maintenance 208 27.3 85.2 32.0

Vermorel et al., 1997b 6 Grass hay and corn Near maintenance 208 22.2 86.4 25.7

Vermorel et al., 1997b 6 Grass hay and corn Maintenance 208 23.5 87.7 26.8

“For several studies, values expressed as kcal/kg BW®7> were converted to a body weight basis.

is also possible that high-forage diets could increase tissue
mass in the gastrointestinal tract, which would impact other
components of HE. McLeod and Baldwin (2000) reported
that lambs fed a high-forage diet at 2-times maintenance had
heavier gut tissues than lambs fed an isocaloric high-
concentrate diet. The gastrointestinal tract has a high meta-
bolic rate, and, thus, an increase in gut size could account
for elevated maintenance requirements in forage-fed ani-
mals. Potter et al. (1989) reported that less DE was needed
to maintain body weight when horses were fed a fat-
supplemented diet than when they were fed a diet with no
supplemental fat. As noted previously, individual differ-
ences can exist among horses in their ability to digest en-
ergy; therefore, the horse-to-horse variation for DE_ could
be relatively high. Differences may exist due to age and
breed as well. Martin-Rosset and Vermorel (1991) found
that ME  requirements were lower for horses approximately
11 years old than for horses approximately 4 years old. Ver-

morel et al. (1997b) later reported that ME_ requirements of
ponies were lower per unit of metabolic body size (BW%7)
than for horses. Another source of variation could be body
composition. Oxygen consumption is more closely related
to lean body mass than to total body mass (Blaxter, 1989;
Kearns et al., 2002a). Therefore, the energy cost of main-
taining a 500-kg horse with a higher lean body mass may be
different than the energy cost of maintaining a 500-kg horse
with a lower lean body mass. The effect of body composi-
tion on maintenance requirements has been demonstrated in
dairy cattle, where fasting heat production was inversely re-
lated to body condition score (Birnie et al., 2000).

It has been suggested that equations used to estimate
maintenance requirements should be applied with consider-
ations for factors such horse-to-horse variation, environ-
ment, and diet composition (NRC, 1989). Pagan and Hintz
(1986a) noted that their estimates of maintenance require-
ments were based on measurements made while horses were
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confined to metabolism stalls in a thermoneutral environ-
ment. They suggested that estimates of maintenance re-
quirements for horses kept in typical environments should
include an adjustment for normal activity and proposed that
the maintenance requirement could be estimated by DE
(kcal/d) = 1,375 + (30 x BW). This equation was later mod-
ified by the NRC (1989) to DE (Mcal/d) = 1.4 + (0.03 x
BW) for horses weighing 600 kg or less. For horses weigh-
ing more than 600 kg, maintenance DE was estimated from
the equation (NRC, 1989): DE (Mcal/d) = 1.82 + (0.0383 x
BW) — (0.000015 x BW?).

The equations developed by Pagan and Hintz (1986a) and
NRC (1989) provide estimates of the average maintenance
requirements of horses of different body weights. They do
not, however, give guidance on how to adjust the require-
ment for horses with needs above or below the average re-
quirement.

When the studies in Table 1-1 are summarized, the mean
estimate for DE_ is 30.3 kcal/kg BW/d. Stillions and Nelson
(1972) estimated the daily DE_ of mature geldings at 33.8
kcal/kg BW, which was similar to the value determined by
Anderson et al. (1983). Barth et al. (1977) estimated the
daily DE_ for pony stallions at 39.6 kcal’kg BW. These
studies used BW maintenance to estimate the DE require-
ment, and the estimates are higher than the mean value (30.3
kcal/kg BW) obtained from Table 1-1.

The mean daily DE_ derived from Table 1-1 (30.3 kcal
DE/kg BW) was calculated from pooled data from horses
and ponies that were confined during the experiments.
Therefore, this value (30.3 kcal DE/kg BW) may be consid-
ered to represent the average minimum requirement for
horses at maintenance. This average minimum maintenance
requirement may be appropriate for horses that have a very
sedentary lifestyle, either due to confinement or due to a
docile, nonreactive temperament. Horses in this group might
include older animals that live in stables or small pens with
limited turnout, or horses that engage in limited voluntary
activity even when kept in larger paddocks or pastures.

An estimate for DE_ for horses with average voluntary
activity was obtained by increasing the minimum value by
10 percent to 33.3 kcal/kg BW. The average daily mainte-
nance requirement of 33.3 kcal DE/kg (16.7 Mcal/500 kg
BW horse/d) represents the needs of adult horses with alert
temperaments and moderate voluntary activity. Horses in
this group would probably be turned out for several hours
per day but could include stabled horses that are active in
their stalls. Examples of horses in this group might be open
broodmares and some performance horses that are being
rested.

A third estimate of DE_ was derived for adult horses with
nervous temperaments or high levels of voluntary activity.
Members of this group might include stallions or young
adult horses that are noticeably active in their stalls or dur-
ing periods of turnout. An elevated daily maintenance re-
quirement of 36.3 Mcal DE/kg BW (18.2 Mcal DE/500 kg

horse/d) was estimated by increasing the minimal require-
ment by approximately 20 percent.

The daily DE intakes of horses as determined using the
estimates for minimum, average, and elevated maintenance
are compared to the recommendations from NRC (1989) in
Table 1-2. The average maintenance requirement of 33.3
kcal/kg BW results in a daily DE requirement that is very
similar to the previous requirement for 500-kg horses (NRC,
1989). The average daily requirement of 33.3 kcal/kg BW
results in a lower daily requirement for ponies than the pre-
vious recommendation (NRC, 1989), which appears to be
consistent with work of Vermorel et al. (1997a). However,
the requirement of 33.3 kcal/kg BW/d is higher than the pre-
vious estimate for draft horses (NRC, 1989) and is not con-
sistent with Potter et al. (1987), who estimated the mainte-
nance DE requirement of draft horses to be 24.6 kcal/kg
BW. This estimate was derived from the relationship of
weight gain to DE intake (Potter et al., 1987), and the au-
thors noted that their methodology could have underesti-
mated DE intake of some horses. Morrison (1961) recom-
mended that idle draft horses (818 kg) receive 11 to 13.4 1b
(5 to 6.1 kg) of total digestible nutrients (TDN) per day. If
1 kg of TDN contains 4.4 Mcal DE (NRC, 1978), then the
Morrison (1961) recommendation for 818-kg horses would
be equivalent to 22 to 26.8 Mcal DE/d or 26.9 to 32.8
kcal/kg BW. It is possible that the minimum maintenance
estimate (30.3 kcal/kg BW) should be applied to idle draft
horses.

The minimum and elevated values given here should not
be considered to be the absolute minimum or maximum that
would be appropriate for a specific animal. Many studies es-
timated DE_ to be lower than 30.3 kcal’kg BW (Table 1-1).
Several of the values in Table 1-1 were obtained with diets
fed above maintenance. However, other values were ob-
tained with diets containing more concentrate than would
commonly be fed to maintenance horses. Therefore, it is
suggested that the minimum, average, and elevated values
be used as guides in formulating diets for maintenance
horses and that adjustments be made to meet individual
situations.

TABLE 1-2 Three Proposed Levels of Digestible Energy
Intake for Maintenance (Mcal/d) in Adult Horses as
Compared to the Previous Recommendation (NRC, 1989)

Elevated
(36.3 kcal/kg NRC

Body Minimum
weight (30.3 kcal/kg

Average
(33.3 kcal/kg

(kg) BW) BW) BW) (1989)
200 6.1 6.7 7.3 7.4
400 12.1 133 14.5 133
500 15.2 16.7 18.2 16.4
600 18.2 20.0 21.8 19.4
800 24.2 26.6 29.0 229
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Effect of Environment on Maintenance Requirements

Horses are adaptable to wide temperature ranges and
thrive in many diverse climatic conditions. The five climatic
variables that affect horses are ambient temperature, wind
velocity, global solar radiation, precipitation, and relative
humidity. The main climatic factor affecting thermoregula-
tion is ambient temperature, which affects insensible (evap-
orative) and sensible heat (convection, conduction, and radi-
ation) exchange. However, the impact of climate on horse
productivity is not a one-factor model but is the combined
effect of all climatic factors, often called the effective ambi-
ent temperature. A model has been proposed that integrates
the effect of the climatic factors on heat balance of exercised
horses (Mostert et al., 1996), but to date no useful five-factor
index has been developed that will predict nutritional needs
created by climatic influences. The two-factor index of am-
bient temperature and wind velocity called windchill was
highly correlated to weight gain of young horses (Cymbaluk
and Christison, 1989).

Horses are homeotherms and must maintain a nearly con-
stant body core temperature. Cold or hot weather can cause
body core temperature to decrease or increase, respectively.
The horse responds to cold or heat through acute or chronic
physiologic, metabolic, and behavioral responses. During
sudden cold spells, horses respond by eating more to in-
crease metabolic heat production and by postural changes to
reduce heat loss (Booth, 1998). Chronic metabolic re-
sponses to cold involve longer feeding periods, increased
hair coat, decreased rectal temperature, and decreased respi-
ratory rate (Cymbaluk, 1990; Cymbaluk and Christison,
1993; Booth, 1998). Weanling horses housed at tempera-
tures of about 1°C had 27 percent lower respiratory fre-
quency, slightly lower heart rates, 20 percent more dense
haircoats, and peripheral skin temperatures that were
8—15°C degrees lower than cohorts housed at 17°C (Cym-
baluk and Christison, 1993). Metabolic responses by horses
to acute heat exposure include an increased sweating rate,
increased respiratory rate, decreased feed intake, and in-
creased water intake (Geor et al., 1996; Morgan, 1997; Mor-
gan et al., 1997; Marlin et al., 2001).

Cold and heat stress occur at temperatures below and
above (respectively) the thermoneutral zone (TNZ). The
TNZ is the temperature range when metabolic heat produc-
tion does not need to be increased to maintain thermostabil-
ity (NRC, 1981). The TNZ itself consists of three divisions:
cool, optimal, and warm. The lowest temperature of the
TNZ is termed the lower critical temperature (LCT) and is
the temperature below which metabolic heat production is
increased to maintain body core temperature. The upper crit-
ical temperature (UCT) is the high temperature end of the
TNZ and is the temperature above which evaporative heat
loss must be increased to control body temperature. The
TNZ, LCT, and UCT for horses vary with age, body condi-
tion, breed, season, adaptation, and climate (Table 1-3).

NUTRIENT REQUIREMENTS OF HORSES

The ambient temperature to which the horse is accus-
tomed determines its TNZ. The TNZ for Standardbred
horses adapted to moderate (10°C) outdoor temperatures
ranged from 5 to 25°C (Morgan et al., 1997; Morgan, 1998),
whereas the TNZ for maintenance-fed adult horses acclima-
tized to cold outdoor winter temperatures was —15 to 10°C
(McBride et al., 1985). Thus the LCT for adults can be 5°C
in mild climates or as low as —15°C in mature horses
adapted to very cold outdoor temperatures.

Young horses may be cold-stressed at milder tempera-
tures than adult horses. The TNZ for cold-adapted yearling
Quarter horses fed highly digestible diets was estimated at
—10 to 10°C (Cymbaluk and Christison, 1989). However, in
a subsequent study, an LCT of 0°C was estimated for Stan-
dardbred yearlings (Cymbaluk, 1990). An LCT of about
20°C was determined for 2- to 9-day-old foals, but individ-
ual variability was wide. Below the LCT, foals had an in-
creased metabolic rate, shivering, and piloerection (Ousey
et al., 1992). However, neonates kept at temperatures well
below 20°C gained weight normally and remained healthy
when shelter, bedding, and feed were plentiful (Cymbaluk
et al., 1993). The UCT for newborn foals was determined
to be about 36-40°C (Ousey et al., 1992). The UCT for
adult horses is harder to establish because various indices
can be used to define this criterion but each index has a dif-
ferent temperature threshold (Morgan, 1998). In Table 1-3,
the UCT is based on an increase in evaporative heat loss.
Unlike other species, idle horses exposed to tempera-
tures above UCT thermoregulate principally through evap-
orative heat loss, i.e., by sweating and/or by breathing more
rapidly.

Full acclimation by horses to either hot or cold ambient
temperatures appears to take about 21 days, although con-
siderable acclimation has occurred by 10—14 days after heat
or cold exposure. Acclimation of exercised horses to hot
weather occurred largely within 14—15 days with minor im-
provement in response over the next week (Geor et al., 1996;
Marlin et al., 1999; Geor et al., 2000). However, the reten-
tion time of heat (or cold) acclimation is uncertain. Based on
data collected from a small number of grazing horses, accli-
mation to short-term thermal stress (cold or warm) was
cyclic occurring in a time series manner over 10-11 days
(Senft and Rittenhouse, 1985). Thus, the temperature values
for the LCT and UCT are dynamic.

Temperature stress or exposure to ambient temperatures
at which the horse is unacclimated will alter the resting
metabolic rate. Adult horses with an LCT of —15°C that
were acclimated to winter temperatures had an average
hourly metabolic rate of about 102.9 kcal/100 kg BW at
temperatures in their TNZ (McBride et al., 1985). As ambi-
ent temperatures decreased below —10°C, hourly metabolic
rates increased linearly to 117.9 kcal/100 kg BW at —20°C,
to 146.9 kcal/100 kg BW at -30°C, and to 181.6 kcal’kg BW
at —40°C. It was concluded that DE intakes of adult horses
at maintenance should be raised 2.5 percent for each degree
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TABLE 1-3 Lower and Upper Critical Temperatures in Horses®

11

Lower Critical Temperature (°C)  Upper Critical Feed Exposure
Life Stage Average Range Temperature (°C)  Intake Level Type Reference
2-4 days 22 16-26 36 Suckle; limited Acute cold Ousey et al., 1992
7-9 days 19 13-23 ~40 Suckle Acute cold Ousey et al., 1992
Yearling 0 Unknown Not determined 2 X maintenance Acclimated Cymbaluk, 1990
Yearling -11 Unknown Not determined 2-2.5 x maintenance  Acclimated Cymbaluk and Christison, 1993
Mature -15 -20to-9.4 Not determined Maintenance Acute or acclimated McBride et al., 1985
Mature 5 Unknown 25 Maintenance Acute cold or heat Morgan et al., 1997; Morgan, 1998

“SOURCE: Adapted from Cymbaluk (1994).

Celsius below the LCT (McBride et al., 1985). Cymbaluk
and Christison (1990) suggested that the maintenance re-
quirement of growing horses was increased by about 33 per-
cent in cold housing conditions (—15°C) and by more than
50 percent in severely cold conditions (—25°C). Therefore, it
may be appropriate to increase the total DE intake of grow-
ing horses by 1.3 percent for each degree Celsius below the
LCT (Cymbaluk, 1990). As noted previously, the entire cli-
matic effect on horses encompasses more than just tempera-
ture and includes other conditions such as rain or wind.
Horses exposed to cold and wet conditions have been re-
ported to have DE requirements elevated as much as 50 per-
cent above maintenance (Kubiak et al., 1987). Maintenance
energy needs are expected to increase when horses are ex-
posed to conditions above the UCT. However, the magnitude
of this increase has not been quantified.

Because heat production can be affected by feed intake
and feed composition, the type and amount of feed may as-
sist the horse in coping with cold or heat stress. Pagan and
Hintz (1986a) reported that heat production increased with
increased feed intake. However, in that study, increased DE
intake was coupled with increased feed intake, so it is not
clear whether heat production increased as a result of in-
creased dry matter intake or increased DE intake. In another
study, feeding at 1.3 times maintenance increased heat out-
put by 0.39-fold (Vernet et al., 1995). Ponies fed a 70:30
hay-grain diet at maintenance feeding levels had a lower
daily maintenance heat production compared to an all-hay
diet (Vermorel et al., 1997b). However, weanling horses fed
high-hay or high-grain diets and kept at either warm (17°C)
or cold (0°C) temperatures showed no difference in energy
utilization or gain (Cymbaluk and Christison, 1993). Simi-
larly, heat production did not differ when horses were fed ei-
ther hay or hay-grain diets at maintenance levels (Vernet et
al., 1995).

In hot weather conditions, the feeding program for idle
horses should be designed to minimize heat load. Although
high-fat diets may prove potentially useful in reducing heat
load in hot weather (Kronfeld, 1996; Ott, 2005), few studies
have critically examined the metabolic effects of high-fat
diets on thermoregulation of idle horses in hot weather con-

ditions. Less DE may be needed to maintain body weight
when horses are fed a fat-supplemented diet than when they
are fed a diet with no supplemental fat (Potter et al., 1989).
By lowering DE intake, a decrease in heat production, and
thus heat load might be expected.

GROWTH

Energy Requirements for Maintenance and Gain

The energy requirement of a growing horse is the sum of
the energy needed for maintenance and the energy needed
for gain. The daily DE requirement was previously esti-
mated by the following equation (NRC, 1989):

DE (Mcal/d) = (1.4 + 0.03 x BW) +
(4.81 + 1.17X = 0.023X?) x ADG

where X = age in months; BW = body weight in kilograms;
and ADG = average daily gain in kilograms. There is good
agreement between actual energy intakes that have been re-
ported in several studies and the energy intakes predicted by
this equation (Figure 1-2). The studies that were reviewed
for Figure 1-2 were Ott et al. (1979); Knight and Tyznik
(1985); Ott and Asquith (1986); Gibbs et al. (1987);
Schryver et al. (1987); Cymbaluk and Christison (1989);
Cymbaluk et al. (1989); Davison et al. (1989); Scott et al.
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FIGURE 1-2 Comparison of digestible energy (DE) intakes of
growing horses as predicted by NRC (1989) and actual intakes re-
ported in the literature.
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(1989); Buffington et al. (1992); Saastamoinen et al. (1993);
Ott and Asquith (1995); Coleman et al. (1997); Ousey et al.
(1997); Cooper et al., (1999); Ott and Kivipelto, (1999);
Bell et al. (2001); and Ott et al. (2005).

In the equation developed in 1989 (NRC, 1989), the en-
ergy required for maintenance in growing horses was esti-
mated using the same method as the energy required for
maintenance in adult horses. This equation predicts that
maintenance requirements on a body weight basis will be
somewhat higher for a 200-kg weanling (37 kcal’kg BW)
than for a 500-kg horse (32.8 kcal/kg BW). Coenen (2000)
suggested the maintenance requirement of growing horses
decreases from 210 kcal/kg BW®7 at 3 to 6 months of age
to 151 kcal/kg BWO7 for horses between 13 and 18 months
of age. Horses older than 18 months were estimated to have
maintenance requirements similar to mature horses (Co-
enen, 2000). Using the estimates of Coenen (2000), the
maintenance component for a 200-kg weanling would be
about 56 kcal/kg BW. In addition, Arieli et al. (1995) deter-
mined that heat production in young calves ranged from 105
to 130 kcal/kg BW®7>, which is much higher than estimated
fasting heat production in mature cows (NRC, 2001). Ousey
et al. (1997) estimated the daily net energy for maintenance
(NE, ) of neonatal foals at about 67 kcal/kg BW. They also
estimated that the conversion of DE to NE was greater than
95 percent in milk-fed foals. In limit-fed and ad libitum—fed
growing horses (624 months of age), Cymbaluk et al.
(1989) reported maintenance requirements to be 37.8 and
35.6 kcal DE/kg BW, respectively. The horses in that study
were kept in a barn with 6 hours of daily turnout exercise.
Mean daily temperature during the study was above freez-
ing, but minimum and maximum temperatures ranged from

NUTRIENT REQUIREMENTS OF HORSES

—20.6 to 26.6°C. In that study, the maintenance component
of the daily energy requirement may have been elevated due
to environmental effects, but other factors such as increased
voluntary activity and increased ratio of surface area to body
weight could also result in an increased maintenance com-
ponent in young horses. Figure 1-3 shows the effect of age
on DE _ when the values from Ousey et al. (1997) and Cym-
baluk et al. (1989) are combined with estimates for 24- and
36-month-old horses of 36.3 and 33.3 kcal/kg BW, respec-
tively. These values for horses at 24 and 36 months are the
same as the elevated and average maintenance requirements
derived for mature horses.

Based on the values shown in Figure 1-3, DE_ for grow-
ing horses may be estimated using the following equation:

DE (kcal/kg BW/d) = 56.5X-0145 (R2 = 0.99) (1-1)

where X = age in months. This equation appears to fit the
available data well, but it is based on very few data points,
and therefore may under- or overestimate DE_ in growing
horses. However, the estimates derived by Equation 1-1 for
growing horses between the ages of 6 and 18 months are
only slightly higher than estimates that would be derived
from scaling the maintenance requirements of growing
horses to metabolic body size. Therefore, the estimates of
maintenance derived by Equation 1-1 are used in this docu-
ment for growing horses. Additional research is needed to
provide accurate estimates of the maintenance component
for horses of different ages.

To obtain estimates of the amount of DE required for
each kilogram of gain, data from several studies were sum-
marized (Ott et al., 1979; Knight and Tyznik, 1985; Ott and
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FIGURE 1-3  Effect of age on digestible energy for maintenance (DE ) (kcal’kg BW) in growing horses.
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Asquith, 1986; Gibbs et al., 1987; Schryver et al., 1987;
Cymbaluk and Christison, 1989; Cymbaluk et al., 1989;
Davison et al., 1989; Scott et al., 1989; Buffington et al.,
1992; Saastamoinen et al., 1993; Ott and Asquith, 1995;
Coleman et al., 1997; Ousey et al., 1997; Cooper et al.,
1999; Ott and Kivipelto, 1999; Bell et al., 2001; Ott et al.,
2005). For each study the maintenance requirement (deter-
mined using Equation 1-1) was subtracted from DE intake
to obtain the DE available for gain. The amount of DE avail-
able for gain was then divided by ADG to arrive at the en-
ergy cost (DE) for 1 kg of gain. Figure 1-4 shows the rela-
tionship of age to the amount of DE required per kilogram
of gain. It is apparent in Figure 1-4 that there is considerable
variation in the amount of DE needed for a kilogram of gain
at any age. There are several potential explanations for the
observed variation in DE required per kilogram of gain. The
DE required for each unit of body weight gain will be influ-
enced by the composition of the gain (amount of fat and pro-
tein). Not all horses at a given age were growing at the same
rate, and it is possible that rate of gain influenced composi-
tion of gain. In addition, gender may influence composition
of gain. Most studies did not separate their results by gen-
der. In addition, the composition of the diet may contribute
to differences in the amount of DE required per kilogram of
gain. The efficiency of DE use in high-forage diets may be
lower than the efficiency of DE use when high-concentrate
diets are fed. In the studies that were reviewed, the compo-
sition of the diets varied from milk replacer to predomi-
nantly concentrate to predominantly forage. Some diets con-
tained added fat. Finally, the amount of DE utilized for gain
for horses in each study was determined as the difference
between the maintenance component and the DE intake. The
maintenance component was related to age only and did not
account for differences in activity or thermal challenges that

13

might have occurred in the various studies. There was insuffi-
cient information to determine effects due to gender and there
was only one value for horses older than 18 months. This
equation may underestimate the DE required for gain in ani-
mals more than 18 months of age. Using the data in Figure 1-
4, Equation 1-2 was obtained. Because Equation 1-2 was de-
veloped from mean values reported in the literature and not
from observations on individual horses, it is likely that the R?
is overestimated:

DE (Mcal) for gain = (1.99 + 1.21X — (0.021X2) x  (1-2)
ADG (R? = 0.65)

where X = age in months and ADG = average daily gain in
kilograms.

Using Equation 1-2, the amount of energy required for
gain by growing horses of different ages may be estimated.
The predicted amount of DE necessary for 1 kg of gain in-
creases from 6 months to 24 months of age (Table
1-4). This equation is not appropriate for predicting the DE
necessary for gain in mature horses. For young growing
horses, the values for DE/kg gain in Table 1-4 are somewhat
lower than the values suggested previously (NRC, 1989).

Growth Rate

The daily energy requirements for growing horses are
greatly influenced by the rate of growth of the animal.
Growth rate often varies among breeds or types in cattle and
swine, and nutrient recommendations have been developed
to account for some of these differences (NRC, 1998, 2001).
Extensive, well-documented growth data are available for
Thoroughbreds (Green, 1969; Hintz et al., 1979; Ruff et al.,
1993; Thompson, 1995; Jelan et al., 1996; Pagan et al.,
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TABLE 1-4 Effect of Age on the Amount
of Digestible Energy (DE) Required per
Kilogram of Gain (above maintenance) for
Growing Horses

DE for Gain
Age of Horse (Mcal/kg gain)
6 months 8.5
12 months 13.5
18 months 17.0
24 months 18.9

1996; Kavazis and Ott, 2003), but the available data for
other breeds are less comprehensive or entirely absent.
Growth data were found for Hanovarians (Vervuert et al.,
2003), Morgan horses (Lawrence et al., 2003), Swedish Stan-
dardbreds (Sandgren et al., 1993), Arabians (Reed and Dunn,
1977), and ponies (Jordan, 1977). No recent data sets con-
taining sequential body weight measurements were found for
Quarter horses, but numerous studies have reported body
weights at different ages (Russell et al., 1986; Davison et al.,
1989; Lawrence et al., 1987, 1991; Coleman et al., 1997).
Some of the studies cited above separated growth informa-
tion by gender, but others did not.

Because of the limited data available for most breeds, it
was not possible to develop breed-specific growth curves at
this time. However, it has been proposed that the body
weight of a growing horse at any given age can be predicted
from mature body weight (Coenen, 2000; Austbo, 2004),
which would allow prediction of growth rate for horses of
different breeds and mature body weights. This method
would also allow prediction of differences between males
and females based on expected differences in mature body
weight.

Body weight data for growing horses were summarized
by breed using previously cited growth studies and a few ad-
ditional unpublished data sets on Quarter horses (Cooper,
personal communication; Cymbaluk, personal communica-
tion) and Belgian foals (Cymbaluk, personal communica-
tion). Mature weights were estimated from the body weights
of sires and dams cited in individual studies (Jordan, 1977)
or from the mature weight given in the study (Reed and
Dunn, 1977). When mature weights were not available for a
specific study, the literature was searched for estimates of
mature body weights in each breed. The mature body weight
for Thoroughbreds was developed from body weights of
broodmares and stallions (Siciliano et al., 1993; Pagan et al.,
1996; Ordakowski et al., 2001; Williams et al., 2001). Ma-
ture body weight for Quarter horses was developed from
body weights of mares (Webb et al., 1991; Lawrence et al.,
1992a; Coleman et al., 1997; Cymbaluk, personal commu-
nication). Mature body weight for Swedish Standardbreds
was estimated from data of Malinowski et al. (2002) and
Palmgren Karlsson et al. (2002). No mature weights were
found for Morgan or Hanovarian horses. Therefore, mature
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body weight for Morgan horses was obtained from the same
farm that provided the growth measurements of the Morgan
horses (Green, personal communication). Mature body
weights for Swedish warmbloods (Johnston et al., 2002)
were used to estimate the mature weight of Hanovarians.
The following mature body weights (Kg) were used: Thor-
oughbred, 580; Hanovarian, 580; Swedish Standardbred,
500; Quarter horse, 555; Belgian, 863; Morgan, 454; Ara-
bian, 455; pony, 195.

Once mean growth data for each breed were converted to
a percentage of mature body weight, the data were fitted to
a curve. The NLIN procedure of the Statistical Analysis
System (SAS) (SAS/STAT, 1999) was used to calculate
weighted least squares estimates of parameters a and c of the
following non-linear model:

Percent mature body weight = a + ((100 — a) (1 —e™"))

where a = percent mature body weight at birth; ¢ = rate con-
stant; t = age in months; e = 2.7183. The resulting equation
was derived:

Y =9.7 4+ (100 - 9.7) X (1— (00772 X)) (R2=0.99)  (1-3)

where Y = percent mature body weight and X = months of
age. Equation 1-3 was derived from mean data that were
pooled within a breed, and not from observations on indi-
vidual horses. Therefore the R? given for Equation 1-3 is
probably overestimated.

The percent of mature body weight predicted by Equa-
tion 1-3 is compared to the estimates of Austbo (2004) and
Coenen (2000) in Table 1-5.

Equation 1-3 may be used to calculate expected body
weight during growth if an estimate of mature body weight
is available. Table 1-6 shows body weights predicted by
Equation 1-3 for growing horses expected to mature at 200,
400, 500, 600, and 900 kg. Table 1-6 also shows the body
weights previously suggested for horses of various ages
(NRC, 1989). Equation 1-3 predicts slightly lower body
weights at most ages for growing horses expected to mature
at 500 kg or less than NRC (1989). However, Equation 1-3
tends to predict larger body weights during growth than
NRC (1989) for horses 600 kg and greater. Body weights in
NRC (1989) appear to have been scaled to assume a longer

TABLE 1-5 Summary of Estimates of the Relationship
Between Age and Percentage of Mature Body Weight in
Growing Horses

Birth 6 mo 9 mo 12 mo 18 mo
Equation 1-3 9.7 43.2 54.9 64.2 71.5
Coenen, 20004 9.95 46.2 56.4 64.2 75.9
Austbo, 2004 10.0 47.0 58.0 67.0 82.0

“500-kg horse.



ENERGY

TABLE 1-6 Body Weight Predicted by Equation 1-3

and Expected Mature Body Weight and Body Weight
Estimated in the Previous NRC (1989) for Growing Horses
(values in parentheses represent % of mature body weight)

Mature Wt/Age NRC (1989) Equation 1-3
200 kg 4 mo 75 (37.5%) 67.4 (33.7%)
6 mo 95 86.4
12 mo 140 128.5
18 mo 170 155
24 mo 185 (92.5%) 172 (86%)
36 mo No value 189
400 kg 4 mo 145 (36.3%) 134.8 (33.6%)
6 mo 180 173
12 mo 265 257
18 mo 330 310
24 mo 365 (91.2%) 343.4 (85.9%)
36 mo No value 379
500 kg 4 mo 175 (35%) 168.5 (33.7%)
6 mo 215 215.9
12 mo 325 321.2
18 mo 400 387.5
24 mo 450 (90%) 429.2 (86%)
36 mo No value 472
600 kg 4 mo 200 (33.3%) 202.1 (33.7%)
6 mo 245 259
12 mo 375 385.5
18 mo 475 465
24 mo 540 (90%) 515 (86%)
36 mo No value 566.4
900 kg 4 mo 275 (30.6%) 303.2 (33.7%)
6 mo 335 388.6
12 mo 500 578.2
18 mo 665 697.5
24 mo 760 (84.4%) 773 (85.9%)
36 mo No value 850

maturation curve for heavy-weight horses. For example,
NRC (1989) estimated that a foal expected to mature at 200
kg would have reached 37.5 percent of mature weight at 4
months of age, whereas a foal expected to mature at 900 kg
would have reached 30.6 percent of mature body weight at
the same age. The data sets used to develop Equation 1-3
were insufficient to determine whether large breeds mature
more rapidly than small breeds using statistical analyses.
However, there were a few data points for ponies, Thor-
oughbreds, and draft horses at similar ages. The percentage
of mature weight at 4 months of age was 33.3 percent, 33.7
percent, and 32.2 percent, for ponies, Thoroughbreds, and
Belgians, respectively. At 6 months of age, percentage of
mature weight was 42 percent for ponies and 42.4 percent
for Thoroughbreds (data not available for draft horses). At
12 months of age, percentage of mature weight was 75 per-
cent for ponies and 69 percent for Thoroughbreds (data not
available for draft horses). The similarity of the available
values, particularly in early growth, indicates that one curve
may be used for a variety of breeds. However, it is likely that
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Equation 1-3 is best suited to estimating weight of horses
with an expected mature weight of 450 to 650 kg.

The ability of Equation 1-3 to predict body weight in
growing horses was tested using three independent data sets
that contained 550 measurements on horses between birth
and 16 months of age. Expected mature weight was calcu-
lated from dam weight and sire weight, from dam weight
and the average weight of sire’s breed, or from the breed av-
erage, depending upon the information contained in each
data set. Horses included in the data sets were of Thorough-
bred or stock-type (Quarter horse, Appaloosa, or Paint)
breeding. For these data sets, the body weights predicted
from expected mature body weight and Equation 1-3 and the
actual body weights were not different for horses less than
9 months of age, or older than 12 months of age (P > 0.05).
However, between 9 and 12 months of age, the average pre-
dicted body weight was higher (P < 0.05) than the actual
body weight. Equation 1-3 predicts that ADG will decrease
with age. However, data collected on horses in commercial
environments do not always reflect this trend. Pagan et al.
(1996) reported that ADG of Thoroughbred yearlings in
central Kentucky was lower in January and February than in
April and May, possibly due to milder temperatures and in-
creased pasture availability in April and May. Rates of gain
for Thoroughbreds in Japan have been reported to be 0.40 to
0.50 kg/d at 11 months and 0.4 to 0.7 kg/d at 13 to 15
months, with the slower growth observed in winter and the
faster growth observed in summer (Asai, 2000). Staniar et al
(2004) also reported a lag in growth during the winter
months followed by accelerated growth in the spring for
pastured Thoroughbred horses. Therefore, Equation 1-3
overestimates percent of mature body weight and ADG dur-
ing the winter for pastured horses kept in northern climates
and underestimates ADG in the subsequent spring. How-
ever, for horses with an expected mature body weight of 580
kg, the body weight and ADG predicted at 6 months and 15
months of age (250 kg and 415 kg, respectively) are similar
to body weights reported by Pagan et al. (1996) for Thor-
oughbreds. In addition, the predicted weight at 16.5 months
of age for horses expected to mature at 580 kg is similar to
the actual weight reported by Staniar et al. (2004) for Thor-
oughbreds. Independent data for horses older than 16
months of age were not available to test Equation 1-3. How-
ever the body weight predicted by Equation 1-3 for an 18-
month-old horse with an expected mature body weight of
580 kg was similar to the body weight reported for 18-
month-old Thoroughbreds at a commercial sale (Pagan et
al., 2005b).

Segmental models have also been used to predict growth
in horses (Kavazis and Ott, 2003; Delobel et al., 2005). Seg-
mental models may provide a better estimate of growth in
horses affected by seasonal factors; however, it was the con-
sensus of the Committee on Nutrient Requirements of
Horses that it was more desirable to use a continuous model
to predict growth. Therefore, Equation 1-3 is used in this
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document to estimate body weight and ADG of growing
horses.

Ideally, ADG and body weight will be known for indi-
vidual horses. However, when it is not possible to weigh
horses, body weight and ADG may be estimated using the
equations above. Although this prediction equation may be
used to predict body weight and average daily gain of horses
beyond 18 months of age, users should recognize that the
imposition of training can markedly affect the accrual of
body weight. In addition, horses used for intense competi-
tive purposes, such as racing, will typically weigh less than
a similarly aged horse used for breeding or for recreation.
Because many of the values used to generate these predic-
tion equations were obtained from commercial horse enter-
prises, this prediction equation should represent the average
of modern-day growth rates. However, it is recognized that
it may be desirable to accelerate growth rate to produce
horses suitable for specific purposes such as competition or
sale (NRC, 1989; Martin-Rosset, 2000). In addition slower
growth rates may be suitable for horses that will not be uti-
lized or marketed until they reach a later stage of maturity.
Therefore, users should modify dietary nutrient intakes to
attain the desired growth rate necessary to meet manage-
ment goals.

Daily DE Intakes for Growing Horses

Daily DE requirements for growing horses are deter-
mined as the sum of the requirement for maintenance and
the requirement for gain. As noted previously, the mainte-
nance requirement will vary with age of horse and body
weight (Equation 1-1). The requirement for gain will vary
with age of horse and rate of gain (Equation 1-2). The daily
DE requirement of growing horses can be calculated by
combining Equation 1-1 and Equation 1-2 to form Equa-
tion 1-4:

30
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DE (Mcal/d) = (56.5X0145) x BW + (1-4)
(1.99 + 1.21X — 0.021X2) x ADG

where X = the age in months; ADG = average daily gain in
kilogram; and BW = body weight in kilograms.

The relationship between predicted daily DE intakes and
reported daily DE intakes from published studies is shown
in Figure 1-5. Although Equation 1-4 appears to predict
daily DE intakes of growing horses more closely than the
equation used previously (NRC, 1989), this may be because
the studies used to generate Figure 1-5 included those that
were used to generate Equation 1-2, which is a component
of Equation 1-4 (Ott et al., 1979; Knight and Tyznik, 1985;
Ott and Asquith, 1986; Gibbs et al., 1987; Schryver at al.,
1987; Cymbaluk and Christison, 1989; Cymbaluk et al.,
1989; Davison et al., 1989; Scott et al., 1989; Buffington et
al., 1992; Saastamoinen et al., 1993; Ott and Asquith, 1995;
Coleman et al., 1997; Ousey et al., 1997; Cooper et al.,
1999; Ott and Kivipelto, 1999; Bell et al., 2001; Ott et al.,
2005). In addition, the values shown in Figure 1-5 represent
means for groups of horses, rather than observations on in-
dividual horses. Therefore it is likely that the variation asso-
ciated with differences in predicted and actual DE intakes of
individual horses will be much greater than is illustrated by
Figure 1-5. Unfortunately, independent data sets were not
available to test this equation for individual horses.

REPRODUCTION

Breeding Stallions

Stallions are generally considered to have higher mainte-
nance requirements than mares or geldings (Cuddeford,
2004; Martin-Rosset and Vermorel, 2004). The amount of
dietary energy required in the breeding season will likely be
affected by breeding frequency. Horses that make a few
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FIGURE 1-5 Digestible energy (DE) intakes of growing horses as predicted by Equation 1-4 and ac-

tual intakes reported in the literature.
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mounts each week in live cover or artificial insemination
programs would be expected to have lower energy require-
ments than horses that make more than a dozen mounts each
week in intensively managed live cover programs. Limited
data on DE intakes of breeding stallions are available. One
field study estimated that Thoroughbred stallions (590 kg)
covering 70 to 90 mares/month were receiving approxi-
mately 25 Mcal DE/d (42.4 kcal/kg BW) (Siciliano et al.,
1993). This estimate is slightly higher than the recommen-
dation of the previous edition of this publication (NRC,
1989), where the requirement for breeding stallions was
considered to be equivalent to the requirement for light
work. The DE requirement for breeding stallions in heavy
use is estimated to be 20 percent higher than maintenance,
and breeding stallions are considered to have an elevated
maintenance requirement during the nonbreeding season
(36.3 kcal/kg BW).

Pregnancy

During pregnancy, energy will be used for maintenance
of the dam, deposition of fetal and placental tissue, hyper-
trophy of the uterus, mammary development, and mainte-
nance of the fetus, placenta, mammary and additional uter-
ine tissue. In studies with other livestock species, sacrifice
of pregnant females has provided information about the
amount of fetal, placental, and uterine tissue accumulated at
various stages of gestation. In the pig, which also has a dif-
fuse placenta, more than 50 percent of the final placental
and uterine weight had accumulated by midgestation (Ji et
al., 2005). At parturition, placental weight (without fluids) is
about 4 kg for a 500-kg mare (Allen et al., 2002; Whitehead
et al., 2004). The few measurements of uterine and placen-
tal tissue accretion in midgestation mares indicate that uter-
ine and placental tissue accretion occurs during the second
trimester (Ginther, 1992). If uterine development parallels
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placental development, then there would be an increase in
uterine tissue of 4 kg during gestation. There are insufficient
data to determine whether the rate of nonfetal tissue accre-
tion during gestation follows a linear function in mares.
However, Bell et al. (1995) reported that tissue accumula-
tion in the gravid uterus of cows was a linear process. There-
fore the rate of total nonfetal tissue accretion (uterus and
placenta) in a 500 kg-horse is estimated at about 45 g/d
(0.09 g/kg maternal BW/day) from day 150 through day 330
of gestation. Although the amount of nonfetal tissue accre-
tion is not great, this tissue appears to be very active meta-
bolically (Fowden et al., 2000a,b), and thus has a higher
maintenance requirement per unit of weight.

The existing data on fetal development have been drawn
from studies on foals that were aborted or stillborn between
day 150 and term of gestation (Meyer and Ahlswede, 1978;
Platt, 1978; Giussani et al., 2005). Using the data reported in
these papers, the percent of birth weight accumulated during
days 150 to 330 of gestation were calculated and are pre-
sented in Figure 1-6. Birth weight was estimated at 9.7 per-
cent of dam weight.

Several equations were developed from the data in Figure
1-6. The resulting equations (where X = days of gestation)
were:

Fetal weight as a percent of birth weight = (1-5a)
0.5321X — 87.996 (R? = 0.855)

Fetal weight as a percent of birth weight = (1-5b)
2.456 + 0.0015X* - 0.2198X (R? = 0.874)

Fetal weight as a percent of birth weight = (1-5¢)
0.8875e00144X (R2 = (0.903)

Fetal weight as a percent of birth weight = (1-5d)

1 x 107X35512 (R2 = 0.929)
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FIGURE 1-6 Fetal weight during gestation as a percentage of birth weight.
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Although the coefficients of determination were rela-
tively high for all equations, not all equations predicted the
same gestation length. For example, using Equation 1-5a,
the fetus would reach birth weight at 353 days, whereas with
Equation 1-5c¢ the fetus would reach birth weight at about
328 days of gestation. Equations 1-5b and 1-5d predict that
the fetus would reach birth weight at 339 and 342 days, re-
spectively. Equation 1-5d appears to provide a more biolog-
ical approximation of the data than Equation 1-5b (Figure
1-7), and thus Equation 1-5d is used to predict the fetal
weight as a percent of birth weight.

Fetal weight during gestation may be calculated from
birth weight, which is estimated as 9.7 percent of the ex-
pected mature weight (Equation 1-3). Because the data used
to develop Equation 1-5d were taken from non-normal foals,
it is possible that the resulting estimates may underestimate
development of normal foals. However, data on fetal devel-
opment of normal foals at various stages of gestation were
not found during a search of the literature.

Using information discussed above and Equation 1-5d,
the total accretion of fetal and nonfetal tissue during gesta-
tion was calculated and the additional maintenance require-
ment of these tissues as well as the energy retained in these
tissues estimated. The accumulated fetal and nonfetal tissues
associated with pregnancy are more metabolically active
than other maternal tissue and a higher maintenance cost
(66.6 kcal/kg BW) was estimated. This estimate was based
on studies by Fowden et al. (2000a) using horses and by
Reynolds et al. (1986) using cattle. This rate was applied
only to the accumulating tissues of conception. Therefore,
the additional maintenance requirement was calculated as
the product of weight of tissue accumulated and a mainte-
nance DE cost for those tissues of 66.6 kcal/kg BW. The en-
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ergy cost of tissue deposition was determined using the as-
sumptions that the efficiency of DE use for tissue deposition
during pregnancy is 60 percent (NRC, 1989) and that each
unit of gain is 20 percent protein and 3 percent lipid.

The resulting estimates of DE intakes for mares with
body weights between 400 and 600 kg are slightly higher
than previous estimates (NRC, 1989) that were calculated at
11 percent, 13 percent, and 20 percent increments above
maintenance in the 9th, 10th and 11th months of gestation,
respectively. Mares in late gestation with DE intakes 10 per-
cent above the previous recommendation have been reported
to maintain fat mass (Filho et al., 2005). In another study,
mares with estimated DE intakes slightly above the previous
recommendation did not gain weight during the last 60 days
of gestation but had apparently normal foals (Kowalski et
al., 1990). Because fetal growth is greatest during the last 60
days of gestation, an increase in mare body weight would be
expected if the energy requirements for maintenance and tis-
sue deposition were met. The failure of mares to gain weight
suggests that the amount of DE consumed was not adequate
to meet the needs for maintenance and tissue deposition, and
that mares were mobilizing body stores to meet the needs of
fetal development. The current recommendations for 500-kg
pregnant mares are approximately 5 to 8 percent above the
1989 recommendations; in addition, the current recommen-
dations suggest increasing DE intakes above maintenance
earlier in gestation.

The current estimates for DE intakes by draft-type mares
are much higher than most previous estimates (NRC, 1989;
Coenen, 2000; Martin-Rosset, 2000). However, one study
utilizing pregnant draft-type mares (Doreau et al., 1991) fed
diets providing DE intakes similar to those recommended
here. The higher estimates of DE intakes by draft-type mares
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arise from the maintenance component associated with the
dam, which is higher than in the previous edition of this pub-
lication (NRC, 1989). For mares with body weights above
700 kg, a maintenance requirement of 30.3 kcal DE/kg BW
(minimal maintenance) may be more appropriate.

The current recommendations do not allow for accretion
of maternal fat stores during gestation, and thus apply to
mares that enter midgestation in at least moderate body con-
dition (CS > 5). Mares that have inadequate body condition
(CS < 5) in early or midgestation should be fed additional
energy to reach a body condition score of at least 5 by the
9th month of gestation. Additional DE would also be neces-
sary to meet the maintenance requirements of mares kept in
environmentally stressful conditions during gestation.

Foal birth weight is estimated at 9.7 percent of nonpreg-
nant mare weight. Additional weight accrues from the other
products of conception, such as the placenta and associated
fluids. Therefore, mares that conceive in a moderate body
condition would be expected to increase in body weight by
12 to 15 percent during gestation. In the computer program
that accompanies this document, the majority of the increase
in mare weight coincides with the majority of the increase in
weight of the fetus that occurs primarily in the last 3 months
of gestation. However, it appears possible that an increase in
mare body weight in the last 3 months of gestation is not
necessary if mares gain weight earlier and are in adequate
body condition. Kowalski et al. (1990) found that mares
with an average condition score of 6 did not gain weight
during the last 90 days of gestation but produced apparently
normal foals. Even though the mares did not gain weight
during the last 90 days, the difference in pre- and post-
foaling weight was 14 percent of the post-foaling weight. In
another study, mare body weight increased by 14 percent
during gestation but the majority of weight gain occurred in
the second trimester, rather than the last trimester (Lawrence
et al., 1992a). Banach and Evans (1981) restricted the en-
ergy intake of pregnant mares during the last 90 days, caus-
ing the mares to lose weight. They reported that mares de-
livered normal weight foals (49 kg; 9.6 percent of
postpartum dam weight). The mean gestation length for the
mares was 350 days. Hines et al. (1987) also restricted en-
ergy intake by mares in late gestation, resulting in loss of
weight and body condition. Mares fed the energy-restricted
diet had longer gestation lengths than mares fed energy-
adequate diets. These authors did not report foal weight.
Henneke et al. (1984) also restricted energy of mares in late
gestation, causing a reduction in body condition. Gestation
length of restricted mares did not differ from the gestation
length of mares fed to increase body condition during late
gestation. Birth weight of foals from restricted mares was
similar to the birth weight of foals from the mares fed to
gain condition during late gestation. The results of these
studies indicate that mares in moderate body condition can
utilize body stores to support fetal development if energy is
partially restricted in late gestation. Whether this situation
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affects the well-being of the equine fetus is unknown. In
studies cited above, the amount of energy fed was less than
amounts recommended for pregnant mares, but was close to
or slightly above the maintenance requirements of the
mares. The effects of long-term or more drastic energy re-
striction on gestating mares and the development of their
foals has not been studied. Silver and Fowden (1982) re-
ported that complete feed withdrawal for 12 to 30 hours dur-
ing late gestation resulted in increased uterine prostaglandin
production. These authors suggested that extended interrup-
tions in feed intake should be avoided during late gestation.

Lactation

Studies with lactating mares have produced variable esti-
mates of daily milk output. Estimates in early lactation have
ranged from 2.3 kg milk/100 kg BW (Gibbs et al., 1982) to
3.8 kg milk/100 kg BW (Doreau et al., 1992; Martin et al.,
1992). The differences in measurements may arise from
variation in breeds, diets, or method of measurement. Using
draft-type mares, Doreau et al. (1986) reported that daily
milk output increased from 2.6 kg/100 kg BW in week 1 to
3.1 kg/100 kg BW in weeks 4 and 8. In a later study, milk
output of draft mares was 2.7 kg/100 kg BW in week 1 and
3.8 kg/100 kg BW in week 8 (Doreau et al., 1992). Using
Thoroughbred and Standardbred mares, Oftedal et al. (1983)
reported that daily milk output was 3.1, 2.9, and 3.4 kg/100
kg BW at 11, 25, and 39 days postpartum, respectively. The
daily amounts of milk (kg/d) estimated by Oftedal et al.
(1983) were similar to amounts measured by Glade (1991)
using Thoroughbred mares. In light horse mares (Anglo-
Arab and Selle Francais), milk production at 4 weeks of lac-
tation was 3.4 kg/100 kg BW. The lowest daily milk outputs
were reported by Gibbs et al. (1982) in Quarter horse mares,
which may suggest a breed effect on milk production. How-
ever, Martin et al. (1992) reported milk outputs above 3.8
kg/100 kg BW in Australian Stockhorses. Most of the previ-
ously mentioned studies used isotope dilution methods to
estimate daily milk output, although Gibbs et al. (1982) and
Glade (1991) utilized weigh-suckle-weigh techniques. In
the study by Glade, foals were allowed to nurse every 2
hours, whereas in the study by Gibbs et al. foals were al-
lowed to nurse every 3 hours. It is possible that less frequent
nursing resulted in the somewhat lower milk output esti-
mates of Gibbs et al. (1982).

A few studies have examined the effects of dietary energy
and protein intake on milk output by mares. Doreau et al.
(1992) found that mares fed a high-concentrate, high-
energy diet produced about 10 percent more milk than mares
fed a high-forage diet that was adequate in energy. However,
the milk produced by mares receiving the high-energy, high-
concentrate diet was slightly lower in fat and protein than
milk produced by mares receiving the high-forage diet. As a
result, even though the amount of milk produced was differ-
ent between diets, the total milk energy output was similar
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and foal growth was not affected by the diet of the mares.
Mares receiving the high-energy, high-concentrate diet
gained more weight than mares receiving the high-forage
diet. Pagan et al. (1984) studied the effect of energy restric-
tion on lactating pony mares. Although milk production was
not measured, average daily gain of the foals was not af-
fected by either mild energy restriction or mild energy ex-
cess. Mares receiving restricted dietary energy lost weight,
whereas mares receiving excess energy gained weight. Di-
etary protein has been reported to have a small effect on
milk yield (Gibbs et al., 1982), but Martin et al. (1991) did
not find any effect of a protein supplement on milk yield in
pastured mares.

A review of studies on milk production suggested that
mares will produce approximately 3 kg milk/100 kg BW in
early lactation and 2 kg milk/100 kg BW in late lactation
(NRC, 1989). More recently published studies have reported
higher levels of milk production in early lactation, and San-
tos et al. (2005) reported that milk production in Lusitano
mares was greater than 2 percent of body weight at day 120
of lactation. Therefore, it is possible that milk production is
somewhat higher that previously estimated (NRC, 1989).
Because the transition from early lactation to late lactation
is probably gradual, data from available studies were sum-
marized to estimate milk production by day of lactation. The
equation to estimate milk production is:

Y =ax (d0.0953) X e(—0‘0043d) (1-6)

where Y = daily milk yield in kilograms; a = 0.0274287 x
mature weight in kilograms; and d = day of lactation.

The gross energy content of mare milk has previously
been summarized as 580 kcal/kg, 530 kcal/kg, and 500
kcal/kg, in weeks 1 to 4, 5 to 8, and 9 to 21, respectively
(NRC, 1989). Martin et al. (1992) reported the mean gross
energy of milk to be 480, 470, and 450 kcal/kg, at 11, 41,
and 71 days of lactation. Doreau et al. (1992) found that
gross energy declined from 560 kcal/kg milk in week 1 of
lactation to 450 kcal/kg milk in week 8. These data suggest
that the concentration of gross energy in milk decreases dur-
ing the lactation period. However, Hoffman et al. (1998) re-
ported that the concentrations of fat and lactose were higher
at 4 months of lactation than at 1 month of lactation in Thor-
oughbred mares. Hoffman et al. (1998) did not report gross
energy concentration in their samples. If gross energy is es-
timated from the concentration of fat, protein, and lactose,
then gross energy content was 580 kcal/kg milk at 1 and 2
months of lactation and 600 kcal/kg milk at 6 months of lac-
tation. When all data were summarized, a significant rela-
tionship between milk energy concentration and stage of
lactation was not obtained. Dietary energy amount or source
appears to influence the energy composition of milk. Mares
receiving an energy-adequate, high-forage diet had higher
concentrations of fat and energy in milk than mares fed a
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high-energy, high-concentrate diet (Doreau et al., 1992).
Pagan and Hintz (1986c) reported that increased energy in-
take decreased the concentration of fat and energy in milk
from pony mares. Davison et al. (1991) found that adding fat
to the diets of lactating mares increased the concentration of
fat in the milk. However, Hoffman et al. (1998) did not re-
port an increase in milk fat when pastured mares received a
supplement containing 10 percent fat. It appears that the en-
ergy concentration may be influenced by several factors, in-
cluding energy source and amount as well as stage of
lactation.

The DE requirement for lactation was calculated as the
sum of the DE utilized for milk production and the DE uti-
lized for maintenance. The amount of energy secreted in
milk each day was calculated as the product of daily milk
output and the gross energy content of milk (estimated at
500 kcal/kg milk). To estimate daily milk production for
each month of lactation, the total milk produced per month
was calculated and a daily average was obtained. The
amount of DE needed for milk production is calculated
using an efficiency of DE use for lactation of 60 percent
(NRC, 1978).

The maintenance requirement of lactating mares has pre-
viously been assumed to be the same as for other adult
horses (NRC, 1989). However, several factors may con-
tribute to an elevated maintenance requirement in lactating
mares such as increased activity associated with maternal
behavior and increased feed intake; therefore, the elevated
maintenance estimate that was discussed in this chapter’s
maintenance section of 36.3 kcal/kg BW was used for lac-
tating mares.

The recommendations for DE intakes by lactating mares
assume that the mare enters lactation with a body condition
score of at least 5 (moderate), and that she will not gain or
lose weight during lactation. If a change in body condition
of the mare is desirable, then either more or less energy
should be fed. Small to moderate increases or decreases in
energy intake of lactating mares in moderate body condition
do not appear to alter milk production. Pony mares with DE
intakes approximately 15 percent above or 15 percent below
the estimated requirement gained or lost body weight, but
their foals grew similarly to foals of mares consuming DE at
the estimated requirement (Pagan et al., 1984). However,
when energy restriction is more severe or extended, lactation
may be affected (Banach and Evans, 1985).

For 200-kg mares, the current estimates for DE intakes
are somewhat lower than previous estimates (NRC, 1989).
Milk production for pony mares in early lactation was pre-
viously estimated at 4 percent of body weight (NRC, 1989).
Pagan et al. (1984) estimated the DE requirements of 200-
kg lactating mares at 12.9 Mcal/d, which is also lower than
the previous estimate (NRC, 1989). For mares with mature
weights of 400-600 kg, the current DE recommendations
for early lactation are somewhat higher than previous rec-
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ommendations (NRC, 1989). Lactating Thoroughbred
mares weighing 460-475 kg maintained body weight when
fed diets containing 28-31 Mcal DE/d (Glade, 1991). Simi-
larly, Quarter horse mares (approximately 520 kg) main-
tained body weight when fed diets estimated to contain
29-31 Mcal DE/d (Gibbs et al., 1982). The current estimates
for draft-type mares are markedly higher than the 1989 esti-
mates due to the higher maintenance requirement used in the
current recommendations. In a study by Doreau et al.
(1992), draft-type mares (730 kg) consumed diets contain-
ing approximately 71 or 47 Mcal DE/d. Mares consuming
71 Mcal/day gained 1.18 kg/d, whereas mares consuming 47
Mcal DE gained 0.18 kg/d. These data suggest that the draft
mares used approximately 24 Mcal of DE/kg of gain and
that the mares fed the lower energy diet would have been in
energy balance at a daily DE intake of 43 Mcal/day. Using
the current set of assumptions (with a maintenance compo-
nent of 36.3 kcal/kg BW) to determine DE, a 730-kg lactat-
ing mare would require approximately 46 Mcal of DE in
early lactation. If a maintenance component of 33.3 kcal/kg
BW is used, the daily DE intake is estimated at about 44
Mcal. Morrison (1961) suggested that lactating draft mares
(730 kg) performing light work should be fed 10 to 12.5 kg
TDN or 44 to 55 Mcal DE. The conversion of TDN to DE
assumes 1 kg TDN =4.4 Mcal DE (NRC, 1978). When daily
DE intake recommendation is corrected for the additional
work, the resulting DE intake is approximately 38-47
Mcal/d for a lactating 730-kg mare. Therefore, for lactating
mares weighing more than 700 kg, a daily maintenance
component of 33.3 kcal/kg BW is suggested.

TABLE 1-7 A Condition Scoring System for Horses”
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Reproductive Efficiency

The energy status of broodmares can affect several com-
ponents of reproductive efficiency, including conception
rate, length of the anovulatory period, and number of cycles
to conception. Henneke et al. (1984) found that mares en-
tering the breeding season in a moderate body condition re-
quired fewer cycles for conception and had higher concep-
tion rates than mares entering the breeding season in thin
condition. These researchers also reported that mares that
foaled in a thin body condition and remained thin during
lactation had a longer interval from parturition to the second
postpartum estrus. The condition scoring system used by
these researchers is shown in Table 1-7. Other condition
scoring systems have been developed for horses, but this
system has been the most widely applied in nutrition studies
with horses. Where condition scores are noted in this chap-
ter, they were determined using the system in Table 1-7.

Kubiak et al. (1987) reported that mares entering the
breeding season with a mean condition score of 5.3 ovulated
sooner than mares that entered the season at condition
scores below 5. Mares with a condition score above 5 in that
study also tended to have a shorter initial estrus period.
Mares that entered the breeding season in a moderately fat
or fat body condition did not have impaired reproductive ef-
ficiency compared to mares that entered the breeding season
in moderate or thin condition (Henneke et al., 1984). Gentry
et al. (2002) found that open mares maintained in moder-
ately fat to fat body condition (condition score 6.5 to 8) dur-
ing the fall and winter often continued to cycle throughout

Score Description

1 Poor Animal extremely emaciated; spinous processes, ribs, tailhead, tuber coxae, and ischii projecting prominently; bone structure of
withers, shoulders, and neck easily noticeable, no fatty tissue can be felt

2 Very thin Animal emaciated; slight fat covering over base of spinous processes; transverse processes of lumbar vertebrae feel rounded;
spinous processes, ribs, tailhead, tuber coxae, and ischii prominent; withers, shoulders, and neck structure faintly discernible

3 Thin Fat buildup about halfway on spinous processes; transverse processes cannot be felt; slight fat cover over ribs; spinous processes
and ribs easily discernible; tailhead prominent, but individual vertebrae cannot be identified visually; tuber coxae appear rounded
but easily discernible; tuber ischii not distinguishable; withers, shoulders, and neck accentuated

4 Moderately thin Slight ridge along back; faint outline of ribs discernible; tailhead prominence depends on conformation, fat can be felt around it;

tuber coxae not discernible; withers, shoulders, and neck not obviously thin
Back is flat (no crease or ridge); ribs not visually distinguishable but easily felt; fat around tailhead beginning to feel spongy;

5 Moderate
withers appear rounded over spinous processes; shoulders and neck blend smoothly into body

6 Moderately fleshy ~ May have slight crease down back; fat over ribs spongy; fat around tailhead soft; fat beginning to be deposited along the side of
withers, behind shoulders, and along the sides of neck

7 Fleshy May have crease down back; individual ribs can be felt, but noticeable filling between ribs with fat; fat around tailhead soft; fat
deposited along withers, behind shoulders, and along neck

8 Fat Crease down back; difficult to feel ribs; fat around tailhead very soft; area along withers filled with fat; area behind shoulder
filled with fat; noticeable thickening of neck; fat deposited along inner thighs

9 Extremely fat Obvious crease down back; patchy fat appearing over ribs; bulging fat around tailhead, along withers, behind shoulders, and

along neck; fat along inner thighs may rub together; flank filled with fat

4SOURCE: Adapted from Henneke et al. (1983).
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the winter. Mares in fat body condition at parturition had
foaling characteristics similar to mares in moderate body
condition at parturition (Kubiak et al., 1988). In addition,
mares in fat and moderate body condition had similar inter-
vals from parturition to foal heat ovulation, and from partu-
rition to the second postpartum ovulation (Cavinder et al.,
2005).

Sudden or chronic energy restriction, as well as energy
supplementation of broodmares, may also affect reproduc-
tive efficiency. When mares that entered the fall in a moder-
ately fat or fat body condition were fed energy-restricted
diets, all mares became anovulatory within 12 weeks of the
onset of restriction and remained anovulatory for an ex-
tended period (Gentry et al., 2002). Similarly, Kubiak et al.
(1987) found that mares that entered the breeding season in
a thin body condition and remained thin had an extended
anovulatory period. In some instances, the reproductive effi-
ciency of mares that began the breeding season in a thin
condition was improved when sufficient energy was sup-
plied to increase body weight and condition (Henneke et al.,
1984; Kubiak et al., 1987). However, in a field study con-
ducted by Henneke et al. (1984), mares that entered the
breeding season in thin condition and gained weight during
the breeding season remained less reproductively efficient
than mares that entered the breeding season at condition
scores above 5.

Many studies have been conducted to investigate the
mechanism that governs the interaction between energy sta-
tus and reproductive efficiency in mares. Initial attention
focused on the effects of energy restriction on luteinizing
hormone (LH) responses in mares (Hines et al., 1987). Sub-
sequent studies have examined the relationships among
short-term feed deprivation or long-term feed restriction on
growth hormone (GH), IGF-I (insulin-like growth factor I),
thyroid hormones, prolactin, insulin, and leptin. Energy re-
striction appears to result in a rapid decrease in IGF-I con-
centrations in nonpregnant mares, but growth hormone and
thyroid hormone responses were less affected (Sticker et al.,
1995). McManus and Fitzgerald (2000) reported that leptin
concentrations decreased in mares subjected to 24 hours of
feed deprivation, while serum concentrations of follicle
stimulating hormone (FSH), prolactin, and LH were not af-
fected. Similarly, Buff et al. (2005) reported that 48 hours of
feed deprivation resulted in decreased leptin concentrations.
Gentry et al. (2002) compared the hormonal responses of
mares receiving a nutritionally adequate diet and a restricted
diet during the fall and winter. Mares in the adequately fed
group maintained condition scores of 6.5 to 8, whereas
mares in the restricted group began the study with condition
scores of 6.5 to 8 but eventually reached condition scores of
3 to 3.5. Most of the mares in the adequately fed group con-
tinued to cycle during the fall and winter, but all mares in the
restricted group entered an anovulatory state. Basal concen-
trations of LH, FSH, thyroid stimulating hormone (TSH),
GH, or insulin that were measured at each week were not af-
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fected by feed restriction. However, restricted mares had a
reduced LH response to gonadotropin releasing hormone
(GnRH) and a reduced prolactin response to thyroid releas-
ing hormone (TRH). Leptin concentrations decreased in
both groups with time, but were lower in mares receiving the
restricted diet. Although it is possible that changes in leptin
are involved in the mechanism that allows diet to affect re-
productive efficiency, a clear relationship has not been
demonstrated at this time.

A number of studies have demonstrated that energy re-
striction or low body condition can negatively impact repro-
ductive efficiency in mares. Therefore, it is recommended
that mares used for breeding be maintained at a condition
score of at least 5. Maintaining broodmares at a high condi-
tion score (condition scores of 7 or 8) does not impair or im-
prove reproductive efficiency (Cavinder et al., 2005). Mares
maintained in situations that elevate energy requirements
(such as cold) should be fed sufficient energy to meet the in-
creased needs for maintenance, or they should have suffi-
cient body stores to meet energy needs without decreasing
condition score below 5. Similarly, mares that have diffi-
culty maintaining body condition during late gestation or
lactation should be fed to accrete sufficient body stores to
prevent a decline in body condition below 5 when energy
needs increase.

EXERCISE

Oxygen Utilization During Exercise

The amount of energy utilized during exercise must be
known in order to estimate the DE requirements of exercis-
ing horses. The amount of energy utilized during exercise
depends upon the duration and the intensity of the exercise.
The duration of an exercise bout is relatively easy to mea-
sure, but the intensity of exercise is much more difficult to
characterize. Factors that influence intensity include the
speed of travel, ground resistance (moving on sand versus a
flat surface), and the incline of the terrain. Other factors ger-
mane to equine events include number and height of jump-
ing efforts, performance of extended and collected gaits, and
the amount of weight carried or pulled.

Oxygen consumption during exercise is often measured
as a means of estimating energy expenditure during work.
Several studies have investigated the relationship between
oxygen consumption and speed of travel of horses. Hiraga et
al. (1995) reported that oxygen utilization was linearly re-
lated to speed for horses running on a level treadmill. Eaton
(1994) has also reported a linear relationship between speed
and oxygen. Subsequently, Eaton et al. (1995b) reported a
nonlinear relationship between speed and oxygen utilization
for horses exercising on a level treadmill. Similarly Pagan
and Hintz (1986b) found a nonlinear relationship between
energy expended (calculated from oxygen consumption) and
speed when horses exercised on a level track. The equations
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of Eaton et al. (1995b) and Pagan and Hintz (1986b) yield
similar values for horses exercising at 300 meters/minute
(m/min). However, at speeds above 400 m/min, the equa-
tions produce very different estimates of energy use. As the
measurements made by Eaton et al. included a wider range
of speeds, it is likely that their equation provides a better es-
timate of oxygen use than the equation of Pagan and Hintz
(1986Db) at speeds above 400 m/min. However, the equation
from Eaton et al. (1995b) probably overestimates oxygen
utilization at slow speeds (walking and slow trotting).

Although it seems reasonable that an equation relating
speed of travel to oxygen use could be used to estimate the
energy requirements of exercising horses, there are several
complicating factors. The equation of Eaton et al. (1995b)
was derived from horses running on a treadmill, rather than
on a typical track or arena surface. When trotters were tested
on a treadmill and on a track, heart rate at a given speed was
lower on the treadmill, suggesting that exercise on a tread-
mill may not precisely replicate exercise on a track, even
though speed is the same (Couroucé et al., 1999). Compared
to horses on the track, horses on the treadmill did not pull a
sulky, which probably accounted for most of the differences
observed. Other differences between the treadmill and the
track, such as ground reaction forces, wind resistance, and
psychological factors, were also suggested. In addition, it is
possible that biomechanical factors or conformational fac-
tors could alter the relationship between speed and oxygen
utilization. In a study comparing oxygen utilization of small
ponies (171 kg), medium ponies (319 kg), and Thorough-
breds (487 kg), ponies reached 40, 60, 80, and 100 percent
of maximum oxygen consumption at slower speeds than the
Thoroughbreds (Katz et al., 2000). Hoyt and Taylor (1981)
demonstrated that the gait of the horse affected oxygen uti-
lization at a given speed. Their data indicated that horses ap-
pear to select gaits to maximize energy efficiency, and that
shortening or lengthening of a stride may be energetically
quite expensive. Eaton et al. (1995b) concluded that the
most efficient speed for Thoroughbred horses exercising on
a level or an inclined treadmill was 3 to 6 meters/second
(m/s), and horses generally changed from a trot to a canter
at 5 to 6 m/s. Other factors influencing oxygen utilization at
a given speed include level of warm-up (Tyler et al, 1996;
McCutcheon et al., 1999), conditioning (Eaton et al., 1999;
Katz et al., 2000), and possibly body composition (Kearns et
al., 2002a). In summary, it is clear that it may be difficult to
precisely predict oxygen utilization from speed of travel for
a specific individual. Nonetheless, within an individual,
oxygen utilization, and thus energy use, usually increases
with speed.

Oxygen utilization is increased by 25-35 percent when
horses exercise on a slight incline compared to a flat surface
(Eaton et al., 1995b). At steeper inclines, the effect on oxy-
gen use is much greater. At a slope of 6.25 percent, oxygen
consumption increased 76 percent in Standardbreds at the
trot (Thornton et al., 1987). Oxygen utilization of horses
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galloping on a 10 percent incline has been observed to be
approximately 100—150 percent higher than when horses
gallop on a flat surface (Eaton et al., 1995b; Hiraga et al.,
1995). When horses walked or trotted on a dry treadmill or
on a treadmill in water at the depth of the horse’s fetlock or
elbow, heart rate was increased (Voss et al., 2002). Although
oxygen utilization was not measured, the increase in heart
rate suggests that oxygen utilization is increased by other
factors that increase resistance to movement. Changing the
amount of weight carried will change the amount of oxygen
utilized (Thornton et al., 1987). Therefore, if estimates of
oxygen utilization are used to estimate energy requirements
in horses they should take into account the amount of weight
carried (i.e., the rider).

Measurements of oxygen utilization made during exer-
cise probably account for most of the energy utilized. How-
ever, as exercise becomes more intense, the anaerobic com-
ponent of energy expenditure will increase. Although the
contribution of anaerobic metabolism to total energy utiliza-
tion is relatively small at light to moderate workloads, it may
be as high as 30 percent during maximal exercise (Eaton et
al., 1995a).

Energy Requirements of Exercising Horses

The daily energy requirements of an equine athlete may
be partitioned into at least two compartments, which include
the amount of energy required for the daily exercise effort
and the amount of energy required for maintenance. A third
compartment may be the amount of energy required for all
other activities associated with a performance horse’s daily
life (such as transportation to and from events). This com-
partment could be accounted for separately, or it could be
added to the maintenance or exercise components, but it
should be considered. Doherty et al. (1997) have suggested
that energy use during transportation in a trailer may be sim-
ilar to the amount of energy used during walking. Therefore,
several hours of transportation a week could add signifi-
cantly to total energy requirements.

As noted previously, the amount of energy utilized dur-
ing any exercise bout will depend on factors such as incline,
speed, and ground resistance. It is relatively simple to cal-
culate the energy utilized by an unloaded horse trotting or
cantering on a level treadmill, but it is much more difficult
to calculate the energy utilized by a loaded (ridden) horse
trotting and cantering up and down hills or jumping obsta-
cles. Attempts to convert theoretical estimates of oxygen
consumption to practical estimates of dietary energy need
are fraught with pitfalls. Factors that can potentially affect
the reliability of the process include differences among
horses, level of training, type of exercise, rider weight and
experience, climate, and ground conditions. An excellent re-
view of the energy costs associated with a 3-day event has
been published (Jones and Carlson, 1995), and models to es-
timate uphill and downhill running have also been published
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(Schroter and Marlin, 2002). However, estimates of energy
utilization during many equine events are not available. Per-
haps more importantly, the average daily energy require-
ment of an individual horse is more closely related to the ac-
tivities performed during training than the energy expended
in a single event.

There is a strong relationship between heart rate and oxy-
gen utilization (Eaton et al., 1995b; Coenen, 2005); there-
fore, it may be possible to estimate energy expenditure from
heart rate (Coenen, 2005), particularly at submaximal exer-
cise intensities. Oxygen utilization is related more closely to
percentage of maximal heart rate than to actual heart rate.
The maximum heart rate of an individual horse may vary
with age and breed, and, therefore, to estimate the percentage
of heart rate maximum achieved during a specific work bout,
it is necessary to know the maximal heart rate of an individ-
ual horse. However, it is difficult for many equestrians to im-
pose a workload sufficient to elicit maximum heart rate. It is
more practical to use heart rate as a guide to oxygen con-
sumption than percentage of heart rate maximum achieved
during various exercise bouts. At the very least, heart rate can
be used to assess the relative intensity of a work bout for a
given horse. The availability of on-board heart rate monitors
for horses makes it possible to determine heart rate during
the various stages of an exercise bout and even calculate a
mean heart rate that could be used to estimate mean energy
expenditure. Eaton et al. (1995b) derived the following equa-
tion to relate oxygen utilization to heart rate:

Oxygen Utilization (ml O,/kg BW/min) =
0.833 X (HR) — 54.7 (R? = 0.865)

where HR = heart rate in beats/min. This equation produces
reasonable estimates of oxygen utilization at high heart rates
but not at low heart rates. Coenen (2005) summarized oxy-
gen consumption data from 87 studies and developed the
following equation:

Oxygen Utilization (ml O,/kg BW/min) =
0.0019 x (HR)>%53 (R? = 0.9)

TABLE 1-8 Estimated Oxygen Consumption and Net
Energy Utilization of a 500-kg Horse Ridden by a 50-kg
Rider at Various Heart Rates

Oxygen Oxygen Energy

Heart Rate Utilization® Utilization” Utilization®
(beats/min) (ml O,/kg BW/min) (liters/min) (kcal/min)

60 9 5.0 24

90 21 11.6 56
120 37 20.4 99
150 59 325 158
180 86 47.3 230

“Where oxygen utilization (ml/kg/min) = 0.0019 x HR>0653,
For a 500-kg horse with a 50-kg rider (550-kg total weight).
“Where 1 liter of oxygen utilized is equivalent to 4.86 kcal.
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where HR = heart rate in beats/min. (Note: this is not the
equation published in the original reference, which had a ty-
pographical error). This equation (Coenen, 2005) provides a
better estimate of oxygen utilization at lower heart rates than
the equation of Eaton et al. (1995b).

Table 1-8 shows the estimated oxygen utilization and en-
ergy utilization at various heart rates for a 500-kg horse with
a 50-kg rider. By using heart rate, rather than speed alone, a
more comprehensive estimate of work intensity is provided.
Also, heart rate can be used to estimate oxygen consumption
for some activities where speed might be irrelevant (such as
cutting), or where the relationship between speed and oxy-
gen consumption might not be known, such as for horses
performing specialized gaits. The values in Table 1-8 have
not been corrected for resting oxygen utilization, and there-
fore slightly overestimate the energy cost of exercise above
maintenance. This overestimation would be of minor impor-
tance to horses exercising for short periods of time, but
could be of significant importance when calculating the en-
ergy requirements of horses exercising for extended periods.
In addition, at high heart rates, the energy expenditure cal-
culated from oxygen utilization will underestimate the true
energy utilization because oxygen utilization does not ac-
count for the anaerobic energy component.

In order for heart rate measurements to be a useful indi-
cator of exercise intensity, the heart rate must be determined
during exercise and not after exercise or at a rest break.
Heart rate decreases rapidly (within a few seconds) after
most exercise, and thus post-exercise heart rate is not a good
indicator of exercising heart rate. Heart rate measurements
made when a horse is excited due to new surroundings or
another situation may overestimate the effect of the actual
work performed. As it is not always possible to measure
heart rate under practical conditions, a brief review of se-
lected studies that have measured heart rates in horses dur-
ing various activities is provided. Conditioned Arabian
horses trotting on a level treadmill at 3.6 m/s had heart rates
of 90 to 100 beats/min (Bullimore et al., 2000), whereas
conditioned Thoroughbred horses exercising at 6 and 8.5
m/sec on a level treadmill had heart rates of 115 and 145
beats/min, respectively (Danielsen et al., 1995). Older unfit
mares had heart rates of 120 to 140 during free lunging in a
round pen at a trot (Powell et al., 2002). (Ridgway) (1994)
suggests that unfit horses ridden at a working trot (160 to
210 m/min) will have heart rates of 120 to 150 beats/min,
whereas conditioned horses performing the same work will
have heart rates of 70 to 110 beats/min. The heart rates of
French trotters on a sand training track were approximately
180 and 190 beats/min at 490 and 560 m/min, respectively
(Couroucé et al., 1999). Horses performing reining-type ex-
ercise have heart rates between 160 and 180 beats/min
(Howard et al., 2003), and horses performing cutting-type
exercise have been reported to have heart rates of 200
beats/min (Webb et al., 1987). Peak heart rates in 3-day
eventing horses exercising on the beach at 450-500 m/min
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have been reported to range from 126-151 beats/min,
whereas heart rates in a “paddock canter” at 350—400 m/min
were 127-141 beats/min, and the peak heart rate of one
horse performing gallops on a hill was 205 beats/min (Ser-
rano et al., 2002). The peak heart rates represented the most
strenuous portion of a workout. Heart rate in elite show
jumpers is elevated prior to entering the arena and may in-
crease to 200 beats/min by the end of the round (Clayton,
1994). Racing (flat or harness) results in maximal heart rates
(> 210 beats/min).

Although energy expenditure can be estimated on a daily
basis, it is more practical to evaluate energy expenditure
over a longer period in order to determine a mean daily en-
ergy expenditure. Table 1-9 shows a hypothetical example of
the estimated weekly energy expenditure of a horse utilized
for recreational riding.

The mean daily energy expenditure in Table 1-9 of 1.5
Mcal/day represents the NE used during exercise. In order to
estimate daily DE requirements, the efficiency of conversion
of DE to NE during exercise must be known. Pagan and
Hintz (1986b) originally estimated the efficiency of DE use
for exercise at 57 percent. However, much lower efficiencies
have been suggested (Harris, 1997; Pagan et al., 2005a). A
number of studies (Webb et al., 1987; Freeman et al., 1988;
Bullimore et al., 2000; Graham-Thiers et al., 2000) that re-
ported body weight, weekly exercise program, and either
feed intake or DE intake were reviewed to examine the effi-
ciency of DE use for exercise. When maintenance is esti-
mated at 33.3 kcal/kg BW, the estimated efficiency of DE use
for exercise ranged from approximately 20-50 percent.
Based on estimates of feed intake and typical training pro-
grams, the efficiency of DE use for exercise by race horses
would be 20 percent or lower. If the elevated maintenance es-
timate is used in the equations (36.3 kcal/kg BW), somewhat
higher efficiencies of DE use for exercise can be calculated,
but for most studies, the values would still be below 50 per-
cent. Additional research is needed to determine the effi-
ciency of DE use for exercise in horses performing different
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types of work. In addition, there are probably individual dif-
ferences among horses, as well as differences due to feed in-
take and diet composition that should be characterized. How-
ever, in the absence of more specific data, it is estimated that
the efficiency of DE use for exercise is 30 percent for horses
engaged in strenuous activities and 40 percent or higher for
horses engaged in moderate or mild exercise.

The cost of exercise must be added to the cost of mainte-
nance to determine the daily DE requirement of perfor-
mance horses. Maintenance estimates have usually been
made using sedentary animals. It is possible that athletic
horses have a somewhat higher maintenance requirement
than a sedentary horse. One factor that could influence the
maintenance requirement of a performance horse is total
feed intake. Several studies have reported that the mean
daily dry matter intake of race horses exceeds 2.2 percent of
body weight (Zmija et al., 1991; Gallagher et al., 1992a,b).
A horse’s response to its stabling environment may also af-
fect maintenance requirements. A survey of Thoroughbred,
Standardbred, and pleasure horse stables found that approx-
imately 12 percent of horses exhibited some type of com-
pulsive behavior such as cribbing, weaving, or stall-kicking
(Luescher et al., 1998). The performance of a compulsive
behavior could increase the maintenance requirement. Other
stabling factors that have not been assessed but could influ-
ence maintenance requirements include amount of turnout,
activity in the stable, and even comfort associated with stall
size, ventilation, temperature, or bedding.

Most researchers who have measured oxygen utilization
during work have not accounted for the energy costs of an el-
evated post-exercise metabolic rate (or of walking during a
recovery period) in their calculations of energy use. For 1
hour after a short-term, moderately intense exercise bout,
oxygen utilization was elevated by about 11 percent above
the pre-exercise value (Dunn et al., 1991). Body tempera-
ture, heart rate, and respiration will remain elevated after ex-
ercise in horses for various lengths of time, depending upon
the fitness of the horse, the type of exercise performed, envi-

TABLE 1-9 Hypothetical Weekly Net Energy Expenditure (above maintenance)
of a 500-kg Horse Used for Recreational Riding

Average HR Energy Utilization®

Day of Week  Type of Exercise during Exercise for Exercise (Mcal/d)
Monday 45 min riding in arena” 100 3.1

Tuesday 45 min on trail (mostly walking) 60 1.1

Wednesday No exercise 0 0

Thursday 45 min riding in arena 100 3.1

Friday No exercise 0 0

Saturday 2 hours trail riding (mostly walking) 60 2.9

Sunday No exercise 0 0

Mean daily energy 1.5 Mcal/d
expenditure above

maintenance

For calculations see Table 1-8.
bTncludes walk, trot, and canter.
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ronmental conditions, and other factors. A post-exercise ele-
vation in metabolic rate could increase the maintenance re-
quirement. It is possible that the average maintenance com-
ponent of 33.3 kcal/kg BW/d is appropriate for some
performance horses, but that the elevated maintenance re-
quirement discussed in the maintenance section (36.3 kcal/
kg BW/d) is appropriate for others, particularly if horses are
transported long distances to competitions.

Given the discussion and equations reported above, it is
possible to calculate an estimate of DE requirements for an
individual horse, based on body weight, weight of rider, and
individual work program. However, as this approach is not
practical for every situation, general categories of exercising
horses have been devised. The previous edition of this doc-
ument used three categories of work (light, moderate, and
intense). Other publications have listed as many as seven
categories (Lewis, 1995). Four categories of work are sug-
gested here: light, moderate, heavy, and very heavy. The DE
requirements for horses in these categories are calculated
using the following equations:

Light work:
DE (Mcal/d) = (0.0333 x BW) x 1.20 (1-7a)

Moderate work:
DE (Mcal/d) = (0.0333 x BW) x 1.40 (1-7b)
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Heavy work:

DE (Mcal/d) = (0.0333 x BW) x 1.60 (1-7¢)
Very heavy work:

DE (Mcal/d) = (0.0363 x BW) x 1.9 (1-7d)

The assignment of the DE increments above maintenance
(20, 40, 60, and 90 percent) to the words “light,” “moder-
ate,” “heavy,” and “very heavy” are arbitrary. Other cate-
gories and descriptors could be used instead. Table 1-10
provides estimates of weekly workloads for each category.
The estimated workloads should be used only as a guide, as
there are many combinations of work intensity and work du-
ration that could not be included in a single table. In addi-
tion, the heart rates that are associated with each category in
the table should not be used to define that category. The
heart rates given in each category are consistent with the
amount of work performed over the duration specified.

These suggested DE intakes (Table 1-10) appear to be
consistent with estimates from several studies. Several
studies have reported that horses in race training (450-500
kg) have DE intakes above 30 Mcal/day (Zmija et al., 1991;
Gallagher et al., 1992a,b; Southwood et al., 1993). Mc-
Gowan et al. (2002) reported that polo ponies were fed ap-
proximately 11 kg of hay and 2 kg of concentrate per day,
which would result in a DE intake of about 26 Mcal/day,

TABLE 1-10 Example Weekly Workloads of Horses in the Light, Moderate, Heavy, and Very Heavy Exercise Categories

Exercise

Category Mean Heart Rate? Description”

Types of Events®

Light 80 beats/min

Moderate 90 beats/min

Heavy 110 beats/min

1-3 hours per week; 40% walk, 50% trot, 10% canter

3-5 hours per week; 30% walk, 55% trot, 10% canter,
5% low jumping, cutting, other skill work

4-5 hours per week; 20% walk, 50% trot,

Recreational riding
Beginning of training programs
Show horses (occasional)

School horses

Recreational riding

Beginning of training/breaking
Show horses (frequent)

Polo

Ranch work

Ranch work

15% canter, 15% gallop, jumping, other skill work Polo

Very Heavy 110150 beats/min

Various; ranges from 1 hour per week speed work to
6—12 hours per week slow work

Show horses (frequent, strenuous events)
Low-medium level eventing
Race training (middle stages)

Racing (Quarter horse, Thoroughbred, Standard-
bred, Endurance)
Elite 3-day event

Mean heart rate over the entire exercise bout.

PThese are general descriptions based on weekly totals of work and do not include all combinations of work intensities and duration. The hours of work per-
formed per week in any particular category could be much more than the estimate given, if the work intensity was much lower. For example, horses in the
light category could be exercised for more than 3 hours per week if the work intensity was much lower (see Table 1-9); and horses in the moderate category
could be exercised for more than 5 hours per week if the work intensity were lower than the mean heart rate given.

“For additional discussion of the sources of variation in energy requirements, see explanation in the text.
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which is similar to a previous estimate for 475-kg polo
ponies (Hintz et al., 1971). Crandell (2002) reported that
endurance horses are fed approximately 24 Mcal DE/day,
but noted that many horses receive pasture that could not be
quantified. For a 425-kg endurance horse, 24 Mcal/day
would exceed maintenance requirements by 57-73 percent
(using a maintenance requirement of 36.3 or 33.3 kcal/kg
BW, respectively). The DE requirements for equitation
horses were estimated at about 140 percent of maintenance
(Hintz et al., 1971). Webb et al. (1987) reported that cutting
horses (470 kg) in a lean body condition consumed about
19 Mcal/day, which would be about 25 percent above
maintenance and much lower than the estimate suggested
here. However, it was not clear whether these horses were
actively engaged in competition; therefore, cutting horses
should probably be included in the moderate category.

Although the guidelines above should be helpful in de-
termining whether an individual horse should be classified
in the light, moderate, heavy, or very heavy work category,
it is likely these categories will not apply to all horses. There
are numerous factors that could potentially affect the energy
needed by a performance horse including level of fitness,
skill, and weight of the rider, climate conditions, breed, and
housing conditions. Therefore, these recommendations
should be applied in combination with other criteria such as
body condition, performance, and maintenance of body
weight.

EFFECTS OF ENERGY DEFICIENCY AND EXCESS

In most cases, energy deficiencies and excesses are eas-
ily identified by weight loss or weight gain. Because it is
difficult for many horse owners to regularly weigh horses,
use of a body condition scoring system may help determine
whether a horse is gaining or losing weight. A number of
condition scoring systems have been developed for horses
and even for donkeys (see Chapter 13). Some systems have
used a 9- or 10-point scale, whereas others have used a
5-point scale. Regardless of the details of any one method,
to be most useful the system must be applied consistently
over time. A body condition scoring system for horses that
has been widely used for many years (Henneke et al., 1983)
is shown in Table 1-7. This system scores horses on fat cover
at several locations on the body, with a low score of 1 being
applied to an extremely thin horse and a high score of 9
being applied to a very fat horse. A condition score of 5 is
considered moderate. Condition scoring has been used to as-
sess the condition of horses in various physiological states.
As mentioned previously, reproductive efficiency is opti-
mized with a body condition score of at least 5. Similarly,
the body condition score of select Thoroughbred yearlings
at public auction was between 5 and 6. For performance
horses, lower body condition scores may be appropriate.
Body condition scores for endurance horses completing a
race have been reported to range from 3 to 5.5 (Garling-
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house and Burrill, 1998). In that study, condition scores of
4, 4.5, or 5 were most frequent, and no horses with a body
condition score below 3 completed the race. Mean condition
score for endurance horses had previously been reported to
be 4.67 (Lawrence et al., 1992b). Some studies have shown
no disadvantages to very high condition scores in brood-
mares (Henneke et al., 1983; Kubiak et al., 1989; Cavinder
et al., 2005). However, Hoffman et al. (2003) suggested that
very fat horses may have disturbed metabolic and endocrine
regulation, although specific consequences to animal health
were not reported. Therefore, at this time the optimal body
condition for a horse is not known.

When horses have body condition scores outside the de-
sired range, energy balance may be manipulated to produce
weight loss or weight gain. Although condition score is
often reported in equine nutrition studies, the amount of
weight loss or gain necessary to achieve a change in body
condition score has not been well studied. Heusner (1993)
found that weight gains of 33 to 45 kg were associated with
an increase in condition score of approximately two units
(from 4 to 6) in mature horses (approximately 480-580 kg).
Consequently, it appears that each unit of condition score in-
crease requires about 16-20 kg of weight gain. The amount
of weight needed to change condition score by one unit will
vary with the mature weight of the horse.

To alter energy balance, either energy expenditure or en-
ergy intake can be manipulated. The most common means of
increasing energy expenditure is to increase activity, usually
by imposing a regular exercise program. Energy expenditure
may be decreased by reducing the amount of regular exer-
cise. For horses that are not receiving forced exercise, en-
ergy expenditure may be reduced by limiting activity or by
reducing environmental stresses impacting the horse (i.e.,
providing shelter during cold wet weather).

When it is not desirable or practical to alter energy ex-
penditure, energy intake may be manipulated. The relation-
ships among energy intake, change in body weight, and
change in body condition score have not been well described
in horses. One recommendation suggested that a change in
condition score could be achieved if DE intake were in-
creased or decreased 1015 percent above or below mainte-
nance (NRC, 1989). Recent information suggests that this
recommendation may not be realistic for many situations in
which weight gain is desired. The amount of DE required
per kilogram of gain will depend on several factors includ-
ing composition of gain and composition of diet. The
amount of DE required per kilogram of gain typically in-
creases with maturity. In a study by Heusner (1993), mature
horses required approximately 24 Mcal of DE (above main-
tenance) per kilogram of gain. Martin-Rosset and Vermorel
(1991) estimated that 0.99 Mcal ME/d was required above
maintenance for mature Standardbred geldings consuming a
mixed diet to gain 5.6 kg over a 3-month period. This
amount of ME is approximately equivalent to 18 Mcal
DE/kg gain. Using two different methods of determining
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DE intake in Belgian and Percheron horses, Potter et al.
(1987) suggested that 16-20.7 Mcal of DE were needed per
kg (gain).

It seems reasonable to estimate that 16-24 Mcal of DE
are required per kilogram of gain for mature horses, based
on the results of the previously mentioned studies. The
amount of energy needed per unit of gain will be influenced
by the composition of gain. The composition of gain could
be influenced by the body composition of the animal as well
as other factors. The efficiency of DE conversion to NE
varies among energy sources; therefore, less DE may be
needed per unit of gain when a high-fat diet is offered than
when a high-fiber diet is fed. Using the observations dis-
cussed above, it is possible to develop an approximate esti-
mate of the amount of DE required above maintenance to in-
crease the condition score of a horse one unit. Table 1-11
shows the estimated amount of DE above maintenance that
would be needed to change the condition score of a 500-kg
horse from a score of 4 to a score of 5 over different periods
of time. These estimates have been derived from limited
data and have not been tested under controlled conditions.
Therefore, the estimates in Table 1-11 may under- or over-
estimate the amount of DE needed to change the condition
score of a horse, particularly when applied to animals at the
extreme ranges of the condition scoring range.

As noted above, deprivation of calories will result in
weight loss. The composition of weight loss in horses has
not been investigated, although it is likely that thin individ-
uals lose lean body mass as well as fat mass when calories
are restricted. Chronic calorie restriction resulting in severe
weight loss can result in starvation. Horses that have been
starved require careful management (see Chapter 12).

Short-term calorie restriction results in adaptive meta-
bolic changes in horses. When food is withheld for an ex-
tended period (~ 12 hours), hepatic glycogenolysis and glu-
coneogenesis will maintain blood glucose levels and the
mobilization of free fatty acids from adipose tissue will pro-
vide fuel for many tissues. In most cases, these responses do
not have negative consequences for horses. However, in
some equids, particularly ponies and donkeys, prolonged
periods of negative energy balance may result in severe hy-

TABLE 1-11 Estimated Increase in Digestible Energy (DE)
Intake Necessary to Change the Condition Score of a 500-kg
horse from 4 to 5¢

Time Period to DE above Maintenance Percent Increase in

Accomplish Gain (Mcal/d) DE above Maintenance
60 days 53-6.7 32 — 41 percent
90 days 3.6-44 22 — 27 percent

120 days 2.7-33 16 — 21 percent

150 days 2.1-27 13 — 16 percent

180 days 1.8-22 11 — 14 percent

“Assumptions: 1 unit of change of condition score requires 16 to 20 kg of
gain and 1 kg gain requires 20 Mcal DE above maintenance.
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perlipidemina that may progress to the clinical syndrome of
equine hyperlipemia. In horses, hyperlipidemia is generally
defined as serum triglyceride concentration in excess of 500
mg/dl, whereas hyperlipemia is characterized by lipemia (a
milky discoloration of the plasma), as well as hypertriglyc-
eridemia. In the clinical syndrome of equine hyperlipemia,
affected animals have hyperlipemia as well as signs of he-
patic and/or renal failure. Severe liver and kidney damage
occurs due to excessive accumulation of lipid, and death rate
is high (Watson and Love, 1994). The onset of hyperlipemia
usually follows a period of negative energy balance that can
arise from feed restriction, decreased feed intake due to dis-
ease, or increased energy demand due to pregnancy or lacta-
tion. Watson (1998) has proposed that hyperlipemia results
from abnormal regulation of hormone sensitive lipase
(HSL), the enzyme responsible for stimulating lipolysis in
adipose. When HSL is stimulated during negative energy
balance or a stressful event in susceptible animals, excessive
amounts of free fatty acids are released from adipose. These
free fatty acids are taken up by the liver, re-esterified into
triglycerides, and then released into the circulation or re-
tained in the liver, eventually causing liver and kidney dam-
age (Watson, 1998). Mares (particularly late in gestation or
early in lactation) appear to be more susceptible to equine
hyperlipemia than geldings or stallions, and obesity may
also increase risk (Jeffcott and Field, 1985; Watson et al.,
1992). As noted above, ponies and donkeys are more likely
to be affected than horses. For animals in high-risk cate-
gories, it may be prudent to avoid periods of extended or se-
vere energy restriction. Unfortunately, there do not appear to
be any quantitative data available at this time to describe the
severity or duration of restriction necessary to precipitate the
onset of this syndrome.
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Carbohydrates

CARBOHYDRATES IN FEEDS

Carbohydrates are the principal sources of energy in
horse diets. Most of the carbohydrates in equine diets origi-
nate from forages, grains, and grain byproducts. Carbohy-
drates may be categorized by degree of polymerization
(DP), and are often referred to as mono-, di-, oligo-, or poly-
saccharides. Monosaccharides of nutritional importance in-
clude glucose, fructose, galactose, mannose, arabinose, and
xylose. Free monosaccharides occur in low concentrations
in plants, but they are important constituents of the oligosac-
charides and polysaccharides found in horse feeds. There
are a few disaccharides of nutritional importance for horses.
Lactose, a disaccharide composed of glucose and galactose,
is an important nutrient source to the nursing foal. Maltose,
a disaccharide consisting of two glucose units, is produced
in the gastrointestinal tract by the action of amylase on
starch, and may then be further digested to glucose.
Oligosaccharides are compounds composed of short chains
of monosaccharides (DP of 3-10). Oligosaccharides occur-
ring in animal feeds include raffinose, stachyose, and fruc-
tooligosaccharides (FOS). The term “fructan” is often used
to describe carbohydrates containing multiple fructose units.
Therefore, fructooligogoasaccharides and inulin are types of
fructans. Some fructans may be considered polysaccharides
by the strict definition that polysaccharides contain more
than 10 monosaccharide units. However, compared to many
other polysaccharides, fructan polysaccharides have a lower
degree of polymerization (Tungland and Meyer, 2002).
Polysaccharides are the largest and most complex category
of carbohydrates in horse feeds. Starch and cellulose are the
most common polysaccharides in horse diets. Pectin and
hemicellulose are also polysaccharides.

All carbohydrates contain similar amounts of gross en-
ergy. However, when utilized by the horse, they provide
variable amounts of digestible energy (DE), metabolizable
energy (ME), or net energy (NE). Carbohydrates digested
and absorbed as monosaccharides in the small intestine
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yield more energy than carbohydrates digested by microbial
action. The type of linkage between the monosaccharide
residues in the oligosaccharides and polysaccharides has a
great influence on the site of digestion of these compounds,
and thus their nutritional value to the horse. Hydrolysis of
the at1-6 and the o1-4 linkages of starch and maltose can
occur in the equine small intestine, but horses do not pro-
duce the enzymes necessary to digest the B1-4 linkages
found in cellulose or the mixed linkages found in hemicel-
lulose. Therefore, digestion of cellulose and hemicellulose
must occur as a result of microbial fermentation. Stachyose,
raffinose, B-glucans, and pectin are also resistant to enzy-
matic hydrolysis.

A variety of systems have been developed to classify
plant carbohydrates. Some methods have classified carbohy-
drates according to their role in the plant, whereas other sys-
tems have attempted to classify carbohydrates in ways that
have significance to animal or human nutrition. The analyt-
ical methods used to determine the carbohydrate composi-
tion of feeds are discussed in Chapter 10. There are readily
available methods for measuring some, but not all carbohy-
drate components in animal feeds. Because some compo-
nents have traditionally been difficult to measure, many car-
bohydrate partitioning systems have used collective terms
such as nonstarch polysaccharides or total dietary fiber (Fig-
ure 10-1). The most common system of analysis for feeds is
the system initially developed by Van Soest in the late
1960s. This system separates the feed into neutral detergent
solubles and neutral detergent fiber (NDF). The NDF frac-
tion contains cellulose, most hemicellulose, and lignin. For
many years, the amount of nonstructural carbohydrate
(NSC) in a feed was determined by subtracting the amount
of NDF, protein, ether extract, and ash from total dry matter
(DM). More recently, the term “nonfibrous” (or nonfiber)
carbohydrates (NFC) has been used to represent this differ-
ence, whereas “nonstructural carbohydrate” has been used
to describe a chemically analyzed fraction of a feed (NRC,
2001). The NFC fraction is comprised of all carbohydrates



CARBOHYDRATES

not found in the NDF component of a feed. The NSC frac-
tion includes mono- and disaccharides, oligosaccharides (in-
cluding fructan) and starch (Hall, 2003). Few commercial
feed analysis laboratories completely fractionate the carbo-
hydrates that make up NSC, but in most feeds, the amount
of NSC can be approximated by summing the amount of
starch and the amount of water-soluble carbohydrates
(WSCQC). The extent to which the sum of starch and WSC ac-
counts for all NSC depends on the analytical procedures
used to measure these fractions. The quantitative difference
between NSC and NFC is relatively small for some feeds
such as cereal grains, but can be quite large for many other
feeds (Table 2-1). Marked differences between NSC and
NFC occur in feeds that contain significant amounts of
pectin.

The system of partitioning carbohydrates into NDF and
NFC fractions was developed for use in ruminant nutrition.
This system is also useful for partitioning carbohydrates in
horse feeds, particularly if additional analyses for other car-
bohydrate fractions, such as starch, are also available. Table
2-2 shows representative values for the NDF, NFC, and
starch content of a number of common horse feeds. These
values were obtained from a commercial feed library (Dairy
One, 2005). It should be noted that the carbohydrate com-
position of a feed can vary greatly, especially for forages and
byproducts; therefore, analysis of individual feed ingredi-
ents is the best method of estimating carbohydrate composi-
tion. Because NDF and NFC are heterogeneous mixtures of
carbohydrates that vary in digestibility, additional partition-
ing of carbohydrate fractions may be useful. In 2001, Hoff-
man et al. proposed that a relevant system for partitioning
carbohydrates in equine feeds would include at least three
fractions. The three fractions are: (1) hydrolyzable carbohy-
drates (CHO-H), which can be digested in the small intes-
tine; (2) rapidly fermented carbohydrates (CHO-Fy), which
are readily available for microbial fermentation; and (3)

TABLE 2-1 Neutral Detergent Fiber (NDF), Nonfiber
Carbohydrate (NFC), and Nonstructural Carbohydrate
(NSC) Composition of Selected Feedstuffs on a Dry
Matter Basis (NRC, 2001)

Feedstuff %NDF %NFCP %NSC¢
Alfalfa hay 43.1 22.0 12.5
Beet pulp 47.3 36.2 19.5
Corn gluten meal 7.0 17.3 12.0
Mixed, mostly grass hay 60.9 16.6 13.6
Soybean meal (48% CP) 9.6 344 17.2
Soy hulls 66.6 14.1 53

“The values shown here may vary from those shown elsewhere in this doc-
ument. The values are provided to illustrate differences among feeds and
carbohydrate categories. Actual values for individual feeds may vary by
stage of maturity, variety, source, etc.

b%NFC = 100 — (%CP + %NDF + %EE + %Ash).

“9%NSC determined by measurement using the methods described by Smith
(1981).
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slowly fermentable carbohydrates (CHO-Fy). They sug-
gested the hydrolyzable fraction included hexoses, disac-
charides, some oligosaccharides, and the nonresistant
starches. Although some fermentation of these compounds
may occur in the stomach, the primary products of digestion
of these compounds are monosaccharides, and thus the en-
ergy yield is relatively high. The rapidly fermentable frac-
tion included pectin, fructan, and some oligosaccharides not
digested in the small intestine. Resistant starch and neutral
detergent hemicellulose could also be included in the rap-
idly fermented fraction. In human nutrition, starch that is not
easily digested in the small intestine is categorized as resist-
ant starch (Englyst and Englyst, 2005). Hoffman et al.
(2001) suggested that lactate and propionate are the primary
products of the rapidly fermented carbohydrates in horses.
However, lactate production from pectin fermentation by
rumen bacteria is low and acetate production is high (Stro-
bel and Russell, 1986). Also, Moore-Colyer et al. (2000) did
not report increased lactate concentrations in the cecum of
ponies fed sugar beet feed as compared to ponies fed hay
cubes. The slowly fermented carbohydrate fraction includes
cellulose, hemicellulose, and ligno-cellulose that result pri-
marily in the production of acetate in the large intestine. The
system proposed by Hoffman et al. (2001) may allow better
understanding of the energy value of the carbohydrate por-
tion of the feed as it separates the components that are ab-
sorbed as glucose from those that are fermented to volatile
fatty acids (VFAs). Unfortunately, methods for analyzing all
of these fractions are not readily available. A comparison of
the various analytical and nutritional methods of classifying
carbohydrates is shown in Figure 10-1.

CARBOHYDRATE DIGESTION

Structural carbohydrates are important sources of energy
in horse diets. The microbial production of VFAs in the
cecum may be sufficient to meet up to 30 percent of a
horse’s energy needs at maintenance (Glinsky et al., 1976).
Additional VFAs are produced in the colon. Therefore, the
contribution of VFAs to total daily energy utilization must
be great, particularly for horses consuming all-forage diets.
Acetate is the principal VFA produced, but propionate and
butyrate production may also be significant (Hintz et al.,
1971; Moore-Colyer et al., 2000). Acetate may be used di-
rectly for energy. Pethick et al. (1993) studied acetate uptake
by the hind limb of resting horses and estimated that acetate
oxidation was responsible for about 30 percent of the energy
utilized by the limb. In addition, Pratt et al. (1999) reported
that the clearance rate of infused acetate was increased dur-
ing exercise. Acetate that is not used immediately is proba-
bly used for the synthesis of long-chain fatty acids, which
may be stored or, in the lactating mare, secreted into the
milk. Doreau et al. (1992) reported that mares consuming
high-forage rations produced milk with a higher concen-
tration of fat than mares fed a high-concentrate ration. The
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TABLE 2-2 Carbohydrate Composition (dry matter basis) of Selected Feed Ingredients”

Feed %NDF %ADF %NFCP %Starch
Grass pasture
Mean (SD) 58.8 (11.9) 35.6 (7.8) 19.6 (6.7) 3.5(2.9)
Range 46.9-70.6 27.6-43.5 12.9-26.2 0.6-6.4
Observations 4,229 4,135 3,469 1,186
Mixed, mostly grass pasture
Mean (SD) 51.9 (10.0) 30.8 (6.1) 20.6 (6.8) 3.1 (2.3)
Range 41.9-61.9 24.7-36.9 13.8-27.3 0.8-5.4
Observations 3,649 3,455 2,395 1,536
Fresh Bermuda grass
Mean (SD) 66.7 (6.1) 38.4 (4.2) 14.0 (4.5) 2.6 (2.3)
Range 60.6-72.8 34.3-42.6 9.5-18.5 0.3-4.9
Observations 304 304 285 46
Alfalfa cubes
Mean (SD) 43.3 (7.0) 33.6 (5.0) 26.6 (4.5) 2.0 (1.2)
Range 36.4-50.3 28.6-38.6 22.1-31.1 0.8-3.2
Observations 319 319 224 144
Legume hay
Mean (SD) 38.5(5.4) 30.0 (4.1) 30.8 (3.7) 2.4(1.2)
Range 33.1-43.9 26.0-34.1 27.1-34.5 1.3-3.6
Observations 64,704 64,673 46,133 23,738
Grass hay
Mean (SD) 63.8 (6.4) 39.2 (4.6) 19.5 (6.7) 2.8 (1.5)
Range 57.4-70.2 34.6-43.7 14.8-24.2 1.3-4.2
Observations 19,935 19,716 15,951 9,682
Mixed, mostly grass hay
Mean (SD) 60.8 (7.2) 38.8 (4.6) 20.9 (4.6) 2.7 (1.4)
Range 53.7-68.0 34.2-43.5 16.3-25.5 1.4-4.1
Observations 15,666 15,661 11,319 6,721
Bermuda grass hay
Mean (SD) 67.7 (5.3) 35.6 (4.1) 16.5 (4.5) 6.1 (3.0)
Range 62.4-73.0 31.6-39.7 12.0-21.0 3.1-9.0
Observations 4,874 4,874 3,529 1,989
Barley
Mean (SD) 19.6 (6.8) 7.7 (3.9) 63.9 (8.3) 53.9.(9.4)
Range 12.8-26.4 3.7-11.6 55.6-72.3 44.5-63.2
Observations 523 511 346 218
Steam flaked corn
Mean (SD) 9.1 (1.9) 3.5 (1.0) 78.4 (3.5) 72.3 (4.8)
Range 7.2-11.0 2.6-4.5 74.9-81.9 67.5-77.1
Observations 139 136 135 98
Oats
Mean (SD) 27.9 (9.8) 13.5(5.4) 50.9 (9.1) 44.3 (10.3)
Range 18.0-37.7 8.1-18.9 41.9-60.0 34.0-54.5
Observations 263 260 201 125
Wheat midds
Mean (SD) 37.1 (6.5) 12.9 (2.8) 37.9 (7.7) 26.0 (9.1)
Range 30.7-43.6 10.1-15.7 30.1-45.6 16.9-35.1
Observations 420 414 303 116
Molasses
Mean (SD) 0.7 (0.7) 0.3 (0.4) 76.7 (13.9) 1.1 (1.6)
Range 0-1.4 0-0.7 62.8-90.6 0-2.8
Observations 114 114 65 41
Beet pulp
Mean (SD) 41.9 (5.8) 25.6 (4.0) 44.4 (6.3) 1.3 (1.0)
Range 36.1-47.7 21.6-29.5 38.1-50.6 0.3-2.4
Observations 359 380 284 141
Corn gluten feed
Mean (SD) 36.0 (7.3) 11.1 (3.2) 33.4(6.7) 16.8 (8.0)
Range 28.6-43.3 7.9-14.3 26.7-40.1 8.7-24.8

Observations 330 342 260 50
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Feed %NDF %ADF %NFCP %Starch
Distillers dried grains
Mean (SD) 33.9 4.2) 17.1 (3.9) 24.9 (5.0) 5.7 (3.0)
Range 29.7-38.1 13.3-21.0 19.9-29.9 2.7-8.7
Observations 1,427 1,453 1,134 795
Oat hulls
Mean (SD) 69.9 (14.4) 39.7 (8.9) ¢ ¢
Range 55.6-84.3 30.7-48.7
Observations 19 18
Rice bran
Mean (SD) 30.2 (11.8) 18.1 (13.0) 14.3 (10.5) 18.4 (9.8)
Range 18.6-42.0 5.1-31.1 0-31.1 8.6-28.1
Observations 110 110 86 51
Extruded soybeans
Mean (SD) 17.8 (4.5) 11.4 (3.1) 20.3 (4.2) 2.4 (1.5)
Range 13.4-22.3 8.3-14.5 16.1-24.6 1.0-3.9
Observations 60 59 39 15
Soybean meal
Mean (SD) 13.1 (5.4) 8.4 (3.0) 28.3 (4.6) 2.0 (1.1)
Range 7.7-18.5 5.5-11.4 23.7-32.9 0.8-3.1
Observations 1,273 1,253 1,044 188
Soy hulls
Mean (SD) 61.7 (3.3) 44.0 (8.3) 19.7 (4.0) 1.7 (1.2)
Range 53.4-70.1 37.5-50.6 15.7-23.8 0.5-2.8
Observations 297 357 218 75

“Data taken from Dairy One website, September 2005. The values listed here may vary from those in feed composition ta-
bles elsewhere in this document. The values shown here were drawn from a commercial website and reflect the diversity of

feeds submitted for analysis.

’NFC as determined by difference: %NFC = 100 — (%CP + %NDF + %EE + %Ash).

‘Fewer than 10 observations available.

propionate produced by microbial fermentation may be used
for hepatic glucose synthesis. This gluconeogenic mecha-
nism is probably very important in maintaining glucose
homeostasis in forage-fed horses (Argenzio and Hintz,
1970; Simmons and Ford, 1991). The role of butyrate in
equine gastrointestinal health has not been well studied, but
it is generally accepted as important in other species. Al-
though cellulose is the most abundant carbohydrate in most
forages, other carbohydrates contribute to the energy pro-
duced from the microbial fermentation in the gastrointesti-
nal tract, including hemicellulose, pectin, fructan, and the -
glucans. As noted above, not all carbohydrates are
fermented at the same rate or produce the same proportions
of VFAs. Differences in the amounts of various carbohy-
drates found in forages are discussed in depth in Chapter 8.

Diet composition, particularly carbohydrate composition,
may affect the microbial population of the large intestine as
well as the proportions of VFAs that are produced. Feeding
a high-starch diet (30% starch; 3.4 g starch/kg body weight
[BW]/meal) has been reported to decrease the concentration
of celluloytic bacteria but increase the concentration of total
anaerobic bacteria, lactic-acid utilizing bacteria, lactobacilli,
and streptococci in the cecum (Medina et al., 2002). The
concentrations of lactobaccilli and streptococci in the colon
were also increased in response to the high-starch diet

(Medina et al. 2002). Moore and Dehority (1993) reported
minimal differences in cecal cellulolytic bacterial concen-
trations in ponies receiving diets consisting of 90 percent
hay and 10 percent concentrate compared to ponies receiv-
ing 60 percent hay and 40 percent concentrate. However, the
higher concentrate diet was associated with increased total
bacterial and protozoal concentrations in the colon. The
composition of the carbohydrates in the diet may also affect
VFA production in the large intestine. The molar percentage
of acetate in the cecum decreased, and the molar percentage
of propionate increased, when ponies were fed diets with in-
creasing amounts of corn (Hintz et al., 1971). In that study,
diet did not alter the proportion of acetate and propionate in
the colon, but the total VFA concentrations were reduced in
response to the diet containing 63 percent ground corn.
Medina et al. (2002) found lower cecal acetate concentra-
tions and increased cecal propionate concentrations in
horses fed a high-starch diet. The effect of diet on acetate
and propionate in the colon was less pronounced; however,
the high-starch diet increased lactic acid concentrations and
decreased pH in the cecum and colon (Medina et al., 2002).

In ruminants, adequate consumption of structural carbo-
hydrates is believed to be important for gastrointestinal
health (NRC, 2001). Minimum NDF recommendations for
the total diet of dairy cattle vary with source of NDF in the



38

diet and other factors such as particle size. Chewing activity,
and thus saliva production, has been suggested as an impor-
tant consideration for gastrointestinal health and productiv-
ity in dairy cows. Ruminant nutritionists have attempted to
assess the amount and form of fiber in a diet that allows for
adequate chewing and saliva production. Concepts such as
“effective fiber,” “physically effective fiber,” and “effective
NDF” have been developed to assess the ability of various
diets to maintain production and gastrointestinal health in
dairy cattle (Mertens, 1997). Similar concepts have not been
developed in horses, but research on the effect of fiber
amount and type on digestion and gastrointestinal health is
needed. The amount of fiber in the diet may also affect the
weight of the gastrointestinal tract. High-fiber diets tend to
hold more water, thus increasing total weight of the gas-
trointestinal tract (Coenen and Meyer, 1987). However, the
mass of the gastrointestinal tissue may also be increased.
McLeod and Baldwin (2000) reported that lambs fed a high
forage diet at 2-times maintenance had heavier gut tissues
than lambs fed an isocaloric high-concentrate diet. The gas-
trointestinal tract has a high metabolic rate; thus, an increase
in gut size could account for elevated maintenance require-
ments in forage-fed animals.

The digestion and metabolism of structural carbohy-
drates in the large intestine may be able to meet the energy
needs of many horses at maintenance, but this source of en-
ergy alone is unable to meet the needs of horses with higher
requirements. Traditionally, dietary energy density has been
increased by adding grains (oats, barley, corn, or others) or
grain byproducts to the horse’s diet. Most of the energy in
grains is found as starch.

Total tract starch disappearance in the horse is very high
(> 90 percent), but the extent of prececal starch digestion is
variable. Starch is often viewed as a homogenous entity, but
there is structural variation in the starch found in different
foods. There are two main components of starch: amylose
and amylopectin. Amylose is a straight chain structure of
glucose units. Amylopectin is a branched chain of glucose
units. The proportions of amylose and amylopectin in starch
vary by cereal grain and with other factors, including
maturity and variety (Van Soest, 1994). Interrupting the
crystalline structure of starch may increase digestibility. A
common method of altering the crystalline structure is gela-
tinization, which occurs with moist heating. However, under
some conditions, amylose that has been heated and allowed
to recrystalize can be less susceptible to enzymatic digestion
than the original starch. The starch that reaches the large in-
testine is categorized as resistant starch in human nutrition
(Englyst et al., 1996; Englyst and Englyst, 2005). Resistant
starch includes starch that is not accessible to digestive en-
zymes due to its structure or encapsulation in plant cell struc-
tures and starch that has been modified by certain types of
processing (Cummings et al., 1996; Tharanathan, 2002). A
system for characterizing the availability of the starch found
in various horse feeds has not been developed, but could be
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a useful tool. Enzymatic digestion of starch occurs in the
small intestine, but starch is also susceptible to microbial fer-
mentation. The equine stomach contains microbes capable of
fermenting carbohydrates (Kern et al., 1974). Healy et al.
(1995) reported increased lactate concentrations in gastric
fluid obtained from ponies fed a large concentrate meal, and
other researchers have reported significant dry matter and
starch disappearance to occur in the stomach (de Fombelle et
al., 2003; Varloud et al., 2003). It is also possible that fructan
can be hydrolyzed to some extent by gastric acid (Van Soest,
1994) or fermented in the stomach.

Most glucose absorption appears to occur in the proximal
small intestine (Dyer et al., 2002), so factors that decrease
retention time in the proximal small intestine may decrease
small intestinal glucose absorption. The type and amount of
forage in the diet may alter small intestinal starch digestibil-
ity (Meyer et al., 1993), possibly by affecting digesta flow in
the small intestine. The abundance of amylase in the diges-
tive secretions, as well as the opportunity for amylase to as-
sociate with dietary starch, may also influence the variabil-
ity in starch disappearance from the small intestine.
Relatively little is known about the factors that affect the
quantity of digestive enzymes secreted into the equine gas-
trointestinal tract. The ability of horses to produce the en-
zymes associated with lactose digestion decrease with age
(Roberts et al., 1973). In other species of animals, diet com-
position has been shown to have variable effects on the se-
cretion and activity of enzymes associated with carbohy-
drate digestion (Zebrowska and Low, 1987; Flores et al.,
1988; Swanson et al., 2000). The amount of amylase mea-
sured in the pancreatic tissue of horses fed either hay or hay
and concentrate for at least 8§ weeks was not affected by diet
(Kienzle et al., 1994). However, in another experiment, the
amylase activity (on a wet weight basis) of jejunal chyme
was higher when horses received a diet with added corn,
oats, or barley than when they received only hay (Kienzle, et
al., 1994). These authors noted that amylase activity in jeju-
nal chyme was subject to variation among individuals. Fur-
ther research is needed to define the factors that influence
the amount and activity of carbohydrate-digesting enzymes
in the horse.

Grain processing may influence the extent of prececal
starch disappearance by decreasing particle size and in-
creasing surface area. Gelatinization of starch may also
occur with some processing methods. The ability of various
processing methods to enhance small intestinal starch disap-
pearance is discussed in Chapter 8. There are differences in
prececal starch disappearance among different types of
grains (Radicke et al., 1991; Kienzle et al., 1992; Meyer et
al., 1993; de Fombelle et al., 2004), with oat starch gener-
ally being more digestible in the small intestine than corn
starch or barley starch. The amount of starch consumed at
one time may also affect the percentage of starch that disap-
pears before reaching the large intestine. When a small
amount of oats was fed to horses, approximately 80 percent
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of the starch was digested and absorbed prior to reaching the
terminal ileum, but when a larger amount of oats was fed,
starch disappearance before reaching the ileum was only 58
percent (Potter et al., 1992).

Starch that is not digested in the small intestine enters the
large intestine, where it will be fermented. When starch is
fermented, its net energy value is lower than when it is ab-
sorbed as glucose. Also, starch flow to the large intestine
may alter the microbial environment. In certain cases, this
may be beneficial to the horse. Kienzle et al. (2002) sug-
gested that addition of concentrate to a straw diet improved
the utilization of the straw, possibly by providing additional
nutrients that enhanced the activity of the microbial popula-
tion. However, negative effects of starch bypass to the large
intestine may also occur. Feeding a high-starch diet (30%
starch; 3.4 g starch/kg BW/meal) has been reported to de-
crease the concentration of celluloytic bacteria in the cecum
(Medina et al., 2002). In addition, several studies have re-
ported decreased colon and/or cecal pH in horses or ponies
fed high concentrate/starch diets (Willard et al., 1977;
Radicke et al., 1991; Medina et al., 2002). To avoid a de-
crease in large intestinal pH, high-starch feeds should not be
offered in amounts that result in significant starch overflow
to the large intestine. One researcher has suggested that the
capacity of the small intestine for starch digestion is reached
at a starch intake of 3.5 to 4 g/kg BW (Potter et al., 1992).
However, Radicke et al. (1991) found that cecal pH was sup-
pressed with starch intakes between 2 and 3 g/kg BW.

CARBOHYDRATE METABOLISM AND STORAGE

Blood glucose concentrations rise when a meal high in
starch is consumed. Insulin levels also increase, which en-
hances glucose uptake by many tissues, including muscle
and adipose. The increase in blood glucose is generally re-
lated to the amount and availability of starch consumed (or
glucose when a source of free glucose is fed). In humans, the
term “glycemic index” (GI) has been used to characterize
the magnitude of the blood glucose increase to various
foods. The primary purpose of the GI in human nutrition
was to provide a means of comparing carbohydrate sources
in order to manage hyperglycemia. The GI has been defined
as the incremental area under the blood glucose response
curve of a 50-g carbohydrate portion of a test food, ex-
pressed as a percentage of the blood glucose response curve
to the same amount of carbohydrate from a standard food
consumed by the same person (FAO/WHO, 1998). The 50-g
carbohydrate portion should contain 50 g of glycemic or
“available” carbohydrate, and the standard food may be ei-
ther white bread or glucose (FAO/WHO, 1998). The
FAO/WHO guideline suggested testing the standard food at
least three times in each subject in order to obtain a repre-
sentative mean response. The guideline also discussed the
method of determining available carbohydrate in the test
food. Application of the GI in human nutrition has some
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limitations (Monro, 2003). A GI that compares an equivalent
amount of the test food to the standard has been suggested
(Monro, 2003). This system would place food substitutions
on an equal-weight basis rather than an equal-carbohydrate
basis. Monro (2003) also suggested that a GI determined
with a specific amount of carbohydrate (50 g) may not rep-
resent responses to other levels of intake.

Recently, several studies have attempted to apply the GI
concept to horse feeds. The methods that have been used in
horses have been extremely variable, making it difficult to
interpret the results across studies. The glucose response to
the carbohydrate in test feeds has been compared to the re-
sponse to an equivalent amount of glucose administered by
nasogastric tube (Jose-Cunilleras et al., 2004) or to oats or
corn (Pagan et al., 1999; Vervuert et al., 2003, 2004, 2005;
Rodiek and Stull, 2005). Using a readily consumed grain as
the standard removes any effect associated with the admin-
istration of glucose by nasogastric tube, but the chemical
composition of a grain may vary from one study to another.
Another source of variation among studies with horses has
been the amount of feed or carbohydrate offered. Among
studies that have determined GI for horse feeds, there has
been little consistency in the amount of carbohydrate offered
to horses. In one study, the amount of hydrolyzable carbo-
hydrate was approximately 900 g/484-kg horse (Jose-Cu-
nilleras et al., 2004). In other studies, smaller amounts of
hydrolyzable carbohydrates have been fed (Vervuert et al.,
2003, 2004). When the glycemic responses to several feeds
were compared to oats, the relative GI values were affected
by the amount of the test feeds and the oats that were offered
(0.75, 1.5, or 2.5 kg) (Pagan et al., 1999). Feeds have not al-
ways been offered in equicarbohydrate amounts or equal
food amounts. One study compared feeds that provided sim-
ilar amounts of calories that resulted in large differences in
both total hydrolyzable carbohydrate intake and total feed
intake among feeds (Rodiek and Stull, 2005). An advantage
of this method would be that feed substitutions in horse diets
are often made on a caloric basis. However, a disadvantage
relates to the time required to consume the feed provided
and the effects this may have on the glucose response curve.
With appropriate standardization, there may be some appli-
cation of the GI to horse nutrition; however, many factors
will have to be considered, including the age, breed, and
physiological state of the horse, as well as the physical form
of the feed. In addition, a GI system must account not only
for differences among feeds when they are fed separately,
but also when they are mixed with other ingredients as is
common in the horse industry. For example, Pagan et al.
(1999) reported that the glycemic response of horses con-
suming sweet feed was reduced when vegetable oil was
added to the feed.

Absorbed glucose may be used for immediate energy or
it may be stored for later use. The storage carbohydrate in
animals is glycogen, and the main storage sites are muscle
and liver. Glucose that is not utilized for immediate energy
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or for glycogen synthesis may also be used for fat synthesis.
Glycogen stored in the muscle is available only to the mus-
cle as a fuel source. However, glycogen stored in the liver
may be broken down to augment glucose availability to
other tissues. Maintaining adequate blood glucose concen-
tration is important for the central nervous system. The de-
veloping fetus is also an important consumer of glucose
(Fowden et al., 2000a,b). Carbohydrates are an important
source of energy to the exercising horse. The contribution of
carbohydrate to energy production increases with increasing
work intensity, partly due to increasing recruitment of fast-
twitch muscle fibers. Muscle fibers in the horse are usually
grouped into three categories: Type I, Type IIA, and Type
IIX. The Type I fibers are highly oxidative and are well
equipped to use fat as a substrate. Type I fibers are recruited
for activities that do not require great force generation. Type
IT fibers, particularly the Type IIX fibers, are more suited to
rapid contraction and high force generation and thus must be
used during speed or strength work. Type IIX fibers are
highly glycolytic and, thus, prefer carbohydrate as an energy
source over fat.

The carbohydrate utilized during exercise may arise from
muscle glycogen stores or from blood glucose derived from
the diet or from hepatic glycogenolysis or hepatic gluconeo-
genesis. Muscle and liver glycogen stores can decrease dra-
matically when strenuous exercise continues for an extended
period. When horses exercised for 1 hour at 500 m/min or
for 4 hours at 300 m/min, muscle glycogen stores were de-
pleted by approximately 60 percent (Lindholm et al., 1974).
In that study, liver glycogen was depleted by approximately
40 percent in the 1-hour exercise bout and 90 percent in the
4-hour exercise bout. The extent of muscle glycogen deple-
tion is affected by exercise intensity and duration. Muscle
glycogen depletion increased from approximately 13 per-
cent during a 506-m sprint, to approximately 35 percent dur-
ing a 1,025-m sprint (Nimmo and Snow, 1983). When exer-
cise distance was increased to 3,620 m and average speed
was decreased, glycogen depletion decreased to about 20
percent. Although the amount of muscle glycogen utilized
during short-term, high-intensity exercise is lower than the
amount used during long-term, moderate exercise, the rate
of utilization is much higher.

Maintaining adequate carbohydrate availability is impor-
tant for performance. When human athletes initiate exercise
with reduced muscle glycogen stores, fatigue resistance dur-
ing long-term exercise is decreased. The effect of dimin-
ished glycogen stores on performance of short-term, high-
intensity exercise is less well understood. There was no
difference in the physical performance of horses that started
high-intensity exercise with normal muscle glycogen stores
or with slightly depleted (~ 22 percent below normal) mus-
cle glycogen stores (Davie et al., 1996). However, when
muscle glycogen stores were severely depleted (~ 55 per-
cent) prior to high-intensity exercise, run time to fatigue was
decreased (Lacombe et al., 1999). Topliff et al. (1983, 1985)
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also reported decreased performance when exercise was ini-
tiated with reduced muscle glycogen stores.

A number of strategies have been explored to either en-
hance initial muscle glycogen stores or enhance repletion of
glycogen stores after exercise. It has been demonstrated that
muscle glycogen levels in human athletes can be elevated
above normal if an individual exercises and consumes a low-
carbohydrate diet for a few days and then consumes a high-
carbohydrate diet and limits exercise just prior to an event.
This practice of “carbohydrate loading” appears to be most
beneficial prior to the performance of long-term, moderate
exercise. Carbohydrate loading has gained limited accep-
tance for horses, possibly because many performance horses
already receive diets high in hydrolyzable carbohydrates.
Also, traditional horse feeding recommendations have
warned against sudden changes in diet in order to minimize
digestive disturbances (Lewis, 1995), and recent research
has linked the consumption of diets high in hydrolyzable
carbohydrates to increased incidence of some muscular dis-
orders such as equine polysaccharide storage myopathy (see
Chapter 12). Finally, there is no clear evidence that carbo-
hydrate loading has significant benefits to equine athletes.
Topliff et al. (1983, 1985) did not find a positive effect on
performance when muscle glycogen levels were elevated
above normal after using a carbohydrate-loading feeding
program in horses.

The ability to rapidly replete muscle glycogen stores fol-
lowing exercise may be important to subsequent perfor-
mance for some activities. An initial study on glycogen re-
pletion in exercised horses suggested that the rate of
repletion was fastest in the first few hours after exercise
(Snow et al., 1987). Repletion appeared to be faster in horses
fed hay and grain after exercise than in horses fed only hay.
At 28 hours post-exercise, muscle glycogen concentrations
were 90 percent of pre-exercise values when horses were fed
hay and grain, but only 71.7 percent of pre-exercise values
when they received hay only. Interestingly, at 68 hours post-
exercise, muscle glycogen concentrations were 84 and 76
percent of initial concentrations in horses fed the hay-and-
concentrate diet or the hay diet, respectively. Recent studies
have demonstrated that relatively extreme procedures are
necessary to significantly enhance the rate of muscle glyco-
gen repletion in horses after exercise. Continuous intra-
venous administration of dextrose/glucose at a rate of 6 g/kg
BW (3 kg/500-kg horse) during the first several hours after
glycogen-depleting exercise enhances the rate of glycogen
resynthesis in horses (Davie et al., 1995; Lacombe et al.,
2001). When glucose was administered at a lower rate (2
g/kg BW) by nasogastric tube, glycogen resynthesis was not
increased above the control (Nout et al., 2003). In a subse-
quent study, horses were given a low soluble carbohydrate
diet (hay), a mixed soluble carbohydrate diet (hay and
grain), or a high soluble carbohydrate diet (grain only) for
72 hours after glycogen-depleting exercise (Lacombe et al.,
2004). There was no difference in rate of glycogen resyn-
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thesis when horses were fed the hay diet or the hay/grain
diet. Glycogen resynthesis was greater in horses fed only
grain, compared to the other treatments. However, the au-
thors noted that water consumption and the restoration of
body weight were also less in horses fed only the concen-
trate, and they cautioned that the feeding of large amounts of
soluble carbohydrates in the post-exercise period could pre-
dispose horses to gastrointestinal disorders A few studies
have examined the effects of exercise, training, and post-
exercise carbohydrate administration on glucose trans-
porters (GLUT) in equine skeletal muscle in order to de-
velop a better understanding of post-exercise glycogen
repletion. After a single bout of moderate exercise, skeletal
muscle content of glucose transporter-4 (GLUT-4) protein
was not increased (Nout et al., 2003). However, GLUT-4
protein content and/or GLUT-4 mRNA were increased in
equine skeletal muscle after a 3-day regimen of strenuous,
glycogen-depleting exercise (Lacombe et al., 2003; Jose-
Cunilleras et al., 2005). The GLUT-4 protein content was
also increased after 6 weeks of training (McCutcheon et al.,
2002). These studies suggest that some types of exercise can
modify the amount of glucose transporters present in skele-
tal muscle in horses. It has also been hypothesized that post-
exercise administration of carbohydrate would increase
GLUT-4 protein or GLUT-4 mRNA in equine skeletal mus-
cle after glycogen-depleting exercise (Lacombe et al., 2003;
Jose-Cunilleras et al., 2005). However, intravenous adminis-
tration of glucose after exercise did not elevate GLUT-4 pro-
tein content, even though glycogen repletion was increased.
Similarly, feeding corn in the post-exercise period (as com-
pared to no food or only hay) did not affect GLUT-4 protein
content or GLUT-4 mRNA in skeletal muscle. These initial
studies did not provide evidence that the GLUT-4 trans-
porter in equine skeletal muscle was sensitive to carbohy-
drate administration after exercise. It was suggested that
methods that examine plasma membrane isolates might be
more revealing than methods that measured total GLUT-4
(Lacombe et al., 2003). It was also suggested that variables
such as muscle glycogen content and insulin response may
be involved in regulating post-exercise carbohydrate metab-
olism (Jose-Cunilleras et al., 2005; Pratt et al., 2005).
Clearly, further research is needed to elucidate the mecha-
nisms that control glycogen in repletion in horses.

The effect of providing additional carbohydrate to exer-
cising horses before or during exercise has received consid-
erable attention. Consumption of grain a few hours prior to
exercise results in increased plasma glucose, increased
serum insulin, and decreased plasma free fatty acid concen-
trations when exercise begins (Lawrence et al., 1993). How-
ever, after several minutes of exercise, a decrease in plasma
glucose concentration has been observed in horses consum-
ing a grain meal a few hours prior to exercise (Lawrence et
al., 1993, 1995; Stull and Rodiek, 1995). This decrease in
plasma glucose may result from enhanced glucose uptake by
exercising muscle under the influence of elevated insulin
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concentrations. Providing a grain meal 2 to 3 hours prior to
exercise (compared to hay or no food) resulted in increased
carbohydrate and decreased lipid oxidation during exercise
(Jose-Cunilleras et al., 2002). Insulin is a potent inhibitor of
lipolysis and lipid oxidation may have been reduced due to
decreased free fatty acid availability. Providing a grain meal
a few hours prior to exercise did not reduce muscle glyco-
gen utilization (Lawrence et al., 1993, 1995; Jose-Cunilleras
et al., 2002), although liver glycogen may have been spared
in one study (Lawrence et al., 1993). The response to a pre-
exercise meal of grain may be affected by the timing of the
meal and whether forage is also fed (Pagan and Harris,
1999). In addition, the effects of a pre-exercise meal may be
attenuated during long-term exercise or when horses per-
form repeated bouts of exercise (Lawrence et al., 1995).

In humans, fatigue can be delayed if carbohydrate is con-
sumed during long-term, moderate exercise, possibly by off-
setting the decline in carbohydrate available from endoge-
nous sources. Intravenous infusion of glucose during 90
minutes of exercise in horses increased total carbohydrate
oxidation, reduced endogenous glucose production, and did
not alter glycogen utilization in horses (Geor et al., 2000).
Intravenous administration of glucose has been shown to in-
crease time to fatigue in horses (Farris et al., 1995, 1999).
However, in these studies, signs of reduced carbohydrate
availability, such as hypoglycemia, did not occur in control
horses. Nonetheless, the increased performance of horses
given additional carbohydrate is in agreement with findings
in human athletes. The authors of these studies noted that
the intermittent feeding of horses during long-term exercise
might not duplicate the effects of intravenous glucose infu-
sion. Bullimore et al. (2000) administered glucose, fructose,
or a glucose-fructose combination to horses in the middle of
an exercise bout, but did not compare their results to a con-
trol condition. Because carbohydrate stores are limited, but
fat stores are not, practices that enhance fat utilization and
spare glycogen use are considered desirable. Factors affect-
ing lipid metabolism in exercising horses are discussed in
Chapter 3.
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Fats and Fatty Acids

.INTRODUCTION

Fats or oils are generally used in equine diets to increase
energy density and/or substitute for hydrolyzable and rap-
idly fermentable carbohydrates in the form of cereal grains.
However, fat supplementation has other potential benefits,
including improved energetic efficiency (Kronfeld, 1996),
enhanced body condition, diminished excitability (Holland
et al., 1996a), and metabolic adaptations that increase fat ox-
idation during exercise (Dunnett et al., 2002). Dietary fats
also serve as carriers for fat-soluble vitamins and supply the
essential fatty acids (EFAs) linoleic acid and o-linolenic
acid that are not synthesized by the body, although an EFA
requirement for horses has not been determined. All fatty
acids serve structural functions, and several of the polyun-
saturated fatty acids (PUFAs) are precursors of the
prostaglandins and other eicosanoids, which are important
for a host of cellular functions.

From a biochemical viewpoint, fats belong to a broad
group of compounds known as lipids that can be glycerol or
nonglycerol based. Glycerol-based lipids include the glycol-
ipids, phospholipids, and triglycerides (also termed triacyl-
glycerols). Triglycerides consist of three fatty acid mole-
cules linked to a glycerol backbone. Cholesterol and its fatty
acid esters are nonglycerol-based lipids. Included in this cat-
egory of lipids are waxes, terpenes, cerebrosides, and vari-
ous sterols.

Fatty acids may be designated on the basis of the number
of carbon atoms they contain and the number of double
bonds. Long-chain fatty acids contain 16 to 20 carbon
atoms, medium-chain fatty acids contain 6 to 10 carbons,
and short-chain or volatile fatty acids (VFAs), produced in
the intestinal tract by bacterial fermentation, contain only 2
to 5 carbons. Saturated fatty acids (SFAs) contain no double
bonds, monounsaturated (MUFAs) a single double bond,
and PUFAs two or more double bonds. Fatty acids are also
described by the position of the first double bond relative to
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the methyl end of the molecule (the omega [®w] end), in the
form of A:Bw-C (or A:Bn-C), where A is the number of car-
bon atoms in the chain, B is the number of double bonds,
and C is the position of the first double bond from the
methyl terminus. For example, linoleic acid is referred to as
18:2n-6 because it contains 18 carbon atoms and 2 double
bonds, the first between carbons 6 and 7 counted from the
methyl terminus. Fatty acids with the first double bond in
this position are commonly referred to as omega-6 fatty
acids, whereas fatty acids with the first double bond be-
tween carbons 3 and 4 (e.g., o-linolenic, 18:3®-3) are in the
omega-3 series.

Triglycerides exist as fats or oils at room temperature ac-
cording to their physical properties of the component fatty
acids. Triglycerides with a high proportion of relatively
short-chain fatty acids or unsaturated fatty acids tend to be
liquid (oils) at room temperature. Saturated fatty acids have
a higher melting point and exist as solids (fats) at room tem-
perature.

SOURCES OF DIETARY FATS AND FATTY ACIDS

Both animal fats and vegetable fats or oils have been fed
to horses, although use of vegetable sources is more preva-
lent in part due to superior palatability. In one study that ex-
amined the palatability of several animal and vegetable fats
and oils, corn oil was the most palatable (Holland et al.,
1998). In this study, diets containing up to 15 percent added
fat as corn oil were readily accepted by horses. Several other
vegetable sources, including seed and fruit oils (e.g., soy,
canola, linseed [or flax], sunflower, safflower, coconut, and
peanut) and other feed byproducts with relatively high fat
content (e.g., lecithin, stabilized rice bran, wheat germ, and
copra), appear to have acceptable palatability and are widely
used in horse diets. Fish oil (menhaden) and medium-chain
triglycerides (MCTs) also have been fed to horses. Use of
these different fat and oil sources can be dictated by cost and
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availability. Table 8-5 provides the fatty acid composition of
some of the fats and oils added to horse diets.

DIGESTIBILITY AND ENERGY VALUE OF FATS

In general, there is an increase in the digestibility of fat
when fats or oils are added to forages or grains (Potter et
al., 1992). Mean estimates of apparent digestibilities of fats
in horses and ponies are 4249 percent for forages (Fon-
nesbeck et al., 1967; Bowman et al., 1979; Sturgeon et al.,
2000), 55-76 percent for grains (Hintz and Schryver,
1989), and 88-94 percent for added fats and oils (Kane et
al., 1979; McCann et al., 1987). Kronfeld et al. (2004) com-
piled published data from digestibility studies in which five
basal (hay and grain mixes without added fats; 23-37 g
fat/kg dry matter [DM]) and 18 test feeds with added fats
(76233 g fat/kg DM) were evaluated (Rich, 1980;
Custalow, 1992; Holland, 1994; Bowman et al., 1979). This
analysis demonstrated mean apparent digestibilities (D,) of
55, 81, and 95 percent for fat in, respectively, forages,
mixed feeds with added fat, and added fats. Encapsulation
of fat within cereal grains or oilseeds may decrease the
availability of these fats for digestion in the small intestine.
The low true digestibility (D) of forage fat may be ex-
plained by the poor digestibility of waxes, pigments, and
other non-triglyceride lipid components. Kronfeld et al.
(2004) also reported that the true digestibility of added fats
approached 100 percent with an endogenous fecal fat of
0.22 g/kg body weight (BW)/d. Maximal fat digestibility
occurred between 100 and 150 g/kg DM and was sustained
to 230 g/kg DM, suggesting high capacity for fat digestion
in horses adapted to fat-supplemented rations. However, the
results of other studies have suggested a lower upper limit
in fat digestibility in horses. In an analysis of data from 225
digestion trials evaluating rations with varying amounts of
partially hydrogenated soy oil, Zeyner (2002) reported a
strong positive relationship between the D, of fat and the
amount of fat in the diet, but only up to approximately 7
percent DM. Assuming a gross energy value of 9.5 Mcal/kg
for fat, caloric values for fat in forages, mixed feeds, and
added vegetable fats have been estimated at 5.2, 7.7, and 9
Mcal/kg, respectively (Kronfeld et al., 2004). More precise
digestible energy (DE) values can be calculated from meas-
ured fat content (g/kg) using the equation developed by
Kronfeld et al. (2004): Energy value (Mcal/kg) = 0.095(92
_ 926(—ether exlract/342)).

In other species, there is evidence that degree of satura-
tion, melting point, and possibly fatty acid (FA) chain length
affect the digestibility of added fats. Saturated fats are less
digestible than unsaturated fats, while the digestibility is in-
versely related to the melting point of the FA. These factors
are of minor importance in horse nutrition given the wide-
spread use of vegetable oils containing predominantly un-
saturated FAs. In two studies (McCann et al., 1987; Kron-
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feld et al., 2004), an effect of chain length or saturation of
FAs on digestibility was not detected when comparing veg-
etable oils (corn, soy, soy lecithin, peanut), tallow, and
vegetable-tallow blends.

In ruminants, the addition of oils to rations decreases ru-
minal fermentation of fiber (Coppock and Wilks, 1991), an
effect not observed when encapsulated or protected fat is
fed. There is conflicting evidence regarding the effects of
added fat on the utilization of other nutrients in equine ra-
tions. The addition of corn oil at up to 15 percent of the total
diet (DM basis) had no effect on fiber digestibility in three
studies (Bowman et al., 1979; Kane et al., 1979; Bush et al.,
2001). The digestibility of calcium, phosphorus, and magne-
sium also were largely unchanged in horses fed fat-
supplemented diets (Bowman et al., 1979; Rich, 1980; Mc-
Cann et al., 1987). The preileal digestibility of protein was
slightly lower in horses fed coconut or soybean oils at 0.5 or
1 g/kg BW/d (Meyer et al., 1997). Kronfeld et al. (2004) re-
ported that the addition of corn oil (up to 233 g/kg DM), tal-
low (up to 190 g/kg DM), or 50:50 soy lecithin and soy oil
(100 g/kg DM) had no effect on DM, crude protein (CP), or
acid detergent fiber (ADF) digestibility. Zeyner (2002) re-
ported increased fiber digestibility of a mixed hay and con-
centrate ration with isoenergetic exchange of micronized
corn (3 g starch/kg BW) by soy oil (up to 14 percent of DM).
However, a further increase in the fat content of the ration
(22 and 32 percent of DM) resulted in a statistically signifi-
cant depression of gut microbial fermentative activity and
decreased fiber digestibility. Jansen and co-workers reported
a negative associative effect of soy oil on crude fiber (CF),
neutral detergent fiber (NDF), ADF, and nitrogen-free ex-
tract (NFE) digestibility when horses were fed hay and
isocaloric concentrates with different amounts of cornstarch,
glucose, and soy oil (Jansen et al., 2000, 2001, 2002). In one
of these studies (Jansen et al., 2001), CF digestibility was 71
percent and 55 percent in the control and fat-supplemented
feeds (soybean oil 158 g/kg DM), respectively. Regression
analysis of ether extract (EE) intake (as soybean oil) on CF
digestibility showed that an increase of 10 g/kg DM of soy-
bean oil resulted in a 0.9 percent decrease in apparent total
tract digestibility (Jansen et al., 2001). The reason(s) for this
apparent adverse effect of soy oil on fiber digestibility have
not been elucidated. However, one possible explanation
could be inadequate accommodation to the oil-supplemented
ration. Zeyner (2002) reported decreased fiber digestibility
with rapid substitution of cereal starch by soy oil (0.33 g soy
oil’lkg BW/d). This adverse effect was not evident after a 3-
week accommodation period. Another explanation may be a
specific negative effect of soybean oil at high levels of in-
clusion. Zeyner (2002) demonstrated no adverse effects in
horses accommodated to soy oil-supplemented rations con-
taining up to 0.7 g oil/kg BW/d. However, decreased fiber di-
gestibility was observed in horses fed 1 g soy oil/kg/d.
Therefore, at least for soy oil, 0.7 g/lkg BW/d is suggested as
an upper limit of fat inclusion.
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Kronfeld et al. (2004) reported that rapid introduction of
fat-supplemented diets is associated with greasy feces
(steatorrhea) and increased fecal output, an indication that
some fat has escaped digestion. These adverse effects are
apparently avoided if fat is gradually introduced to the ra-
tion, with an accommodation period of 4 to 14 days de-
pending on the level of fat supplementation.

PHYSIOLOGIC EFFECTS OF DIETARY FAT

Effects on Lipid and Carbohydrate Metabolism

Studies in humans and in rodent species have shown that
high-fat diets result in enhanced capacity for fatty acid oxi-
dation in skeletal muscle. Enhanced expression and activity
of proteins and enzymes associated with the transport of free
fatty acids (FFA) into muscle and B-oxidation underlie this
increase in fat oxidation. There is some evidence that dietary
fat supplementation results in similar adaptations in fat me-
tabolism of horses, although some reports are conflicting
and few studies quantitatively assessed fat oxidation. Fat
supplementation has been demonstrated to increase post-
heparin plasma hepatic and lipoprotein lipase (LPL) activi-
ties, decrease plasma triglyceride (TAG) concentrations by
as much as 55 percent, and increase plasma cholesterol and
phospholipid concentrations (Orme et al., 1997; Geelen et
al.,, 1999). In Warmblood horses fed soy oil at 0, 0.33,
0.67, 1, and 1.33 g/kg BW/d, there were dose-dependent in-
creases in serum VFA, phospholipids, and total cholesterol
concentrations, as well as the proportion of o-lipoproteins
(Zeyner, 2002). Serum TAG concentrations were decreased
relative to the control diet at the 0.33 and 0.67 g/kg soy oil
dosages, but significantly increased at the 1 and 1.33 g/kg
dosages (Zeyner, 2002). In one study a dose-response rela-
tionship was detected between fat intake (3 to 10.8 percent
fat, as soybean oil) and heparin-released plasma lipoprotein
lipase activity (Geelen et al., 2001a). Specifically, an in-
crease in fat intake by 1 g/kg DM was associated with an in-
crease in LPL activity by 0.98 micromoles of fatty acid re-
leased per hour. As LPL is involved in the removal of FFA
and glycerol from triglyceride-rich lipoprotein particles in
tissue capillaries of skeletal muscle and adipose tissues, the
increase in LPL activity with fat-supplementation indicates
increased availability of FFA in these tissue beds. Geelen et
al. (2001b) demonstrated decreases in the activities of
acetyl-CoA carboxylase and fatty acid synthase in the liver
of Shetland ponies on a high-fat diet (118 g/kg DM). Thus,
the fat-induced decrease in plasma TAG concentrations may
be due to a decrease in de novo fatty acid synthesis.

There is conflicting evidence regarding the effects of fat
supplementation on the skeletal muscle activities of en-
zymes involved in oxidative metabolism. In Thoroughbred
horses, 10 weeks of fat supplementation (soybean oil, 80
g/kg DM; control and fat-supplemented diets supplied 0.22
and 1 g/kg BW, respectively) resulted in increases in the ac-
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tivities of citrate synthase (CS) and B-hydroxyacyl CoA de-
hydrogenase (HAD) in skeletal (middle gluteal) muscle
(Orme et al., 1997). On the other hand, the feeding of a high-
fat diet (118 g/kg DM vs. control diet 15 g/kg DM) to Shet-
land ponies for 45 days was without effect on the activities
of CS and HAD in gluteus and semitendinosus muscle, al-
though an increase in CS activity was detected in the mas-
seter muscle (Geelen et al., 2001b). Similarly, the activities
of CS, HAD, hexokinase, and phosphofructokinase in mid-
dle gluteal muscle were unchanged in Standardbred horses
fed a high-fat diet (Geelen et al., 2000).

The replacement of starch by fat or oils in concentrate
feeds resulted in decreased blood glycemic and insulinemic
responses to meal feeding (Williams et al., 2001; Zeyner et
al., 2005). In mature Thoroughbred horses, the consumption
of a fat and fiber supplement (approximately 10 percent
nonstructural carbohydrates [NSC]; where NSC was deter-
mined by difference), when compared to a sweet feed sup-
plement (approximately 50 percent NSC), resulted in a 65
percent and 85 percent decrease in, respectively, glycemic
and insulinemic response (Williams et al., 2001). The feed-
ing of a sweet feed (50 percent NSC, as determined by di-
rect analysis) to mature Thoroughbred geldings maintained
at pasture resulted in decreased insulin sensitivity when
compared to the feeding of a high-fat, low-NSC (10 percent
fat, 10 percent NSC in DM) feed or pasture alone (Hoffman
et al., 2003).

Substrate Storage

There is conflicting information on the effects of dietary
fat supplementation on muscle glycogen storage. In several
studies, muscle glycogen content was increased after oil or
fat supplementation, while other studies reported no change
or a moderate decrease in muscle glycogen content. Five
different studies from a single laboratory examined the
effects of feeding a fat-supplemented concentrate (100 g
tallow/kg DM in a grain-based concentrate) for 3—4 weeks
(Meyers et al., 1987; Oldham et al., 1990; Jones et al., 1991;
Scott et al., 1992; Julen et al., 1995). In these studies, (the
concentrates were fed) with hay in a ratio of 65:35 to 75:25
such that the concentration of fat in the total diet was ap-
proximately 6-7 percent. A consistent finding was increased
glycogen storage, with muscle glycogen content increasing
by as much as 50 percent. In another study, Harkins et al.
(1992) measured muscle glycogen in Thoroughbred horses
fed a control diet of hay and a pelleted concentrate for 3
weeks followed by a fat-supplemented diet (corn oil, 3 per-
cent DM) for a further 3 weeks, and mean muscle glycogen
was 15.8 percent higher after oil supplementation. However,
as hay was not fed with the fat-supplemented diet, absolute
starch intake was higher for the fat-supplemented diet when
compared to the control diet. These differences in fiber and
starch intake confounded interpretation of the apparent
change in muscle glycogen content. Hambleton et al. (1980)
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measured muscle (quadriceps femoris m.) glycogen in
horses conditioned for 3 weeks and fed diets containing
4 percent, 8 percent, 12 percent, or 16 percent soybean oil.
Muscle glycogen content was measured before and after 6
hours of exercise (trotting interspersed with walking). Al-
though mean values for muscle glycogen were higher in the
8 percent and 12 percent diets when compared to the other
diets, statistically significant differences were not detected.
This study has been consistently misquoted in the literature
as demonstrating an effect of dietary fat on muscle glycogen
content.

Other investigators have reported either no change
(Essen-Gustavsson et al., 1991; Eaton et al., 1995; Orme et
al., 1997; Hyyppa et al., 1999; MacLeay et al., 1999) or a
moderate decrease (Pagan et al., 1987; Geelen et al., 2001b)
in muscle glycogen storage following 3—-10 weeks of fat
supplementation. In two studies, liver glycogen content also
decreased after oil supplementation (Pagan et al., 1987;
Geelen et al., 2001b). A fat-supplemented diet (5 percent
DM) slowed the rate of muscle glycogen replenishment in
horses not accommodated to fat feeding (Hyyppa et al.,
1999). However, the rate of post-exercise muscle glycogen
resynthesis was not different from the control diet after an
adaptation period of 3 weeks. In summary, there is no con-
sensus on the effects of dietary fat supplementation on mus-
cle glycogen storage in horses. The variability in results be-
tween the different studies could be due to differences in
diet composition, duration of fat supplementation, muscle
sampling and analysis techniques, and breed, age, and train-
ing state of the horses studied.

There is also conflicting information regarding the ef-
fects of a fat-supplemented diet on muscle triglyceride con-
tent. Essen-Gustavsson et al. (1991) demonstrated no
change in the triglyceride content of middle gluteal muscle
from Standardbred horses fed a fat-supplemented diet (60
g/kg DM) for 5 weeks. Orme et al. (1997) also reported no
change in middle gluteal muscle triglyceride content of
Thoroughbred horses provided oil supplementation (80 g
soybean oil/kg DM) for 10 weeks. On the other hand, Gee-
len et al. (2001b) found an 80 percent increase in the semi-
membranosus triglyceride content of ponies fed a diet that
provided 118 g soybean oil’kg DM.

Metabolic Responses to Exercise

Several studies have assessed the effects of fat supple-
mentation on metabolic responses to exercise. The focus of
earlier studies was the effects of fat supplementation on the
concentrations of various plasma substrates or metabolites
(e.g., glucose, FFA, TAG, and lactate) during exercise (Slade
et al., 1975; Hintz et al., 1978; Hambleton et al., 1980; Hintz
et al., 1982; Duren et al., 1987; Ferrante et al., 1994). More
recent studies sought to obtain quantitative measures of sub-
strate oxidation (Pagan et al., 1987, 2002; Dunnett et al.,
2002). In general, fat supplementation (animal or vegetable
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fat at 8 percent or more of total DM) has been associated
with mitigation of exercise-associated decreases in plasma
glucose concentrations and increased TAG and FFA during
prolonged, low-intensity exercise (Slade et al., 1975; Hintz
et al., 1978; Hambleton et al., 1980; Hintz et al., 1982;
Duren et al., 1987). Maintenance of higher plasma glucose
concentrations has been taken as evidence of a glucose-spar-
ing effect of fat supplementation. This hypothesis was sup-
ported by a recent study in which tracer-determined blood
glucose utilization during 90 minutes of exercise at 30 per-
cent of maximum aerobic capacity (Vo,max) was lower
after 5 weeks adaptation to a diet providing 29 percent DE
from fat (corn oil) (Pagan et al., 2002).

In a small group (n = 4) of conditioned Thoroughbred
horses, supplementation with soybean oil (20 percent of DE
from oil) resulted in a decrease in respiratory exchange ratio
(RER) during low- (trot at 3.2 m/s) and medium- (canter at
7 m/s) intensity treadmill (0° incline) exercise (Dunnett et
al., 2002). This metabolic response during low-intensity ex-
ercise was apparent after 3 weeks of oil supplementation,
but was not evident at higher workloads (canter at 10 m/s),
perhaps reflecting greater dependence on carbohydrate me-
tabolism during intense exercise. Two other studies have
also reported a fat supplementation-induced decrease in the
RER of horses during low-intensity exercise (Pagan et al.,
1987, 2002). Overall, these findings suggest an increase in
the utilization of fat, with a concomitant decrease in carbo-
hydrate utilization, during low- and moderate-intensity ex-
ercise following oil supplementation. However, oil supple-
mentation does not appear to alter substrate oxidation at
high exercise intensities (> 50-60 percent Vo,max). The in-
crease in fat oxidation during low-intensity exercise may be
related to changes in plasma lipase activity and mechanisms
for fat utilization in skeletal muscle. In the study by Dunnett
et al. (2002), parallel increases in plasma total lipase activ-
ity, circulating FFA during exercise, and activity of CS
in skeletal muscle were detected. However, whereas the
fat-supplementation—induced decrease in RER was corre-
lated to the increase in muscle CS activity (r> = 0.95),
there was no relationship to changes in FFA concentrations
or to total lipase or B-hydroxyacyl CoA dehydrogenase
activities.

The length of time required for expression of these meta-
bolic adaptations to dietary oil has been debated. Some nu-
tritionists have advocated that a minimum of 10-12 weeks is
required for full adaptation (Kronfeld and Harris, 2003).
However, metabolic adaptations to oil supplementation have
been observed as early as 3—5 weeks after the start of sup-
plementation (Pagan et al., 1987, 1995; Orme et al., 1997,
Pagan et al., 2002). Thus, whereas a 2—3 month period may
be required for complete adaptation to an oil-supplemented
diet, some of the metabolic responses are evident much ear-
lier. Importantly, the metabolic response to oil supplementa-
tion is apparently transient and dependent on its continued
use. In one study, the effects on RER were abolished within
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5 weeks of withdrawal of the oil-supplemented diet (Dun-
nett et al., 2002).

Whereas the aforementioned adaptations in lipid metab-
olism (e.g., decreased RER during low-intensity exercise)
might imply a sparing of muscle glycogen, the available data
do not support this view. Essen-Gustavsson et al. (1991) and
Pagan et al. (1987) reported no effect of fat supplementation
(approximately 7 percent of total DM intake) on muscle
glycogen utilization of Standardbred horses during 60—100
minutes of submaximal exercise. Similarly, Harkins et al.
(1992) and Eaton et al. (1995) reported
no change in net muscle glycogen utilization in fat-
supplemented Thoroughbred horses undertaking exercise
that simulated race performance. Other researchers (Oldham
et al., 1990; Jones et al., 1991; Scott et al., 1992; Hughes et
al., 1995) have reported higher net muscle glycogen utiliza-
tion and plasma lactate concentrations and improved perfor-
mance during exercise tests consisting of multiple sprints
(e.g., 4 X 600 m). The improved performance was attributed
to the higher glycogen stores and maintenance of anaerobic
energy transduction during sprint exercise.

A single study has examined the effects of dietary fish
(menhaden) oil supplementation on metabolic response to
incremental treadmill exercise in horses (O’Connor et al.,
2004). Horses were assigned to either a fish oil (n = 6) or
corn oil (n = 4) treatment in which the oil (324 mg/kg BW)
was supplemented to a hay and concentrate ration for 63
days. The horses underwent moderate physical conditioning
5 days/week and completed an incremental exercise test
after 63 days. During the test, horses that received fish oil
had significantly lower heart rate and serum free fatty acid,
glycerol, and cholesterol concentrations when compared to
the corn oil treatment. The physiological importance of
these findings remains to be determined.

Acid-Base Responses

Adaptation to a fat-supplemented diet influences blood
acid-base responses to exercise. During a treadmill exercise
test, venous pH was higher (~ 7.44-7.46) in Arabian horses
fed a diet supplemented with corn oil (100 g/kg DM) when
compared to the control diet (~ 7.40-7.42) at speeds be-
tween 3 and 6 m/s (Taylor et al., 1995; Kronfeld et al.,
1998). There also was a decrease in venous blood pCO, dur-
ing repeated sprints, which was attributed to a lower RER
associated with enhanced fat oxidation, although RER was
not measured (Kronfeld et al., 1998). Graham-Thiers et al.
(2001) showed that dietary protein restriction (crude protein
7.5 g/100 g with supplemental L-lysine [0.5 percent] and
L-threonine [0.3 percent]) had an additive effect with fat
supplementation (corn oil, 100 g/kg DM) in the mitigation
of the acidogenic effects of exercise. The biological signifi-
cance of these small alterations in acid-base response to ex-
ercise is unclear.
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This research group (Ferrante et al., 1994; Taylor et al.,
1995) also reported higher plasma lactate concentrations
during repeated sprints or incremental exercise in horses fed
an oil-supplemented diet. The mechanism of this response is
unclear. One hypothesis is that “fat adaptation” confers im-
proved metabolic regulation of glucose utilization in mus-
cle, with glycogen sparing at work of low intensity but en-
hanced glycolysis and lactate production during exercise
requiring higher power output (Kronfeld et al., 1998). An al-
ternative explanation is down regulation in the activity of
skeletal muscle pyruvate dehydrogenase in response to oil
feeding, as has been observed in humans (Spriet and Watt,
2003). It should also be noted that other researchers have
reported lower plasma lactate accumulation during sub-
maximal incremental exercise when horses are fed an oil-
supplemented (11.8 percent fat, DM basis) diet (Sloet van
Oldruitenborgh-Oosterbaan et al., 2002).

Athletic Performance

A number of researchers have attempted to determine the
effects of fat supplementation on athletic performance. It
has been hypothesized that adaptation to fat supplementa-
tion results in an improvement in the athletic performance of
horses. Several theoretical explanations have been put forth
as explanations for enhanced athletic performance with the
feeding of higher-fat diets, including: (1) an improved
power-to-weight ratio due to a reduction in DM intake and
bowel ballast; (2) decreased metabolic heat production as-
sociated with feeding and exercise (Kronfeld, 1996); (3) en-
hanced stamina as a result of muscle glycogen sparing
(Kronfeld et al., 1998); (4) improved sprint performance due
to increased energy transduction from anaerobic glycolysis
(Oldham et al., 1990; Kronfeld et al., 1998); and (5) mitiga-
tion of acidemia during high-intensity exercise (Kronfeld et
al., 1998). However, the results of studies examining the ef-
fects of fat supplementation in horses on athletic perfor-
mance are equivocal. Some authors have reported improved
performance (Oldham et al., 1990; Harkins et al., 1992;
Eaton et al., 1995), while others have found no change
(Topliff et al., 1983; Pagan et al., 1987; Essen-Gustavsson et
al., 1991; Hyyppa et al., 1999). Harkins et al. (1992) re-
ported that 14 of 15 horses ran a 1,600-m simulated race
faster when fed a fat-supplemented diet (corn oil, 3 percent
DM for 3 weeks) compared to the control ration. Mean race
time improved 2.5 s (2.1 percent) after consuming the fat-
added diet. However, as discussed above, this experiment
was inappropriately designed. A longitudinal design was
used with all horses completing the control-diet race first,
with the fat-diet race undertaken after a further 3 weeks of
training. It is possible, therefore, that the observed decrease
in simulated race time was due to training rather than oil
supplementation. Furthermore, as the horses were not fed
hay during the second diet period, it is possible the faster
race time was associated with a reduction in gut weight.
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Four weeks of fat supplementation (12 percent DE from
corn oil) was associated with a small but statistically signif-
icant increase in run time to fatigue in Thoroughbred horses
undertaking treadmill exercise at an intensity equivalent to
120 percent of Vo,max (Eaton et al., 1995). Earlier studies
of the effects of fat supplementation found enhanced perfor-
mance during exercise protocols consisting of repeated
sprints (Meyers et al., 1987; Oldham et al., 1990; Scott et al.,
1992) or efforts during protocols that simulated exercise un-
dertaken by cutting horses (Webb et al., 1987). Improved
work performance during high-intensity exercise was attrib-
uted to increases in resting muscle glycogen content and the
rate of glycogen utilization. However, in the study by Eaton
et al. (1995), there was no effect of diet on glycogen utiliza-
tion rate during exercise.

Several factors could account for the variability in results
between studies, including the type and amount of fat sup-
plemented, duration of fat feeding, variation in the intensity
and duration of exercise tests, small number of horses per
treatment (most often fewer than six), and differences in the
conditioning status of the horses.

Behavior

There are limited published data on the effects of fat sup-
plementation on behavior of horses. Holland et al. (1996a)
evaluated the effects of fat supplementation on spontaneous
activity (distance moved per day, measured by use of a pe-
dometer) and reactivity (responses to pressure, loud noise,
and sudden visual stimuli) in eight horses. The control diet
(CON) contained chopped hay, corn, oats, beet pulp, and
molasses, while the three test diets contained an additional
10 percent (by weight) corn oil (CO), soy lecithin-corn oil
(SL-CO), or soy lecithin-soy oil (SL-SO), with small de-
creases in hay, grains, and molasses. Horses were fed each
diet in random order for four 3-week periods. When com-
pared to CON, spontaneous activity was less in horses fed
SL-CO (~ 4 km/day vs. ~ 5 km/day in CON) but unaffected
by the CO or SL-SO diets. Similarly, there was no consistent
effect of fat supplementation on measures of reactivity, al-
though startle response to the sudden opening of an um-
brella was decreased in all three diets. In studies examining
the effect of dietary energy source on the clinical expression
of recurrent exertional rhabdomyolysis in Thoroughbreds,
researchers have reported decreased excitability, nervous-
ness, and resting heart rate when the horses were consuming
a fat-supplemented ration when compared to a high-grain
ration (MacLeay et al., 2000; McKenzie et al., 2003). These
authors suggested that the effect of fat supplementation
on the behavior of RER-affected horses was due to the ex-
clusion of dietary starch rather than a specific effect of di-
etary fat. Other researchers have reported a reduction in the
exercise-associated increase in plasma cortisol concentra-
tion in horses fed a fat-supplemented ration (Crandell et al.,
1999; Graham-Thiers et al., 2001).
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Holland et al. (1996b) found lower plasma cortisol con-
centrations in 4- to 5-month-old foals fed a fat-and-fiber
supplement when compared to a starch and sugar (sweet
feed) supplement. Subjectively, the foals fed the fat-and-
fiber supplement were less stressed after weaning. In a lon-
gitudinal study of growing horses, supplementation with a
fat and fiber concentrate was associated with lower apparent
distress at weaning and diminished responses to standard-
ized temperament tests when compared to a starch-and-
sugar concentrate (Nicol et al., 2005).

Lactation, Reproductive Performance, and Growth

Davison et al. (1987, 1991) added 5 percent animal fat to
concentrates fed to pregnant and lactating Quarter horse
mares. Feed consumption was lower during gestation,
while growth rate tended to be higher in foals of mares fed
the supplemented diet compared to mares and foals fed the
unsupplemented diet (Davison et al., 1987, 1991). Fat sup-
plementation increased milk fat concentration at days 10
and 60 of lactation, but protein and total solids content were
unaffected. The feeding of fat to mares during late gestation
and early lactation did not affect reproductive performance
(Davison et al., 1991). Growth of Thoroughbred weanlings
kept at pasture and fed a 10-percent fat supplement was
not different when compared to weanlings fed an isocalo-
ric supplement rich in starch and sugar (Hoffman et al.,
1999).

Health Effects of Dietary (n-3) vs. (n-6) Fatty Acids

In other species, the two recognized EFAs are linoleic
acid (18:2, n-6) and o-linolenic acid (18:3, n-3), both of
which are PUFAs. Mammals lack the desaturase enzymes
necessary to introduce double bonds into fatty acid chains
that are more than nine carbons from the carboxyl terminus.
Therefore, mammals are unable to synthesize n-3 and
n-6 fatty acids, and they must be supplied in the diet (Dun-
bar and Bauer, 2002).

Soy, corn, sunflower, and safflower oils are rich in
linoleic acid, while a-linolenic acid is the major fatty acid in
linseed and flaxseed oils. Soy and canola oils also contain
o-linolenic acid. The fatty acids in oils obtained from cold-
water fish (e.g., menhaden oil) are rich in the n-3 fatty acids
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). When supplied in the diet, EFAs can be converted to
long-chain PUFAs by desaturase and chain-elongation en-
zymes located in the cellular endoplasmic reticulum.
Linoleic acid is desaturated and elongated to yield arachi-
donic acid (20:4, n-6) and other long-chain PUFAs that are
incorporated into cell membrane phospholipids, while me-
tabolism of o-linolenic acid yields eicosapentaenoic acid
(EPA; 20:5, n-3) and docosapentaenoic acid (22:5, n-3). Do-
cosapentaenoic acid may be retroconverted to EPA (20:5,
n-3) or further metabolized to DHA (22:6, n-3).
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In human and animal nutrition there is interest in the po-
tential health benefits of n-3 fatty acid supplementation (or
alterations in the dietary n-6:n-3 ratio). The dietary n-6 vs.
n-3 PUFA ratio affects the fatty acid composition of cell
membranes (Simopoulos, 1999). When the diet of humans is
supplemented with fish oil, the ingested EPA and DHA par-
tially replace n-6 fatty acids (especially arachidonic acid) in
cell membranes, particularly those of platelets, erythrocytes,
neutrophils, and monocytes. This alteration in membrane
fatty acid composition reduces the quantity of arachidonic
acid available for eicosanoid synthesis, alters the spectrum
of eicosanoids synthesized, and lessens the inflammatory
and prothrombotic responses to physical or chemical stimuli
(Hulbert et al., 2005). In addition, EPA competitively in-
hibits the activity of the enzyme cyclooxygenase, which is
necessary for eicosanoid synthesis (Weber et al., 1986).

Several studies in horses have examined the effects of
n-3 fatty acid supplementation on plasma fatty acid compo-
sition and various physiologic responses. Henry et al. (1990)
fed horses a complete pelleted ration containing 8 percent
(by weight) raw linseed oil vs. a control ration without
added linseed oil. After 8 weeks on the ration, the mean
procoagulant activity and thromboxane B, production by
endotoxin-stimulated monocytes from horses consuming the
linseed oil ration decreased by 51 percent and 71 percent,
respectively, compared with cells from horses consuming
the control ration. Fatty acid analysis of membrane phos-
pholipids demonstrated a decrease in the n-6:n-3 ratio in
monocytes from horses fed the linseed oil ration (Henry et
al., 1990). In a companion study (Morris et al., 1991), it was
shown that endotoxin-induced synthesis of tumor necrosis
factor by peritoneal macrophages was lower in horses fed
the linseed oil ration when compared to cells from horses
fed the control ration. This research group also demon-
strated that intravenous administration of a single dose of a
20 percent lipid emulsion enriched with n-3 fatty acids to
healthy horses resulted in decreased inflammatory mediator
synthesis (thromboxane, TNF-alpha) by monocytes and a
lower n-6:n-3 fatty acid ratio in cell membranes when com-
pared to the infusion of a lipid emulsion enriched with n-6
fatty acids (McCann et al., 2000). However, the feeding of
an 8 percent linseed oil ration for 8 weeks did not alter the
in vivo response of horses to the infusion of Escherichia coli
055:B5 endotoxin (0.03 mg/kg BW, infused over 30 min-
utes) (Henry et al., 1991). In another study, there were sta-
tistically significant increases in the plasma concentrations
of o-linolenic acid (18:3, n-3) and EPA, but not DHA, in
horses fed a 10 percent flaxseed oil-enriched complete pel-
let (80 percent of the ration) and hay (20 percent) for 16
weeks. However, in vitro measures of platelet aggregation
were not altered by the supplementation of flaxseed oil
(Hansen et al., 2002). More marked increases in plasma con-
centrations of EPA and DHA were observed when healthy
horses were fed ration supplemented with fish (menhaden)
oil. Hall et al. (2004a) fed horses diets supplemented with
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either 3 percent (by weight) corn oil or fish oil for 14 weeks.
At 12 weeks, horses fed fish oil had increased plasma con-
centrations of EPA (27-fold; 8.5 vs. 0.3 g/100g fatty acids),
DHA (34-fold; 5.1 vs. 0.1 g/100 g fatty acids), and arachi-
donic acid (8.3-fold; 4.1 vs. 0.5 g/100 g fatty acids). Neu-
trophils from horses fed fish oil produced 17.6-fold more
leukotriene B, (LTBy) compared with horses fed corn oil,
and the ratio of LTB, to leukotriene B, was 4-fold high in
horses fed fish oil. In addition, the quantity of prostaglandin
E, by endotoxin-stimulated bronchoalveolar fluid (BALF)
cells was lower in fish oil-fed when compared to corn oil-
fed horses. However, the production of TNF-alpha by BALF
cells did not differ between diets and cell- mediated immu-
nity, assessed by the skin response to injection of the key-
hole limpet hemocyanin, was similar in the corn oil- and fish
oil-fed horses (Hall et al., 2004b).

Supplementation of horses with recurrent seasonal pruritis
(“sweet itch”) with large amounts of flaxseed (454 g flaxseed/
450 kg BW) was associated with a significant decrease in the
allergic skin response to Culicoides extract, suggesting a pos-
sible benefit of flaxseed in the management of horses with
this condition. However, in another study, supplementation
with flax oil did not alter clinical signs in horses with Culi-
coides hypersensitivity (Friberg and Logas, 1999).

In summary, the data from studies in which horses were
fed diets enriched with omega-3 (n-3) fatty acids (linseed,
flaxseed, or fish oils) have demonstrated modulation of in-
flammatory mediator synthesis by cells harvested from
blood, peritoneal fluid, or respiratory secretions. However,
physiological importance of these findings is unclear, and
further research is needed to determine the effects of n-3
fatty acid supplementation in the treatment and prevention
of inflammatory diseases in horses (e.g., recurrent airway
obstruction) (McCann and Carrick, 1998).

REQUIREMENTS, DEFICIENCIES, AND EXCESSES

Dietary fats or oils are required to facilitate absorption of
the fat-soluble vitamins A, D, E, and K, and as a source of
the EFAs, linoleic and o-linolenic. There have been no re-
ports of EFA deficiency in horses. In other species, an EFA
deficiency causes dry coat, scaly skin, hair loss, and, with
prolonged deficiency, development of exudative dermatitis
(Connor, 2000). Decreased reproductive efficiency and fetal
abnormalities are other potential consequences of an EFA
deficiency. No clinical abnormalities were observed in
ponies fed extremely low-fat diets (0.05 percent and 0.22
percent total fat containing, respectively, 0.03 and 0.14 per-
cent linoleic acid) for 7 months (Sallmann et al., 1991).
However, a substantial decrease in plasma and tissue vita-
min E concentration was observed in ponies fed the 0.05
percent fat diet, suggesting that there was inadequate intes-
tinal absorption of this fat-soluble vitamin.

A suggested dietary minimum for linoleic acid is 0.5 per-
cent of DM. This minimum is easily achieved when supple-
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mental fat is fed, as fats and oils added to equine rations are
high in linoleic acid (see Table 8-5). Because fat is energy
dense, one concern with the feeding of fat-supplemented
diets is weight gain associated with the provision of DE in
excess of needs. The promotion of weight gain in hard
keeper horses is a common rationale for the addition of fat
to equine diets. For less active or easy keeper horses, how-
ever, use of fat-supplemented energy concentrates may lead
to undesirable weight gain. Metabolic utilization of ab-
sorbed fat is highly efficient. In ponies fed supplemental
corn oil, the DE to net energy (NE) conversion efficiency
was about 85 percent (Kane et al., 1979). The comparative
efficiency for a hay/grain diet is less than 60 percent. Ac-
cordingly, the NE of fat-supplemented feeds is higher than
is predicted by estimation of the DE content.

In Shetland ponies, there is evidence that fat supplemen-
tation (soybean oil, 10 percent DM) results in glucose intol-
erance (Schmidt et al., 2001). When ponies were fed to meet
DE requirement (15.5 MJ DE/100 kg BW), mean plasma
glucose concentrations during an oral glucose tolerance test
(1 g/kg BW) were approximately 40 percent higher in the
fat-supplemented diet when compared to the control diet.
Furthermore, the feeding of a hypercaloric (18.5 MJ DE/100
kg BW) fat-enriched diet resulted in a 25-fold increase in
plasma insulin concentrations after oral glucose loading.
Thus, glucose intolerance and insulin resistance may occur
in ponies fed fat-supplemented diets, particularly when en-
ergy intake exceeds requirements. As insulin resistance is
considered a risk factor for laminitis in ponies, some caution
in the feeding of fat-supplemented diets is warranted.

Most of the studies evaluating the effects of fat supple-
mentation in horses have been of short duration (less than 3
months). However, Pagan et al. (1995) observed no adverse
effects in 2-year-old Thoroughbreds fed supplemental fat
(soybean oil, 12 percent DE) for 7 months. Harris et al.
(1999) reported no apparent adverse effects of feeding a diet
supplemented with either an unsaturated or saturated veg-
etable oil for 6 months at 20 percent DE after 10 months at
12 percent DE. In Warmblood-type horses, no detrimental ef-
fects on blood biochemical variables were observed after
feeding a mixed diet containing 14 percent and 16.3 percent
partially hydrogenated soy oil for, respectively, 168 (Zeyner
and Dittrich, 2003) and 390 (Zeyner et al., 2002) days.
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Proteins and Amino Acids

INTRODUCTION

Protein is a major component of most tissues in the body,
second only to water. All tissues in the body are made of
protein along with enzymes, hormones, and antibodies. Pro-
tein is made of chains of amino acids. Twenty so-called “pri-
mary” amino acids make up most proteins. The types of
amino acids incorporated into a protein chain as well as the
length of the protein chain differentiate one protein from an-
other. Therefore, the horse’s requirement is actually for
amino acids. Individual amino acid requirements (with the
exception of lysine) have not been established for the horse.
As a nonruminant species, there are 10 presumed essential
amino acids for the horse: arginine, histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, threonine, tryp-
tophan, and valine (NRC, 1998). These are amino acids that
cannot be synthesized by the body in sufficient quantities to
meet the demand for them. All the necessary amino acids re-
quired for a protein to be made must be present at the same
time. One that is present in less than adequate amounts is re-
ferred to as a limiting amino acid because it will limit pro-
tein synthesis. The challenge in feeding horses is to provide
adequate quantities of protein that will allow for sufficient
concentrations of circulating amino acids in the blood that
the body can draw on to synthesize tissues, enzymes, and
hormones, as well as repair tissues.

PROTEIN DIGESTION AND UTILIZATION

Dietary protein is digested mainly in the foregut of the
horse through enzymatic digestion in the stomach and small
intestine. Enzymatic digestion of protein in the stomach oc-
curs via pepsin, which has specificity for peptide bonds in-
volving aromatic L-amino acids such as phenylalanine and
tryptophan. Pancreatic proteases secreted into the small in-
testine continue protein breakdown and enable absorption of
amino acids and dipeptides in the small intestine. Dipeptides
are hydrolyzed to amino acids in the gut wall and add to the
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circulating pool of amino acids in the blood. Nonprotein ni-
trogen (NPN) sources, such as free amino acids and urea,
are also absorbed in the small intestine. Protein and NPN es-
caping digestion in the foregut enter the hindgut where they
are available for degradation and the synthesis of microbial
protein. Studies have reported an increase in plasma ammo-
nia concentrations when protein sources were infused di-
rectly into the cecum (Reitnour and Salsbury, 1975), sug-
gesting that ammonia is the main nitrogen product absorbed
from the hindgut. There is no evidence that amino acids
from microbial protein synthesis are absorbed in sufficient
quantities to significantly contribute to the amino acid pool
for the horse. Cecal administration of 75 g of lysine did not
increase plasma lysine in horses, in contrast to a dramatic in-
crease in plasma lysine with a gastric dose of lysine
(Wysocki and Baker, 1975). If the hindgut were of signifi-
cant importance in protein digestion, it would be expected
that cecal infusion of protein sources would result in im-
proved nitrogen balance, but this has proven not to be the
case (Reitnour and Salsbury, 1972). Another study showed a
high correlation between blood amino acids and dietary
amino acids, but no correlation between cecal amino acid
concentrations and blood amino acids (Reitnour et al.,
1970). These observations suggest that the horse is sensitive
to the quality of protein in the diet (amino acid profile), and
despite evidence that there is microbial synthesis of amino
acids in the hindgut, these amino acids are not absorbed for
the horse’s benefit. It seems evident that the quality of the
protein source should be considered carefully in the horse’s
diet.

Feeding NPN sources, such as urea, is not useful to the
horse in most circumstances. Hintz et al. (1970) reported
ammonia toxicity and death of ponies (125 to 136 kg) when
450 g of urea was fed orally. Inclusion of urea in the diet has
been reported to improve nitrogen retention in cases where
dietary protein appeared to be deficient, but not in cases
where other protein sources have been used such as soybean
meal (Slade et al., 1970). Inclusion of urea in the diet has
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consistently increased blood and urine urea concentrations,
suggesting that the dietary urea contributed to excess nitro-
gen in the body, resulting in the increase in blood urea and
excretion of urea in urine (Slade et al., 1970; Hintz and
Schryver, 1972; Martin et al., 1991, 1996). Urea intake of as
little as 0.9 percent of the diet (0.14 g urea/kg BW/d) was re-
ported to increase plasma urea nitrogen (PUN) over the con-
trol ration (Hintz and Schryver, 1972), while the other stud-
ies fed urea at a rate of 2 to 3 percent of the diet and reported
similar increases in PUN over control rations (Slade et al.,
1970; Martin et al., 1991, 1996). These studies support the
conclusion that urea and other sources of NPN in the form
of urea are of little to no nutritional benefit to the horse.

Protein Digestibility

The quality of the dietary protein should be considered
when selecting a protein source for the horse’s diet. Protein
quality is a function of the amino acid profile and the di-
gestibility of the protein source. The higher the digestibility
(especially the foregut digestibility) of the protein source,
the higher the absorption of amino acids to contribute to the
amino acid pool for tissue synthesis and repair.

Digestibility of nitrogen (N) or crude protein (CP) is cor-
related to dry matter (DM) intake as well as CP concentra-
tion in the diet. As DM intake and CP concentration in-
crease, so does CP digestibility (Slade et al., 1970).
Combining means of nitrogen digestibility from several
studies (N = 16) provided evidence of this across a range of
nitrogen intakes between 0.035 g N/kg BW/d to 0.57 g N/kg
BW/d. Total tract apparent digestibility of CP varies based
on protein source (e.g., fishmeal vs. corn gluten meal) and
components of the diet (e.g., forage vs. concentrate), as well
as with the ratio of forage to concentrate in the daily ration.
Within forages, apparent total tract CP digestibility varies
from 73-83 percent for alfalfa, 57-64 percent for Coastal
Bermudagrass, and 6774 percent for other grasses such as
fescue and bromegrass. Gibbs et al. (1988) examined the
difference in foregut and hindgut digestibility of forages.
Apparent prececal digestibility was 28.5 percent for alfalfa
and 16.8 percent for Coastal Bermudagrass. Endogenous
fecal nitrogen in the study was estimated to be 5.8 mg N/g
DM intake resulting in true prececal digestibility of protein
from the forages of 37 percent.

Other digestibility studies have fed concentrates in high
proportion to forage when determining nitrogen digestibil-
ity. Feeding corn, oats, or sorghum in combination with
Coastal Bermudagrass hay (3:1 concentrate to forage ratio)
resulted in apparent total tract protein digestibility of 88,
82.8, and 84.6 percent respectively. Apparent prececal pro-
tein digestion was 38.5, 45.8, and 56.1 percent for corn-,
oat-, and sorghum-based diets. This study determined the
apparent protein digestibility of the grain portion of the diet
by difference (by subtracting the predetermined apparent di-
gestibility of the hay from a previous study), resulting in ap-
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parent prececal protein digestibility of 48.1, 53.9, and 70.7
percent for the three diets (corn, oats, and sorghum) and ap-
parent overall tract protein digestion of 98.1, 88.5, and 93.1
percent, respectively (Gibbs et al., 1996). A similar trial was
conducted to evaluate protein digestibility of protein supple-
ments. Soybean meal (SBM) and cottonseed meal (CSM)
were evaluated. Upper tract apparent protein digestibility
was 50.9 and 42.4 percent for SBM and CSM, respectively.
Endogenous nitrogen in the upper tract was estimated at 3.5
mg N/g DM intake. True protein digestibility was calculated
to be 90.9 and 87.1 percent for SBM and CSM, respectively.
Calculating the apparent digestibility of the protein supple-
ment by difference results in prececal digestibility of 52.5
and 81.2 percent for SBM and CSM, respectively, and total
tract digestibility of 92.2 and 85 percent for SBM and CSM,
respectively. Apparent prececal digestibilities increased from
48 to 59.6 percent as SBM increased in the diet from 0.85
percent of DM intake to 2.85 percent of DM intake and total
tract digestibility varied from 77.9 to 87.2 percent with the
same increasing amounts of SBM. This study also calculated
the true prececal digestibility of SBM to be 72.2 percent
(Farley et al., 1995). Potter et al. (1992) fed forage and con-
centrate with a higher percentage of forage in the ration when
compared to other studies evaluating digestibility (50:50
concentrate to forage) and reported apparent prececal di-
gestibilities of 67.3, 70.3, and 75.9 percent for oats, SBM,
and CSM, respectively, when fed in combination with
Coastal Bermudagrass hay. Relative prececal digestion of
protein appears to be 25-30 percent of the dietary protein
when diets contain only forage and approaches 70-75 per-
cent when diets contain protein supplements such as SBM or
CSM in combination with forage. Compiling means from
studies that have reported nitrogen intake as well as fecal ni-
trogen (N = 16) resulted in an estimate of apparent nitrogen
digestibility of 79 percent for the total tract when linear re-
gression was applied to the data (r> = 0.94) (Figure 4-1).
Comparing digestibility between diets that were a mix of
concentrate and forage to those containing only forage did
not result in a significant difference in digestibility (77 per-
cent for forage-only diets). The same approach of compiling
means from studies (N = 4) that reported nitrogen intake as
well as foregut N disappearance was used to evaluate appar-
ent prececal nitrogen digestibility. It determined digestibility
to be 51 percent when including all diets (r> = 0.83) (Figure
4-2). Only one study (Gibbs et al., 1988) estimated apparent
prececal nitrogen digestibility with all forage diets and re-
ported a slightly lower prececal digestibility (42 percent).

The studies reviewed to determine these estimates of pro-
tein digestibility in the total tract, as well as prececal di-
gestibility, utilized sources of protein such as SBM, CSM,
linseed meal, brewer’s dried grains, fishmeal, milk byprod-
ucts, and corn gluten meal. If other sources of protein are
utilized that have not been included in this review, this may
affect overall protein digestibility and thus protein require-
ments when using that particular source of protein.
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FIGURE 4-1 Regression of means from nitrogen digestibility
studies for sedentary horses. The slope of the fitted line represents
a 79 percent digestibility for dietary protein (Slade et al., 1970;
Hintz et al., 1971; Hintz and Schryver, 1972; Harper and Vander
Noot, 1974; Reitnour and Salsbury, 1976; Meyer, 1985; Freeman et
al., 1986, 1988; Gibbs et al., 1988, 1996; Potter et al., 1992; Farley
et al., 1995; Martin et al., 1996; van Niekerk and van Nierkerk,
1997a; de Almeida et al., 1998a; Olsman et al., 2003).

A study by de Almeida et al. (1998b) determined indi-
vidual amino acid digestibilities using foals and reported in-
creasing apparent digestibility of amino acids as the con-
centrations increased in the diet. An increase in amino acid
digestibility with increasing amino acid intake is consistent
with the increase in protein digestibility with increasing pro-
tein intake. Apparent digestibilities ranged from a low of
52.8 percent for glycine to a high of 86.3 percent for iso-
leucine. Apparent lysine digestibility was 63.8 percent in
this study. Slightly higher digestibilities were reported by
van Niekerk and van Niekerk (1997a) for lysine (79 per-
cent), threonine (79 percent), isoleucine (80 percent), leu-
cine (82 percent), methionine (81 percent), and arginine (90
percent) in pregnant mares.

Nitrogen balance studies have resulted in various esti-
mates of the amounts of nitrogen needed to maintain zero
nitrogen balance. The differences in estimates may be ex-
plained by variation in nitrogen digestibility. Therefore, 100 g
of CP from SBM may be different from 100 g of CP from
fishmeal nutritionally to the horse, because of differences in
the amino acid profile and digestibility of the protein source.
Understanding protein digestibility in the horse enables pro-
tein requirements to be expressed in terms of digestible pro-
tein (DP) instead of CP. When protein requirements are ex-
pressed in terms of DP, diets can be balanced in terms of DP,

NUTRIENT REQUIREMENTS OF HORSES
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FIGURE 4-2 Regression of means from nitrogen digestibility
studies evaluating foregut vs. total tract digestibility of nitrogen.
The slope of the fitted line indicates a 51 percent digestibility for
dietary protein (Gibbs et al., 1988, 1996; Potter et al., 1992; Farley
et al., 1995).

provided data are available regarding the DP concentration
of feedstuffs. In France, protein requirements and protein
content of feeds are expressed in terms of MADC (Matieres
Azotées Digestibles Cheval). This system was developed to
account for differences in digestibility of various sources of
protein and availability of protein digestion products in the
small vs. large intestine. Estimates of true ileal digestibility
of protein have been made for hays, concentrates, and mixed
diets. Adjustments for total tract digestibility have been
made in this system due to the fact that nitrogen of endoge-
nous origin and nitrogen of microbial origin cannot be dif-
ferentiated in the feces (Martin-Rosset et al., 1994). This
system provides insight into considering available protein
for the horse rather than CP. Improvement of this system and
more research can assist in expressing the protein require-
ments for the horse in the future in terms of DP rather than
CP. The lack of information regarding DP and amino acid
availabilities in feedstuffs prevents doing this at this time.
More information about estimating DP in feedstuffs for
horses is given in Chapter 8.

Protein Bioavailability

Proteins that are digested in the foregut are potentially
available to the horse to contribute to the amino acid pool in
the body, whereas those that pass to the hindgut are not.
Thus, proteins that are largely digested in the equine foregut
are of higher quality than those that are mainly degraded in
the cecum and colon. In addition to its foregut digestibility,
the quality of a protein supplement is further determined by
its amino acid profile rather than its crude protein content.
As a consequence, nitrogen balance studies found that dif-
ferent amounts of protein were required for zero nitrogen re-
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tention when different protein sources were fed. Thus zero
nitrogen balances were observed for fishmeal, SBM, and
corn gluten meal at intakes of 0.57, 0.8, and 1.18 g N/kg
BW/d, respectively. Such results suggest that different pro-
tein sources have varying foregut digestibilities and/or
amino acid profiles, and thus differ in their biological value
to the horse.

A number of studies have determined DP values for a
limited number of feeds in horses, but as yet insufficient
data are available for the horse in order for DP to be the stan-
dard expression for describing either the protein require-
ments of horses or the protein quality of the wide range of
feedstuffs given to them. Crude protein is simply nitrogen x
6.25. Not all CP is available to the animal and adjusting CP
content for protein that is not available to the horse could
allow estimation of digestible or “available protein” (AP).
Available protein can be estimated by subtracting NPN and
acid detergent insoluble nitrogen (ADIN), which represents
“bound” protein, from CP values for the feeds. Thus, AP is
a calculated estimate of protein that may be available to the
horse, while DP is based on whole tract digestibility studies
that measured the amount of protein apparently digested in
vivo. For more information on protein analysis in feeds, see
Chapter 10. Studies that evaluated protein digestibility in the
horse were used to evaluate the concept of AP. Digestible
protein intake was calculated using the digestibility for pro-
tein observed in the respective study. The AP of the diet in
each study and the respective AP intake was then calculated
using the diet and intake data provided in the study. The in-
take of AP was compared to the DP intake. There was a high
correlation between the two variables (r> = 0.91) (Figure
4-3). Additional research is required to evaluate this concept
in vivo, but it could be the next step in progressing from CP
to DP in terms of expressing protein requirements for
horses.

Data from appropriate studies were subjected to linear
and/or nonlinear regression to obtain estimates of require-
ments in the following sections. This approach is different
from the previous edition and results in changes in the cal-
culation of protein requirements for horses in various phys-
iological states.

MAINTENANCE

Nitrogen balance studies in mature horses and ponies
have concluded that between 400 and 800 mg DP/kg BW/d
is necessary to achieve nitrogen balance in the sedentary
horse. However, different protein sources have been used in
the various studies. Taking into account true digestibility
may reduce the variation. Linear regression of means from
studies (providing adequate data to calculate nitrogen bal-
ance) using fishmeal, SBM, and corn gluten meal resulted in
zero nitrogen balance at intakes of 0.57, 0.80, and 1.18 g
N/kg BW/d respectively.
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FIGURE 4-3 Relationship between calculated available protein
(AP) intake and digestible protein (DP) intake (AP = CP — (NPN +
ADIN)) (Hintz and Schryver, 1972; Reitnour and Salsbury, 1972;
Reitnour and Salsbury, 1975; Glade et al., 1985; Gibbs et al., 1988,
1996; Farley et al., 1995; Crozier et al., 1997; LaCasha et al.,
1999).

When protein needs are evaluated, energy intake must be
adequate. Horses fed only 700 mg CP/kg BW/d (350 g/d for
a 500-kg horse) lost weight even when energy intake was
adequate. These horses continued to lose weight when en-
ergy intake was deficient despite CP intakes of 1,300 mg/kg
BW/d (650 g CP for a 500-kg horse) (Sticker et al., 1995).
Therefore, when CP is deficient, weight loss results; how-
ever, when energy is deficient despite CP being adequate,
weight loss still results.

Endogenous urinary and fecal nitrogen have been evalu-
ated in several studies in an attempt to estimate the minimal
protein needs of the horse. Based on these evaluations, 400
mg DP/kg BW/d has been determined to be the minimum
protein need (Reitnour and Salsbury, 1976; Patterson et al.,
1985). Higher estimates have been reported by others: 440
mg DP/kg BW/d by Harper and Vander Noot (1974), 545
mg DP/kg BW/d by Olsman et al. (2003), 580 mg DP/kg
BW/d by Slade et al. (1970), and 631 mg DP/kg BW/d by
Hintz and Schryver (1972). Meyer (1985) estimated en-
dogenous losses (fecal, urine, and cutaneous) to be approxi-
mately 57 g N/kg BW/day, suggesting a minimum of 500
mg DP/kg BW/d, but also recommended 714 mg DP/kg
BW/d to allow for some reserves of nitrogen in the body.
The recommendation was based on a 20 percent increase in
DP over the minimal nitrogen need to build up nitrogen re-
serves and assumed 50 percent efficiency of use for the ni-
trogen. Intakes of < 400 mg DP/kg BW/d are inadequate.
Horses being fed 264 and 310 mg DP/kg BW/d were in neg-
ative nitrogen balance (Martin et al., 1996; Olsman et al.,
2003). The NRC (1989) CP requirement for maintenance
(656 g CP/d for 500-kg horse) assumes a 46 percent di-
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gestibility and an all-forage diet. This equates to approxi-
mately 600 mg DP/kg BW/d.

Applying linear regression to means from studies (N = 12)
that measured nitrogen intake and nitrogen retention resulted
in 619 mg DP/kg BW/d (813 mg CP/kg BW/d) for zero ni-
trogen retention (r> = 0.76). Thus, based on these data, the
minimum digestible protein intake for horses in maintenance
should be > 620 mg DP/kg BW/d. Because nitrogen balance
can underestimate true nitrogen loss from the body due to
measuring error as well as nitrogen losses from hair, skin,
and sweat, some allowances for nitrogen retention greater
than zero should be made when determining the mini-
mum requirement. This would help compensate for errors in
nitrogen balance data as well as allow for some nitrogen re-
serves in the body. Fitting the same data to a broken-line
model estimates the requirement to be 0.202 g N/kg BW/d,
resulting in a CP equivalent of 1.26 g/kg BW/d (Figure
4-3). Thus, the equation for determining the CP for the
horse in average maintenance would be BW X 1.26 g/kg
BW/d. For a 500-kg horse this would equate to 630 g CP/d.
Using the 95 percent confidence interval for the data deter-
mines the requirement to be between 1.08 g CP/kg BW/d to
1.44 g CP/kg BW/d, which would provide three levels of
maintenance similar to those described for energy require-
ments (Chapter 1), based on the assumption that horses that
are more active without forced exercise would have more
lean tissue to support. Therefore, minimum CP needs for the
maintenance horse can be calculated using the equation:
BW x 1.08 g CP/kg BW/d and the need for horses deter-
mined to be in elevated maintenance can be calculated by the
equation: BW x 1.44 ¢ CP/kg BW/d.

Crude protein requirements for the horse can be calcu-
lated using the following equations:

Minimum: BW x 1.08 g CP/kg BW/d
Average: BW x 1.26 g CP/kg BW/d
Elevated: BW x 1.44 g CP/kg BW/d

Studies evaluating lysine requirements of sedentary adult
horses have not been conducted. The lysine requirement for
maintenance has, in the past, been based on the average ly-
sine content in most protein sources fed to horses. Using
means from studies (N = 7) that reported diet composition,
intake, and N retention, linear regression was applied and
resulted in an intake of 0.036 g lysine/kg BW/d for zero N
retention, representing the minimum need for lysine at
maintenance. Broken-line analysis (Figure 4-4) identified a
plateau in N retention for maintenance horses at an intake of
0.054 g lysine/kg BW/d. The equation to calculate the min-
imum lysine requirement for maintenance would be BW x
0.036 g/kg BW/d, while the optimum could be calculated
with the equation: BW x 0.054 g/kg BW/d. This equates to
a minimum of 18 g lysine per day and an optimum of 27 g
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FIGURE 4-4 Linear and nonlinear regression for nitrogen bal-
ance for horses at maintenance. Linear regression determined zero
N retention to be 0.126 g N/kg BW and broken-line analysis esti-
mated the requirement to be 0.202 g N/kg BW (Slade et al., 1970;
Hintz and Schryver, 1972; Reitnour and Salsbury, 1972, 1976;
Harper and Vander Noot, 1974; Meyer, 1983a, 1985; Freeman et
al., 1986, 1988; Gibbs et al., 1988; Martin et al., 1996; Olsman et
al., 2003).

lysine per day for the 500-kg horse. With a CP requirement
of 630 g for the 500-kg horse, the lysine requirement of 27
g/d is equal to 4.3 percent of the CP requirement. Therefore,
the requirement for lysine for horses in minimal and ele-
vated maintenance can be calculated by multiplying the CP
requirement by 4.3 percent. It is important to emphasize that
the relationship between CP and lysine should result in ly-
sine being 4.3 percent of the CP requirement. If the protein
sources utilized in the ration do not provide this amount of
lysine, this could alter the CP requirement as well.

The lysine requirement for horses in maintenance can be
calculated as follows:

Lysine (g/d) = CP requirement X 4.3 percent

GROWTH

Hintz et al. (1971) studied 4-month-old growing horses
and reported maximal nitrogen retention and average daily
gain (ADG) when horses consumed 4.25 g CP/kg BW/d
from a diet in which the supplemental protein was provided
by “milk product blend” (2.77 g DP/kg BW/d). These young
horses had greater ADG when fed milk protein compared to
linseed meal (Hintz et al., 1971). Other studies have re-
ported greater ADG for young horses (< 8 months of age)
fed milk protein over SBM (Borton et al., 1973) or barley
(Saastamoinen and Koskinen, 1993), while SBM proved su-
perior for ADG compared to brewer’s dried grains (BDG)
(Ott et al., 1979). However, when canola meal was fed as the
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protein source to horses 6 months of age, ADG was equal to
that produced by SBM (Cymbaluk, 1990). Urea as a dietary
source of nitrogen did not improve ADG in growing horses
younger than 8 months of age (Dubose, 1983; Godbee and
Slade, 1981). This reinforces the idea that the horse is sen-
sitive to protein quality. This is especially true in the grow-
ing horse where lysine has been found to be the first limit-
ing amino acid.

Average daily gain was maximized for weanlings (6
months of age) when 5.05 g CP/kg BW/d was consumed
SBM, and a reduction in ADG was reported when intake
reached 5.45 g CP/kg BW/d (Yoakam et al., 1978). If a 79
percent protein digestibility is assumed, this equates to max-
imal growth at 3.95 g DP/kg BW/d. Other studies have re-
ported improved ADG when weanlings (4 to 6 months of
age) consumed at least 4.1 g CP/kg BW/d (Pulse et al.,
1973), 4.57 g CP/kg BW/d (Jordan and Myers, 1972), and
3.37 g CP/kg BW/d from SBM (Schryver et al., 1987).
Combining data from several studies, fitting it to a broken-
line model estimate, and extrapolating to different mature
body weights, the requirement becomes 4 g CP/kg BW/d for
weanlings between 4 and 10 months of age with an expected
mature body weight of 500 kg. This equals 672 g CP/d for
the 4-month-old (168-kg) weanling. Subtracting the mainte-
nance requirement (1.44 g CP/kg BW/d) from the total CP
results in a 50 percent efficiency of use of the remaining CP
for gain (0.84 kg/d), assuming the gain is 20 percent protein.
This efficiency of use of CP for gain can be used to calcu-
late the CP requirement for gain with an adjustment for di-
gestibility and adding this amount of CP to the daily main-
tenance requirement.

De Almeida et al. (1998b) estimated total endogenous ni-
trogen losses in yearling horses to be 588.8 mg CP/kg BW/d
and found nitrogen retention was maximized at a protein in-
take of 3.2 g CP/kg BW/d (2.4 g DP/kg BW/d). This study
also compared prececal and postileal digestibility and deter-
mined that the majority of protein digestion took place in the
foregut. Yearlings (315-333 days of age) have had greater
ADGs when fed at least 3.3 g CP/kg BW/d when fed SBM
and alfalfa (Ott and Kivipelto, 2002), and 3 g CP/kg BW/d
when fed SBM and Bermudagrass hay (Ott and Asquith,
1986). Analysis of means from studies providing intake data
as well as ADG reported improved ADG with increasing CP
intake up to 3.3 g CP/kg BW/d for yearlings between 11 and
17 months of age. Calculating the efficiency of use of CP for
gain (after subtracting the CP needed for maintenance) in
studies reporting CP intake, BW and ADG resulted in aver-
age efficiency of only 30 percent for horses over 11 months
of age. A 321-kg yearling (12 months old) gaining 0.45 kg/d
would require 462 g CP/d for maintenance needs (1.44 g
CP/kg BW/d) and 380 g CP/d for gain after adjusting for ef-
ficiency of use and digestibility assuming gain is 20 percent
protein.

Young horses (< 10 months of age) have also responded
to amino acid supplementation of diets. Improvement of the
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amino acid profile of the diet has resulted in improved ADG
as well as an ability to lower the overall quantity of CP in
the diet. Ott and Kivipelto (2002) concluded through regres-
sion analysis that lysine was the most important factor af-
fecting growth, and Ott et al. (1981) earlier concluded that
CP could be reduced in the diet if lysine intake was ade-
quate. Studies have concluded that lysine intake for wean-
lings (4 to 10 months of age) should be 33 to 42 g/d (151 to
179 mg lysine/kg BW/d) to improve ADGs (Breuer and
Golden, 1971; Ott et al., 1979; Ott and Kivipelto, 2002). Ly-
sine supplementation of linseed meal (Hintz et al., 1971)
and brewer’s dried grains (Ott et al., 1979) yielded ADG
similar to those reported with milk protein and SBM re-
spectively. Using the data (means) from studies that reported
ADG as well as diet, body weight, and feed intake, estimates
of amino acid intake can be made. The broken-line model
estimated the lysine requirement to be 168 mg/kg BW/d. For
the 4-month-old 168-kg weanling, this would be 28 g ly-
sine/d. This amount of lysine is equivalent to 4.3 percent of
the horse’s CP requirement. Therefore, the lysine require-
ment for weanling horses between 4—10 months of age is 4.3
percent of the CP requirement.

Yearlings (11-17 months of age) have also responded to
lysine supplementation. Studies have concluded that be-
tween 48-50 g lysine/d (154—175 mg lysine/kg BW/d) for
improved growth was necessary. In yearlings, lysine supple-
mentation has improved ADG reported from CSM- and
BDG-based rations (Potter and Hutchon, 1975; Ott et al.,
1981). Graham et al. (1994) evaluated threonine as a poten-
tially limiting amino acid for yearling horses. Improved
growth and reduced serum urea nitrogen concentrations
were reported in yearlings fed 45 g of lysine (127 mg/kg
BW/d) and 39 g of threonine (110 mg/kg BW/d) per day
compared to yearlings receiving no amino acid supplemen-
tation or supplemental lysine of 42 g/d (116 mg/kg BW/d).
A reduction in serum urea nitrogen would provide evidence
of a reduction in excess amino acids presumably from an
improvement in amino acid balance and utilization for tissue
synthesis. This study also supported the idea that improve-
ment of protein quality can allow reduction of the overall
concentration of CP in the diet.

Most studies have only utilized sedentary growing horses
to evaluate CP requirements. Orton et al. (1985) compared
groups of 2-year-olds fed low and high amounts of dietary
protein as well as combinations of exercise and control
groups. Exercise improved the utilization of the dietary pro-
tein in the low-protein group (1.45 g CP/kg BW/d). Average
daily gain was equal to that of the group consuming 3 g
CP/kg BW/d with or without exercise. This increase in di-
etary protein utilization was also reported in 9-month-old
weanlings (1.76 g CP/kg BW/d with exercise yielded simi-
lar ADG as 3.1 g CP/kg BW/d with or without exercise) and
yearlings (2 g CP/kg BW/d with exercise had ADG similar
to consumption of 3.4 g CP/kg BW/d with or without exer-
cise) (Orton et al., 1985). Certainly it seems that exercise
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improved digestibility in the low-protein exercise group al-
lowing for improved efficiency of use of the dietary protein.
The decrease in activity observed with stabled horses as well
as horses with minimal exercise may be at a disadvantage
for optimal protein utilization.

Nutrient requirements for growing horses less than 4
months of age and greater than 18 months of age have re-
ceived very little attention in published research. Studies in-
volving horses less than 4 months of age have reported ADG
between 0.86 and 1.57 kg/d feeding between 300 and
700 g CP/d (Lawrence et al., 1991; Cymbaluk et al., 1993;
Breuer et al., 1996). These ADG fall into the normal growth
curve reported in Chapter 1 for horses with an expected ma-
ture weight of 500 kg. Body weights were not always re-
ported in the studies so it is not possible to express CP on a
BW basis. Rations also varied from nursing foals receiving
only milk for a period of time, foals nursing and receiving
creep feed, and foals receiving milk replacer and creep feed,
making it difficult to make comparisons. This is an area of
research that needs to be addressed.

It is important that lysine amount to 4.3 percent of the CP
requirement for growing horses. If protein sources in the ra-
tion do not provide this relationship between lysine and CP,
the overall CP requirement of the animal may need to be in-
creased compared to recommendations made here.

The protein requirements for growing horses can be cal-
culated as follows:

CP requirement = (BW x 1.44 ¢ CP/kg BW) plus
((ADG x 0.20)/E)/0.79

where E = efficiency of use of dietary protein, which is esti-
mated to be 50 percent for horses 4—-6 months of age, 45 per-
cent for horses 7 and 8 months of age, 40 percent for horses
9 and 10 months of age, 35 percent for horses 11 months of
age, and 30 percent for horses 12 months of age or older.

Lysine requirements can be calculated by multiplying the
CP requirement by 4.3 percent.

PREGNANCY

Protein requirements for pregnant mares have received
little attention. Pregnant mares fed 1.86 g CP/kg BW/d had
no apparent ill effects (Boyer et al., 1999); however, preg-
nant mares that were fed < 2.0 g CP/kg BW/d (1,000 g CP/d
for the 500-kg horse) lost weight and had a higher incidence
of early fetal loss than mares fed = 2.8 g CP/kg BW/d
(1,400 g CP/d for the 500-kg horse). Digestibility of CP in
van Nierkerk and van Nierkerk’s 1997a study was approxi-
mately 80 percent, resulting in DP intakes of 1.6 and 2.2
g/kg BW/d for the apparently deficient and adequate groups
mentioned previously. Mares fed the apparently deficient
amount of dietary protein were slower to begin ovulating
after the anovulatory period than mares fed higher amounts
of dietary protein (van Niekerk and van Niekerk, 1997c).
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The slow return to cycling in these mares is possibly due to
low progesterone concentrations that were reported in all of
the mares in the protein-deficient group. Progesterone is
produced by the corpus luteum, which is critical to the main-
tenance of early pregnancy (van Niekerk and van Niekerk,
1998). Holtan and Hunt (1983) reported a positive linear re-
lationship between dietary protein and progesterone concen-
trations. This study did not report intakes but fed CP con-
centrations of 8.6, 11.4, and 17.2 percent CP and found 6.5,
7.9, and 10.3 ng/ml progesterone, respectively. Pregnant
mares generally have circulating progesterone concentra-
tions of 7 to 10 ng/ml after day 60 of gestation (Terblanche
and Maree, 1981). A study evaluating nitrogen balance in
mares in early pregnancy reported mares in positive nitrogen
balance with 1.86 g CP/kg BW/d (930 g CP/d for the 500-
kg horse) (Boyer et al., 1999). This study also evaluated CP
digestibility and determined it to be only 51.7 percent for the
all-forage diet, which equates to a DP amount of only 950
mg DP/kg BW/d for these mares in early to mid-gestation
(4.5-9 months of pregnancy). Boyer et al. (1999) concluded
that approximately 1,100 g CP/d for mares in early preg-
nancy to be appropriate. However, an amount of protein in-
take that created negative nitrogen balance was not evalu-
ated. The lower amount of acceptable protein intake for
mares in early to mid-gestation has not been investigated
thoroughly. In the study by van Niekerk and van Niekerk
(1997a) the CP:DE ratio was < 35 in mares that lost weight
and had higher incidence of fetal loss compared to the other
groups with (CP:DE) ratios = 38. The study by Boyer et al.
(1999) had a CP:DE ratio of 40. It can be concluded that
feeding mares in early to mid-gestation at an average main-
tenance level of protein intake (1.26 g CP/kg BW/d) is ade-
quate, but more research needs to be done to determine more
precisely the needs of the mare in early to mid-pregnancy.
Therefore, the equation to determine CP requirements for
pregnant mares from conception through the 4th month of
gestation is:

CP = BW x 1.26 ¢ CP/kg BW/d

Studies utilizing in utero measurements as well as
aborted fetuses have reported fetal weight gain in the third
trimester to be related to gestational age (Y = -20.7 +
0.00067X?, r>=0.84, where Y = fetal body weight in kg and
X = gestational age in days; Platt, 1984). Therefore, at the
start of the last trimester (day 240), the fetus would be 17.9
kg, 28.1 kg at day 270, 39.6 kg at day 300, and 52.3 kg at
day 330. Fetal birth weight is estimated to be approximately
9.7 percent of the mare’s body weight. Therefore, this equa-
tion appears to work well for the 500-kg mare. The rates of
growth estimated from the equation equate to approximately
0.38 kg of weight gain/d for the fetus. Fowden et al. (2000)
used ponies in studies that reported fetal weights. Plotting
linear regression of mean weights of fetuses of known ges-
tational age results in a fetal growth equation of Y = 0.13x —
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24.8 where Y = fetal weight in kg and x = gestational age in
days (2 = 0.98). From this equation, at the start of the last
trimester (day 240), the fetus would be 7.2 kg, 10.3 kg at day
270, 14.2 kg at day 300, and 18.1 kg at day 330. This equa-
tion would presumably work well for the 200-kg pony. The
rate of gain in the fetus from these data is 0.13 kg of weight
gain/d. Meyer (1983a) reported that newborn foals were
17.1 percent CP. If the neonatal foal is also similar in com-
position in utero, this would equate into 65 g CP deposited
per day in the horse mare and 22.5 g CP deposited per day
in the pony mare. This does not take into account other pro-
tein needs of the uterus. Using only fetal protein deposition
and the 50 percent efficiency of use of protein in pregnancy
for fetal growth estimated by Meyer (1983a) results in an
additional need of 130 g CP/d and 45 g CP/d over mainte-
nance for fetal growth in the horse and pony, respectively.
Using a digestibility of 79 percent, in order to provide 130 g
and 45 g of protein for fetal growth, an additional 165 g and
57 g of CP must be provided in the diet for horses (500kg)
and ponies (200kg), respectively. Bell et al. (1995) deter-
mined body composition of calves of known gestational age.
Nonlinear regression was applied, and an equation estimated
total fetal and uterine protein deposition. Fetal protein dep-
osition was much higher for calves than that estimated by
Platt’s (1984) equation and Meyer’s (1983a) estimation of
fetal protein composition for horses. The difference between
fetal protein deposition and total uterine protein deposition
(assumed to be placental protein need), however, was ap-
proximately 20 g CP/d. Using 50 percent efficiency, this
adds 40 g CP/d to the mare’s need during mid- to late preg-
nancy. Therefore, the 500-kg mare would need 802, 845,
and 863 g CP for the 9th, 10th, and 11th month of preg-
nancy, respectively. Using the available data, a growth curve
for the fetus was derived for the 5th through 11th months of
gestation. Based on estimated protein composition of the
fetus, as well as the rate of fetal gain, estimates of protein
needs above maintenance were made with an allowance for
placental and uterine protein needs included.

The difficulty in determining dietary protein needs of the
pregnant mare is that the mare readily utilizes body reserves
to support the fetus. Meyer (1996) speculated that the preg-
nant mare adjusts for marginal energy, protein, and mineral
deficiencies by mobilizing body reserves and prolonging
gestation time. Kowalski et al. (1990) weighed 10 pregnant
Thoroughbred mares every 14 days for the last 3 months of
gestation. The diets provided 23 Mcal DE/d and the mares
averaged a body condition score of 6. There were no signif-
icant weight gains in the last 3 months of pregnancy, leading
the authors to conclude that the mares used body reserves to
support the pregnancy. Lawrence et al. (1992) also found no
significant weight gains for mares in the last trimester. In
this study, mares were evaluated throughout pregnancy, and
it was determined that the significant increase in weight gain
actually occurred in the second trimester of pregnancy rather
than the third. All mares delivered normal size foals, adding
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support to the hypothesis that mares may store reserves dur-
ing the earlier stages of pregnancy and mobilize reserves in
the last trimester.

The amino acid requirements of the pregnant mare have
not been addressed. Van Niekerk and van Niekerk (1997b)
reported lower fetal loss during pregnancy in mares fed
> 110 mg lysine/kg BW/d. No other information regarding
lysine needs of the pregnant mare is available at this time to
the best of the available knowledge. Without any available
data regarding the amino acid needs of the pregnant mare,
the lysine requirement for pregnancy will be estimated to be
4.3 percent of the CP requirement. Therefore, the lysine re-
quirement for pregnancy can be calculated by multiplying
the CP requirement by 4.3 percent. Protein sources should
be of high quality and allow the CP relationship with lysine
to have lysine at 4.3 percent of the CP. If this is not achieved
because of lower-quality protein sources, the CP require-
ment may need to be increased.

The protein requirements for pregnancy can be estimated
as follows:

Early pregnancy (conception through the 4th month):
Protein requirements = BW x 1.26 g CP/kg BW/d

Pregnancy from the 5th month through parturition:
Protein requirements = BW x 1.26 g CP/kg BW/d
plus ((fetal gain in kg/0.5)/0.79

where 0.5 represents the efficiency factor and 0.79 repre-
sents the digestibility of the protein. The lysine requirement
can be calculated by multiplying the CP requirement by 4.3
percent.

LACTATION

Lactating mares fed < 2.8 g CP/kg BW/d lost weight and
produced less milk than mares fed at least 3.2 g CP/kg
BW/d. Foals also gained more weight in this study when
mares were fed at least 3.2 g CP/kg BW/d (van Niekerk and
van Niekerk, 1997b). In Martin et al. (1991) mares fed only
1.26 g CP/kg BW/d lost weight. Despite increasing the CP
via urea supplementation to an amount of 2 g CP/kg BW/d,
the mares still lost weight. Milk production in this study
was reduced; foals had slower growth and higher plasma
urea nitrogen concentrations. Mares in the study had higher
plasma urea nitrogen concentrations as well when fed urea.
This suggests that urea is not appropriate for lactating mares
and only high-quality protein should be fed (Martin
etal., 1991). Jordan (1983) reported that lactating mares fed
< 3 g CP/kg BW lost weight. Inclusion of SBM as the pro-
tein source in the diet reduced the daily weight loss com-
pared to diets without SBM, but did not prevent weight loss
until CP intake reached an amount of 3 g /kg BW/d. Foal
ADG did not differ among any of the groups, suggesting
milk production and composition were not affected by the
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apparent lack of dietary protein. This suggests the mare
readily utilizes body reserves during lactation.

The amount of milk production by mares has been docu-
mented in several studies and reported to vary between
1.9-3.9 percent of the mare’s body weight throughout lacta-
tion (up to 6 months). The same studies reported a very con-
sistent protein content of milk: from 3.1 to 3.3 percent in
early lactation (generally colostrums) and gradually declin-
ing to 1.6 to 1.9 percent in later lactation (Doreau et al., 1986,
1990; Smolders et al., 1990; Martin et al., 1992; Mariani et
al., 2001). Broken-line analysis of means from these studies
produced a linear decline in CP content of milk from day 1
to day 22 of lactation and then the concentration of crude
protein in milk reached a plateau at 1.96 percent. Dietary
protein intake in these studies was not determined to affect
milk production or crude protein composition of milk. One
exception reported that mares fed supplemental SBM (diet
provided 1,674 g CP/d) compared to mares fed a diet without
supplemental SBM (diet provided 1,568 g CP/d) had higher
concentrations of amino acids in milk, with the exception of
cysteine. The amino acid profile as expressed as a percent of
milk protein was not different, however. The foals nursing
these mares had higher withers height consistently through-
out the study, suggesting the protein quantity and/or quality
was better for their growth (Glade and Luba, 1990).

Lactating mares fed diets containing 129 g CP/kg DM or
142 g CP/kg DM (from SBM) produced between 2.6 to 3.9
percent BW in milk/d between weeks 1 and 8 of lactation.
Based on the overall intake of CP, between 126 to 150 g CP
was needed per kg milk produced in the first week of lacta-
tion. This declined to 110 to 120 g CP/kg milk in week 8 of
lactation (Doreau et al., 1992). Using these values, a 500-kg
mare producing 3.2 percent of her BW (16 kg/d) would need
2,400 g CP/d in early lactation and 1,920 g CP/d in late lac-
tation to support this amount of production. This is much
higher than other estimates. Doreau et al. (1992) calculated
the daily output of CP from this study to be an average of
590 g, based on milk production at 3.2 percent of the mare’s
body weight. Adding this amount of protein, adjusting for
50 percent efficiency of use, to the assumed maintenance
need of the mare would result in a requirement of 1,587 g
CP/d. Average milk production, from the previous studies
mentioned, was 3, 2.9, 2.8, 2, and 1.9 percent of the mare’s
BW between 1 and 5 months of lactation, respectively. Lin-
ear regression of means from studies reporting milk CP con-
centrations prior to day 22 of lactation determined that the
percent of CP in milk can be calculated from the equation Y
=3.43 - 0.066x where Y = CP percent of milk and x = days
in milk (r> = 0.7). After day 22, milk protein concentration
seems to plateau at approximately 1.96 percent CP. In gen-
eral, the mare requires between 20 and 34 g CP/kg milk/d in
the first month of lactation and approximately 20 g CP/kg
milk produced/d for the remainder of lactation. Adjusting
for efficiency of utilization (assumed to be 50 percent), an
additional 40 to 68 g DP/kg milk must be provided above
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maintenance during the first month of lactation and approx-
imately 40 additional g of DP/kg milk must be provided
above maintenance in later lactation. Using a digestibility of
79 percent results in 51 to 86 g CP/kg milk during the first
month of lactation, and 51 g CP/kg milk thereafter above
maintenance needs of the mare (presumably elevated main-
tenance). The equation to determine the CP requirements for
lactation is BW x 1.44 g CP/kg BW/d plus milk production
(kg/d) x 50 g CP/kg milk.

Wickens et al. (2002) estimated requirements for amino
acids during lactation based on the ratios of amino acids to
lysine in milk. Assuming an average lysine content of 1.7
g/kg milk and 65 percent utilization efficiency, a dietary ly-
sine requirement was estimated to be 2.62 g digestible ly-
sine/kg milk. If a 500-kg mare produces an average of 3.2
percent of her body weight in milk/d, she will require
41.9 g of digestible lysine per day above maintenance. The
estimated amino acid requirements based on the amino acid
profile of milk and the lysine requirement are as follows
(grams of digestible amino acids/kg milk): arginine, 1.81;
histidine, 0.86; isoleucine, 2.04; leucine, 3.85; lysine, 2.62;
methionine, 0.84; phenylalanine, 1.39; threonine, 1.88; va-
line, 2.54.

Lysine requirements for lactation are estimated by the
equation: kg milk/d x 3.3 g lysine per kg milk plus the main-
tenance requirement for lysine. Based on the amount of
lysine needed during lactation, it is important that high-
quality protein sources be fed to lactating mares. If poor-
quality protein sources are utilized and the same CP:lysine
relationship is not achieved as recommended here, CP re-
quirements may need to be increased.

The protein requirements for lactation can be calculated
as follows:

CP requirement = BW x 1.44 g CP/kg BW/d
plus milk production (kg/d) x 50 g CP/kg milk

Lysine needs can be calculated by multiplying milk produc-
tion (kg/d) by 3.3 g lysine per kg milk in addition to the
maintenance requirement for lysine.

EXERCISE

There is some evidence that the exercising horse requires
additional protein per kilogram of body weight for develop-
ing muscle and repair of damaged muscle. The increased
protein need is typically achieved by an increase in DM in-
take to increase energy intake. However, with an increase in
use of higher fat feeds, the increase in energy intake will not
always result in a concurrent increase in protein intake.
Therefore, attention needs to be paid to amounts of protein
consumed.

Freeman et al. (1988) reported an increase in nitrogen re-
tention for exercising horses as exercise load increased. The
increase in nitrogen retention was still evident after exercise
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had ceased during a deconditioning period, which suggests
additional protein was needed for developing muscle mass
and repairing tissues. Horses retained an additional 0.37 g
CP/kg BW/d during exercise compared to rest periods.
Working backwards using a 50 percent efficiency of use of
the available protein equates into a predicted additional need
of 0.74 g CP/kg BW for exercising horses over maintenance.
For the 500-kg horse, this would be 370 g CP in addition to
maintenance; however, this study did not account for nitro-
gen lost in sweat. Estimating the amount of protein lost in
sweat in this study accounts for 0.23 g of CP/kg BW out of
the additional 0.37 g CP/kg that was apparently retained.
This leaves 0.14 g CP/kg BW unaccounted for in nitrogen
losses and may represent the additional protein need over
maintenance for exercising horses. Freeman et al. (1986) re-
ported an increase in RNA concentration in biceps fermoris
muscle biopsies for horses in a conditioning program. An in-
crease in RNA concentration has been reported in hypertro-
phied muscle in other species. This evidence in combination
with a decrease in body fat without a decrease in BW sug-
gests a gain in muscle and likely an increase in protein needs
to support the muscle gain.

Wickens et al. (2003) fed exercising horses (moderate in-
tensity) various amounts of dietary protein (677 g/d, 790
g/d, 903 g/d, 1,016 g/d, and 1,129 g/d). Nitrogen retention
was maximized when horses were fed the diet providing
1,016 g CP/d compared to the diet providing 903 g CP/d and
the diet providing 1,129 g CP/d. The data from these studies
result in a recommendation of 1.9 to 2.1 g CP/kg BW/d for
moderately exercised horses. If 79 percent digestibility is
assumed, this equates to 1.5 to 1.66 g DP/kg BW/d. For the
500-kg horse, this would result in a requirement of 950 to
1,050 g CP/d or a digestible protein need of 750 to 830 g
DP/d. Wickens et al. (2005) used 3-methylhistidine (3MH)
to estimate protein requirements for exercising horses by
evaluating the breakpoint at which 3MH concentrations
were minimized for horses fed various amounts of dietary
protein. Muscle protein turnover can be estimated using
3MH. The 3MH method has limitations, particularly the fact
that it measures muscle protein turnover and not whole body
protein turnover. However, the amount of muscle protein in
the body far exceeds that of other proteins in the body. These
data predicted a crude protein requirement of 954 g/d (95
percent confidence interval: 823 to 1,085 g CP/d), which
would equate to 1.9 g CP/kg BW/d or a range of 1.65 to
2.2 g CP/kg BW/d. These three studies (Freeman et al.,
1986; Wickens et al., 2003; Wickens et al., 2005) are in
close agreement with each other.

Other researchers have reported much lower CP needs for
exercising horses. Patterson et al. (1985) determined mature
horses at three different work intensities required about 410
mg DP/kg BW/d (260 g CP for a 500-kg horse). Orton et al.
(1985) reported improved utilization of dietary protein when
horses were exercised. Two-year-olds fed 1.2 g DP/kg BW/d
had similar ADG to those fed 2.4 g DP/kg BW/d provided
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they were exercised. Those 2-year-olds fed similar amounts
of protein (but did not receive exercise) did not achieve sim-
ilar ADGs compared to those fed higher protein amounts.
Interestingly, linear regression of means from studies (N =
5) utilizing exercising horses that provided information to
calculate nitrogen balance finds zero nitrogen balance to be
at 0.813 g CP/kg BW/d, which is exactly the same as zero
nitrogen balance for horses at maintenance.

One source of nitrogen loss for the exercising horse,
which has rarely been quantified, is nitrogen lost in sweat.
Freeman et al. (1986) reported that water turnover rate in-
creased in conditioning horses but urine output did not ac-
count for the losses, inferring that sweat losses increase
greatly with intense exercise. Hodgson et al. (1993) esti-
mated sweat loss at 10—12 L per hour. McCutcheon and
Geor (1996) reported losses of approximately 1 percent of
pre-exercise BW in training (50-60 percent of maximum
volume of oxygen [Vo,max]) up to a loss of 2.6 percent of
pre-exercise BW during a standard exercise test (SET) that
approached 100 percent Vo,max. Sweat contains between
1-1.5 g of N/kg sweat (Meyer, 1987). Sweat loss is gener-
ally correlated to increases in activity, and losses have been
estimated to be as high as 5 kg/100 kg BW during intense
exercise (Meyer, 1987). This equates to approximately 38 g
of N or 238 g CP for the 500-kg horse.

The protein requirement for the exercising horse is there-
fore based on the fact that additional muscle appears to be
gained during conditioning and that nitrogen is lost in sweat.
An additional need above maintenance is assumed with an
adjustment for sweat loss added based on intensity of exer-
cise. The additional protein needed for muscle can be calcu-
lated by:

Light exercise: BW x 0.089 g CP/kg BW/d
Moderate exercise: BW x 0.177 g CP/kg BW/d
Heavy exercise: BW x 0.266 g CP/kg BW/d
Very heavy exercise: BW x 0.354 ¢ CP/kg BW/d

If sweat loss is estimated to be 0.25, 0.5, 1, and 2 percent
of pre-exercise BW for light, moderate, heavy, and very
heavy exercise, nitrogen loss would be 1.56, 3.13, 6.25, and
12.5 g, respectively, and equate to 9.75, 19.6, 39.1, and 78.1 g
CP for the 500-kg horse. If a 50 percent efficiency of use is
assumed for dietary CP to replace these losses (and assum-
ing 79 percent digestibility of the dietary protein), the 500-
kg exercising horse would need 24.7, 49.6, 99, and 197.7 g
CP to replace nitrogen lost in sweat during light, moderate,
heavy, and very heavy exercise, respectively. The adjust-
ment for CP needed to replace nitrogen lost in sweat should
be added to the additional need for CP for muscle develop-
ment and the horse’s maintenance requirement.
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Plasma concentrations of branched-chain amino acids
(BCAA; valine, leucine, and isoleucine) increase during exer-
cise (Miller-Graber et al., 1990; P6so et al., 1991; Assenza et
al., 2004). These amino acids are oxidized for energy during
exercise in the muscle. Trottier et al. (2002) reported de-
creases in plasma BCAA following exercise and during re-
covery. Reports on muscle BCAA are contradictory: Trottier
et al. (2002) reported no change in muscle BCAA after exer-
cise, whereas Essén-Gustavsson and Jensen-Waern (2002) re-
ported an increase in BCAA following exercise. There have
been a few studies trying to demonstrate a benefit (such as de-
creased lactate) with BCAA supplementation for exercise, but
results have been inconclusive or flawed in their design
(Glade, 1991; Casini et al., 2000).

Several studies at the University of Illinois determined that
there was no detrimental effect of high protein intakes (18.5
percent CP, > 1,700 g CP/d, 3.3 g CP/kg BW/d) on exercise
performance, but did speculate that high protein intakes may
reduce glycogen (and thus available fuel for exercise) and ex-
ceed the capacity of the urea cycle (Miller and Lawrence,
1988; Miller-Graber et al., 1991). Graham-Thiers et al. (1999,
2001) reported improved acid-base balance (higher blood pH
and bicarbonate) during repeated sprints for horses fed lower
CP (725 g/d, 1.45 g CP/kg BW/d) fortified with amino acids
(lysine and threonine) compared to higher protein intakes
(> 1,400 g CP/d, 2.8 g CP/kg BW/d). Combining this infor-
mation with the fact that excess amino acids increase urea for-
mation and water loss through urination (Meyer, 1987) may
suggest that careful attention to dietary protein intake for ex-
ercising horses is needed. The concept of lowering the overall
CP concentration with fortification (adding limiting amino
acids) has been demonstrated to be successful with growing
horses (Graham et al., 1994; Stanier et al., 2001) and with ex-
ercising horses (Graham-Thiers et al., 1999, 2001).

Concentrations of certain plasma amino acids were re-
ported by McKeever et al. (1986) to decrease with horses in a
conditioning program, suggesting that amino acid intake was
inadequate for the demands from the body. These horses were
fed > 1,500 g CP/d (alfalfa hay and milo). The amino acid
profile and the digestibility of the diet apparently influenced
the available amino acids (which seemed to be inadequate),
despite presumably more than adequate amounts of CP (Mc-
Keever et al., 1986). In a study utilizing young and aged ex-
ercising horses (Graham-Thiers et al., 2005), dietary protein
amounts were fed either to provide current recommendations
of dietary CP or supplementary lysine and threonine at an
amount recommended for growth in an effort to evaluate the
horse’s ability to build and maintain muscle mass. The study
reported lower plasma urea nitrogen and 3MH concentra-
tions, as well as greater plasma creatinine and subjective mus-
cle mass scores for horses fed the amino acid fortified diets.
The lysine intake of the control group was above the current
recommendation for lysine for exercising horses (Graham-
Thiers et al., 2005). This study suggests that the balance of
amino acids was improved with supplementation and the re-
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quirements of amino acids for mature exercising horses are
not well defined and require further research.

Using means from studies (N = 3) that reported diet and in-
take, lysine intake was calculated. Broken-line analysis of the
means for lysine intake and nitrogen retention in exercising
horses resulted in a recommendation of 0.068 g lysine/kg
BW/d for the exercising horse. This would result in a recom-
mended lysine intake of 34 g/d for the 500-kg horse. The
horses in these studies participated in moderate to heavy ex-
ercise. Therefore, the requirement for lysine for the exercising
horse in moderate to heavy exercise can be calculated from
the equation: BW % 0.068 g/kg BW/d. With a CP requirement
of 768 g CP/d for the 500-kg horse in moderate exercise, the
lysine requirement of 34 g/d represents 4.3 percent of the CP
requirement. Thus the lysine requirement for exercising
horses can be calculated by multiplying the CP requirement
by 4.3 percent. In order for lysine to be 4.3 percent of the CP
in a ration, good-quality sources of protein must be used. If
poor-quality sources of protein are incorporated in the horse’s
ration, lysine needs may not be met and CP requirements may
need to be increased compared to those recommended in this
discussion.

Protein requirements for exercising horses can be calcu-
lated by the following equation:

BW x MG plus (BW x SL x 7.8 g/kg)/0.50)/0.79,
plus the maintenance requirement for protein

where MG = muscle gain and SL = sweat loss. Muscle gain
is estimated to be 0.089 g CP/kg BW for light exercise, 0.177
g CP/kg BW for moderate exercise, 0.266 g CP/kg BW for
heavy exercise, and 0.354 g CP/kg BW for very heavy exer-
cise. Sweat loss is estimated to be 0.25, 0.50, 1, and 2 percent
of BW for light, moderate, heavy, and very heavy exercise re-
spectively. Lysine needs can be calculated by multiplying the
CP requirement by 4.3 percent.

IDEAL PROTEIN

Protein quality has been mentioned in this discussion
several times and should be of concern with the horse’s sen-
sitivity to amino acid profiles in the diet. The concept of
ideal protein is used in feeding swine and poultry. Ideal pro-
tein is based on formulating a diet with amino acids, not just
in the correct amounts, but also in the proper ratios to one
another. Ideal protein is defined as a protein that includes the
minimum quantity of each essential amino acid compatible
with maximum utilization of the protein as a whole. The es-
timation of ideal protein in swine is based on results from
experiments involving the removal of a single amino acid at
a time from a casein diet and measuring nitrogen balance.
The assumption is that the removal of the most limiting
amino acid results in the greatest reduction in nitrogen bal-
ance. There is also the assumption that ideal protein would
closely resemble the amino acid profile of the likely end
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product of amino acid use in the body—Ilargely muscle tis-
sue. The ratios for ideal protein for growth in swine are in
close agreement with the ratios of amino acids in swine
muscle tissue. Ideal protein ratios are normally established
by comparing all other essential amino acids to lysine. In
this approach, lysine is assigned a value of 100.

Specific studies in horses have not been done to evaluate
ideal protein by removal of amino acids from the diet; how-
ever, ideal protein for horses may be able to be estimated
from the ratios of amino acids in muscle of the horse. With
that in mind, the ratios of amino acids in muscle of the horse
are: lysine, 100; methionine, 27; threonine, 61; isoleucine,
55; leucine, 107; histidine, 58; phenylalanine, 60; valine, 62;
and arginine, 76; with no information available for trypto-
phan (Bryden, 1991). With this information and the as-
sumption that ideal protein in the diet should reflect muscle
tissue amino acid profiles, the formulation of the diet can at-
tempt to achieve these ratios. Also, since the ratios are based
on lysine and the lysine requirement has been determined
for the growing horse, estimates of the requirements for the
other amino acids can be made.

It would also seem logical that the amino acid profile and
corresponding ratios to lysine found in milk would corre-
spond reasonably well to the dietary amino acid needs of
growth in the foal. Several studies have evaluated amino
acid composition of a mare’s milk. The ratios of the amino
acids in milk relative to lysine (set to 100) are as follows:
arginine, 70 to 82; histidine, 29 to 37; isoleucine, 53 to 79;
leucine, 127 to 147 methionine, 29 to 35; phenylalanine, 53
to 59; threonine, 53 to 68; and valine, 64 to 97. These ratios
are in close agreement with the ratios in muscle with the ex-
ceptions of histidine, leucine, and valine (Davis et al., 1994;
Doreau et al., 1990; Wickens et al., 2002; Stamper et al.,
2005). Stamper et al. (2005) used these ratios to evaluate
foal milk replacer and reported arginine, isoleucine, and
leucine lower in relation to lysine than in mare’s milk. This
information may help to improve formulation of milk re-
placers in the future.

Synthetic amino acids such as lysine and threonine have
been utilized in rations of growing horses (Ott et al., 1979;
Graham et al., 1994; Stanier et al., 2001) and exercising
horses (Graham-Thiers et al., 2001, 2003, 2005) as a means
to improve protein quality in the ration. It should be noted
that the addition of synthetic amino acids to rations alters
the balance of amino acids. The balance created by supple-
mentation may or may not lend itself to the concept of ideal
protein.

PROTEIN DEFICIENCY

Reduced intake of protein results in decreased growth in
horses despite adequate energy; however, energy is normally
the first limiter for growth (Ott and Asquith, 1986; Stanier et
al., 2001). As discussed earlier, a protein deficiency results
in weight loss in adult horses, fetal loss in pregnant mares,
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and decreases in milk production in lactating mares. In ex-
ercising horses, a lack of protein will result in a loss of mus-
cle as would also be seen in sedentary adult horses. Other in-
dicators of protein deficiency include reduced feed intake,
poor hair growth, and reduced hoof growth (NRC, 1989).

PROTEIN EXCESS

Not much evidence exists concerning the effect of excess
protein consumption. Meyer (1987) pointed out that excess
protein is degraded and results in an increase in urea, which
will be excreted in the urine. This will increase water loss
from the body and may increase the water need of the horse.
One study reported a growth reduction when protein was fed
at 5.45 g CP/kg BW/d (Yoakam et al., 1978). More recently,
higher protein intakes in exercising horses resulted in lower
blood pH at rest and during sprinting exercise. Therefore,
protein in excess may interfere with acid-base balance dur-
ing exercise (Graham-Thiers et al., 1999, 2001). An increase
in calcium loss with high protein intakes has been reported
in other species. Glade et al. (1985) reported an increased
calcium and phosphorus loss when weanling horses were
fed > 1,000 g CP/d. Other studies have not supported these
conclusions. The effect of high protein intakes on calcium
balance needs further investigation. This, along with other
reasons to avoid excess protein, should be considered. Un-
like many other species, longevity is a concern for horses
and skeletal development in the young horse (which is af-
fected by calcium balance) is crucial to its usefulness.

Concern for the environment has grown in recent years
and led to regulations regarding waste management in cat-
tle and swine. One of the concerns is nitrogen excretion
from the animal due to excess protein in the diet. Lawrence
et al. (2003) reviewed studies reporting nitrogen excretion
in sedentary and exercising horses. Regression analysis
determined, on average, horses excreted (via manure and
urine) 89 g N/d at rest and 99 g N/d if the horses were
exercising.

SUMMARY—FEEDING PROTEIN

Total tract and prececal digestibility vary with protein
source and protein concentration in the diet. It is important
to consider the amino acid profile and prececal digestibility
of feedstuffs in addition to total crude protein, especially
in rations fed to growing horses and those in high states of
production.

Several factors can affect amino acid digestion in horses.
As summarized by Gibbs and Potter (2002), these include
site of digestion, feedstuff variation, biological value of pro-
tein, protein intake, amount consumed, and transit time
through the digestive tract. In addition to emphasizing the
need to evaluate amino acid content and availability in
growing horse rations, Gibbs and Potter (2002), using re-
sults from several trials, provided supportive evidence of the
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need to supply amino acids in smaller, more frequent meals
per day as compared to twice-daily feedings of rapidly
growing horses.

Rations should be evaluated for amino acid content and
availability, especially for those fed to growing horses and
those in states of production. If using low-quality protein
roughages, growing horses and lactating mare diets should
be formulated so that 60 percent or more of the total protein
is supplied by a high-quality protein supplement. Splitting
high-protein rations meal fed to growing horses into three or
more feedings per day may enhance amino acid absorption
in the small intestine, although more research is necessary to
more accurately define influences of diet, individual horses,
and feeding schedules.
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Minerals

INTRODUCTION

While constituting only a minor part of the equine diet
by weight, minerals play a critical role in the health of
horses. Minerals are involved in a number of functions in
the body, including physiological roles such as in acid-base
balance, formation of structural components, enzymatic co-
factors, and energy transfer. Some minerals are integral
parts of vitamins, hormones, and amino acids. The horse
obtains most of the necessary minerals from forages and
concentrates. The mineral content of feeds and the avail-
ability of minerals vary with soil mineral concentrations,
plant species, stage of maturity, and conditions of harvest-
ing. The resulting variations in feed mineral content should
be considered in assessing an animal’s mineral status and
formulating appropriate diets, as minerals are elements that
cannot be created or destroyed under normal circumstances
and must be provided in the ration. Minerals are typically
classified as macrominerals—those typically found and
needed in concentrations in the diet measured in g/kg or
percentage—and microminerals—those measured in ppm
or mg/kg. While the amounts of individual minerals in the
ration are important, the ratios of all minerals should be
taken into consideration, as minerals often influence the ab-
sorption, metabolism, and/or excretion of other nutrients.
Therefore, excesses or deficiencies of certain minerals can
alter the requirements of others. When appropriate, the
maximum tolerable concentration of a mineral is provided
from the publication Mineral Tolerance of Animals (NRC,
2005). This concentration is defined as the dietary amount
that, when fed for an extended period of time, will not im-
pair animal health and performance. This differs from a
toxic amount. Also, this tolerable concentration is based
upon all other nutrients in the diet being at or near the ani-
mal’s requirement. When other minerals are provided at
higher or lower concentrations, absorption of the mineral in
question can be altered, thus influencing the maximum tol-
erable concentration. To determine mineral requirements of
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horses, balance studies need to be conducted that compare
the amount of mineral consumed by the animal to the
amount of mineral lost in the feces and urine and deter-
mined via total collections of both feces and urine. Collect-
ing the total amount of urine voided in a 24-hour period can
be labor intensive. The use of a urinary fractional electrolyte
excretion test (FE test) has been used, which requires col-
lecting only a single urine sample. Unfortunately, fractional
excretion values of minerals do not always agree with re-
sults obtained through total volumetric urinary collection,
suggesting less accuracy (McKeever et al., 2002; McKenzie
et al., 2003). Some minerals are present in such minute con-
centrations that determining requirements through balance
studies is extremely difficult. Furthermore, mineral balance
studies have not been done in all ages and classes of horses.
In such cases, requirements are estimated by examining
what amounts have been fed without negative effects being
observed and, as a result, might be more appropriately
termed ‘“‘recommendations.” Sulfur and many of the mi-
crominerals would fit this description. For minerals such as
these, the research has tended to examine concentrations in
the diet. Besides still being provided as a concentration, the
committee has made a transformation, based on expected
daily intakes, in an attempt to determine what would be a
reasonable recommendation for a daily allotment on a body
weight basis. The committee encourages researchers to re-
port data from future studies on a body weight basis instead
of simply as a dietary concentration to aid in determining
actual requirements. The committee also encourages more
studies aimed at determining mineral requirements for
growth, exercise, and pregnancy, as these are areas in which
data seemed to be insufficient to adequately determine min-
eral requirements. For instance, in pregnancy, it is recog-
nized that additional minerals are needed for embryonic and
fetal growth, including those needed in the uterine fluid and
for growth of the uterus. Though the additional amount
needed might be small, it is likely important, but not enough
data are available to make strong conclusions.
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When sufficient data are available, the apparent di-
gestibility of a given mineral can be calculated by subtract-
ing the amount of a mineral in the feces from the amount fed
to the horse, then dividing that difference by the total
amount ingested. While easier to determine than the true di-
gestibility, the apparent digestibility often is lower as some
of the nutrient found in the feces can come from endogenous
losses instead of a mineral that was not absorbed. To deter-
mine the true digestibility of a mineral, endogenous losses
need to be determined and, to do so, various concentrations
of a mineral are fed. The regression line obtained by plotting
the amount of a mineral apparently absorbed (Y-axis)
against the amount of a mineral fed (X-axis) can be used to
estimate endogenous mineral losses, or the point where the
mineral intake is at zero. In this procedure, various assump-
tions have to be made. One assumption is that absorption of
the mineral follows a linear function. Another assumption is
that endogenous secretions are constant. True digestibility is
then represented as the amount absorbed (which is the
amount of mineral fed minus the amount of mineral in feces
and in the endogenous secretions) divided by the amount
fed. Alternatively, true digestibility of the nutrient can be
represented by the slope of the regression of the amount of
mineral absorbed on dietary mineral intake (Pagan, 1994).
By plotting retention (Y-axis) against intake (X-axis), a pre-
diction can be made as to what dietary intake would result
in no mineral being retained and the mineral balance would
be zero, thus representing minimal requirements (Hintz and
Schryver, 1972). Limitations to these methods include im-
proper mineral recovery from the urine or feces due to im-
proper laboratory procedures (O’Connor and Nielsen, 2006)
or not accounting for minerals lost through avenues other
than the urine or feces. Concentrations of minerals such as
sodium and chloride need to be examined in other body se-
cretions such as sweat, particularly in the exercising animal
(Coenen, 2005). Animals retaining more mineral than they
are losing are considered to be in a positive mineral balance.
This is expected when an animal is growing and accreting
minerals in various tissues. Once an animal is mature and in
a homeostatic state, it is more likely that an animal should
be in a near zero balance, though a slight positive balance
may exist due to unaccounted-for mineral losses in tissues,
such as hair or hoof growth. While analyzing substances,
such as the hair of horses, has been performed by some in-
vestigators in an attempt to determine mineral status of
horses (Asano et al., 2002), such techniques are of question-
able use as they can be influenced by factors, such as coat
color, that are independent of nutrition (Cape and Hintz,
1982; Asano et al., 2005). In contrast, mineral concentra-
tions in the blood can sometimes be useful in determining
whether a dietary deficiency or excess is present. Blood
samples are more likely to provide information about phos-
phorus, magnesium, potassium, sodium, chloride, copper,
manganese, selenium, and zinc status of a horse than they
are the calcium, iodine, and cobalt status (Lewis, 1995).
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Serum ferritin status is believed to be a better indicator of
iron status than is blood or plasma iron concentration. With
most minerals, ration evaluation and case history are still
often needed to confirm problems. Additionally, proper
sampling techniques and analysis need to be performed to
ensure the greatest likelihood of meaningful results.

In some studies on mineral requirements of horses, the
daily intake of the mineral of interest is reported on a body
weight basis. However, in other studies, intake is reported as
a concentration of the diet. Whenever possible, daily intake
was converted to a body weight basis using feed intake and
body weight information presented in individual studies.
When feed intake was not reported, assumptions were made
as to the average intake of each class of horse so that it was
possible to provide an estimate of the amount of a given
mineral needed per kg of body weight (BW). Obviously
these estimates of feed intakes are not constant among
horses but are needed to provide estimates of daily nutrient
intakes. Horses at maintenance were assumed to eat 2 per-
cent of their BW/d in dry matter feed, while growing horses
were assumed to eat 2.5 percent, pregnant mares were as-
sumed to eat 2 percent of their nonpregnant body weight,
and lactating mares were assumed to eat 2.5 percent feed on
a dry matter basis. With increasing intensities and durations
of exercise, dry matter intake typically increases, though this
does not necessarily occur—particularly if fat is substituted
for carbohydrates in the diet. For light exercise, a dry matter
intake of 2 percent was assumed, while 2.25 percent and 2.5
percent of BW/d were assumed to be the intake of moderate
and heavily working horses, respectively. As noted previ-
ously, these assumptions were only used when there was in-
sufficient information reported in an individual study to cal-
culate mineral intake on a body weight basis. These
estimates of intake are somewhat liberal and thus may over-
estimate the actual feed intake of study animals. However,
by using a liberal estimate of intake, it seemed less likely
that a requirement expressed on a body weight basis would
be underestimated. As there is an apparent lack of research
in determining mineral requirements of breeding stallions,
they can be considered to be similar to maintenance values,
though it is possible some differences do exist.

MACROMINERALS
Calcium

Function

About 99 percent of the calcium (Ca) in the body is found
in the bones and teeth, with calcium constituting about 35
percent of equine bone (El Shorafa et al., 1979). Calcium
also plays an important role in various functions within the
body such as muscle contraction, the function of cell mem-
branes, blood coagulation, and the regulation of many en-
zymes. Calcium homeostasis within the blood is critical. The
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skeleton, besides serving as structural support for the body,
can serve as a readily available storage location for calcium.

Sources and Factors Influencing Absorption

Calcium carbonate, sulfate, and oxide are common inor-
ganic forms of calcium (Highfill et al., 2005). A calcium-
amino acid proteinate did not differ from calcium carbonate
in absorption rate though more calcium was absorbed in the
two supplemented groups than in a nonsupplemented diet
(Highfill et al., 2005). Free-choice feeding of calcium supple-
ments is not an effective means of ensuring adequate intake
(Hintz, 1987a). Calcium supplements should be mixed with
grain or other palatable materials to help ensure consumption.

The portion of dietary calcium that is absorbed varies in
order to maintain normal calcium homeostasis (Jones and
Rasmusson, 1980). In response to lowered ionized serum
calcium concentrations, parathyroid hormone (PTH) secre-
tion is stimulated in order to reestablish normal concentra-
tions through stimulation of bone resorption and renal tubu-
lar calcium reabsorption (Bushinsky and Monk, 1998).
Vitamin D mediates intestinal absorption of calcium and
adaptation to dietary intake in most species, though Brei-
denbach et al. (1998) suggest that it does not play a key role
in regulating calcium and inorganic phosphate homeostasis
in the horse. Horses have a moderate or lacking increase of
plasma calcium and at the same time a pronounced increase
in plasma inorganic phosphate during vitamin D intoxifica-
tion, potentially suggesting a different regulatory role of vi-
tamin D in horses than in other species (Harmeyer and
Schlumbohm, 2004). More research would need to be done
to confirm this theory.

An absorption efficiency of 50 percent is used for all ages
of horses. The true absorption efficiency can be as high as
70 percent with young horses but appears to decline as a
horse matures. Throughout a horse’s life, calcium absorp-
tion can vary depending upon many factors, so determining
a specific absorption rate in an individual animal is difficult.
Additionally, many mineral balance studies last 10 days or
less, and horses likely are able to modulate the absorption
efficiency of calcium to account for lowered dietary intakes
(Hintz, 2000). Thus, a 50 percent absorption efficiency may
be low, especially when calcium concentrations in the diet
are low. However, Hintz (2000) contended making a liberal
estimate is better than making a conservative estimate, as it
will decrease the likelihood of developing a calcium defi-
ciency. Pagan (1994) reported true calcium digestibility es-
tablished over the course of many trials to be around 75 per-
cent in mature horses. Other factors affecting calcium
absorption include concentrations of calcium, phosphorus,
phytate, and oxalate in the diet. As calcium concentrations
increase, the absorption efficiency typically decreases; how-
ever, apparent calcium absorption was higher in horses fed
alfalfa than grass hays (Cuddeford et al., 1990; Crozier et
al., 1997). Sturgeon et al. (2000) reported an apparent cal-
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cium digestibility of 72 percent for alfalfa compared to only
40 percent for Bermudagrass. When mature ponies were fed
316 and 535 mg Ca/kg BW/d, van Doorn et al. (2004b) re-
ported the apparent digestibility of calcium was around 28
percent as compared to 42 percent when the ponies were fed
148 mg Ca/kg of BW/d (dietary concentration equal to 0.78
percent calcium, which is still excessive for a maintenance
diet). All ponies were in positive calcium balance, though
calcium retention was greatest at the highest concentration
of calcium fed. As mature animals would be expected to
maintain a balance close to zero by adapting the digestibil-
ity or urinary excretion, van Doorn et al. (2004b) suggested
that when the amount of absorbed calcium exceeds the
amount that can be excreted with urine, the additional cal-
cium is retained, resulting in a positive balance. In what tis-
sue(s) the extra calcium is retained is unclear, though it is
expected that the animals would need to eventually return to
a homeostatic state if they were examined long enough, un-
less calcium is lost from hair, hoof, or sweat and not ac-
counted for. While Hintz and Schryver (1973) reported that
increasing the dietary concentration of magnesium in-
creased calcium absorption, the absorption efficiency of cal-
cium decreases as phosphorus increases in the diet due to
the competitive nature of calcium and phosphorus absorp-
tion in the small intestine. This likely varies somewhat de-
pending upon mineral source. Schryver et al. (1987b) re-
ported true calcium digestibility increasing from 51 to 69
percent as the percentage of sodium chloride in the diet in-
creased. Dietary oxalate decreases absorption of calcium
quite dramatically and can play a role in a deficiency of ab-
sorbed calcium when not taken into consideration when bal-
ancing diets. Swartzmann et al. (1978) reported a reduction
of calcium absorption by about 66 percent by the inclusion
of 1 percent oxalic acid in equine diets. McKenzie et al.
(1981) reported total dietary oxalate concentrations of 2.6 to
4.3 percent decreased calcium absorption as evidenced by a
negative calcium balance resulting from a doubling of fecal
calcium and decreased urinary calcium in comparison to
control horses. Similar negative balances for calcium were
observed by Blaney et al. (1981) in horses fed various trop-
ical grass hays containing more than 0.5 percent total ox-
alate. When the calcium:oxalate ratio on a weight-to-weight
basis was less than 0.5, it was concluded that horses could
be at risk for nutritional secondary hyperparathyroidism. No
difference in calcium absorption was reported by Hintz et al.
(1984) from alfalfas containing 0.5 and 0.87 percent oxalic
acid in which the calcium:oxalate ratios were 3 and 1.7, re-
spectively. By contrast, there have been a few reports of cal-
cinosis in horses due to the consumption of calcinogenic
plants (Mello, 2003). The plants that have been documented
to affect horses are Cestrum diurnum (in Florida) and Trice-
tum flavescens (in Austria). These plants increase release of
1,25(0OH), D, and can greatly increase calcium absorption,
thereby resulting in hypercalcemia. Fortunately, such situa-
tions are rare.
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Both intake and type of diet influence renal calcium ex-
cretion (Meyer, 1990). Calcium is not absorbed from the
large intestine, emphasizing the need to have sufficient
amounts to ensure adequate absorption from the small intes-
tine (Stadermann et al., 1992). Dietary constituents can in-
fluence digestibility as prececal apparent digestibility of cal-
cium is higher with alfalfa hay than with concentrate
(Stadermann et al., 1992). Hoffman et al. (2000) reported
lowered bone mineral content of the third metacarpus when
feeding a fat- and fiber-based diet compared to a sugar- and
starch-based diet, and thus expressed concerns over the po-
tential binding of calcium by fat and fiber. A follow-up study
showed that supplementing more than 0.9 percent calcium
in a sweet feed had no effect on mineral content of the third
metacarpus in fat- and fiber-fed foals, thus leading the au-
thors to conclude that the transient lower bone mineral con-
tent observed in the prior study may be better attributed to
nutrient-endocrine interactions than to calcium insufficiency
(Hoffman et al., 2001). Grace et al. (2003) reported no
change in apparent absorption of calcium when weanlings
were fed diets ranging in concentration from 3.5 to 12 g
Ca/kg DM. Additionally, no changes in bone strength were
related to dietary calcium concentration. Though hypothe-
sized that diets high in protein increase urinary calcium ex-
cretion with potential detriment to bone, no influence on
bone density was reported due to varying protein intakes
(Schryver et al., 1987a; Spooner et al., 2005) or protein
quality (Smith et al., 2005). Besides diet, other factors can
influence absorption. Cymbaluk et al. (1989) reported true
calcium digestibilities decreased substantially from 6 to 24
months of age (though this was confounded with a change
in calcium source), and the efficiency of calcium absorption
was influenced by varying requirements during different
stages of training (Stephens et al., 2001). At times when
mineral deposition is occurring in bone, requirements would
be expected to increase. Bone serves as a reservoir for
calcium, and more calcium is needed from the diet when
calcium is being placed into bone as compared to when cal-
cium is being removed from bone during periods of disuse
(Bronner, 1993). During initial periods of disuse, the cal-
cium goes into the plasma, from which excess is secreted
from the body. This appears to decrease calcium require-
ments (Nielsen et al., 1998a). Likewise, when mineral is
being deposited into bone at times when exercise intensity is
increasing, requirements are likely higher than when inten-
sity of training is relatively constant. Exercise in mature
horses did not alter apparent calcium digestibility (about 54
percent: Pagan et al., 1998).

Signs of Deficiency or Excess

Removing calcium from the skeleton to meet metabolic
demands when dietary calcium intake is inadequate can re-
sult in a weakened skeleton if done in excess. The need to
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maintain blood calcium concentration within such a tight
range renders total serum calcium a poor indicator of cal-
cium status (Krook and Lowe, 1964) so even when an un-
balanced diet is fed, calcium concentrations in the blood can
remain relatively constant (de Behr et al., 2003). When frac-
tionated out using a micropartition system, Lopez et al.
(2006) reported total calcium in the serum of healthy horses
to be composed of ionized calcium (48.5 + 0.7 percent),
protein-bound calcium (47.4 £ 0.9 percent), and calcium
complexed with weak acids (4.1 £ 0.9 percent). The ionized
fraction is thought to be the only physiologically active form
and thus is the form that should be evaluated for clinical
work. A normal reference range for total serum calcium has
been given as 10.8 to 13.5 mg/dl serum and for ionized
serum calcium as 6.44 to 6.74 mg/dl serum (Garcia-Lopez et
al., 2001). An ionized serum calcium concentration of less
than 6 mg/dl serum has also been used to define horses as
hypocalcemic by Toribio et al. (2001). Calcium deficiencies
often have a dramatic impact on skeletal integrity. A defi-
ciency of calcium in the developing foal can lead to os-
teopenia. This condition is characterized by poor mineral-
ization of the osteoid tissue and the probability of enlarged
joints and crooked long bones. A survey of the severity of
metabolic bone disease in yearlings and diet analysis on 19
Ohio and Kentucky horse farms revealed a negative linear
relationship between dietary calcium intake and perceived
severity of metabolic bone disease in young horses (Knight
et al., 1985). Farms with yearlings having the lowest inci-
dence of metabolic bone disease were fed diets containing
1.2 percent calcium, whereas yearlings with the most severe
metabolic bone disease were on farms that fed diets with 0.2
percent calcium. It should be noted that this report did not
have data on what the horses were consuming prior to the
survey and it did not report differences in exercise afforded
to the young horses—both of which likely could have influ-
enced results. In the mature horse, inadequate dietary cal-
cium can result in weakening of the bones and an insidious
shifting lameness (Krook and Lowe, 1964).

Whitlock et al. (1970) fed diets with calcium:phosphorus
ratios of 1.16:1 (0.43 percent calcium) and 4.12:1 (1.96 per-
cent calcium) and observed a greater proportion of lamellar
bone than osteonic bone in high-calcium horses; however,
no clinically deleterious effects or gross morphological dif-
ferences were detected. Krook and Maylin (1988) proposed
that osteochondrosis may be associated with excess dietary
calcium (e.g., from alfalfa hay) by producing hypercalci-
toninism. However, calcium has been fed at more than five
times the required concentration without detrimental ef-
fects, provided the phosphorus concentration is adequate
(Jordan et al., 1975). When provided adequate, but not ex-
cessive, amounts of phosphorus, the maximum tolerable
concentration of calcium in horse feed has been given as 2
percent of the diet (NRC, 2005). Recent work in other
species has shown that calcium influences gastrin secretion
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(Cheng et al., 1999; Dufner et al., 2005), indicating unnec-
essarily high dietary calcium may be implicated in gastric
ulcers and should be avoided. More details on the cal-
cium:phosphorus ratio are given in the phosphorus section
and in Chapter 12.

Some work has been done in utilizing dietary cation-
anion difference (DCAD) to influence calcium utilization. A
low DCAD (defined as mEq (sodium + potassium) — chloride/
kg dry matter) has been shown to increase urinary calcium
loss in exercising horses (Wall et al., 1992) and perhaps
leads to a calcium deficiency in growing horses (Wall et al.,
1997). However, Cooper et al. (2000) reported that when fed
a lower DCAD (defined as mEq (sodium + potassium) —
(chloride + sulfur)/kg of diet DM), horses increased intes-
tinal calcium absorption to compensate for increased urinary
excretion of calcium. Using that same definition, Baker et al.
(1998) indicated a low DCAD diet formulated with ammo-
nium chloride resulted in a decrease in apparent calcium
balance. Cooper et al. (2000) suggested the horse is able to
maintain metabolic equilibrium despite the ratio of cations
to anions in the diet and that horses can tolerate a wide vari-
ation in DCAD without experiencing adverse effects on
skeletal growth. Likewise, McKenzie et al. (2002) found
that varying DCAD did not alter daily balance of calcium
and phosphorus. Data from Cooper et al. (1998) obtained
after a 21-day diet adaptation period suggested horses are
able to maintain normal acid-base status regardless of the di-
etary cation-anion balance of the diet. Whether this would
be true in a longer duration study is not known.

Recommendations

Endogenous losses of calcium have been estimated to be
20 mg Ca/kg BW/d (Schryver et al., 1970, 1971a). Using
that estimate and the absorption efficiency of 50 percent,
the 1989 NRC proposed a 500-kg horse would require 20 g
(500 kg x 20 mg/0.5) of dietary calcium (0.04 g of Ca/kg
BW) or 1.22 g Ca/Mcal DE (digestible energy)/d for main-
tenance. Using data compiled from many studies, Pagan
(1994) estimated endogenous calcium loss to be 17.4 g/d
(R? = 0.94) for a 550-kg horse (about 31.6 mg/kg BW),
which is higher than the 1989 NRC values. The true di-
gestibility of calcium was estimated at 74.7 percent, which
is also higher than 1989 NRC values. However, the result-
ing requirement for a 500-kg horse (21.2 g Ca/d) is similar
to the 1989 NRC requirement (20 g/d). Regression analyses
on the calcium data of Buchholz-Bryant et al. (2001) using
12 sedentary geldings of three different age groups at four
time periods gives a calculated requirement of 0.043 g
Ca/kg of BW. This would represent 21 g Ca/d for a 500-kg
horse, which is similar to the recommendation of the 1989
NRC. Thus, the subcommittee saw no reason to change the
maintenance calcium requirements. As noted in the section
on exercise, after extended periods of stall rest, calcium re-
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quirements likely go up, even if horses are just returned to
a pasture setting to compensate for bone loss associated
with disuse.

Using the estimate of Schryver et al. (1974) that growing
foals deposit approximately 16 g Ca/kg of gain, a 215-kg
foal gaining 0.85 kg/d and having a calcium absorption effi-
ciency of 50 percent would require 27.2 g/d (16 g x 0.85 kg
of gain/0.5) of dietary calcium for skeletal growth plus 8.6
g/d (215 kg x 20 mg/0.5) to meet endogenous losses. How-
ever, a study by Cymbaluk et al. (1989) estimated endoge-
nous fecal calcium to be 36 mg/kg BW in growing Quarter
horses. While Hintz (1996) suggested there is little evidence
for the calcium requirements of growing horses to be greatly
changed from the 1989 NRC’s recommendations, the appar-
ent greater endogenous losses in growing horses compared
to mature horses would increase the requirements of a 215-
kg foal by an additional 6.9 g/d over what the 1989 NRC
suggested—up to 42.7 g. While these horses were on a rela-
tively high-forage diet during the study (about 50 to 90 per-
cent), it is reasonable to believe growing horses have greater
endogenous losses than a mature horse. In addition, Moffett
et al. (2001) reported increased daily gains, as well as in-
creased calcium retention, when yearlings were fed 0.48
percent calcium compared to 0.32 percent. Thus, the cal-
cium requirement for growing horses not in training was in-
creased to meet endogenous losses of 36 mg Ca/kg BW with
a 50 percent absorption rate and to meet growth require-
ments of 16 g Ca/kg BW gain with a 50 percent absorption
rate. The resultant requirement for calcium is (0.072 g x kg
BW) + (32 g x ADG in kg).

In late gestation, calcium requirements for the mare are
increased to meet the needs of fetal growth and tissue de-
velopment. Approximately 11.1, 25.3, and 11.4 mg of Ca/kg
of mare body weight are deposited daily in the fetus and
membranes of mares in months 9, 10, and 11, respectively
(Meyer and Ahlswede, 1978; Drepper et al., 1982). Though
the substantial increase at 10 months of gestation is suspect,
their findings may be supported by a study by House and
Bell (1993) that examined fetal calves from slaughtered
cows. At the end of gestation, calcium accretion in the fetus
was 10.3 g/d at 280 days of gestation. Using the average cow
weight of 714 kg, 14.4 mg of calcium were being deposited
per kg of BW, which is comparable to the 11.4 mg Ca/kg of
BW reported in horses at the end of gestation. Given that
fetal calf growth increased from 329 g/d at 200 days post-
mating to 456 g/d at 242 days post-mating and then declined
to 296 g/d at 280 days of gestation, it seems plausible that
the increased deposition of calcium in the 10th month of
gestation in horses also represents the greatest period of
fetal foal growth and the greatest need for calcium. Using an
absorption efficiency of 50 percent, the calcium requirement
during months 9, 10, and 11 of gestation for a 500-kg mare
would be 11, 25, and 11 g/d, respectively, for fetal develop-
ment. As data on the deposition rate of minerals in the fetus
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are very limited, a mean deposition rate (15.9 mg Ca/kg
BW) was used for the last 3 months (NRC, 1989). Using the
50-percent absorption rate, 0.032 g Ca/kg BW is needed in
addition to maintenance requirements during the last 3
months of gestation. Martin et al. (1996) evaluated prepar-
tum mares fed either 0.55 percent calcium (0.076 g Ca/kg
BW; above the 1989 NRC suggested minimum of 0.45 per-
cent) or 0.35 percent calcium (0.045 g Ca/kg BW; below the
suggested minimum) and concluded that the optimal dietary
calcium concentration for prepartum mares was closer to
0.55 percent than 0.35 percent. The dietary concentration of
0.45 percent calcium recommended by the 1989 NRC for
pregnant mares was not evaluated in this study, which ap-
peared to confirm that 0.35 percent dietary calcium was not
adequate for prepartum mares. However, in the study by
Martin et al. (1996), the two treatment groups were main-
tained on separate farms and the treatment groups were not
balanced for breed. In addition, the dietary calcium concen-
tration was determined from estimated pasture intake
(which was very different for the two groups), so the results
may have been influenced by factors other than dietary cal-
cium concentration. However, Glade (1993) confirmed that
the dietary amount of calcium recommended for brood-
mares is a minimum and should not be reduced. Foals of
mares fed calcium lower than the 1989 NRC requirements
had mechanically weaker bones at birth compared to foals
of mares fed the 1989 NRC recommended amounts. While
the 1989 NRC based its recommendation on DE, the current
method of determination results in a similar requirement
and, at this time, there is no strong evidence to suggest a re-
vision of that requirement. However, considering there is
substantial fetal growth during months 7 and 8 of gestation,
the requirement for those months is suggested as being an
average of maintenance and late gestation. In summary, to
meet endogenous losses of 20 mg Ca/kg BW with an ab-
sorption rate of 50 percent and to meet fetal deposition rate
of 15.9 mg Ca/kg BW with a 50 percent absorption rate, the
calcium requirement during months 9, 10, and 11 of preg-
nancy is calculated as (0.04 g Ca x kg BW) + (0.032 g Ca x
kg BW) or simply (0.072 g Ca x kg BW). To meet endoge-
nous losses of 20 mg Ca/kg BW with an absorption rate of
50 percent and to meet fetal deposition rate of 8 mg Ca/kg
BW with a 50 percent absorption rate, the requirement for
pregnancy during months 7 and 8 of gestation is calculated
as (0.04 g x kg BW) + (0.016 g x kg BW) or simply (0.056 g
x kg BW).

Though commonly recognized, additional demand for
calcium during lactation was reconfirmed by Martin et al.
(1996), who reported an increase in serum parathyroid hor-
mone concentrations with a lactation-induced decrease in
serum total and ionized calcium beginning 3 days prepartum
and continuing until 2 days postpartum. Schryver et al.
(1986b) reported that the daily calcium requirements for lac-
tation range from 1.2 g/kg of fluid milk during the first post-
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partum week to 0.8 g/kg of fluid milk during weeks 15 to 17
postpartum. This is consistent with the data of Baucus et al.
(1987). For a 500-kg mare producing 16 kg milk/d in early
lactation and with a calcium absorption efficiency of 50 per-
cent, the daily dietary calcium requirement would be 38.4 g
(16 kg x 1.2 g/0.5) for milk production, in addition to 20 g
for maintenance. This estimate of calcium requirement for
milk production is consistent with that of Jarrige and
Martin-Rosset (1981). When fed at the 1989 NRC recom-
mended concentration, mares still lost bone density from the
third metacarpal bone during the first 12 weeks of lactation
but density was restored by 24 weeks postpartum (Glade,
1993). Mares fed 20 percent less calcium had not fully re-
covered third metacarpal bone density by 20 weeks after
milk production had ceased (40 weeks after parturition).
This suggests that rebred mares not fed sufficient calcium
during lactation would have a greater demand for calcium
throughout gestation as they attempt to restore the mineral
lost from the skeleton during lactation. This work reaffirms
that the dietary calcium recommendation of the 1989 NRC
for lactation should not be reduced, though it is uncertain if
the recommendation should be increased. Thus, the recom-
mendations remain unchanged, although new estimates of
milk production are used. Milk production is estimated at
0.032 kg milk per kg BW from foaling to 3 months, 0.026
kg milk per kg BW from 4 to 5 months, and 0.020 kg milk
per kg BW after 5 months. The resultant equations for cal-
cium requirements during lactation are:

Foaling to 3 months = (0.04 g x kg BW) +
(0.032 x kg BW x 2.4 g)

4-5 months = (0.04 g x kg BW) + (0.026 x kg BW x 1.6 g)
> 5 months = (0.04 g x kg BW) + (0.020 x kg BW x 1.6 g)

Previously, it had been assumed that any additional cal-
cium required for exercise would be met through the addi-
tional feed consumed to meet energy demands (NRC, 1989).
The need for calcium is greatly influenced by bone develop-
ment. Bone formation is impacted by exercise, or the lack
thereof. When net bone deposition is increased, so is the
need for calcium. When bone loss is occurring, requirements
for calcium are lower as calcium is removed from the skele-
ton, goes into the plasma, and is lost through the urine and
feces with an accompanying decreased need for calcium ab-
sorption (Nielsen et al., 1998a). Unfortunately, plasma cal-
cium concentrations are of little use in assessing net calcium
balance as horses in a negative calcium balance commonly
have normal plasma or serum values (Rose, 1990) despite
measurable changes in bone mineral content. Estimates of
mineral content of the lower leg are reduced in young horses
that are stalled without sufficient access to exercise as com-
pared to horses kept on pasture (Hoekstra et al., 1999; Bell
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et al., 2001; Brama et al., 2002). Porr et al. (1998) reported
stall rest for 12 weeks in mature Arabians similarly de-
creased third metacarpal bone mineral content estimates,
which was not prevented by dietary calcium intake at twice
the 1989 NRC recommended concentration (an excess of
about 20 g of calcium). To compensate for mineral loss from
the skeleton, Meyer (1987) suggested feeding 20 percent
above the recommended amounts of calcium and phospho-
rus if horses have a prolonged period without activity once
normal activity has returned. Short sprints are sufficient to
stimulate bone formation, while exercising for longer dis-
tances, but at slower speeds, is less efficient. Vervuert et al.
(2005a) reported draught load exercise with low velocities
had no effect on calcium metabolism.
In contrast, despite receiving the exact same diet, a single
82-m sprint five days per week increased indirect measures
of third metacarpal bone mineral content and improved third
metacarpus architecture in stalled weanlings compared to
stalled weanlings afforded no exercise (Hiney et al., 2004).
These studies demonstrate the importance of exercise in
stimulating calcium deposition in the skeleton. Interestingly,
a 10-year study in humans showed that calcium intake over
that period was not associated with bone gain or bone
strength (Lloyd et al., 2004). Instead, only exercise during
adolescence, as determined by a sports exercise question-
naire, was significantly associated with increased bone min-
eral density and bone bending strength (P < 0.01). Similarly,
Nielsen (2005) reported a much greater role in influencing
markers of bone turnover in studies related to differences in
exercise as compared to nutrition. Hence, the importance of
exercise in young horses to maximize bone strength is un-
derscored. If sufficient exercise is provided, extra dietary
calcium can likely be utilized to improve bone strength. Ex-
ercise, particularly in the young horse, appears to increase
calcium requirements above maintenance requirements.
Gray et al. (1988) found horses in training had lower urinary
calcium excretion, despite receiving more calcium, than
horses not working, suggesting exercise increases the need
for calcium. Exercised horses had a higher calcium balance
than horses that were sedentary for 2 months and then exer-
cised for 2 months (Elmore-Smith et al., 1999). In response
to previously measured declines in mineral content of the
third metacarpal bone (Nielsen et al., 1997, 1998a), calcium
balance and retention were determined in 2-year-old race-
horses placed into training receiving a total diet containing
either 0.31 percent calcium (0.063 g x kg BW) or 0.38 per-
cent calcium (0.074 g x kg BW) on an as-fed basis and con-
suming about 2 percent of their body weight daily (Nielsen
et al., 1998b). Calcium retention was greater, as was mineral
content of the third metacarpal bone, in horses fed 0.38 per-
cent calcium (0.074 g x kg BW). Other studies also support
the need for additional calcium for horses in training. Nolan
et al. (2001) reported increased mineralization of the third
metacarpal bone when 151 percent and 169 percent of the
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1989 NRC recommended calcium amount were fed com-
pared to 97 percent and 136 percent. Likewise, Michael et
al. (2001) reported increased markers of bone formation and
decreased markers of bone resorption in horses fed the two
higher percentages of calcium compared to the two lower
percentages. Unfortunately, neither Nolan et al. (2001) nor
Michael et al. (2001) reported weight of the horses or feed
intake, so calculating absolute intake on a body weight basis
is not possible. If the feed intake of the horses was relatively
low, the absolute amount taken in may have been closer to
the amount recommended by the 1989 NRC than the con-
centrations would make it appear. Stephens et al. (2004) re-
ported calcium retention to be maximal when calcium intake
was 123 mg Ca/kg BW/d, which represents a 36 percent in-
crease over the 1989 NRC recommendations for exercise.
However, variation was great (R> = 0.23) for calcium reten-
tion vs. intake. Total concentrate and hay intake averaged
18 g/kg BW. Calcium intake was 135 £ 6 mg/kg BW/d at the
start of the study and was 123 + 4 mg/kg BW/d at the com-
pletion of the study at day 128. In these studies, the effects
of additional calcium are often confounded with varying
amounts of phosphorus and magnesium but demonstrate po-
tential improvements in bone mineral content, and poten-
tially strength, by feeding additional calcium over what was
recommended by the 1989 NRC. When only the calcium
concentration was altered, Schryver et al. (1978) suggested
that 0.6 percent dietary calcium was not needed, compared
to 0.4 percent calcium, when fed to yearling Standardbreds
entering training. For horses consuming 2 percent of their
body weight per day, as was the case in many of these stud-
ies, this would equate to 0.08 g Ca/kg BW. This is also sup-
ported by the data of Buchholz-Bryant et al. (2001). When
their data for calcium intake for young horses in training are
plotted against the amount retained, the linear regression re-
sponse shows a requirement of 0.079 g Ca/kg BW. For
horses that are rapidly growing (typically under 24 months
of age), these requirements would usually be met by the re-
quirements for growth ((0.072 g Ca x kg BW) + (32 g Ca x
ADG in kg)) that have been increased from the 1989 NRC.
As a result, the requirement for growing horses that are ex-
ercising is the same as the requirement for growth. Typi-
cally, this is equal or greater than the apparent recommen-
dation for heavy exercise (0.08 g Ca x kg BW) only when
average daily gain drops to 0.1 kg. It is likely the calcium re-
quirement associated with exercise is less for mature horses.
Mansell et al. (1999) found little difference in the response
of bone to varying concentrations of dietary calcium but
found bigger differences depending upon the age of horses.
When calcium intake data of Buchholz-Bryant et al. (2001)
for mature horses are plotted against retention, linear re-
gression reveals a requirement of 0.04 g Ca/kg BW/d—the
same as is required for maintenance. While it is likely the
calcium requirement for mature horses is less than that of
the younger horse, an insufficient number of studies have
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been performed to warrant lowering the requirement for
heavy exercise in mature horses at this time. Because forces
applied to the skeleton primarily regulate bone mineral dep-
osition, which is one of the major needs for additional cal-
cium, establishing calcium requirements for exercise is dif-
ficult and will vary depending upon the intensity of training
and the influence upon the skeleton. The requirement will
likely be closer to maintenance for horses not experiencing
any high-speed work and for horses that are not increasing
their intensity of training. Thus, the calcium recommenda-
tions for light and moderate exercise can be expected to
be lower than that of heavy exercise and have been set at
0.06 g Cax kg BW for light exercise and 0.07 g Cax kg BW
for moderate exercise. While a heavily exercising horse may
have only a small increased need for extra calcium com-
pared to a lightly exercising horse if the exercise intensity
has been constant, these recommendations are established to
minimize or eliminate problems as the intensity of exercise
increases.

Phosphorus

Function

Like calcium, phosphorus (P) is a major constituent of
bone, making up 14 to 17 percent of the skeleton (El Shorafa
et al., 1979). In addition, it is required for many energy
transfer reactions associated with adenosine diphosphate
(ADP) and adenosine triphosphate (ATP), and for the syn-
thesis of phospholipids, nucleic acids, and phosphoproteins.

Sources and Factors Influencing Absorption

True phosphorus absorption is quite variable and typi-
cally ranges from 30-55 percent. It varies depending upon
other dietary constituents, how much and what type of
phosphorus is fed, and the age of the horse. High calcium
concentrations in the diet depress phosphorus absorption.
In diets averaging 0.89 percent calcium, Pagan (1994) re-
ported true phosphorus absorption to be around 25 percent.
Similarly, phosphorus absorption of a high-phosphorus diet
(0.125 g P/kg BW) decreased from 25 percent in horses
receiving a diet containing 0.148 g Ca/kg BW/d to 11 per-
cent and 13 percent when fed diets containing 0.316
and 0.535 g Ca/kg BW/d, respectively (van Doorn et al.,
2004b). All horses were in positive phosphorus balance.
High dietary phosphorus concentrations (1.19 percent
phosphorus) have been shown to increase phosphorus re-
tention and plasma phosphorus concentrations (Schryver et
al., 1971b). Buchholz-Bryant et al. (2001) reported similar
findings when examining the effect of calcium and phos-
phorus supplementation in young, mature, and aged horses
with different training regimens. All groups retained phos-
phorus regardless of whether they were fed normal (0.24
percent) or high (0.57 percent) phosphorus diets. Increases
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in dietary sodium chloride from 1 percent to 5 percent in-
creased phosphorus absorption from 28 to 40 percent
(Schryver et al., 1987b). Despite concern with aluminum
interference in phosphorus absorption, phosphorus absorp-
tion was not affected by feeding an aluminum (Al) supple-
ment (931 ppm Al/kg feed or 12 mg of Al/kg BW/d) for 1
month (Roose et al., 2001).

Diets containing high concentrations of oxalates depress
phosphorus retention (Blaney et al., 1981; McKenzie et al.,
1981). Phytate phosphorus, the salt of phytic acid and a pre-
dominant form of phosphorus in plants, is poorly absorbed
by horses, though some phytase exists in the hindgut (Hintz
et al., 1973). To meet phosphorus requirements, inorganic
phosphates are often added to the equine diet and this could
be at least partially avoided if the absorbability of phytate
phosphorus could be increased by an appropriate use of phy-
tates (Eeckhout and De Paepe, 1994). Despite an abundance
of research on the use of phytase to increase phosphorus
availability in other species, Morris-Stoker et al. (2001) re-
ported no benefit to horses of feeding phytase (200 units/g)
at the rate of 1 g/kg of feed. Patterson et al. (2002) also
found no improvement in phosphorus apparent digestibility
with the addition of phytase up to 900 Phytase unit
(FTU)/kg of diet. When horses were fed four different diets
(Coasta Bermudagrass with whole oats, alfalfa cubes, a tex-
tured sweet feed, or a pelleted concentrate), Hainze et al.
(2004) found phytase decreased fecal phosphorus only for
the sweet feed-based diet, due largely to decreased fecal out-
put of the insoluble fraction of phosphorus. Because horse
manure contains a lower proportion of total phosphorus as
the water-soluble phosphorus fraction compared with that
from other farm animals, phosphorus in horse feces may be
less prone to runoff in typical pasture-based management
systems. Hainze et al. (2004) concluded that under normal
feeding conditions, phytase probably has limited potential
for decreasing concerns over environmental phosphorus
contamination as the proportion of fecal phosphorus repre-
sented by the soluble fraction is increased. However, Warren
(2003) cautioned that, though equine research has not shown
phytase to be useful in reducing phosphorus excretion, eval-
uated diets have had sufficient phosphorus. A better test is to
determine if phytase can increase phosphorus utilization by
the horse when dietary phosphorus concentrations are below
required amounts (Warren, 2003).

Phosphorus absorption is assumed to be higher by foals
consuming milk than it is in mature horses, though Grace et
al. (1999a) suggested creep feed be fed to nursing foals as
milk may be insufficient in phosphorus (as well as calcium)
for optimal growth of foals. A phosphorus absorption effi-
ciency of 35 percent is used for mature horses (except for
lactating mares) as they primarily consume plant sources of
phosphorus. For lactating mares and growing horses, a 45-
percent efficiency is used because their diets are often sup-
plemented with inorganic phosphorus. Horses at 8 months
were more efficient at utilizing phosphorus than horses at 12
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months (Cymbaluk, 1990). Environment appears to influ-
ence phosphorus absorption as horses housed in a warm
barn had greater true phosphorus digestibility than those
housed in a cold barn (Cymbaluk, 1990). Similar to the find-
ings for calcium, Stephens et al. (2001) reported the effi-
ciency of absorption can vary with requirements. Absorp-
tion, at least to a degree, apparently increases when demand
for phosphorus increases and may change with stage of
training though more studies are needed.

Signs of Deficiency or Excess

Inadequate dietary phosphorus will, like calcium and vi-
tamin D, produce rachitic-like changes in growing horses
and osteomalacic changes in mature horses. Excess phos-
phorus reduces the rate of calcium absorption and leads to
chronic calcium deficiency and nutritional secondary hyper-
parathyroidism (NSH). Clinically, NSH is characterized by
shifting lameness and, in advanced cases, by enlargement of
the upper and lower jaws and facial crest (Krook and Lowe,
1964). Savage et al. (1993a) reported that foals fed 388 per-
cent of the 1989 NRC recommendation for phosphorus
showed numerous, severe lesions of osteochondrosis but no
clinical signs of NSH, though Savage et al. (1993b), in a his-
tomorphometric assessment of bone biopsies from the foals,
reported that the changes were consistent with NSH.

Both organic and inorganic phosphorus exist in serum,
though serum inorganic phosphorus is derived entirely from
inorganic compounds and is the value utilized in clinical
practice (Lau, 1986). Serum inorganic phosphorus concen-
trations are high at birth and decline over several months to
normal adult values. Serum inorganic phosphorus values
may be more indicative of dietary phosphorus status than
serum calcium is of calcium status because homeostatic
mechanisms for phosphorus are less sensitive than for cal-
cium (Schryver et al., 1970, 1971b). Caple et al. (1982)
determined that horses excreting more than 15 pmol of
P/mOsm of urine solute and having a phosphorus: creatinine
clearance ratio greater than 4 had excessive phosphorus in-
take and were subject to NSH. It has been suggested that a
maximum tolerable concentration of dietary phosphorus in
horses fed adequate dietary calcium is 1 percent assuming
an appropriate calcium:phosphorus ratio (NRC, 2005).

Calcium:Phosphorus Ratio

The absolute intakes of calcium and phosphorus by
horses must be adequate, but secondarily, it is important to
evaluate the calcium:phosphorus ratio of equine rations. If
calcium intake is less than phosphorus intake (ratio less than
1:1), calcium absorption may be impaired. Even if the diet
contains adequate calcium, excessive phosphorus intake
may cause skeletal abnormalities (Schryver et al., 1971b).
Nutritional secondary hyperparathyroidism is covered more
completely in Chapter 12. This condition does not occur
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often in the United States, but Hintz (1997) cautioned that
horse owners still need to be made aware of this potential
problem, particularly if horses are fed large amounts of
grain-based feedstuffs such as wheat bran or oats. While this
condition is rare, it can still occur in situations when horses
are fed grains not supplemented with calcium and are re-
ceiving forage relatively low in calcium or that contains sub-
stantial amounts of oxalates (Mason et al., 1988; Ronen et
al., 1992; Luthersson et al., 2005). Though typically not a
concern with forages, certain types, such as orchardgrass,
can have inverted calcium:phosphorus ratios. With grains
being naturally higher in phosphorus than calcium, it is quite
easy to feed too much phosphorus in relation to calcium
when raw grains or grain byproducts are fed in large quanti-
ties. Clinical signs vary depending on the degree of the
imbalance of calcium to phosphorus, oxalate content of
the diet, age of the horse, performance level, and environ-
mental conditions (Ramirez and Seahorn, 1997). While a
low calcium:phosphorus ratio can be quite detrimental, ra-
tios as high as 6:1 in the growing horse may be acceptable if
phosphorus intake is adequate (Jordan et al., 1975). The
calcium:phosphorus ratio in milk has been reported to range
between 1.8 and 2.5:1 between weeks 16 and 24 of lactation
(Sonntag et al., 1996).

Recommendations

Endogenous losses of phosphorus by the mature horse
have been estimated at 10 mg/kg BW/d (Schryver et al.,
1971b). Combined with a 35 percent absorption efficiency,
the 1989 NRC estimated the maintenance phosphorus re-
quirements for a 500-kg horse to be 14.3 g (0.028 g P/kg
BW). Using data from a number of studies, Pagan (1994)
estimated endogenous phosphorus loss to be 4.7 g/d (R? =
0.33) for a 550-kg horse (about 8.5 mg/kg BW), which is
slightly lower than the 1989 NRC estimates. The true di-
gestibility of phosphorus was estimated to be 25.2 percent,
which is also lower than the 35 percent used by the 1989
NRC. However, the resulting requirement for a 500-kg
horse was estimated at 17 g P/d which, although slightly
higher, is similar to 1989 NRC values. This emphasizes the
importance of knowing the availability of a phosphorus
source when formulating rations as the absorption effi-
ciency can greatly influence the amount of phosphorus
needed in the diet. Due to concerns with extra phosphorus
being introduced into the environment, the subcommittee
has chosen to remain with the lower estimate for phospho-
rus requirements.

As foals deposit about 8 g P/kg BW gain (Schryver et al.,
1974), the 1989 NRC suggested growing horses require 17.8
g (8 g/0.45 percent efficiency) for each kg of gain in addi-
tion to the maintenance requirements. Thus, a 215-kg foal
gaining 0.85 kg/d would require about 15.1 g of phosphorus
(8 g/0.45 % 0.85 kg gain) in addition to its maintenance re-
quirement of 4.8 g (215 kg x 10 mg/0.45). While Furtado et
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al. (2000) estimated endogenous fecal losses in growing
horses to be 10.3 mg P/kg of BW/d, Pagan (1989) argued
that endogenous phosphorus losses in young horses are
double those used by the NRC (1989) in estimating dietary
phosphorus requirement. This agrees with Cymbaluk et al.
(1989), who estimated endogenous fecal phosphorus to be
18 mg/kg BW/d in growing Quarter horses. Using the higher
estimate for endogenous loss (215 kg x 18 mg/0.45), the
total phosphorus requirements would be increased to 23.7 g
P/d. Grace et al. (1999b) suggested 21 g of P/d is the re-
quired amount compared to the 16 to 20 g recommended by
the 1989 NRC for growing horses expected to reach 500 kg.
Their calculations were based upon a 200-kg horse gaining
1 kg/d and using an absorption efficiency of 0.5. With a
lower absorption efficiency, requirements would be even
greater. The results of these studies suggest that the endoge-
nous losses, and hence, maintenance phosphorus require-
ments, for young horses are greater than previously assumed
and an endogenous loss of 18 mg/kg BW/d was used in de-
termining the requirements. The requirement for growth
recommended in this publication thus contains both a main-
tenance component (0.018 g/0.45 absorption efficiency X kg
BW) and a growth component (8 g/0.45 percent absorption
efficiency X kg gain). Phosphorus requirements increase
during late gestation and lactation. Phosphorus requirements
for the products of conception for mares in months 9, 10,
and 11 of pregnancy have been estimated to be 7, 12, and 6.7
mg/kg BW/d, respectively (Drepper et al., 1982). At 35 per-
cent absorption efficiency, the daily phosphorus require-
ments for a 500-kg mare for products of conception during
gestation months 9, 10, and 11 would be 10, 17.1, and 9.6 g,
respectively (mean 12.2 g/d). The mean daily phosphorus
deposition for the last 3 months of gestation ((8.6 mg/kg
BW)/0.35 absorption efficiency) was added to maintenance
needs to determine the requirements. An average of mainte-
nance and late gestation was used for the phosphorus re-
quirements during months 7 and 8 to allow for fetal growth
occurring during that period. Thus, to meet endogenous
losses of 10 mg P/kg BW with an absorption rate of 35
percent and to meet fetal deposition rate of 4.3 mg P/kg
BW with a 35 percent absorption rate, the requirement for
pregnancy during months 7 and 8 is (0.028 g x kg BW) +
(0.012 g x kg BW), or simply 0.04 g x kg BW. To meet
endogenous losses of 10 mg P/kg BW with an absorp-
tion rate of 35 percent and to meet a fetal deposition rate of
8.6 mg P/kg BW with a 35 percent absorption rate dur-
ing months 9, 10, and 11 of pregnancy, the requirement
is (0.028 g x kg BW) + (0.0245 g x kg BW), or simply
0.0525 g x kg BW.

The phosphorus concentration of mares’ milk ranges
from 0.75 g/kg of fluid milk in early lactation to 0.50 g/kg
of fluid milk in late lactation. If the absorption efficiency of
lactating mares is 45 percent, the daily phosphorus require-
ments above maintenance (adjusted for the higher percent
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absorption) for lactation would be 26.7 g for a mare produc-
ing 16 kg milk/d in early lactation and 11.1 g for a mare pro-
ducing 10 kg milk/d during late lactation. At these rates of
milk production, a 500-kg mare would require 37.8 and
22.2 g P/d in early and late lactation, respectively. No data
have been found suggesting the 1989 NRC recommendation
for lactation should be changed other than to account for a
revision of milk production estimates. To meet endogenous
losses of 10 mg P/kg BW with an absorption rate of 45 per-
cent and to meet milk production needs estimated at 0.032
kg milk/kg BW containing 0.75 g P/kg milk that is absorbed
at a 45 percent rate, the phosphorus requirement for lacta-
tion from foaling to 3 months is (0.022 g x kg BW) + (0.032
X kg BW x 1.67 g). To meet endogenous losses of 10 mg
P/kg BW with an absorption rate of 45 percent and to meet
milk production needs estimated at 0.026 kg milk/kg BW
containing 0.5 g P/kg milk that is absorbed at a 45 percent
rate, the phosphorus requirement for lactation from 4 to 5
months is (0.022 g x kg BW) + (0.026 x kg BW x 1.11 g).
To meet endogenous losses of 10 mg P/kg BW with an ab-
sorption rate of 45 percent and to meet milk production
needs estimated at 0.020 kg milk/kg BW containing 0.5 g
P/kg milk that is absorbed at a 45 percent rate, phosphorus
requirement for lactation after 5 months is (0.022 g X kg
BW) + (0.020 x kg BW x 1.11 g).

The influence of exercise on phosphorus requirements
has been studied in combination with calcium. During the
first 4 months of race training in 2-year-old Quarter horses,
Nielsen et al. (1998b) reported phosphorus retention re-
mained relatively constant over a range of phosphorus con-
centrations in the diet (0.21 to 0.30 percent on an as-fed
basis). Likewise, 0.24 percent of the total diet (average
amount fed to control group) appeared to be adequate and
no apparent benefit was seen by feeding 0.29 percent,
though both the minimum and maximum amounts are above
the 1989 NRC recommended amount based upon a percent-
age of the diet. In similarly trained horses, Stephens et al.
(2004) reported phosphorus requirements to be at least 66
mg/kg BW/d, which was 32 percent over the 1989 NRC rec-
ommendation. While feeding various amounts of calcium,
phosphorus, and magnesium to horses in race training,
Nolan et al. (2001) reported diminished mineralization of
the third metacarpus when feeding phosphorus at the 1989
NRC suggested amount, even when additional calcium and
magnesium was provided. Only when phosphorus was at
130 percent of the NRC recommendation (calcium and mag-
nesium both above 150 percent) was mineralization in-
creased. Furthermore, exercised horses had a higher phos-
phorus balance than did horses that were sedentary for 2
months and then exercised for 2 months (Elmore-Smith et
al., 1999). Young et al. (1989) also found an increase in daily
phosphorus retention when miniature horses were exercised.
In contrast, Lawrence et al. (2003) reported no differences in
phosphorus retention between exercising horses and seden-
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tary horses in a review of studies reporting phosphorus in-
take and excretion. Likely, the majority of the horses from
the studies that were reviewed were mature horses and un-
dergoing a relatively constant training protocol in contrast to
many of the studies reporting requirements higher than the
1989 NRC that were conducted in young horses just enter-
ing training. Like with calcium, any potentially higher re-
quirements associated with exercise in the rapidly growing
horse (typically under 24 months) should be met by the
phosphorus requirements for growth that have been in-
creased from the 1989 NRC. With no strong evidence to
suggest mature exercising horses have a higher requirement
than was suggested by the 1989 NRC, the requirements re-
main unchanged and are 0.058 g P x kg BW for heavy exer-
cise, 0.042 g P x kg BW for moderate exercise, and 0.036 g
P x kg BW for light exercise.

Magnesium

Function

Magnesium (Mg) constitutes approximately 0.05 percent
of the body mass. Sixty percent of magnesium in the body is
found in the skeleton and about 30 percent can be found in
muscle (Grace et al., 1999b). Magnesium is an important ion
in the blood, plays a role as an activator of many enzymes,
and participates in muscle contractions.

Sources and Factors Influencing Absorption

Many commonly used feedstuffs contain 0.1-0.3 percent
magnesium, and magnesium absorption from these feed-
stuffs appears to be 40-60 percent (Hintz and Schryver,
1972, 1973; Meyer, 1979). According to Harrington and
Walsh (1980), inorganic supplemental sources such as mag-
nesium oxide, magnesium sulfate, and magnesium carbon-
ate appear to be essentially equivalent as supplemental di-
etary sources of magnesium for growing foals and have a
higher absorption rate (70 percent) than the magnesium
found in natural sources. Data from human studies indicate
the absorption rate of magnesium oxide to be lower than
magnesium citrate (Lindberg et al., 1990; Walker et al.,
2003) and magnesium chloride, magnesium lactate, and
magnesium aspartate (Firoz and Graber, 2001). Stadermann
et al. (1992) reported apparent digestibility of magnesium
was higher with alfalfa hay (51 percent) than with concen-
trate (31 percent). McKenzie et al. (1981) reported magne-
sium to be 42—45 percent digestible and not affected by ox-
alate. Supplemental phytase also did not affect magnesium
absorption (van Doorn et al., 2004a). Further, van Doorn et
al. (2004b) reported no differences in the apparent di-
gestibility of magnesium (approximately 41-45 percent)
when horses were fed rations ranging from 0.148-0.535 ¢
Ca/kg BW/d. Excess phosphorus decreased magnesium ab-
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sorption (Kapusniak et al., 1988), though the apparent di-
gestibility of magnesium was still between 41 and 45 per-
cent when mature ponies were fed excess phosphorus of ap-
proximately 125 mg P/kg BW/d (van Doorn et al., 2004b).
In a small study, Weidenhaupt (1977) reported high potas-
sium concentrations slightly decreased magnesium apparent
digestibility. In contrast, high concentrations of aluminum
did not alter magnesium absorption (Schryver et al., 1986a)
and neither did varying the consumption of salt (Schryver et
al., 1987b). Wall et al. (1992) reported that varying DCAD
did not alter mean daily urinary excretion of magnesium.
Schryver et al. (1987b) found that the calculated true ab-
sorption of magnesium was between 62 and 67 percent. Ols-
man et al. (2004) reported a diet rich in sugar beet pulp did
not alter magnesium absorption even though pH of intestinal
contents should have theoretically been lowered, resulting in
increased mineral solubility. Pagan et al. (1998) reported
that the apparent digestibility of magnesium in mature
horses did not differ between exercised (28.5 percent) and
nonexercised (35 percent) groups. Magnesium is absorbed
from both the small and large intestine, though the majority
appears to be absorbed from the small intestine (Kapusniak
et al., 1988).

Signs of Deficiency or Excess

Meyer (1990) suggested that renal creatinine/magnesium
quotients greater than 7.5 indicate an insufficient dietary
supply. Stewart et al. (2004) reported that determination of
urinary magnesium excretion during a 24-hour period was a
better method to indicate decreased magnesium intake as
compared to serum total and ionized magnesium, as well as
muscle magnesium concentrations, but a spot sample of the
fractional clearance of magnesium can be conveniently used
to identify horses consuming a magnesium-deficient diet.
Hypomagnesemia was reported in foals with magnesium in-
take at 7-8 mg/kg diet/d (Harrington, 1974). Assuming a
feed intake equivalent to 3 percent BW, magnesium intake
would have been only 0.2 mg/kg BW in comparison to the
control animals receiving 390 mg/kg diet or 11.7 mg/kg
BW. Clinical signs of magnesium deficiency include nerv-
ousness, muscle tremors, and ataxia, with the potential for
collapse, hyperpnea, and death. Meyer and Ahlswede (1977)
indicated that a magnesium intake of 5-6 mg/kg BW/d re-
sulted in hypomagnesemia (less than 1.6 mg/dl serum) and
a marked reduction in renal excretion of magnesium,
whereas 20 mg of Mg/kg BW/d resulted in normal serum
magnesium values of 1.6-2.0 mg/dl. Hypomagnesemia in-
duces mineralization (focal calcium and phosphorus de-
posits) in the aorta. Histologic changes occur within 30 days
of initiation of a low-magnesium diet (Harrington, 1974).
The 1989 NRC indicated pastures that are conducive to
magnesium deficiency, tetany, and death in ruminants do not
affect horses similarly, though no evidence was found in the
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literature to provide support for this claim. However, while
uncommon, tetany in transported horses has been attributed
to hypocalcemia and potentially hypomagnesemia (Green et
al., 1935; Merck Veterinary Manual, 2005).

Controlled studies evaluating the toxicity of magnesium
in horses have not been done, though the maximum tolera-
ble concentration has been estimated at 0.8 percent (NRC,
2005), up from 0.3 percent in the 1980 NRC. Some alfalfa
hays with magnesium concentrations of 0.5 percent have
been fed to horses without apparent ill effects (Lloyd et al.,
1987). The source of magnesium may be important for
horses, since mature ponies fed diets containing 0.86 per-
cent magnesium for 1 month had no noted adverse effects
when the magnesium source was magnesium oxide (Hintz
and Schryver, 1973). Historically, magnesium sulfate was
used intravenously as an anesthetic agent in horses prior to
the advent of barbiturates and inhalation anesthetics (Kato et
al., 1968). At normal dietary concentrations, there is no in-
dication that magnesium sulfate has an anesthetic effect.
However, magnesium sulfate is used as a saline laxative for
treatment of intestinal impactions, but can cause magnesium
toxicosis when overdosed, resulting in renal insufficiency,
hypocalcemia, or a compromise of intestinal integrity (Hen-
ninger and Horst, 1997). Magnesium supplementation is a
practice done to calm horses that could greatly influence
magnesium intake if done often.

Normal serum magnesium concentrations in the horse
range from 18-35 ug/dl (Puls, 1994). However, Edwards
(2004) reported that serum magnesium concentrations in
both Grant’s and common zebras are reported to be 14 to 15

Recommendations

Endogenous magnesium excretion was estimated at 6
mg/kg BW/d (NRC, 1989), though Pagan (1994), summa-
rizing results from numerous studies, reported endogenous
magnesium excretion of 2.2 mg/kg BW (R? = 0.76). A study
by van Doorn et al. (2004b) reported magnesium retention
to be around 4.4 mg/kg BW/d despite varying magnesium
concentrations in the diet (from 31.4 to 38.4 mg/kg BW/d)
as well as varying calcium concentrations (from 148 to 535
mg/kg BW/d). Using the initial value and a 40 percent ab-
sorption rate, a 500-kg horse at maintenance requires 7.5 g
of dietary Mg/d or 15 mg/kg BW, which is lower than the 20
mg/kg BW proposed by Drepper et al. (1982). While mag-
nesium requirements need to be better defined, Hintz (2000)
suggested there are no strong reasons that the 1989 NRC
magnesium requirements for maintenance are not satisfac-
tory and that the Pagan (1994) data suggest they could po-
tentially be lower. Requirements for gain range from 0.85 to
1.25 g Mg/kg BW gained per day (Schryver et al., 1974).
Using the higher value, a 200-kg foal gaining 1 kg/d would
need 1.25 g of magnesium for growth plus 3 g for endoge-
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nous fecal loss, for a total of 4.25 g/d. By comparison, using
the factorial method, Grace et al. (1999b) calculated the di-
etary magnesium requirement of a 200-kg horse gaining 1
kg/d at 0.7 g Mg/kg DM intake. Assuming an intake of 3
percent BW, this would result in a similar intake of 4.2 g of
magnesium. The magnesium requirement for growth con-
sists of 0.015 g x kg BW to account for endogenous losses
and 1.25 g magnesium for every kg of daily gain.

The magnesium requirement of the mare associated with
products of conception has been estimated at 0.23, 0.31, and
0.36 mg/kg BW of the mare for months 9, 10, and 11, re-
spectively (Drepper et al., 1982). To meet the magnesium re-
quirement for these periods, and assuming an absorption
rate of 40 percent, a 500-kg mare would need 287, 387, and
450 mg of dietary magnesium daily for fetal growth. Given
that data on deposition rate of minerals in the fetus are very
limited, a mean deposition rate of 0.30 mg/kg gain was used
as the magnesium requirement for development of the prod-
ucts of conception for the last 3 months. Mean dietary mag-
nesium required for fetal growth was added to maintenance
needs for the same period to determine the requirement.
This relatively minor increase in magnesium requirements
for a mare during late gestation is supported by a similar
finding in cattle (House and Bell, 1993). Little research is
available to determine magnesium requirements during
months 7 and 8§ of gestation, but an additional amount be-
tween that of maintenance and late gestation was added to
accommodate the growth of the products of conception.
Thus, to meet endogenous losses of 6 mg Mg/kg BW with
an absorption rate of 40 percent and to meet a fetal deposi-
tion rate of 0.08 mg Mg/kg BW with a 40 percent absorption
rate, the magnesium requirement for months 7 and 8 of ges-
tation is (0.015 g x kg BW) + (0.0002 g x kg BW), or sim-
ply 0.0152 g x kg BW. To meet endogenous losses of 6 mg
Mg/kg BW with an absorption rate of 40 percent and to meet
fetal deposition rate of 0.12 mg Mg/kg BW with a 40 per-
cent absorption rate, the magnesium requirement for months
9, 10, and 11 of gestation is (0.015 g x kg BW) + (0.0003 g
x kg BW), or simply 0.0153 g x kg BW.

Grace et al. (1999a) reported magnesium concentrations
to be greater in colostrum (302 mg/L) than the average in
milk from day 55 to day 150 (47 mg/L). Concentrations of
magnesium in milk declined during the course of lactation
(Schryver et al., 1986b) and concentrations during early lac-
tation were double that of late lactation (NRC, 1989). As-
suming a 40 percent absorption efficiency, a mare producing
16 kg of milk/day with a magnesium concentration of 90
ug/g of milk during early lactation would require an addi-
tional 3.6 g of dietary Mg/d for milk production in addition
to her maintenance requirement of 7.5 g. Magnesium re-
quirements for milk would be (0.015 g x kg BW) + (0.032
x kg BW x 0.23) from foaling to 3 months to meet endoge-
nous losses of 6 mg Mg/kg BW with an absorption rate of
40 percent and to meet milk production needs estimated at
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0.032 kg milk/kg BW containing 0.09 g Mg/kg of milk that
is absorbed at a 40 percent rate; (0.015 g x kg BW) + (0.026
x kg BW x 0.23) from 4 to 5 months to meet endogenous
losses of 6 mg Mg/kg BW with an absorption rate of 40 per-
cent and to meet milk production needs estimated at 0.026
kg milk/kg BW containing 0.09 g Mg/kg milk that is ab-
sorbed at a 40 percent rate; and (0.015 g x kg BW) + (0.020
x kg BW x 0.11) after 5 months to meet endogenous losses
of 6 mg Mg/kg BW with an absorption rate of 40 percent
and to meet milk production needs estimated at 0.020 kg
milk/kg BW containing 0.045 g Mg/kg that is absorbed at a
40 percent rate.

Much of the work done with magnesium nutrition in ex-
ercising horses is confounded with varying concentrations
of calcium and phosphorus. For instance, in a study com-
paring various concentrations of calcium, phosphorus, and
magnesium in young horses, Nielsen et al. (1998b) found an
increase in mineral content of the third metacarpus after 3
months of training in horses supplemented with extra cal-
cium. Likewise, magnesium retention increased at that point
in training. As substantial amounts of magnesium are found
in bone mineral (Jee, 1988), it was hypothesized that the in-
creased magnesium retention was caused by increased bone
formation that was permitted by the additional calcium in
the diet. The authors suggested that the 1989 NRC recom-
mendations for magnesium in the young horse in training
were too low and appear to be between 0.15 and 0.20 per-
cent on an as-fed basis. Nolan et al. (2001) reported in-
creased mineralization of the third metacarpus when the
magnesium in the diet was above 150 percent of the NRC
recommended amount, though their findings were also con-
founded with varying calcium and phosphorus concentra-
tions. Stephens et al. (2004) reported an intake of 36 mg/kg
BW/d resulted in maximal retention of magnesium at day 64
of race training in young horses fed varying amounts of cal-
cium, phosphorus, and magnesium. These studies suggest
the magnesium requirements during training are too low,
though Pagan (1994) suggested that the requirement for
magnesium may be about half of the NRC requirement.
Most likely, exercise and stage of training influence magne-
sium requirements (Stephens et al., 2001), and this may ex-
plain the difference between conclusions of Pagan (1994)
and those drawn from the other studies. Matsui et al. (2002)
reported that in a cool ambient temperature, magnesium loss
due to exercise-related sweating was small (less than 2 per-
cent of the 1989 NRC requirement). Drepper et al. (1982)
suggested that light to medium work increased magnesium
requirements by 1 to 2 g/d for a 600-kg horse. Wolter et al.
(1986) suggested supplementing 0.18 percent dietary mag-
nesium for horses in training, especially if supplemental fat
has been incorporated in the diet. In contrast to calcium and
phosphorus, additional magnesium requirements associated
with growth appear to be less than the extra requirements
needed for exercise. While there is not sufficient evidence to
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support increasing magnesium requirements for mature
horses above what was recommended in the 1989 NRC, the
amount previously recommended for heavy exercise (0.030
g Mg x kg BW) and moderate exercise (0.023 g Mg x kg
BW) were greater than what was recommended for both the
long yearling and 2-year-old in training (0.022 g Mg X kg
BW). Therefore, the recommendation for young horses
(under 24 months) in training of any intensity is the same as
the requirement for heavy exercise to accommodate in-
creased needs associated with the onset of training.

To meet endogenous losses of 6 mg Mg/kg BW with an
absorption rate of 40 percent and to meet additional require-
ment for light work of 1.6 mg Mg/kg BW with a 40 percent
absorption rate, the magnesium requirement for light exer-
cise is estimated at (0.015 g x kg BW) + (0.004 g x kg BW),
or simply 0.019 g x kg BW. To meet endogenous losses of
6 mg Mg/kg BW with an absorption rate of 40 percent and to
meet an additional requirement for moderate work of 3.2 mg
Mg/kg BW with a 40 percent absorption rate, the magnesium
requirement for moderate exercise is estimated at (0.015 g x
kg BW) + (0.008 g x kg BW), or simply 0.023 g x kg BW.
To meet endogenous losses of 6 mg Mg/kg BW with an ab-
sorption rate of 40 percent and to meet an additional require-
ment for heavy work of 6 mg Mg/kg BW with a 40 percent
absorption rate, the magnesium requirement for heavy exer-
cise is estimated at (0.015 g x kg BW) + (0.015 g x kg BW),
or simply 0.030 g x kg BW.

Potassium

Function

As the major intracellular cation, potassium (K) is in-
volved in maintenance of acid-base balance and osmotic
pressure and is the most quantitatively important ion in-
volved in neuromuscular excitability (Kronfeld, 2001). The
total amount of body potassium in a 500-kg horse has been
estimated to be about 28,000 mEq (Rose, 1990). Most of the
body’s potassium is found in skeletal muscle (Johnson,
1995), while less than 1.5 percent of the total body potas-
sium is found in the extracellular fluid (Rose, 1990). Meyer
(1987) estimated 75 percent of potassium is found in the
skeletal muscle, 5 percent is in the skeleton, 5 percent is in
the blood and skin, 4.5 percent is in the ingesta, and 10.5
percent is found in other tissues. After chronic potassium de-
pletion, the greatest total amount of potassium lost was from
muscle (7.5 percent of the body’s total), while 3 percent of
the body’s total was lost from the skeleton (representing 60
percent of the skeleton’s reserves).

Sources and Factors Influencing Absorption

Forages and oilseed meals generally contain 1-2 percent
potassium on a dry matter basis, whereas cereal grains
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(corn, oats, wheat) contain 0.3—0.4 percent potassium. Nor-
mally, potassium intake greatly exceeds requirements due to
the high potassium concentrations in most types of forage
(Coenen, 2005). When potassium supplementation is re-
quired, potassium chloride and potassium carbonate are ef-
fective sources of supplemental potassium. Pagan and Jack-
son (1991b) reported the apparent digestibility of potassium
to be between 61 and 65 percent, though it has been shown
to be as high as 99.8 percent (Reynolds et al., 1998). Pagan
(1994) estimated true potassium digestibility to be around
75 percent. Jansson et al. (1999) reported that in response to
an increase in dietary potassium, urinary excretion is in-
creased first, followed by an increase in fecal excretion.
Hence, the equine kidney is particularly efficient at excret-
ing extra potassium, but the horse may not be efficient at
conserving potassium when intake is inadequate (Johnson,
1995). The body attempts to maintain a balance between di-
etary intake of electrolytes and excretion of them through
the feces, urine, and sweat, though the amount of elec-
trolytes excreted through the kidneys is the primary variable
that can be controlled in an attempt to respond to varying in-
take (Coenen, 2005). The redistribution of electrolytes is
needed during exercise and the gastrointestinal tract can
serve as a temporary reservoir, but its capacity depends on
diet and the time between feeding and exercise. If a diet con-
taining lower concentrations of potassium is desired, feed-
ing hay harvested from fields not heavily fertilized with
potash may be advised (Hintz, 1995). Exercise in mature
horses decreased apparent potassium digestibility from 74.3
percent to 66.3 percent (Pagan et al., 1998). McKenzie et al.
(2002) reported that varying DCAD did not alter the daily
balance of potassium.

Signs of Deficiency or Excess

Foals fed potassium-deficient, pelleted, purified diets
gradually refused to eat and, therefore, lost weight, became
unthrifty in appearance, and had moderately lowered serum
potassium concentration (hypokalemia). On addition of
potassium carbonate to the purified diet, an immediate re-
sumption of normal feed intake occurred (Stowe, 1971).
Given that fluid losses during exercise can reach 10 to 15 L
per hour in the horse and that horse’s sweat is hypertonic
with respect to plasma, large amounts of sodium, chloride,
and potassium can be lost during prolonged exercise
(Flaminio and Rush, 1998). Hence, a deficiency in the exer-
cising horse, particularly in the endurance horse, can de-
velop. As sweat fluid losses are almost double when horses
compete in a hot, humid climate as compared to a cool, dry
climate (McCutcheon and Geor, 1996), dietary intake of
potassium, sodium, and chloride may not be sufficient in
hard working horses in warm, humid climates when supple-
mentation is not provided. In cases of diarrhea in horses, it
has been suggested that using an oral rehydration solu-
tion as an alternative to intravenous fluids may be a cost-

NUTRIENT REQUIREMENTS OF HORSES

effective method of restoring fluids and electrolytes (Ecke et
al., 1998a,b; Schott, 1998). While most intravenous and oral
fluid replacement products are higher in sodium than potas-
sium, combined fecal and urinary losses resulted in greater
potassium losses than sodium. As a result, potassium deple-
tion can occur if horses are not eating. Metabolic acidosis
can also occur due to an increase in plasma chloride con-
centrations resulting in a greater decrease in strong ion dif-
ference after oral rehydration therapy. Attention should be
paid to these concerns when preparing such solutions.

Despite the NRC (2005) maximum tolerable concentra-
tion of potassium being listed as 1 percent of intake, many
forages commonly fed to horses without any apparent prob-
lems have a much greater concentration of potassium. Thus,
the true maximum concentration is likely much greater as
excess dietary potassium is excreted readily, primarily via
the urine, when water intake is unrestricted. Lewis (1995)
concluded that if adequate water is not available, horses will
refuse to eat if potassium concentrations are too great, in ef-
fect negating the likelihood of potassium toxicity. Addition-
ally, the required potassium concentration in a purified-type
diet for growing foals was estimated at 1 percent by Stowe
(1971), further suggesting the maximum tolerable amount is
greater than suggested by the 2005 NRC. However, Hintz
and Schryver (1976) suggested the recommendation by
Stowe to be excessive based upon studies of body composi-
tion and balance trials they conducted. The effects of excess
potassium have not been studied in the horse; however, hy-
perkalemia, induced by parenteral administration of excess
potassium, would be expected to cause cardiac arrest
(Tasker, 1980), though hyperkalemia during exercise does
not cause any cardiac issues. Horses with hyperkalemic pe-
riodic paralysis (HYPP) syndrome are sensitive to high
potassium concentrations in their diet, but being afflicted
with the problem does not seem to alter potassium balance
(Reynolds et al., 1998). More information on HYPP can be
found in Chapter 12.

The normal range for serum potassium concentrations
has been given as 2.4 to 5.6 mEq/L by Puls (1994). The
potassium concentration of the middle gluteal muscle in
healthy adult horses was reported as 91.1 £ 3.0 uM potas-
sium/g muscle (wet weight) but decreased (P < 0.05) to 73.6
+ 1.9 uM potassium/g muscle after 7 days of food depriva-
tion (Johnson et al., 1991).

Recommendations

Drepper et al. (1982) estimated the daily potassium re-
quirements for a 600-kg horse to be 22 g for maintenance
(0.037 g/kg BW). Hintz and Schryver (1976), however, using
a series of balance trials, calculated that mature ponies re-
quired 0.048 g of K/kg BW/d, though their data was derived
only from fecal and urine losses and did not include sweat
and dermal losses of potassium. As a result of not including
sweat losses, Hintz and Schryver (1976) suggested that the
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maintenance requirement would actually be greater than
0.048 g K/kg of BW. Not being able to quantify loss of min-
erals (such as potassium, sodium, and chloride) through the
sweat during digestibility trials tends to underestimate the re-
quirements for those minerals by inadequately predicting the
amount of mineral retained and the resulting calculated en-
dogenous losses. An endogenous loss of 40 mg/kg BW/d
with an absorption rate of 80 percent has been proposed by
GEH (1994) and results in a maintenance requirement of
0.05 g K/kg BW. A 500-kg horse would thus require 25 g
(500 kg x 0.05 g) of dietary potassium daily for maintenance.
Since forages are usually high in potassium concentration
and since forages usually constitute a major proportion of the
horse’s diet, requirements are typically easily satisfied.

For growth of foals with an anticipated mature body
weight of 600 kg, Drepper et al. (1982) estimated the daily
potassium requirements to be 11 g (about 0.05 g/kg BW) for
months 3 to 6, 14 g for months 7 to 12 (about 0.04 g/kg
BW), and 18 g for months 12 to 24 (about 0.03 g/kg BW).
Jarrige and Martin-Rosset (1981) suggested 0.6 percent
potassium in the diet of 6- to 12-month-old foals, and 0.8
percent for horses 18 to 24 months of age. Growing horses
have been shown to deposit 1.5 g of K/kg gain (Schryver et
al., 1974). Thus, a 215-kg foal gaining 0.85 kg BW/d and
having a true potassium retention efficiency of 50 percent
requires 2.6 g (1.5 g K x 0.85 kg BW/0.5) of dietary K/d for
skeletal growth in addition to 10.8 g (0.05 g Kx 215 kg BW)
for maintenance. The 50 percent absorption rate, used by the
1989 NRC, may be low but helps to ensure that potassium
will not be limited for the growing horse.

Pregnant mares require little additional potassium
(Meyer and Ahlswede, 1978). Jarrige and Martin-Rosset
(1981) indicated that the optimal dietary potassium concen-
tration was 0.4 percent for late gestation. Drepper et al.
(1982) indicated that the products of conception require 1.2,
1.7, and 2.2 mg of K/kg of mare weight during gestation
months 9, 10, and 11, respectively. To determine require-
ments for late gestation, potassium for maintenance was
added to an average of the amount needed for the product of
conception. Hence, to meet endogenous losses of 40 mg
K/kg BW with an 80 percent absorption rate and to meet a
fetal deposition rate of 1.36 mg K/kg BW with an 80 percent
absorption rate, the potassium requirement for months 9, 10
and 11 of gestation was estimated to be (0.05 g x kg BW) +
(0.0017 g x kg BW), or simply 0.0517 g x kg BW.

Drepper et al. (1982) estimated the potassium require-
ment for a 600-kg mare to be 34 g during lactation, which is
lower than recommended by the 1989 NRC. No research has
demonstrated the requirement for lactation is different than
that established by the 1989 NRC, so it was not changed.
However, the percent absorption (50 percent) used to calcu-
late the additional potassium needed for milk may be low.
Additionally, new estimates of milk production are used to
determine requirements. The recommended potassium re-
quirement for lactating mares from foaling to 3 months is
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(0.05 g x kg BW) + (0.032 x kg BW x 1.4) to meet endoge-
nous losses of 40 mg K/kg BW with an absorption rate of 80
percent and to meet milk production needs estimated at
0.032 kg milk/kg BW containing 0.7 g K/kg milk that is ab-
sorbed at a 50 percent rate. The requirement from 4 to 5
months is (0.05 g X kg BW) + (0.026 x kg BW x 0.8) to
meet endogenous losses of 40 mg K/kg BW with an absorp-
tion rate of 80 percent and to meet milk production needs es-
timated at 0.026 kg milk/kg BW containing 0.4 g K/kg milk
that is absorbed at a 50 percent rate. The requirement for
lactation after 5 months is estimated to be (0.05 g X kg BW)
+ (0.020 x kg BW x 0.8) to meet endogenous losses of 40
mg K/kg BW with an absorption rate of 80 percent and to
meet milk production needs estimated at 0.020 kg milk per
kg BW containing 0.4 g K/kg milk that is absorbed at a 50
percent rate.

Renal excretion of potassium increases in reaction to ex-
ercise and, combined with heavy sweating losses, can lead to
a potential potassium deficit (Meyer, 1987; Schott et al.,
1991; Johnson, 1998). Jarrige and Martin-Rosset (1981) in-
dicated that the optimal potassium concentrations of equine
diets were 0.4 to 0.5 percent for light to medium work. Drep-
per et al. (1982) estimated the daily potassium requirements
for a 600-kg horse to be 32 g for light work (0.053 g/kg
BW), 43 g for medium work (0.072 g/kg BW), and 53 g
(0.088 g/kg BW) for heavy work. When maintenance re-
quirements are applied to the work of Drepper et al. (1982),
the requirement for light, medium, and heavy work become
1.1, 1.4, and 1.8 times maintenance, respectively. This rela-
tionship has also been approximated by a potassium-to-DE
relationship. Hoyt et al. (1995a) proposed diets for exercis-
ing horses should contain 4.5 g K/Mcal DE.

The main increase in requirements for the electrolytes
potassium, sodium, and chloride associated with exercise is
to replace the amounts lost in sweat. Typical equine diets
contain excess potassium, so inclusion of potassium in elec-
trolytes for horses may not be needed. Supplementation
of an electrolyte mixture without potassium resulted in a
similar completion rate to horses supplemented with a
potassium-containing electrolyte mixture in an 80-km en-
durance ride (Hess et al., 2005). Exercise conditions greatly
influence sweat production but quantifying sweat produc-
tion in the field is not simple (Coenen, 2005). However,
sweat losses account for about 90 percent of the changes in
body weight during exercise (Meyer et al., 1990). Thus, Co-
enen (2005) proposed that, for practical purposes, the
change in body weight during exercise can be used as an es-
timate of sweat losses. Using data from Meyer et al. (1990)
and McCutcheon and Geor (1998), Coenen (2005) esti-
mated equine sweat to contain 1.4 g K/L, so the potassium
recommendation for exercise can be expressed as mainte-
nance plus 2.8 g (1.4 g/0.50 percent absorption) for every
kilogram of weight lost during exercise. Some weight loss
obviously can occur through defecation and urination, but
this amount is relatively small compared to sweat losses
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(Butudom et al.,, 2002). An exception to this is when
furosemide is administered, as furosemide greatly increases
urine production (Hinchcliff et al., 1995) and likely in-
creases urinary loss of electrolytes. This could result in an
increased transient requirement associated with the esti-
mated 700,000 doses given to Thoroughbred and Standard-
bred racehorses a year in the United States (Hinchcliff,
2005). While requiring weighing a horse before and after ex-
ercise, and though not applicable after furosemide adminis-
tration, using weight loss as an estimate of sweat loss likely
provides an accurate estimate of the additional potassium re-
quirements associated with exercise. Because it is not always
practical to weigh horses before and after exercise, estimates
of sweat loss for horses performing different levels of exer-
cise have been made in order to estimate the electrolyte re-
quirements of exercising horses. It is important to note that
sweat loss will be greatly influenced by environmental tem-
perature and whether the animal is acclimated to the im-
posed exercise and the environmental conditions. A discus-
sion of factors affecting sweat losses can be found in Chapter
7. McConaghy (1994) has suggested that 1 liter of sweat is
necessary to dissipate 580 kcal of heat in the horse. There-
fore, sweat loss may be approximated from heat production
during exercise. The factors affecting heat production during
exercise are discussed in Chapter 1. For the purposes of this
document, daily sweat loss associated with work for horses
in the light, moderate, heavy, and very heavy exercise cate-
gories are estimated at 0.25, 0.5, 1, and 2 percent of body
weight, respectively. These estimates are based on weekly
workloads expected for the horses in different categories and
do not necessary account for losses associated with a stren-
uous competition, such as a race or a 3-day event. After a
strenuous event, particularly in a hot environment, additional
supplementation may be necessary to replace electrolyte
losses. A sweat loss of 2.4 percent of body weight has been
reported in horses becoming acclimated to and exercising in
hot, humid conditions (McCutcheon et al., 1999). This per-
centage, greater than the estimate used for very heavy exer-
cise, demonstrates the impact environmental conditions have
on sweating rate and serves as a reminder that the estimates
for sweat loss for varying intensities of work are only a guide
and can be much greater.

Sodium

Function

Sodium (Na) is critical for normal function of the central
nervous system, generation of action potentials in excitable
tissues, and transport of many substances such as glucose
across cell membranes (Johnson, 1995). Sodium is the
major extracellular cation and the major electrolyte involved
in maintenance of acid-base balance and osmotic regulation
of body fluids. The average sodium concentration in the ex-
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tracellular fluid is 138 to 140 mmol/L, which is about
14,000 mmol for a 500-kg horse with an extracellular fluid
volume of 100 L (Rose, 1990). This is referred to as the ex-
changeable sodium. The skeleton contains 51.1 percent of
the sodium in the body, the ingesta contains 12.4 percent,
both blood and muscle contain 10.8 percent, the skin con-
tains 8.5 percent, and the organs contain 2.1 percent, ac-
cording to Meyer (1987). During chronic sodium comple-
tion, the greatest loss is from the ingesta (9.9 percent of the
body’s total sodium), with the next greatest loss coming
from the skeleton (5.2 percent of the body’s total).

Sources and Factors Influencing Absorption

The sodium concentration of natural feedstuffs for
horses is often lower than 0.1 percent. Sodium chloride
((NaCl) common salt) is often added to concentrates at
rates of 0.5 percent to 1 percent or fed free-choice as plain,
iodized, cobalt-iodized, or trace-mineralized salt. In exer-
cising horses, Jansson and Dahlborn (1999) reported
sodium intake solely from a salt block was equal to or less
(range from 0 to 62 mg/kg BW/d) than the maintenance re-
quirement in four out of six horses, suggesting supplemen-
tation in feed may be required for some exercising horses to
meet losses associated with sweating. Ingesta in the large
intestine has been shown to be a reservoir for water, as well
as for sodium, chloride, and potassium, when exercising
(Meyer, 1996a,b), and may be why exercising horses rarely
develop severe hyponatraemia despite losing substantial
amounts of sodium through their sweat. Sosa Leon et al.
(1998) concluded administration of electrolyte paste is ad-
vantageous over water alone in restoring fluid, electrolyte,
and acid-base balance after fluid and electrolyte loss attrib-
utable to furosemide administration. Butudom et al. (2002)
reported 0.45 and 0.9 percent saline solutions, offered dur-
ing the first 5 minutes after completing exercise, were more
effective in maintaining elevated plasma sodium concentra-
tions and restoring body weight loss during exercise than
was water alone. It was cautioned that this should be pur-
sued after horses have been trained to drink salt water dur-
ing and after exercise to prevent greater dehydration. Addi-
tionally, repeated oral administration of an electrolyte
solution has been associated with an exacerbation of gastric
ulcers (Holbrook et al., 2005). Urinary sodium loss is min-
imized when sodium is relatively deficient in the diet and
temperatures are cool (Tasker, 1967), as well as after exer-
cise (Jansson et al., 1995). Lindinger et al. (2000) also re-
ported an improved conservation of sodium after heat ac-
climation and training. However, sodium excretion in the
feces may exceed that in urine under some conditions
(Alexander, 1977). When dietary sodium is increased, an
increase in urinary excretion will maintain the total ex-
changeable sodium pool (Rose, 1990). Sodium concentra-
tions have been reported to increase in equine sweat in re-
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sponse to exercise (McCutcheon and Geor, 1998; Jansson et
al., 1999).

Schryver et al. (1987b) found 75-94 percent of ingested
sodium was absorbed. Pagan et al. (1998) reported the ap-
parent digestibility of sodium to be increased in four mature
horses from 48.9-83.6 percent—presumably to meet the in-
creased sodium needs that accompany additional sweat
losses. Apparent absorption of sodium was 99.6 percent in
mature broodmares (Reynolds et al., 1998).

Signs of Deficiency or Excess

Chronic sodium depletion results in decreased skin tur-
gor, a tendency for horses to lick objects such as sweat-
contaminated tool handles, a slowed rate of eating, de-
creased water intake, and eventually a cessation of eating
(Meyer et al., 1984). In acute sodium deficiency, muscle
contractions and chewing were uncoordinated and horses
had an unsteady gait; serum sodium and chloride concentra-
tions decreased markedly, whereas serum potassium in-
creased (Meyer et al., 1984). As ambient temperatures and
exercise intensity increased, sodium concentrations in sweat
increased and sodium losses could result in relatively large
ion deficits (McCutcheon and Geor, 1998). This can lead to
alterations in skeletal muscle ion content and potentially
muscular dysfunction. As long as sufficient water is avail-
able, excess sodium will typically be excreted in the urine.
The maximum tolerable concentration of sodium chloride in
the diet has been set at 6 percent of intake (NRC, 2005).

Recommendations

Optimal sodium concentrations for equine diets have
been reported to be between 1.6 and 1.8 g/kg dry matter for
growth, maintenance, and late gestation and 3.6 g/kg dry
matter for moderate to heavy work (Jarrige and Martin-
Rosset, 1981). Endogenous sodium loss in the idle adult
horse has been estimated at 15 to 20 mg/kg BW/d (Meyer et
al., 1984; Schryver et al., 1987b). If sodium is 90 percent ab-
sorbed, and using an endogenous loss of 18 mg/kg BW/d,
the maintenance requirement is 0.02 g Na/kg BW daily. A
500-kg horse would meet that requirement by consuming
25 g NaCl/day.

Based upon whole body analyses of euthanized foals,
Grace et al. (1999b) determined 0.85 g Na/d were deposited
at an absorption rate of 80 percent, resulting in a calculated
daily sodium requirement of 1 g sodium for a 200-kg horse
gaining 1 kg/d. The requirement for growing horses has been
set at (0.02 g x kg BW) + (1.0 g X average daily gain in kg)
to meet endogenous losses of 18 mg Na/kg BW with a 90
percent absorption rate and to meet growth requirements of
0.85 g Na/kg BW gain with an 80 percent absorption rate.

Drepper et al. (1982) reported that the sodium require-
ment of pregnant mares, above maintenance, iS approxi-
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mately 1.9 mg/kg BW/d during the 10th month of gestation.
The requirement for months 9, 10, and 11 of pregnancy has
been estimated as (0.02 g x kg BW) + (0.002 g x kg BW),
or simply 0.022 g x kg BW, to meet endogenous losses of 18
mg Na/kg BW with a 90 percent absorption rate and to meet
a fetal deposition rate of 1.9 mg Na/kg BW based upon the
work of Drepper et al. (1982).

Schryver et al. (1986b) reported sodium concentrations
during the first 3 months after foaling to average 180 mg/kg
fluid milk, but had dropped to 115 mg/kg milk from 12 to 17
weeks. Grace et al. (1999a) reported sodium concentrations
to average 130 mg/L milk in pasture-fed mares during the
first 5 months after foaling, which would equate to about
126 mg/kg milk. Using an average of the two estimates and
an absorption rate of 90 percent, each kg of milk would re-
quire 0.17 g sodium during the first 3 months of lactation
and 0.14 g sodium after that. Thus, from foaling to 3
months, the sodium requirement for lactating mares is (0.02
g x kg BW) + (0.032 x kg BW x 0.17) to meet endogenous
losses of 18 mg Na/kg BW with an absorption rate of 90 per-
cent and to meet milk production needs estimated at 0.032
kg milk/kg BW containing 0.153 g Na/kg milk that is ab-
sorbed at a 90 percent rate. From 4 to 5 months, the esti-
mated requirement is (0.02 g X kg BW) + (0.026 x kg BW
% 0.14) to meet endogenous losses of 18 mg Na/kg BW with
an absorption rate of 90 percent and to meet milk production
needs estimated at 0.026 kg milk/kg BW containing 0.126 g
Na/kg milk that is absorbed at a 90 percent rate. After 5
months, the sodium requirement for lactating mares is esti-
mated as (0.02 g x kg BW) + (0.020 x kg BW X 0.14) to
meet endogenous losses of 18 mg Na/kg BW with an ab-
sorption rate of 90 percent and to meet milk production
needs estimated at 0.020 kg milk/kg BW containing 0.126 g
Na/kg milk that is absorbed at a 90 percent rate.

Even though sodium excretion has been shown to be re-
duced by as much as 73 percent during the early stages of
training (McKeever et al., 2002), prolonged exercise and el-
evated temperatures increase the sodium requirement be-
cause sweat contains a notable amount of sodium. Sodium
losses in sweat are estimated to range from 8.25 to 82.5 g
(Meyer, 1987). Butudom et al. (2002) calculated sodium
losses due to sweat losses during endurance exercise to be
between 1,500 to 2,000 mmol (34.5 to 46 g), with an addi-
tional loss of 1,500 mmol (34.5 g) due to administration of
furosemide, a diuretic. Meyer et al. (1984) reported that a
negative sodium balance could be demonstrated transiently
in nonexercised horses and ponies after initial restriction of
sodium intake to 5 mg/kg BW/d. However, over time, these
horses adapted to sodium restriction and, ultimately, could
be in positive sodium balance while consuming only 1.6 mg
Na/kg BW/day. Hoyt et al. (1995a) proposed diets for horses
exercising in hot, humid conditions should contain 1.3 g
Na/Mcal DE. Because of limited data on specific require-
ments for sodium and the influence of activity, adaptation,
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and environment on animal needs, precise recommendations
cannot be made. However, the 1989 NRC suggested sodium
concentration in the maintenance diet should be at least 0.1
percent. For intensely exercising horses in a hot climate,
Hoyt et al. (1995b) indicated that 0.41 percent sodium in the
diet of horses drinking tap water would be necessary to meet
sodium demands and that adding 0.9 percent salt to the diet
would meet those demands. This represents a large salt in-
take that would not normally be required under less stringent
conditions. A more precise estimate of sodium requirements
can be determined with exercising horses by measuring
weight losses during exercise, and using weight loss as an
estimate of sweat loss. Sweat contains 2.8 g Na/L (Coenen,
2005), so adding 3.1 g Na/kg weight loss during exercise to
maintenance requirements provides a reasonable estimate of
sodium requirements during exercise. Thus, the requirement
for sodium in exercising horses has been estimated as (0.02
g x kg BW) + (3.1 g x BW loss in kg during exercise) to
meet endogenous losses of 18 mg Na/kg BW with an ab-
sorption rate of 90 percent and to meet additional require-
ment for work associated with sweat loss of 2.8 g of Na/kg
of BW loss as an estimate of sweat loss during exercise with
a 90 percent absorption rate.

Chlorine

Function

Chlorine (Cl) normally accompanies sodium in the diet
as the anion chloride. Chloride is an important extracellular
anion involved in acid-base balance and osmotic regulation.
It is an essential component of bile and is important in the
formation of hydrochloric acid, a component of gastric se-
cretions necessary for digestion.

Sources and Factors Influencing Absorption

Common salt is 61 percent chloride and is often used to
meet chlorine needs. Some chloride concentrations of com-
mon equine feedstuffs range from 0.05 percent for corn and
soybean meal to 3 percent for molasses (NRC, 1982).
Schryver et al. (1987b) reported chloride absorption to be
100 percent and did not vary as dietary sodium chloride con-
centrations increased.

Signs of Deficiency or Excess

A chlorine deficiency is unlikely to occur without a
sodium deficiency, although it could occur if horses were
being administered sodium bicarbonate (Lewis, 1995).
Chlorine deficiency was clearly correlated to metabolic al-
kalosis as observed in horses with minimized chlorine in-
take (Coenen, 1988, 1991) because of a compensatory in-
crease in bicarbonate during the chlorine deficit (Tasker,
1980). Clinical signs of chlorine deficiency may be similar
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to those reported in ruminants, which include decreased
food intake, weight loss, muscle weakness, decreased milk
production, dehydration, constipation, and depraved ap-
petite (Fettman et al., 1984).

Horses are considered tolerant of high concentrations of
salt in their diets if they have free access to fresh drinking
water. High salt concentrations in feeds are sometimes used
to limit feed intake, especially of supplements. Parker
(1984) reported that ponies consumed a 3-day grain ration
over 3 days when the grain contained 16 percent salt but
consumed the same ration in 1-2 days when the grain con-
tained only 4-8 percent salt. The elevated dietary salt con-
centrations were associated with marked increases in water
intake. Regulating the concentrate intake by salt addition is
generally not as effective in horses as in ruminants. The
maximum percentages of the daily salt requirements toler-
ated in drinking water for 450-kg working and lactating
horses were estimated at 840 and 1,050 percent, respectively
(NRC, 1974). Central nervous system manifestations of salt
toxicity occur in some species. Horses can be expected to re-
spond similarly, though it has not been documented.

Chloride concentrations in serum or plasma provide a
good guide to chlorine balance (Rose, 1990). Normal range
for plasma chloride concentrations in mature performance
horses has been given as 94-104 mmol/L (Hodgson and
Rose, 1994).

Recommendations

While the chlorine requirements of horses have not been
strongly established, chlorine requirements are presumed to
be adequate when the sodium requirements are met with
sodium chloride. However, a review of studies by Coenen
(1999) revealed fecal chlorine excretion to be 2.3 £ 1.2
mg/kg BW/d without any major influence of chlorine intake.
Given that chloride absorption can be 100 percent (Schryver
et al., 1987b), this likely represents the fecal endogenous
losses. Coenen (1999) proposed using 3 mg Cl/kg BW to
account for fecal endogenous losses, 2 mg/kg BW for renal
endogenous losses, and 1 mg/kg BW for cutaneous endoge-
nous losses for a total of 6 mg Cl/kg BW/d for total en-
dogenous losses. Another 14 mg Cl/kg BW/d was suggested
to replace that loss through perspiration for a total minimum
maintenance requirement of 20 mg Cl/kg BW/d. However,
80 mg/kg BW/d were required to prevent changes in acid-
base balance and hypochloremia and this likely represents
the recommended minimum daily chlorine intake and has
been set as the maintenance requirement.

Coenen (1999) suggested the requirements for growth
up to 6 months of age equals maintenance plus 13 mg Cl/kg
BW/d, and maintenance plus 5 mg Cl/kg BW/d for 6-12
months. Though specific requirements for growth from
12-24 months have not been specifically determined, an in-
termediate value between the long weanling and maintenance
is used. Thus, the requirement for growing horses is esti-
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mated as (0.08 g x kg BW) + (0.013 g x kg BW), or simply
0.093 g Cl x kg BW, to meet maintenance requirements and
to meet growth requirements. The requirement for growing
horses 6 to 12 months of age is estimated to be (0.08 g X kg
BW) + (0.005 g x kg BW), or simply 0.085 g Cl x kg BW,
to meet maintenance requirements and to meet growth re-
quirements. For growing horses 12 to 24 months, the re-
quirement has been set at (0.08 g x kg BW) + (0.0025 g x
kg BW), or simply 0.0825 g Cl x kg BW, to meet mainte-
nance requirements and to meet growth requirements.

During the last 3 months of pregnancy, requirements
equal maintenance plus 2 mg Cl/kg BW/d or simply 0.082 g
Cl x kg BW. Lactation requirements are maintenance plus
11 mg Cl/kg BW/d (0.091 g Cl x kg BW) based upon data
from literature related to milk composition (Coenen, 1999).

Hoyt et al. (1995a) proposed rations for exercising horses
should contain 3.1 g Cl/Mcal DE. For a 500-kg horse con-
suming 24.6 Mcal DE, this would equate to 76.3 g Cl or 150
mg Cl/kg BW. Alternatively, Hoyt et al. (1995b) proposed
intensely exercising horses in a hot climate consuming tap
water would need 0.88 percent chlorine in the ration, which
could be met by adding 1.14 percent salt to the ration. Al-
ternatively, Coenen (1999) suggested chlorine requirements
for exercising horses equal maintenance requirements plus
5.5 mg Cl/g sweat/kg BW. An average of 5.3 g CI/L sweat
was given later by Coenen (2005), and that average was used
in establishing the requirement for horses based upon sweat
loss. Thus, the requirement for exercise is (0.08 g x kg BW)
+ (5.3 g x BW loss in kg during exercise) to meet mainte-
nance requirements and to meet the additional requirement
for work associated with sweat loss assuming a concentra-
tion of 5.3 g Cl/kg sweat and using BW loss as an estimate
of sweat loss during exercise with a 100 percent CI absorp-
tion rate.

Sulfur

Function

Sulfur, in the form of sulfur-containing amino acids, B
vitamins (thiamin and biotin), heparin, insulin, and chon-
droitin sulfate, makes up about 0.15 percent of the body
weight. The sulfur-containing amino acids cysteine and
methionine play a major role in the structural component of
almost all proteins and enzymes in the body. Thiamin is in-
volved in carbohydrate metabolism, biotin is a co-enzyme
involved with intermediary metabolism, heparin serves as an
anticoagulant, insulin helps regulate carbohydrate metabo-
lism, and chondroitin sulfate is important to joint health.

Sources and Factors Influencing Absorption

Horses must meet their sulfur requirements from organic
forms such as cystine and methionine. Although about
10—15 percent of total plant sulfur is inorganic, most of the
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sulfur in plants is organic sulfur present in the amino acids
in the plant proteins (Georgievskii et al., 1982). Some di-
etary inorganic sulfur is incorporated into sulfur-containing
microbial protein in the equine hindgut, but amino acid
absorption from this region is limited. Inorganic forms of
dietary sulfur are used in the synthesis of some sulfur-
containing substances such as chondroitin sulfate, heparin,
and insulin. Adequate, high-quality dietary protein (e.g.,
from soybean meal) usually provides at least 0.15 percent
organic sulfur. No studies were found that specifically ex-
amined sulfur absorption rates, though Wall et al. (1992) re-
ported that anaerobically exercised horses that had a sulfur
intake of 16 g/d had urinary excretion of 22 g/d regardless
of dietary cation-anion balance. While this suggests a tre-
mendous loss of sulfur from the body is possible, the work
also suggests sulfur absorption may be high.

Signs of Deficiency or Excess

Sulfur deficiency in horses has not been described. The
maximum tolerable dietary sulfur concentration has been es-
timated at 0.5 percent from data in other species (NRC,
2005). Corke (1981), however, reported the effects of excess
sulfur on 5- to 12-year-old horses that were accidentally fed
between 200 and 400 g of flowers of sulfur (> 99 percent
sulfur). The horses became lethargic within 12 hours, and
colic often supervened. Other signs included a yellow,
frothy discharge from the external nares, jaundiced mucous
membranes, and labored breathing. Two of the 12 horses de-
veloped an expiratory snort and cyanosis; despite treatment,
they died following convulsions. Chronic consumption of
excess sulfur in ruminants depresses copper absorption and
can induce secondary copper deficiencies. No evidence has
been found that the equine species is subject to this effect of
sulfur (Strickland et al., 1987).

Recommendations

The sulfur requirements of the horse have not been es-
tablished, though the sulfur in high-quality dietary protein
appears adequate to meet the sulfur requirements of the
horse (NRC, 1978; Jarrige and Martin-Rosset, 1981). Until
further studies verify the need for adjustment, the recom-
mendations of the 1989 NRC (0.15 percent sulfur on a DM
basis) remain unchanged.

MICROMINERALS
Cobalt

Function

Cecal and colonic microflora of horses use dietary cobalt
(Co) in the synthesis of vitamin B,, (Davies, 1971; Salmi-

nen, 1975), and cobalt, in the form of vitamin B,,, is inter-
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related with iron and copper in hematopoiesis or blood cell
formation (Ammerman, 1970).

Sources and Factors Influencing Absorption

Common horse feeds typically contain between 0.05 to
0.6 mg Co/kg dietary dry matter (DM). Cobalt-iodized salt
often contains around 100 mg cobalt/kg DM. The lower At-
lantic Coastal Plain and parts of New England have soils
that are deficient in cobalt, as do other areas of the world in-
cluding Australia, New Zealand, East Africa, and Norway
(Ammerman, 1970). Information regarding the availability
of various compounds is limited, but the carbonate, chloride,
and sulfate forms of cobalt have been proposed as adequate
sources for beef cattle (Cunha et al., 1964).

Signs of Deficiency or Excess

A cobalt deficiency would result in a vitamin B, defi-
ciency. However, no known cases of either a cobalt or vita-
min B, deficiency have been reported or experimentally in-
duced in horses. A maximum tolerable concentration of 25
mg/kg DM intake has been set for cobalt from data in other
species (NRC, 2005).

Recommendations

The cobalt requirements of horses have not been studied
specifically. Filmer (1933) reported that horses remained in
good health while grazing pastures that were inadequate in
cobalt for ruminants. The 1989 NRC set the minimum rec-
ommended amount for horses at 0.1 mg cobalt/kg DM. Con-
sidering that the occurrence of deficiency symptoms in cat-
tle and sheep were observed at concentrations of less than
0.04 to 0.07 mg/kg dietary DM, and considering that horses
are tolerant of lower concentrations than cattle, the mini-
mum recommended amount has been set at 0.05 mg/kg di-
etary DM. This should typically be met through the con-
sumption of normal feedstuffs.

Copper

Function

Copper (Cu) is essential for several copper-dependent en-
zymes involved in the synthesis and maintenance of elastic
connective tissue, mobilization of iron stores, preservation
of the integrity of mitochondria, melanin synthesis, and
detoxification of superoxide.

Sources and Factors Affecting Absorption

The copper concentration of common feedstuffs ranges
widely from approximately 1 mg/kg for corn to 80 mg/kg
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for cane molasses. Although few controlled studies on com-
parative copper availability have been reported for the horse,
salts such as cupric chloride, cupric sulfate, and cupric car-
bonate are effective supplemental copper sources in other
nonruminants (Cromwell et al., 1978, 1984). Though Cym-
baluk et al. (1981a) suggested the efficiency of copper ab-
sorption is inversely related to the dietary copper concentra-
tion, Lawrence (2004) did not find such a relationship when
doing a retrospective analysis of nine studies reported be-
tween 1981 and 2003. It should be noted that the reviewed
studies used a variety of copper sources, which may have
confounded the results. Schryver et al. (1987b) reported
copper absorption to range between 24 and 48 percent.
Pagan (1994) estimated true copper digestibility to be
around 40 percent in the mature horse (calculated endoge-
nous loss estimated at 38 mg/d), while Pagan and Jackson
(1991b) reported apparent digestibilities of copper ranging
from 27.2-32.5 percent. Hudson et al. (2001) did not detect
differences in true copper digestibility between sedentary
horses (41.8 percent) and exercised horses (54.4 percent).
Pagan and Jackson (1991a) reported apparent copper di-
gestibility to be higher in a pelleted blend of alfalfa and
Bermuda straw (36.2 percent) as compared to alfalfa hay (10
percent) or alfalfa pellets (9.2 percent). Wagner et al. (2005)
reported the absorption of copper oxide, sulfate, and an
organic-chelate to be 5.3, 6.6, and 2.8 percent, respectively,
and these did not differ between sources. However, it was
noted that these values were lower than previous studies. No
differences on bone metabolism (Baker et al., 2003) or liver
copper concentrations (Siciliano et al., 2001) were found be-
tween an inorganic copper source and a mix of organic and
inorganic copper sources. However, Miller et al. (2003) re-
ported an increase in copper retention and apparent di-
gestibility of yearling horses supplemented with an organic
copper source (proteinate) as compared to copper sulfate. In
contrast, Baker et al. (2005) showed that apparent copper di-
gestibility and retention were greater in mature horses sup-
plemented with copper sulfate as compared to the same or-
ganic copper proteinate.

Several factors can influence copper metabolism. Copper
interacts with many other minerals, including molybdenum,
sulfur, zinc, selenium, silver, cadmium, iron, and lead (Un-
derwood, 1981). There are limited quantitative studies in the
horse that explore these relationships; however, some dis-
tinct species differences are known. Molybdenum intakes at
1 to 3 mg/kg of the ration interfered with copper utilization
in ruminants (Underwood, 1981), but much higher concen-
trations of molybdenum were tolerated by the horse (Under-
wood, 1977; Cymbaluk et al., 1981b). Molybdenum at 20
mg/kg of the ration did not interfere with copper absorption
(Rieker et al., 1999). Therefore, the likelihood of a molyb-
denum problem in the horse is minimal (Strickland et al.,
1987). In contrast, a secondary copper deficiency was in-
duced after 5 to 6 weeks in weanling foals fed a basic ration
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containing 7.7 mg Cu/kg of ration and containing either
1,000 or 2,000 mg zinc/kg of the ration, but not when the ra-
tion contained either 29.1 or 250 mg zinc/kg (Bridges and
Moffitt, 1990).

Signs of Deficiency or Excess

Osteochondrosis and osteodysgenesis reportedly are as-
sociated with hypocupremia (Carbery, 1978; Bridges et al.,
1984). When foals were fed a liquid milk-replacer diet con-
taining 1.7 mg Cu/kg DM for 13—16 weeks, lameness was
observed 2—6 weeks after serum copper concentrations had
decreased to less than 0.1 pg/ml (Bridges and Harris, 1988).
A decline in serum copper with increasing age of mares ap-
peared to be related to the incidence of usually fatal rupture
of the uterine artery in aged, parturient mares (Stowe, 1968).
Feeding 8 ppm copper, as compared to 25 ppm, resulted in
declining liver copper values, osteochondritis, epiphysitis,
and limb deformities over a 6-month period (Hurtig et al.,
1993). However, van Weeren et al. (2003) found no rela-
tionship between liver copper concentrations and osteo-
chondrosis (see Chapter 12 for further discussion on the role
of Cu in developmental orthopedic disease).

Horses are relatively tolerant of high dietary copper con-
centrations. Pony mares fed 791 mg of Cu/kg ration for 183
days had elevated liver copper, but no adverse clinical signs
were observed in the mares or their foals (Smith et al.,
1975). Single oral doses of 20 and 40 mg of Cu/kg BW (as
copper sulfate) were administered to mature ponies without
apparent adverse effects (Stowe, 1980). The maximum tol-
erable concentration of copper for horses has been estimated
to be approximately 250 mg/kg ration (NRC, 2005), though
the report by Smith et al. (1975) provided evidence that it
may be substantially higher. Other dietary factors such as
zinc or iron concentrations, as well as the source of copper,
can influence this also.

Bathe and Cash (1995) suggested serum copper concen-
trations may be of limited clinical usefulness in assessing
copper status. Mee and McLaughlin (1995) reported a wide
range in what is considered to be “normal” serum copper
concentrations, depending upon what procedures are used
and whether the population of horses being routinely sam-
pled is supplemented or not. Auer et al. (1989) reported an
increase in plasma copper concentrations in response to an
acute reaction after localized injury, suggesting another lim-
itation of sampling blood to assess dietary copper status.
Suttle et al. (1996) proposed a threshold value for serum
copper of 16 umol/L to distinguish normal from subnormal
copper status and 11.5 wmol/L as an interim threshold to
distinguish a deficient from a marginal copper status. New-
born foals have low serum copper concentrations as com-
pared to mature horses (Cymbaluk et al., 1986). Addition-
ally, an apparent sedimentation of ceruloplasmin copper
occurs during clot retraction resulting in lower serum cop-
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per concentrations than obtained for using plasma (Paynter,
1982). Meyer and Tiegs (1995) proposed that liver copper
concentrations in the 10- and 11-month-old fetus of greater
than 300 pug Cu/g DM and in newly born foals of greater
than 400 pg of Cu/g DM reflect an adequate copper supply
of their dams.

Recommendations

Jarrige and Martin-Rosset (1981) and Drepper et al.
(1982) recommended 10 mg Cu/kg ration for all ages of
horses, regardless of degree of work or stage of production,
though Jeffcott and Davies (1998) suggested that there are
differences in copper requirements for horses of different
breed, age, sex, and pregnancy status. Hudson et al. (2001)
showed endogenous copper losses to be 15.7 mg/d (0.029
mg Cu/kg BW with a true copper digestibility of 41.8 per-
cent) for sedentary horses and 20.3 mg/d (0.038 mg Cu/kg
BW with a true copper digestibility of 54.5 percent) for ex-
ercising horses averaging 534 kg, with a resultant require-
ment ranging from 35 to 44 mg Cu/d (0.066 to 0.083 mg
Cu/kg BW/d). By comparison, in evaluating the results of
many prior studies, Pagan (1994) estimated endogenous
copper loss to be about 0.069 mg/kg BW and the true di-
gestibility of copper to be 40 percent. The resulting require-
ment for a 500-kg horse would be 86 mg Cu/d or 0.172 mg
Cu/kg BW. Assuming an intake of 2 percent of BW, this
would result in a dietary copper concentration of 8.6 mg/kg
DM feed, suggesting the 10 mg/kg DM requirement given in
the 1989 NRC is adequate for maintenance. Noting the
lower copper absorption rate in various feedstuffs, a 35 per-
cent absorption rate was used with the endogenous copper
losses estimated by Pagan (1994) to ensure adequate dietary
copper with the resultant copper requirement for mainte-
nance being 0.2 mg/kg BW/d.

Only one study could be found that made an attempt at
factoring out the true copper requirement for growth based
on whole body analysis. Grace et al. (1999b) determined
1 mg Cu/d was deposited at an estimated absorption rate of
30 percent for gain of 1 kg/d in 200-kg foals. The result
would increase requirements over maintenance by only
0.017 mg Cu/kg BW/d. That would result in a requirement
of 0.217 mg Cu/kg BW for growing horses. If that were
converted to a concentration basis assuming a 2.5 percent
feed intake, it would result in a recommendation of 8.68 mg
Cu/kg DM intake. Satisfactory growth was attained by foals
fed 9 mg Cu/kg ration (Cupps and Howell, 1949), whereas
normal copper homeostasis was maintained in mature
ponies fed 3.5 mg of Cu/kg ration (Cymbaluk et al., 1981a).
Knight et al. (1985) reported a negative correlation between
the copper concentrations of weanling rations and a per-
ceived degree of affliction with metabolic bone disease. The
1989 NRC subcommittee reviewed the data by Knight et al.
(1985) and a follow-up study by Knight et al. (1988) that re-
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ported histologic lesions without statistical inference. The
subcommittee considered the data to be inconclusive and
left the copper requirements for growth, pregnancy, and lac-
tation unchanged from the previous NRC (1978). In support
of this, Kronfeld et al. (1990) pointed out that the correlation
reported by Knight et al. (1985) becomes nonsignificant
(P > 0.05) if two outlier values (32 and 40 ppm of copper)
were eliminated from the 19 points.

Subsequently, Knight et al. (1990) published greater de-
tails of the 1988 study. Mares were fed either 13 ppm or 32
ppm during the last 3 to 6 months of gestation and the first
3 months of lactation. Their respective foals were fed a pel-
leted concentrate containing 15 ppm or 55 ppm and were
then euthanized at 3 or 6 months and necropsied. Foals re-
ceiving the ration containing the lower copper concentra-
tion had more lesions than did the ones receiving supple-
mentation at the higher rate though one foal in the low
copper group accounted for a disproportional percentage of
the lesions. Similarly, Hurtig et al. (1993) reported defec-
tive cartilage and bone growth in foals fed 8§ ppm as com-
pared to those receiving 25 ppm. Though the information
may be useful, the animals in that study were housed by
treatment in two pens so the experimental number is ar-
guably only one (n = 1), thus, the statistical inference lacks
validity. Supplementation with copper at the rate of 0.5 mg
Cu/kg BW to foals on pasture containing 4.4 to 8.6 ppm
copper had no effect on bone or cartilage parameters, but
similar supplementation of mares decreased radiographic
indices of physitis in the distal third metatarsal bone of their
foals at 150 days and the prevalence of articular cartilage
lesions (Pearce et al., 1998a). These results led the investi-
gators to conclude that mare supplementation probably had
an effect on foal skeletal development in utero rather than
through the provision of greater copper stores in the liver of
neonates. (It should be noted that the zinc:copper ratio ap-
pears to be over three times greater in the unsupplemented
group than in the supplemented group [Pearce et al.,
1998c], and the horses in the study also had low calcium
and phosphorus intakes, as well as calcium:phosphorus ra-
tios below 1 for 6 of the 11 months of the trial [Pearce et
al., 1998a], and these factors certainly could have influ-
enced the results). Gee et al. (2000) reported parenteral
copper supplementation of broodmares in late gestation had
no effect on liver copper concentration of foals at birth,
though copper liver concentrations can be increased
through supplementation beginning after birth (Pearce et
al., 1998b). Though all the broodmares were consuming the
same pasture, Van Weeren et al. (2003) reported that foals
born with low liver copper concentrations had worsening
osteochondrosis scores from 5 to 11 months, while foals
born with higher liver copper concentrations showed im-
provement. This finding led them to propose that copper
may be involved in the repair process of existing lesions
during growth.
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Interestingly, Voges et al. (1990) found copper concen-
trations in equine bone increase up to age 8 and then begin
to decrease. It was proposed that the lower amount in older
horses may be the result of differences in feeding horses in
more recent years, when supplementation is more frequent,
providing some support for the greater incorporation of
copper into the skeleton if it is available. This finding raises
the question as to whether increased copper concentrations
in the ration are efficacious in reducing the incidence of os-
teochondrosis. Despite most commercially prepared feeds
for growing horses typically containing substantially higher
amounts of copper than the amount recommended by the
1989 NRC, the incidence of osteochondrosis remains high
in certain populations of horses. Interestingly, Gabel (2005)
reported that the optimum concentration of copper from a
follow-up study of the farms used in the Knight et al. (1985)
study appeared to be 25 ppm. However, Gabel (2005) re-
ported that in the follow-up study, yearlings were consum-
ing 160 percent of the protein requirements and 120 percent
of the energy requirements recommended by the NRC. Sav-
age (1992) reported that when 48 foals were fed 11.1 to 11.7
ppm Cu, there was no increase in osteochondrosis provided
the DE and phosphorus content were similar to what was
suggested by the 1989 NRC. These studies emphasized the
apparent need to feed a balanced ration rather than simply
increase the concentration of a single nutrient. Furthermore,
in a study using 629 Hanoverian foals from 83 farms,
Winkelsett et al. (2005) reported no relationship between
copper intake of the pregnant mare and osteochondrosis in
the foals. Though the requirement, based upon the replace-
ment of endogenous losses and an allotment for growth,
may be slightly lower, a recommendation has been set at
0.25 mg/kg BW for growing horses as studies have indicated
potential problems when the concentration of copper is
under 10 ppm. Assuming an intake of 2.5 percent of BW,
this recommendation will meet that minimum. As there is
some evidence that additional copper may be useful in the
pregnant mare in increasing fetal copper stores, which may
be of use after birth, the requirement for the pregnant mare
during months 9, 10, and 11 of gestation has been set at 0.25
mg/kg BW, which would work out to a concentration of 12.5
mg/kg DM for a mare consuming 2 percent of her body
weight. Further studies in a tightly controlled setting will
need to be conducted to determine the adequacy of this
recommendation.

Anderson (1992) reported milk copper concentration as
0.155 mg/kg milk. Grace et al. (1999a) determined milk
copper concentrations to be 0.23 mg/L milk during the first
3 months after gestation and 0.18 mg/kg during months 4
and 5, which would equate to about 0.22 and 0.17 mg/L
milk, respectively. Milk copper concentrations ranged from
a high of 0.6 mg/kg milk at birth to about 0.17 mg/kg milk
for weeks 3 to 8 postpartum and was not influenced by di-
etary copper concentration (Breedveld et al., 1987). Like-
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wise, foal blood mineral concentrations also were not influ-
enced by the copper concentration of the mare’s ration. Sim-
ilar results were reported by Baucus et al. (1987). Using an
average of the three milk concentrations (0.185 mg Cu/kg
milk) and an absorption rate of only 35 percent, the esti-
mated milk production of 3.2 percent of body weight used
during the first 3 months of lactation results in an increased
requirement of only 0.017 mg Cu/kg BW more than mainte-
nance. The resulting 0.217 mg Cu/kg BW would result in a
need for 108.5 mg copper for a 500-kg lactating mare. If that
mare were consuming 2.5 percent of her body weight, the
resulting concentration would be 8.68 mg/kg DM. As feed-
ing rations containing about 9 ppm copper to broodmares re-
sult in milk with normal copper concentrations (Hintz,
1987b), and since no increases in either milk concentrations
or foal serum concentrations are reported with additional
supplementation, the amount recommended by the 1989
NRC appears to be adequate. Assuming a 2.5 percent intake
for the lactating mare, the recommended daily copper allot-
ment is 0.25 mg/kg BW.

The lack of data for copper requirements in mature, exer-
cising horses precludes any changes to recommendations
and remains at 10 mg/kg of dietary DM. Assuming a 2 per-
cent of BW intake for light exercise, this would result in a
copper intake of 0.2 mg/kg BW; assuming a 2.25 percent of
BW intake for moderate exercise, an intake of 0.225 mg/kg
BW; for heavy exercise with an assumed intake of 2.5 per-
cent of BW, an intake of 0.25 mg/kg BW.

lodine

Function

Most of the body’s iodine (I) is found in the thyroid gland
(Schryver, 1990). Iodine is necessary for the synthesis of thy-
roxine (T,) and triiodothyronine (T,), which are thyroid hor-
mones that regulate basal metabolism. In the thyroid glands
and in peripheral tissues, T, is deiodinated to T, An increase
in either results in decreased thyroid stimulating hormone
(TSH) secretion and an increase in metabolic rate. Both defi-
ciencies and toxicities of iodine may result in hypothy-
roidism. When an iodine deficiency is present, sufficient thy-
roid hormones are unable to be produced. If excess iodine is
present, it can directly inhibit the synthesis and release of
thyroid hormones. In both situations, TSH production is in-
creased in an attempt to elevate the reduced concentrations of
thyroid hormones and alleviate the hypothyroidism. The re-
sultant increase in TSH causes an increase in the size of the
thyroid gland in a condition known as goiter.

Dietary iodine and selenium have also been shown to in-
teract to affect thyroid hormone metabolism (Hotz et al.,
1997). A high iodine intake, when selenium is deficient,
may permit thyroid tissue damage as a result of low thy-
roidal selenium-dependent glutathione peroxidase (GSH-
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px) activity during thyroid stimulation, whereas a moder-
ately low selenium intake normalized circulating T, concen-
tration in the presence of iodine deficiency.

Sources and Factors Influencing Absorption

Laboratory analyses of feedstuffs usually do not report io-
dine concentrations, though iodine concentrations in most
common feedstuffs vary from O to 2 mg/kg DM (NRC, 1989).
This depends on the concentrations of iodine in the soil on
which the feedstuffs were grown. Kelp and other seaweed are
sometimes fed to horses and can have concentrations as high
as 1,850 mg of I’kg DM (Baker and Lindsey, 1968). Ethyl-
enediaminedihydroiodide (EDDI) is used as an equine anti-
fungus supplement and can contribute to excess dietary io-
dine. Typically, iodine supplementation is accomplished by
feeding iodized or trace mineralized salts that often contain 70
mg of I’kg DM. Cobalt-iodized salt is not required, nor is it
detrimental. Potassium iodate is more stable and, hence, is
preferred to potassium iodide. Digestibility of iodine appears
to be quite high as renal excretion goes up linearly with in-
creasing iodine intake while fecal excretion remained rela-
tively low, but constant, with only a small increase in response
to increased iodine intake (Wehr et al., 2002).

Signs of Deficiency or Excess

The classic symptom of either a severe deficiency or ex-
cess of iodine in the ration is hypothyroidism resulting in
thyroid gland hypertrophy or goiter. As concentrations of io-
dine in the newborn foal are determined by the maternal in-
take (Meyer, 1996¢), reproduction of the mare and health of
foals can be affected when iodine concentrations in the ra-
tion are inappropriate, even when goiter is not present in
broodmares. Meyer and Klug (2001) indicated that both a
deficiency and excess of iodine depressed the viability of
foals and probably influenced embryonic and fetal develop-
ment. In 1935, Rodenwold and Simms reported losing about
50 percent of foals born to mares receiving iodine-deficient
feedstuffs with the foals showing signs of goiter. Supple-
mentation of 15 grains per week of potassium iodide (equiv-
alent to about 100 mg I/day) during the second half of ges-
tation ended the problem, while supplementation with 5
grains per week was not effective. Iodine content below 0.2
mg/kg DM in the majority of feedstuffs fed to horses on a
Japanese farm without supplementation resulted in seven
foals showing bilateral thyroid enlargement, and four of the
seven had extensive flexion of the lower forelegs (Osame
and Ichijo, 1994). Stillborn foals, or foals born weak with
difficulty in standing to suckle, can result if broodmares are
fed an iodine-deficient ration even when the symptom of
thyroid gland enlargement is not present in the mare. Like-
wise, iodine-deficient mares have been reported to have ab-
normal estrous cycles (Kruzhova, 1968). Feedstuffs such as
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uncooked soybeans, cabbage, kale, and mustard are known
to have an anti-thyroid activity (goitrogens) that can also
cause goiter (Jackson and Pagan, 1996). Supplemental io-
dine is not particularly effective at inhibiting the goitrogenic
response, but heating these feedstuffs can inactivate the en-
zyme responsible for this action.

The maximum tolerable concentration of iodine has been
set at 5 mg/kg of dietary intake (NRC, 2005), though the
Merck Veterinary Manual (2005) indicated iodine toxicities
in mares have been reported at an intake as low as 40 mg/d.
Toxicities seem to be more common than deficiencies in re-
cent years (Hintz, 1989). An iodine toxicity usually results
only when iodine is oversupplemented or when animals are
receiving feeds containing unusually high amounts of iodine
such as some types of seaweed. Silvia et al. (1987) reported
that excess iodine supplementation of 700 mg inorganic
iodine in foals and of more than 350 mg in pregnant and
lactating mares caused a high incidence of goiters in the
newborn, as well as causing abortions and foal mortality.
Eroksuz et al. (2004) reported goiter in newborn foals whose
mares had been supplemented with 299 mg I/d during the
last 24 weeks of pregnancy. latrogenic iodism and an asso-
ciated alopecia were reported in a horse being treated with
90 g/d for 18 days of EDDI for dermatophilosis (Fadok and
Wild, 1983). An increase is susceptibility to infectious dis-
ease may also occur with excessive dietary iodine (Baker
and Lindsey, 1968).

Wehr et al. (2002) reported the renal excretion of iodine
was nearly equivalent to iodine intake when iodine supple-
mentation ranged from 0 to 80 pg/kg BW/d. No changes
were seen in concentrations of thyroid hormones. Hence,
urinary iodine can be used to estimate the amount of iodine
being fed. As the clinical signs of an iodine deficiency or
toxicity appear similar, a simple evaluation of the ration
should reveal whether iodine concentrations are excessive or
deficient and the appropriate corrections can then be made.

Recommendations

Using data from other species, a range of 0.1 to 0.6 mg/kg
ration was used in the second printing of the 1989 NRC for
all classes of horses. It has been proposed that a 500-kg
horse at light work requires 1.75 mg of iodine, 2.5 mg for
moderate work, and 2.7 to 3 mg/d for intense work (Jackson,
1997), but research to support the higher requirements for
work have not been substantiated. Likewise, Donoghue et al.
(1990) suggested that, like in humans, requirements during
the third trimester of pregnancy may be slightly increased.
As feed intake increases to meet the increased caloric de-
mand of work, daily intake of iodine would be increased if
concentrations in the ration remained constant. However, in-
sufficient iodine may be consumed when iodine intake de-
pends on free-choice iodized salt intake. This was reported
as the possible cause of iodine deficiency in some pregnant
mares whose foals were born with leg abnormalities
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(McLaughlin and Doige, 1981; McLaughlin et al., 1986).
This does not suggest that the recommended range is too
low, but does reflect the limitations of depending upon the
intake of one nutrient to guarantee the intake of another. For
calculating iodine requirements of horses, endogenous io-
dine losses were assumed to be 7 ug/kg BW/d (Wehr et al.,
2002). Given that Osame and Ichijo (1994) reported foals
developed goiter when fed feedstuffs that were generally
below 0.2 mg I’kg DM, with only alfalfa hay at 0.6 mg I/kg
DM, and that the foals were returned to normal by oral ad-
ministration of 2 mg I/d (approximately 0.33 mg I/kg DM)
for 2-4 weeks, it is questionable whether the concentration
of 0.1 mg I/kg DM is sufficient. Thus, the average (0.35 mg
I/kg DM) of the range (0.1 to 0.6 mg I’kg DM) given in the
second printing of the 1989 NRC is likely a safe minimum
recommendation. Assuming a near 100 percent absorption,
the maintenance requirement would be 0.007 mg/kg BW
(which would account for the endogenous losses suggested
by Wehr et al. in 2002) or 0.35 mg/kg DM assuming 2 per-
cent of BW intake. Due to limited data from equine studies,
this dietary concentration is used with all classes except for
the broodmare in late gestation. The increased amount allot-
ted for humans during the final trimester of pregnancy
(Donoghue et al., 1990) appears to be prudent and the di-
etary concentration has been set at 0.4 mg I’kg DM.

Iron

Function

Iron (Fe) is contained in hemoglobin, myoglobin, cy-
tochromes, and many enzyme systems. Iron plays a critical
role in oxygen transport and cellular respiration (Schryver,
1990). The body of a 500-kg horse contains about 33 g of
iron. The approximate distributions are hemoglobin (60 per-
cent), myoglobin (20 percent), storage and transport forms
(20 percent), and cytochromic and other enzymes (0.2 per-
cent) (Moore, 1951).

Sources and Factors Influencing Absorption

Forage and by-product ingredients commonly contain
100-250 mg Fe/kg DM. Grains usually contain less than
100 mg/kg DM, some milled concentrates can have greater
than 500 to 1,400 mg/kg DM, and calcium and phosphorus
supplements often contain 2—3 percent iron. Dietary iron ab-
sorption in nonruminants fed adequate iron is likely to be 15
percent or less. Iron is absorbed more efficiently in newborn
animals. A small amount of orally administered iron may
exceed the iron-binding capacity of the serum, resulting in
free iron reaching the liver and causing liver necrosis and
failure (Schryver, 1990). Iron utilization increases in iron-
deficient rations and diminishes with higher than normal in-
takes of cadmium, cobalt, copper, manganese, and zinc (Un-
derwood, 1977).
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Signs of Deficiency or Excess

The primary sign of iron deficiency is a microcytic,
hypochromic anemia. Although young, milk-fed foals are
most susceptible to this anemia, iron deficiency is not a
practical problem in foals or mature horses at any perfor-
mance level if they have access to soil. This is true, in part,
because the body efficiently salvages and retains iron de-
rived from the catabolism of body constituents. However,
Brommer and Sloet van Oldruitenborgh-Oosterbaan (2001)
reported lowered hemoglobin concentrations and packed
cell volumes in exercised and unexercised, box-stalled
weanlings compared to foals raised on pasture. Blood iron
concentrations were also lower (P < 0.05) in the two box-
stalled groups (101 £ 61 pg/dL and 123 £+ 67 pg/dL) as com-
pared to the pastured group (212 = 67 ng/dL) though serum
ferritin, a better indicator of dietary iron status, was not re-
ported. This occurred even though box-stalled foals received
fresh-cut grass harvested from the same pastures that the
pastured foals were grazing. Additionally, box-stalled foals
appeared to be listless compared to pastured foals. Oral sup-
plementation of iron increased hemoglobin concentrations
and packed cell volumes and the stabled foals became as ac-
tive as the pastured foals. It was concluded that the pastured
foals likely had increased iron consumption due to the con-
sumption of soil that contained high concentrations of iron,
while stalled horses had no such opportunity due to the con-
crete flooring of their stalls. Of interest, the iron concentra-
tion of the grass being fed was sampled twice and the iron
concentration was found to be 186 and 310 mg/kg DM—
well above the minimum amount required. Thus, it is un-
clear whether an iron deficiency truly existed or if the tim-
ing of the oral supplementation and resultant change in
behavior was confounded with other factors. Kohn et al.
(1990) reported four doses (248 mg each) of supplemental
oral iron during the second and third weeks after birth in
foals had no beneficial effects on hematologic variables.
They concluded that most foals apparently have sufficient
body iron stores at birth and sufficient intake to support de-
mands for iron during early foalhood.

From data in other species, the maximum tolerable con-
centration of iron has been set at 500 mg/kg ration (NRC,
2005). Some feedstuffs, particularly forages such as
sorghum hay, contain more than this concentration of iron,
but there are no reports of iron toxicity from feeding these
feeds to horses. Although various iron supplements have
been ineffective in improving the hemoglobin or oxygen-
carrying capacity of red blood cells under natural feeding
programs (Kirkham et al., 1971), some iron supplements
have been implicated in chronic iron toxicity when fed at 0.6
mg Fe/kg BW/d in the form of ferrous sulphate (Edens et al.,
1993). Clinical signs disappeared after discontinuation of
the iron supplement. However, Edens et al. (1993) suggested
that other factors such as iron amount in the primary feed
source, inaccurate reporting of dosage amount, or some
other underlying problem may be the reason for such a small
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amount to be toxic. In comparison, ponies given 50 mg
Fe/kg of BW/d from ferrous sulfate did not show signs of
poisoning, and it was concluded that administration of that
concentration for a period of less than 8 weeks would not
cause iron toxicosis (Pearson and Andreasen, 2001). High
concentrations of supplemental dietary iron (500 and 1,000
mg/kg feed) fed to ponies had no effect on feed intake, daily
gain, red blood cell count, hemoglobin concentration,
packed cell volume, or serum iron, calcium, copper, and
manganese (Lawrence, 1986; Lawrence et al., 1987). The
higher dietary iron concentration, however, depressed both
serum and liver zinc. Johnson and Murphy (1988) also re-
ported that high iron concentrations decreased copper ab-
sorption in copper-deficient rats. Mills and Marlin (1996)
concluded that possible adverse effects of excessive iron
might outweigh any supposed advantages. It should be
noted that supplemental iron can be toxic to newborn foals
and iron injections are dangerous to horses, often resulting
in severe reactions or death.

Excess iron is especially toxic to young animals, and
deaths among foals have been attributed to oral administra-
tion of digestive inocula containing supplemental iron (Mul-
laney and Brown, 1988). Foals dosed according to manufac-
turer’s recommendations received 350 mg of elemental iron
as ferrous fumarate at birth and at 3 days of age. Prior to
death, these foals exhibited diarrhea, icterus, dehydration,
and coma. Morphologic changes included erosion of jejunal
villi, pulmonary hemorrhage, massive iron deposition in the
liver, and liver degeneration. Since the removal in the 1980s
of products containing ferrous fumurate for administration
to neonates, iron poisoning has become less common (Cas-
teel, 2001). Ferrous fumurate toxicity in a mature horse has
been reported by Arnbjerg (1981). Serum iron concentra-
tions exceeding 400 pg/dL suggest acute toxicosis (Puls,
1994). Because serum iron content can be affected second-
arily by several disorders, Smith et al. (1986) reported that
serum ferritin content seems to be the best indicator of iron
status in horses. Smith et al. (1984) reported serum ferritin
ranging from 70 to 250 ng/ml with a mean of 152 + 55 for
normal horses.

Recommendations

Daily endogenous losses of iron have not been reported
for horses, and the dietary iron requirement is estimated to be
50 mg/kg DM for growing foals or pregnant and lactating
mares and 40 mg/kg DM for mature horses. Common feed-
stuffs should meet the iron requirements. According to
Meyer (1986), approximately 37, 38, and 92 mg of iron are
deposited each day in the fetus and placental membranes dur-
ing months 9, 10, and 11 of gestation, respectively. For a
500-kg mare, this equates to 74, 76, and 184 ug Fe/kg mare
weight. The iron content of mare’s milk ranges from 1.3 pg/g
at parturition to 0.49 pg/g at 4 months postpartum (Ullrey et
al., 1974), though an average of 0.22 g/g has also been re-
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ported (Anderson, 1992). A mare producing 15 kg milk/d
would require approximately 130 mg of iron daily for milk
production in early lactation and 32.6 mg of iron for 10 kg
milk/d in late lactation, in addition to the iron requirement for
maintenance. Iron loss through sweat is small having been
reported to be only 0.6 percent of intake, so it would not con-
tribute appreciably to iron requirements for exercise (Inoue et
al.,, 2003). Without an accurate estimate of endogenous
losses, and hence maintenance requirements, the 1989 NRC
requirements are unchanged.

Manganese

Function

Manganese (Mn) is essential for carbohydrate and lipid
metabolism and for synthesis of the chondroitin sulfate nec-
essary in cartilage formation.

Sources and Factors Influencing Absorption

Forages contain 40 to 140 mg of Mn/kg DM, and most
concentrates (except corn) contain 15 to 45 mg/kg DM.
Wagner et al. (2005) reported the absorption of manganese
oxide, sulfate, and an organic-chelate to be 13.6, 8.6, and
15.5 percent, respectively, and these did not differ between
sources. Siciliano et al. (2001) found no difference in liver
manganese concentrations between horses supplemented
with manganese-oxide or a combination of half manganese-
oxide and half manganese-methionine. Pagan and Jackson
(1991b) reported the apparent digestibility of manganese
to range from 4.7-10.6 percent, while Pagan (1994) re-
ported true manganese digestibility to be around 28.5 per-
cent in mature horses. Exercise has been shown to decrease
true digestibility of manganese from 58 percent to 40 per-
cent (Hudson et al., 2001). The variation in reported di-
gestibilities results in difficulties in precisely determining
requirements.

Signs of Deficiency or Excess

Manganese deficiency in other species results in abnor-
mal cartilage development. This is due to failure of chon-
droitin sulfate synthesis, which results in bone malforma-
tion. The crooked limbs of newborn calves have been
associated with manganese deficiency (Howes and Dyer,
1971). Similar afflictions (congenitally enlarged joints,
twisted legs, and shortened forelimb bones) have been asso-
ciated with “smelter smoke syndrome” in Oklahoma
(Cowgill et al., 1980); the extensive liming required to off-
set the acidic effects of smelter effluent on the soil was
thought to markedly reduce manganese availability. It has
been suggested since, but not proven, that manganese defi-
ciency may be associated with limb abnormalities and con-
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genital contractures in newborn foals. However, no direct
evidence exists to support this theory. Manganese is among
the least toxic of the trace elements (Underwood, 1977), and
there are no known instances of manganese intoxication in
horses (Schryver, 1990). However, large amounts of man-
ganese in the ration can interfere with phosphorus absorp-
tion. The 2005 NRC has suggested 400 ppm of dietary man-
ganese may be the maximum tolerable amount based upon
interspecies extrapolation.

Recommendations

The manganese requirements of horses have not been
firmly established; however, based upon data from other
species, 40 mg Mn/kg DM (Rojas et al., 1965) was consid-
ered adequate by the 1989 NRC. Hudson et al. (2001) cal-
culated endogenous losses in horses averaging 534 kg to be
between 164 + 68 and 305 + 95 mg/d (0.31 and 0.57 mg/kg
BW) with a resultant requirement ranging from 408 + 107 to
529 = 167 mg/d (0.76-0.99 mg Mn/kg BW or 380-495 mg
of Mn/d for a 500-kg horse). Pagan (1994) estimated en-
dogenous manganese loss to be 110 mg/d (about 0.2 mg/kg
BW) though the R? for the calculation was only 0.40. The
true digestibility of manganese was estimated to be 28.5
percent. The resulting requirement for a 500-kg horse (350
mg of Mn/d) is lower than the 1989 NRC recommendation
(400 mg Mn/d) assuming a 2 percent of BW intake; how-
ever, the Pagan (1994) horses consumed less total feed. The
results of the Pagan (1994) report do provide at least some
evidence that the requirements established by the 1989 NRC
subcommittee should adequately meet the requirements of
the horse. Sobota et al. (2001) reported decreased growth
rates in yearlings receiving only 35.8 mg Mn/kg ration com-
pared to yearlings receiving 101 mg Mn/kg ration. Though
not substantially lower than the 1989 NRC recommenda-
tion, Sobota et al. (2001) concluded that the decreased
growth rates seen when feeding 35.8 mg Mn/kg ration pro-
vide support for the minimum requirement of 40 mg Mn/kg
ration. Milk manganese concentrations in mares have re-
ported to be 0.255 umol/L or 0.014 ppm (Anderson, 1992).
Until further studies are conducted that suggest a need to in-
crease the previous recommendations, or that they can be
decreased without causing problems, the recommendation
remains at 40 mg Mn/kg DM.

Selenium

Function

Selenium (Se) is an essential component of selenium-
dependent glutathione peroxidase (Rotruck et al., 1973),
which aids in detoxification of lipo- and hydrogen peroxides
that are toxic to cell membranes. Selenium also plays a role
in the control of thyroid hormone metabolism (Hotz et al.,
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1997). The deiodinating enzyme, which produces most of
the circulating T, type I iodothyronine 5-deiodinase, is a se-
lenoenzyme with most of the activity occurring in liver, kid-
ney, and thyroid.

Sources and Factors Influencing Absorption

The concentration of selenium in feedstuffs commonly
ranges from 0.01 to 0.3 mg/kg and is influenced by varia-
tions in soil selenium and pH. Alkaline soils are more con-
ducive to plants accumulating selenium. Drought conditions
also encourage deeper root growth where selenium concen-
trations in the soil may be greater. Drought conditions can
also encourage animals to eat accumulator plants that might
otherwise be ignored. Accumulator plants may store high
concentrations of selenium and can result in toxicities when
consumed (Finley, 2005). Selenium in forages and seed
grains is normally present as organic selenium in the form
of selenocystine, selenocysteine, and selenomethionine.
Sodium selenite and sodium selenate are common inorganic
sources of supplemental selenium, and no differences in
bioavailability between the two sources were observed by
Podoll et al. (1992). Pagan et al. (1999) reported a trend
(P < 0.1) for the apparent absorption of selenium from sele-
nium-enriched yeast to be greater than from sodium selenite
(57.3 vs. 51.1 £ 1.4 percent). Janicki et al. (2001) reported
greater serum selenium concentrations in mares receiving
supplementation of 3 mg/d of selenium as selenium-yeast
compared to mares receiving either 1 or 3 mg Se/d as
sodium selenite. Selenium in the colostrum and milk was
also greater in the mares receiving the supplemental organic
selenium. By comparison, Richardson et al. (2006) reported
no clear difference in various markers of selenium status
(e.g., selenium concentration of plasma and middle gluteal
muscle; GSH-px activity of plasma, red blood cells, and
middle gluteal muscle) was identified in 18-month-old
nonexercised horses fed diets containing either zinc-L-
selenomethionine or sodium selenite (0.45 mg Se/kg DM)
over a 56-d experimental period. Selenium is absorbed more
efficiently in nonruminants than in ruminants (77 compared
to 29 percent: Wright and Bell, 1966). Selenium concentra-
tion of milk was shown to be one-fourth of that in colostrum
1 day postpartum and was considered a minor source of se-
lenium regardless of the selenium status of their mares dur-
ing gestation (Lee et al., 1995). Although the Food and Drug
Administration (FDA) has approved maximal selenium sup-
plementation at 0.3 mg/kg DM in complete feeds for cattle,
sheep, and swine (FDA, 1987), selenium supplementation of
equine feeds in the United States is not covered and is re-
stricted only by nutritional recommendations and industry
practices (Ullrey, 1992). By comparison, the Feed Additive
Directive 70/524/EC allows maximal selenium supplemen-
tation of 0.5 mg/kg in complete feeds (assuming 88 percent
dry matter). Selenized salt blocks are available to provide
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supplemental selenium (Hintz, 1999). These contain up to
120 ppm selenium. Shellow et al. (1985) reported blood se-
lenium concentrations increased linearly for 5-6 weeks and
then were unchanged for the remainder of a 12-week study
when supplemental selenium was fed to horses receiving a
basal ration of 0.06 ppm selenium. Hayes et al. (1987) re-
ported that dietary selenium concentrations often did not
correlate with blood selenium concentrations. In a small sur-
vey of farms, the farm having the highest concentration of
dietary selenium had inadequate blood concentrations in the
animals tested, leading the authors to conclude that interac-
tions with other minerals may have been influencing ab-
sorption of selenium or that breed differences may have
played a role in the ability to absorb selenium. Besides other
dietary minerals, knowledge of the vitamin E status of the
animals is also important.

Signs of Deficiency or Excess

Through veterinary and laboratory surveys of every state,
Edmonson et al. (1993) reported selenium-deficiency dis-
eases in 46 states. Deficiencies were an important livestock
problem in regions of 37 states, but deficiencies in wildlife
were reported in only 10 states. By comparison, natural oc-
curring toxicosis is rare and was only reported in 7 states
even though oversupplementation was reported in 15 states.
Acute, subacute, and chronic forms of selenium deficiency
in horses have been reported in China (Jiong et al., 1987).
The myopathy results in weakness, impaired locomotion,
difficulty in suckling and swallowing, respiratory distress,
and impaired cardiac function (Dill and Rebhun, 1985).
Serum changes include elevations in creatine kinase, aspar-
tate aminotransferase, potassium, and blood urea nitrogen
(Dill and Rebhun, 1985). Elevated aspartic-pyruvic trans-
aminase and gamma-glutamyltransferase have also been as-
sociated with the vitamin E/selenium-response disease. Oc-
currence of the tying-up syndrome did not correlate with
vitamin E or selenium status (Lindholm and Asheim, 1973;
Gallagher and Stowe, 1980; Blackmore et al., 1982). The
clinical and morphologic manifestations of selenium defi-
ciency are affected by the concomitant vitamin E status.
Perkins et al. (1998) reported on four cases of neonatal foals
with rhabdomyolysis due to selenium deficiency both with
and without vitamin E deficiency. Nutritional myopathy
(white muscle disease or vitamin E/selenium-responsive
disease) involves skeletal and cardiac muscles and is associ-
ated with glutathione peroxidase (GSH-px) values lower
than 25 enzyme units (EU)/dl (Caple et al., 1978) and with
serum selenium values lower than 60 ng/ml (Blackmore et
al., 1982). Though low selenium serum concentrations are
often used as evidence of a selenium deficiency, if no other
clinical problems are evident, it is questionable whether a
deficiency is truly present. For example, Vervuert et al.
(2001) reported Icelandic horses had low plasma selenium
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concentrations (66.7 £ 47.2 ng Se/ml) with no health prob-
lems and suggested those horses had an efficient metabolism
that allowed them to compensate for a low selenium supply.
Likewise, GSH-px activity was not correlated with selenium
intake or selenium plasma concentrations in a field study of
106 horses (Wichert et al., 2002a). Without other symptoms
of a selenium deficiency, low concentrations of selenium in
the blood and low GSH-px activity should not be taken as a
clear sign that a selenium deficiency is present.

Based upon studies with other species, the maximum tol-
erable concentration of selenium in horses has been esti-
mated at 5 mg/kg DM (NRC, 2005). However, the 1989
NRC recognized that maximum tolerable concentration of
selenium to be 2 mg/kg DM and this seems to be a more ad-
visable upper limit. The LD, for orally administered sele-
nium is considered to be approximately 3.3 mg of Se (as
sodium selenite)/kg BW (Miller and Williams, 1940). The
chemical form of selenium can influence its toxicity, with
organic selenium compounds found in plants (selenocystine,
selenocysteine, and selenomethionine) being the most toxic
(Schryver, 1990). Horses appear to be more susceptible to
selenium toxicity than are cattle (Rogers et al., 1990). Cop-
per pretreatment can increase the LD,, markedly (Stowe,
1980). Acute selenium toxicity—blind staggers—is charac-
terized by apparent blindness, head pressing, perspiration,
abdominal pain, colic, diarrhea, increased heart and respira-
tion rates, and lethargy (Rosenfeld and Beath, 1964). Hair
loss and changes in hooves could also be expected after an
acutely high dose of selenium (Fan and Kizer, 1990).
Chronic selenium toxicity—alkali disease—is characterized
by alopecia, especially about the mane and tail, as well as
cracking of the hooves around the coronary band (Rosenfeld
and Beath, 1964; Traub-Dargatz et al., 1986). Orally admin-
istering mixtures of sulphates that antagonize selenium are a
suggested cure for chronic toxicity (Rogers et al., 1990).
There are anecdotal accounts of immediate death after ad-
ministration of injectable vitamin E/selenium preparations.
These deaths appear due to an anaphylactoid sensitivity of
the horse to a carrier ingredient in the injectable prepara-
tions and not to the toxicity of selenium or vitamin E. As a
result of chronically elevated selenium intake, it is believed
that sulfur is replaced by selenium in such sulfur-containing
tissues as keratin, potentially resulting in weakened hooves
and hair (Merck Veterinary Manual, 2005). Therefore, even
though below toxic amounts, there appears to be no justifi-
cation for feeding selenium at a concentration greater than
0.5 mg Se/kg DM.

The selenium status of horses can be evaluated by mea-
suring serum, plasma, or whole blood selenium by the sen-
sitive fluorometric selenium assay (Whetter and Ullrey,
1978). Selenium-dependent GSH-px of serum and erythro-
cytes can also be measured (Paglia and Valentine, 1967);
however, sample storage time and temperature are critical.
Serum selenium concentrations of 100-500 pg/dl have been
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found in chronic selenosis and 2,000-2,500 pg/dl in acute
intoxication (Traub-Dargatz et al., 1986). Whole blood ap-
pears to be a more preferable indicator of serum status than
serum (McLaughlin and Cullen, 1986). The serum selenium
of foals from selenium-adequate mares is typically much
lower than their dams and ranges from 70 to 80 ng of
selenium per ml of serum (Stowe, 1967). If, according to
Blackmore et al. (1982), serum selenium values below 65
ng/ml are indicative of deficiency, young foals may be prone
to nutritional muscular dystrophy, especially if their vita-
min E status is low. Carmel et al. (1990) reported that of 202
randomly sampled horses in Maryland, blood selenium con-
centrations ranged from 50-266 ng/ml. Stowe and Herdt
(1992) expected serum selenium values to increase gradu-
ally with age from starting ranges for newborn foals of
70-90 ng/ml with expected or “normal” values for the adult
horses to range from 130-160 ng/ml. Normal liver selenium
concentrations are considered to range between 1.2 and 2.0
ug/g on a dry weight basis, regardless of age (Stowe and
Herdt, 1992).

Recommendations

The selenium requirement of the horse was estimated at
0.1 mg/kg ration (Stowe, 1967). This is consistent with the
report of Shellow et al. (1985), who found that plasma sele-
nium concentrations of mature horses reached a plateau at
about 140 ng/ml in horses fed either 0.14 or 0.23 mg of
Se/kg ration. They concluded that there was no advantage in
supplementing the mature idle horse with more than 0.1 mg
Se/kg ration and that 140 ng of Se/ml plasma (or serum) was
adequate to prevent problems associated with selenium de-
ficiency. A similar selenium supplementation rate, 1 mg/d
for horses 1 to 6 years of age, was reported by Maylin et al.
(1980) to increase blood selenium from 45 to 123 ng/ml
over an 11-week period. The higher blood selenium value
was considered well above the concentration associated with
myodegeneration. Glutathione peroxidase values for racing
Standardbred horses were reported to be 17 EU/mg hemo-
globin (Gallagher and Stowe, 1980). Maylin et al. (1980)
and Roneus and Lindholm (1983) confirmed a strong rela-
tionship between selenium intake and GSH-px activity and
noted that the GSH-px response to oral selenium was much
lower than to parenteral selenium. Wichert et al. (2002b) re-
ported selenium intake in over half of 106 horses sampled
was below 1.25 pug/kg BW without signs of selenium defi-
ciency. This amount was almost half of what was recom-
mended by the 1989 NRC, so there is a possibility that the
minimum requirement may be somewhat overestimated. It
can be concluded the true requirement for selenium is un-
known, though a recommendation (0.1 mg/kg DM) can be
given that is known to prevent a classical deficiency. How-
ever, Janicki et al. (2001) found greater influenza antibodies
in foals from mares receiving 3 mg Se/d as compared to
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1 mg Se/d suggesting that selenium intake necessary for op-
timum immune function could be greater than that needed to
prevent classical deficiency symptoms.

Zinc

Function

Zinc (Zn) is present in the body as a component of more
than 100 enzymes including many metalloenzymes such as
carbonic anhydrase, alkaline phosphatase, and carboxypep-
tidase. The highest concentrations of zinc occur in the
choroid and iris of the eye and in the prostate gland. Inter-
mediate concentrations of zinc are present in skin, liver,
bone, and muscle, whereas low concentrations are found in
blood, milk, lungs, and brain.

Sources and Factors Influencing Absorption

Many feedstuffs contain 1540 mg Zn/kg DM. Sources
of supplemental zinc include zinc sulfate, zinc oxide, zinc
chloride, zinc carbonate, and various organic sources of zinc
chelates. Zinc absorption is regulated by the zinc status of
the animal and is typically in the 5-15 percent range. Pagan
and Jackson (1991b) reported the apparent digestibility to be
between 7.8 and 11.5 percent. Pagan (1994) reported an ap-
parent digestibility of 9.4 percent and a true digestibility of
nearly 21 percent. A study by Hudson et al. (2001) showed
true zinc digestibility to decrease to 14 percent when horses
were exercised compared to 25 percent in sedentary horses.
Wagner et al. (2005) found the absorption of zinc oxide, sul-
fate, and an organic-chelate to be 13.9, 12.8, and 10.6 per-
cent, respectively, in mature horses. Baker et al. (2005) also
reported mature horses retained more zinc when supple-
mented with zinc oxide as compared to organically chelated
zinc. No difference was found between an inorganic source
and a combination of organic and inorganic sources of zinc
fed at higher than required concentrations on bone metabo-
lism (Baker et al., 2003) or liver zinc concentrations (Sicil-
iano et al., 2001), though Miller et al. (2003) reported an in-
creased zinc retention in yearlings fed the organic zinc as
compared to the inorganic zinc. Wichert et al. (2002c) re-
ported higher bioavailability of inorganic zinc sulfate and
zinc sulfate chelate than zinc oxide after a high single dose.
These conflicting data make it hard to claim that organic or
inorganic zinc forms are better absorbed. When comparing
organic vs. inorganic minerals, cost is often an important
consideration besides digestibility.

Signs of Deficiency or Excess

Zinc deficiency has been produced in foals fed 5 mg of
Zn/kg purified diet (Harrington et al., 1973). Zinc deficiency
in foals is accompanied by inappetence, reduced growth
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rate, parakeratosis (especially on the lower limbs), alopecia,
reduced serum and tissue zinc concentrations, and decreased
alkaline phosphatase (Harrington et al., 1973). Horses ap-
pear quite tolerant of excess dietary zinc and a maximum
tolerable concentration has been set at 500 mg/kg ration
based upon interspecies extrapolation (NRC, 2005). Except
when homeostatic mechanisms that act on absorption are
overwhelmed, zinc generally does not accumulate with con-
tinued exposure (Casteel, 2001). No detrimental effects
were observed in mares or foals fed rations containing up to
700 mg Zn/kg feed (Graham et al., 1940). However, Messer
(1981) reported tibiotarsal effusion in three Arabian fillies
that had marked elevations in serum zinc. Foals fed 90 g
Zn/d (equal to about 2 percent of the ration) developed en-
larged epiphyses, stiffness of gait, lameness, and increased
tissue zinc (Graham et al., 1940). Similar signs were ob-
served by Eamens et al. (1984) in four young horses grazed
near industrial plants where the pasture contained high zinc
concentrations and by Gunson et al. (1982) in two young
foals raised near a zinc smelter. The cause appeared to be a
secondary copper deficiency induced by zinc toxicosis. Sim-
ilarly, Bridges and Moffitt (1990) reported foals fed rations
containing zinc (supplemented in the form of zinc oxide) at
1,000 and 2,000 mg/kg BW became hypocupremic within
5-6 weeks and were lame within 6 weeks because of carti-
lage defects. The ratio of copper to zinc should be consid-
ered, as zinc is believed to compete for the same transport
mechanisms as copper and is a potent inducer of metalloth-
ionein synthesis, which binds copper. Thus, the amount of
zinc necessary to cause a deficiency in copper is dependent
on the reserve amount of copper present in the liver and
other tissues (Bridges et al., 1984; Cymbaluk and Smart,
1993; Campbell-Beggs et al., 1994). As a result, dietary zinc
excess or high dietary zinc:copper ratios may create a cop-
per deficiency. By altering zinc:copper ratios from 6.3 to 3,
Caure et al. (1998) was able to reduce osteochondrosis
scores on one of two French farms, though they were not
able to alter the prevalence of the lesions. It should be noted
that this study was not controlled and alterations in other nu-
trients were also made. Young et al. (1987) and Coger et al.
(1987) were unable to alter the copper absorption in grow-
ing and mature ponies fed rations containing 580 or 1,200
mg Zn/kg feed. Therefore, the purported effect of elevated
zinc intake on copper metabolism may involve postabsorp-
tive events rather than the actual site of absorption.

Time between blood collection and separation, in addi-
tion to the contamination of blood samples from rubber
stoppers, makes evaluation of zinc status from blood diffi-
cult (English and Hambidge, 1988; Casteel, 2001). Concen-
trations of zinc in the serum or plasma, while often used for
evaluating zinc intake, can vary from low to high within the
same herd and are not a good indicator of zinc status. Like-
wise, serum zinc concentrations have been found to be quite
variable with respect to age (Bell et al., 1987).
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Recommendations

Harrington et al. (1973) demonstrated that 40 mg Zn/kg
purified-type diet was sufficient to prevent zinc deficiency
in foals. Schryver et al. (1974) reported that foals fed 41 mg
Zn/kg natural diet grew at acceptable rates and maintained
normal body stores of zinc. Drepper et al. (1982) and Jar-
rige and Martin-Rosset (1981) indicated that 50 mg Zn/kg
dry matter was adequate for all classes of horses. Accord-
ing to Knight et al. (1985), based on farm surveys, the op-
timal dietary zinc concentration in equine rations to mini-
mize the incidence of metabolic bone disease approaches
90 mg/kg feed. Although these workers suggested that the
1978 NRC recommendations on zinc requirements be
reevaluated, no controlled studies support a dietary zinc re-
quirement greater than 50 mg/kg ration DM and the 1989
NRC did not change the recommendations from 40 mg/kg
dietary DM. Likewise, Wichert et al. (2002b) reported that
only 42 percent of 106 sampled horses had zinc intake of 1
mg/kg BW and 25 percent of the horses were fed < 0.5 mg
Zn/kg BW with none of the horses showing signs of zinc
deficiency. Mare’s milk contains 1.8-3.2 mg Zn/kg fluid
milk (NRC, 1989; Anderson, 1992). Thus, foals drinking 15
kg of milk/d would consume 27-48 mg of Zn/d. On a dry
matter basis, this is equivalent to 17-30 mg Zn/kg DM in-
take. The zinc in milk is assumed to be highly available.
Kavazis et al. (2002) concluded that supplementing late
gestating and lactating mares with zinc at higher concentra-
tions than recommended by the 1989 NRC did not have any
influence on foal growth and development or the zinc con-
centrations of mare milk or foal serum.

Pagan (1994) estimated endogenous zinc loss to be 54
mg/d for a 550-kg horse (about 0.1 mg/kg BW), which is
similar to Hudson et al. (2001). They estimated endogenous
zinc losses to be between 65 and 70 mg Zn/d for horses av-
eraging 534 kg (about 0.12-0.13 mg Zn/kg BW). Pagan
(1994) calculated the true digestibility of zinc to be 20.8 per-
cent. The resulting requirement for a 500-kg horse (236 mg
Zn/d) is much lower than the 1989 NRC recommendation as-
suming a 2 percent of BW intake (400 mg/d). However, until
studies are performed demonstrating lower amounts can be
fed without problems for longer periods, the decision was
made to keep the requirements the same at 40 mg/kg of DM.

OTHER MINERALS OF INTEREST

Chromium

Chromium plays a role in carbohydrate and lipid metab-
olism. It acts as a potentiator of insulin to facilitate glucose
clearance and is considered an essential nutrient in humans
(Mertz, 1992).

Trivalent and hexavalent are the two most common forms
of chromium. Organic chromium appears to be more
bioavailable than inorganic forms. Absorption of inorganic
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forms have been reported to range from 0.4-3 percent (An-
derson, 1987), while chromium from sources such as
brewer’s yeast has been reported to be absorbed at rates as
high as 10-25 percent by rats (Underwood, 1977).

While no evidence has been found of a chromium defi-
ciency in horses, a chromium deficiency leads to symptoms
associated with adult-onset diabetes and cardiovascular dis-
ease in humans (Vincent, 1999). From data in other species,
the maximum tolerable concentration of chromium in the ra-
tion of horses is set at 3,000 mg/kg DM for the oxide form
and 100 mg/kg DM for the chloride form of the trivalent
forms of chromium (NRC, 2005). The hexavalent forms of
chromium appear to be much more toxic (NRC, 1997).
Chromosome damage in hamsters has been noted after treat-
ment with chromium picolinate but not with chromium
nicotinate, nicotinic acid, and trivalent chromium chloride
hexahydrate at the same doses (Stearns et al., 1995).

At this time, insufficient information is available to de-
termine if there is a chromium requirement for horses,
though the recommended safe and adequate daily intake for
humans is 50-200 pg/d (Anderson and Kozlovsky, 1985).
Jackson (1997) suggested chromium requirements may be
higher for exercising horses than for sedentary horses. While
not strongly supported by research in horses, this is sup-
ported by Lukaski (2000) for humans in endurance training.
Pagan et al. (1995) reported that exercising horses supple-
mented with 5 mg of chromium from a chromium yeast
product had lower plasma glucose concentrations during
several stages of a standardized exercise test. Likewise, sup-
plemented horses had lower blood insulin 1 hour after grain
feeding than did control horses. In contrast, Pagan et al.
(1995) indicated no response to supplementation in un-
trained, sedentary horses. Ott and Kivipelto (1999) reported
chromium tripicolinate supplementation resulted in peak
plasma glucose concentrations decreasing more rapidly fol-
lowing an intravenous insulin sensitivity test. Likewise,
mean glucose fractional turnover rate values increased in re-
sponse to the chromium tripicolinate supplementation. Gen-
try et al. (1997) reported chromium tripicolinate supplemen-
tation had only a marginal effect on metabolic, hormonal,
and immune responses. Vervuert et al. (2005b) reported that
horses supplemented with a chromium yeast product did not
have improved glucose “handling” capabilities. Chromium-
supplemented horses also had higher heart rates and blood
lactate at the end of a standardized exercise test suggest-
ing that the exercise capacity of chromium-supplemented
horses was compromised. Supplementation of chromium-L-
methionine to geriatric mares for a period of 4 weeks did not
alter most immune parameters (Dimock et al., 1999). In ad-
dition, 4 mg/d of chromium propionate supplementation did
not alleviate elevations in plasma leptin and insulin or alter
glucose dynamics and insulin sensitivity in horses with a
high body condition (Cartmill et al., 2005). While it has
been suggested that dietary supplementation with chromium
can calm horses and may be beneficial in horses with recur-
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rent exertional rhabdomyolysis, because horses with
polysaccharide storage myopathy display abnormal sensitiv-
ity to insulin, chromium supplementation may be counter-
productive in those animals (Valberg, 2005). Porter et al.
(1999) suggested that, at least in humans, routine use of
chromium supplements is not warranted based upon current
data.

Fluorine

Fluorine (F) is known to be involved in bone and teeth
development, but its dietary necessity for horses has not
been established.

Forages often contain between 2 and 16 mg F/kg DM and
cereal grains usually contain between 1 and 3 mg fluo-
ride/kg DM (NRC, 1980). Phosphorus supplements that
have not been adequately defluorinated are a common
source of excess dietary fluorine.

A fluorine deficiency is not known to have been reported
in horses. Horses appear to be more tolerant than cattle of
excess fluorine (Buck et al., 1976). Fluorine intoxication
may result from long-term ingestion of feed or water con-
taminated by certain industrial operations or from consump-
tion of water or mineral supplements that contain high con-
centrations of fluorine (Schryver, 1990). Excess intake
results in discolored teeth (fluorosis), bone lesions, lame-
ness, and unthriftiness. Shupe and Olson (1971) indicated
horses can tolerate 50 mg F/kg ration for extended periods
without detrimental effects, but the maximum tolerable con-
centration of fluorine has been set at 40 mg/kg DM intake
based upon data with other species (NRC, 2005).

An equine requirement for fluorine has not been estab-
lished, but given the concentrations of fluorine in normal
feedstuffs, any potential requirement is likely met and addi-
tional supplementation is not suggested.

Silicon

Despite silicon being the second most common element
of Earth’s crust (Carlisle, 1972), surprisingly little is known
about the nutritional importance of it in the diet of mam-
malian species. Silicon is involved in the formation of new
bone (Carlisle, 1970) and is an important component of con-
nective tissue, hyaluronic acid, and articular cartilage
(Carlisle, 1974).

Grains are high in silicon content (Pennington, 1991).
However, silicon in the environment is naturally found as
silica (Si0,) and is not easily absorbed. Sodium zeolite A
(SZA) is a silicon source that is converted into orthosilicic
acid (Si(OH),) in the stomach, which can then be absorbed.
Nielsen et al. (1993) reported race horses supplemented with
SZA at 1.86 percent of total feed intake (providing about
150 mg of silicon) had higher plasma silicon concentrations,
were able to go nearly twice the distance in training before
experiencing an injury compared to nonsupplemented con-
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trol animals, and had fewer injuries compared to controls.
Feeding a natural zeolite, as compared to the synthetic SZA,
did not increase plasma silicon (Mazzella et al., 2005).
Greater rates of bone formation (Lang et al., 2001b) and
lower rates of bone resorption (Lang et al., 2001a) as
compared to the control horses were reported in SZA-
supplemented horses, suggesting an overall increase in bone
production. Turner et al. (2005) reported an increase in bone
turnover in calves fed SZA and hypothesized that the reduc-
tion in injuries reported previously was due to rapid repair
of subclinical injuries. These studies suggested benefits as-
sociated with supplemental available silicon. Silicon ap-
pears to reduce aluminum absorption and toxicity (Jug-
daohsingh et al., 2000), though it is not certain to what
degree each element inhibits the absorption of each other.

The relative abundance of silicon makes the deficiency of
this element difficult to achieve. Likewise, silicon naturally
found in the environment is not very absorbable and thus is
not likely to cause toxic effects through dietary intake. The
NRC (2005) did not set a maximum tolerable concentration
for silicon in horses, but set one at 0.2 percent for cattle and
sheep.

As a result of research demonstrating silicon can interact
with other nutrients for apparent beneficial effects (Nielsen,
1991), the American Institute of Nutrition reformulated its
published formulas of purified diets for experimental ro-
dents and added silicon to the required nutrient profile at the
rate of 5 mg/kg ration (Reeves, 1997). Difficulty in produc-
ing a silicon-deficient purified diet for horses will make de-
termining a minimum requirement difficult, though a need
for silicon in the ration likely exists for the equine.

Other Elements

Further elements are, in principle, accepted as essential
constituents in a mammalian diet (e.g., boron, nickel, and
vanadium). Based on the current status of knowledge, their
natural occurrence is sufficient to ensure the required very
small amounts of these elements. The supplementation of
these elements, including the rare earth elements, is not
based on scientifically elaborated, valid data and has the po-
tential to be dangerous to horses.
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Vitamins

INTRODUCTION

Vitamins are defined as a group of complex unrelated fat-
and water-soluble organic compounds present in minute
amounts in natural foodstuffs. They are essential to normal
metabolism and their lack in the diet causes deficiency dis-
eases (McDowell, 2000). Vitamin requirements of horses
have been estimated using several response variables (e.g.,
prevention of specific deficiency symptoms, maximizing tis-
sue stores, and optimization of various biological functions).
It should be noted that the requirement for a vitamin may
differ depending upon the response variable used. For ex-
ample, 0.233 international units (IU) of vitamin E/kg body
weight (BW) was determined to be the minimum require-
ment necessary to maintain erythrocyte stability in growing
horses (Stowe, 1968a), whereas approximately 1 IU/kg BW
was reported to have an immunostimulatory effect in adult
horses when compared to controls fed approximately 0.315
IU/kg BW (Baalsrud and Overnes, 1986).

Requirements for vitamins A, D, E, thiamin, and ri-
boflavin have been estimated. The basis for these estimates
is discussed below along with information regarding dietary
sources and consequences of deficiency and toxicity. Al-
though limited, information regarding vitamin nutrition for
vitamin K, niacin, biotin, folate, vitamin B,,, vitamin B,
pantothenic acid, and vitamin C (ascorbic acid) is discussed.
However, insufficient information exists to estimate dietary
requirements of these vitamins for horses. In addition to re-
quirements, an attempt was made to estimate the presumed
upper safe levels of intake for each vitamin. The presumed
upper safe level is defined as the estimated (based on litera-
ture) upper range of vitamin intake that can be presumed to
be safe, and is not necessarily the maximum tolerance level
of vitamin intake (NRC, 1987).

Many of the vitamin requirements in the previous revi-
sion of this document were expressed per unit of dry matter
(DM) intake, and have been transformed to a BW basis in
the current revision. The transformation assumes a (DM) in-
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take of 2 percent of BW for maintenance, breeding, gesta-
tion, and light work; 2.25 percent of BW for moderate work;
and 2.5 percent of BW in DM intake for all other feeding
classes. For example, the vitamin E requirement for lacta-
tion in the previous revision is 80 IU/kg DM and has been
transformed to 2 IU/kg BW, assuming a DM intake of 2.5
percent of BW (i.e., 80 IU vitamin D/kg DM x 2.5 kg
DM/100 kg BW).

VITAMIN A

Function

The classical function of vitamin A is its role in night vi-
sion (Wald, 1968). Vitamin A in the form of 11-cis-retinal
combines with opsin to produce rhodopsin, which breaks
down in the presence of light-yielding energy that is trans-
ported to the brain by the optic nerve in the process of sight.
Vitamin A functions in cell differentiation by the regulation
of gene expression via nuclear retinoic acid receptors, and as
a result plays crucial roles in reproduction and embryogen-
esis (Solomons, 2001). Additionally, vitamin A is important
for maintaining the innate and adaptive immune response to
infection (Stephensen, 2001).

Dietary Sources

Vitamin A refers to a subgroup of retinoids possessing
the biological activity of all-trans-retinol (Solomons, 2001).
Retinol does not occur naturally in feedstuffs commonly
used for horses (e.g., forages, cereal grains, plant protein
supplements), but is derived from pro-vitamin A compounds
(carotenoids). Retinol is present in vitamin A supplements
as retinyl-ester (e.g., retinyl-acetate, retinyl-palmitate).

The biological activity of various retinoids and pro-
vitamin A compounds differs and must be taken in account
when evaluating and formulating equine diets. The interna-
tional unit is used to express vitamin A activity of different
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sources on an equivalent basis. One IU of vitamin A is
equivalent to the biological activity of 0.300 pg of all-trans-
retinol.

Beta-carotene is the primary naturally occurring pro-
vitamin A source in feedstuffs used for horses. Beta-
carotene can be metabolized into a retinyl ester (retinyl-
palmitate or retinyl-stearate) within the mucosa of the small
intestine, and the liver to some extent (Ullrey, 1972; Napoli,
2000). Retinyl esters formed in the small intestinal mucosa
are then transported to the liver for storage or distributed to
other tissues for further metabolism. Previous NRC publica-
tions have assumed 1 mg of B-carotene is equivalent to no
more than 400 IU of vitamin A (NRC, 1989). Different con-
version rates for pregnant mares and growing horses have
been suggested (1 mg B-carotene = 555 and 333 IU vitamin
A, respectively) based on an extrapolation of conversion
rates established in rats (McDowell, 1989). The aforemen-
tioned conversion efficiencies are higher than reported for
other monogastric species. In typical swine diets 1 mg total
carotene was calculated to be equivalent to 267 IU vitamin
A (Ullrey, 1972). Reference dietary intakes used for humans
consider 1 mg B-carotene equivalent to 275 IU vitamin A ac-
tivity. Additionally the effect of B-carotene intake can influ-
ence the conversion rate. An inverse relationship between
the amount of B-carotene metabolized into vitamin A and
[B-carotene intake has been reported for several species (Ull-
rey, 1972; Solomons, 2001), but has not been investigated in
horses. Clearly more work is necessary to establish accurate
estimates of the vitamin A value of naturally occurring
B-carotene and other carotenoids.

Beta-carotene concentrations derived from back-
calculation of vitamin A values published in NRC (1989)
(i.e., 400 IU of vitamin A is equivalent to 1 mg B-carotene)
vary widely among forages. Forages contain from 30-385
mg B-carotene/kg DM. Pasture (nondormant) contains the
greatest concentration of B-carotene, while mature grass hay
has the lowest concentrations. Several factors, such as de-
gree of maturity, conditions at harvest, and length of storage,
can influence B-carotene concentrations of forages (Ullrey,
1972). Among cereal grains, corn contains the greatest con-
centration of B-carotene (approximately 6 mg/kg DM),
which is considerably less than that of forages.

Synthetic B-carotene has been evaluated as a source of
provitamin A. Watson et al. (1996) suggested that a water-
dispersible form of B-carotene was not well absorbed by
ponies as indicated by a lack of effect on plasma B-carotene
concentration following supplementation, but vitamin A sta-
tus of the ponies was not evaluated. Greiwe-Crandell et al.
(1997), using this same form of B-carotene, found it was not
effective at maintaining vitamin A status in mares over a 20-
month period as compared to retinyl-palmitate or naturally
occurring B-carotene from pasture and hay. However, it
should be noted that the B-carotene used in this study was
administered in two large doses per week rather than daily,
which may have influenced the conversion of -carotene to
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vitamin A. The amount of -carotene metabolized into vita-
min A is dependent upon B-carotene intake (Ullrey, 1972;
Solomons, 2001). Kienzle et al. (2002) found a water-
dispersible B-carotene source, different from the aforemen-
tioned studies, was effective at increasing plasma 3-carotene
concentration, but vitamin A status was not measured. Inter-
estingly the dosage of B-carotene used by Kienzle et al. was
approximately half that (0.8 vs. 1.8 mg B-carotene/kg BW)
used by Watson et al. (1996). Therefore, effectiveness of
synthetic B-carotene as sources of pro-vitamin A for horses
remains to be determined.

Retinyl-palmitate and -acetate are supplemental forms of
vitamin A used in diets for horses (NRC, 1989). These es-
terified forms are more stable than retinol making them less
vulnerable to degradation during storage as compared to un-
esterified forms (McDowell, 2000). Retinyl-esters are hy-
drolyzed within the lumen of the small intestine to retinol,
which is then absorbed. One IU of vitamin A is equivalent
to the biological activity of 0.550 pg of all-trans-retinyl
palmitate, or 0.344 of all-trans-retinyl acetate.

Deficiency

Night blindness is a classical vitamin A deficiency symp-
tom reported in horses, as well as other species (McDowell,
1989). Extremely low vitamin A intake is necessary for the
condition to occur. Induction of night blindness in Percheron
horses occurred after rations consisting of barley, oats, bran,
and straw containing low concentrations of total carotene (5
to 10 pg/kg BW; no more than 2 to 4 IU vitamin A/kg BW)
were fed for 265 to 627 days (Guilbert et al., 1940). Semi-
purified diets devoid of vitamin A activity were necessary to
induce clinical signs of vitamin A deficiency in orphaned
foals (Stowe, 1968b). Greiwe-Crandell (1997) reported no
clinical signs of vitamin A deficiency and a plateau effect in
vitamin A status in mares consuming hay, previously stored
for 2 years, containing less than 4 mg -carotene/kg DM for
22 months. The authors interpreted the results as an adaptive
response to very low levels of carotene intake. These results
suggest that horses are somewhat resilient to vitamin A de-
ficiency, at least when common clinical deficiency symp-
toms are used as indicators of deficiency. Impaired growth
and hematopoiesis were reported in growing ponies fed ra-
tions marginally deficient in vitamin A (Donoghue et al.,
1981). Therefore, parameters associated with growth and
hematopoiesis appear to be more sensitive indicators of vi-
tamin A deficiency as compared to clinical symptoms such
as night blindness.

In addition to clinical signs, serum total vitamin A con-
centration has been used as an indicator of vitamin A defi-
ciency. Total serum vitamin A concentration of less than 10
ug/dl is considered deficient (Lewis, 1995). However, total
serum vitamin A is not a sensitive indicator of marginal vi-
tamin A status due to mobilization of retinol from the liver
into blood in response to inadequate vitamin A intake (Jar-
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rett and Schurg, 1987). The relative dose response test
(RDR), an indirect measure of liver vitamin A stores, has
been suggested as a more accurate indicator of marginal vi-
tamin A status in horses than either serum total vitamin A or
serum retinol (Greiwe-Crandell et al., 1995). The RDR is
expressed as the percentage increase in serum retinol fol-
lowing oral administration of a vitamin A bolus. The time
period between the initial and final measures of serum
retinol used to determine its percent increase coincide with
peak serum retinol concentration. The basis for the RDR is
that during vitamin A sufficiency, a relatively large propor-
tion of newly absorbed vitamin A is stored in the liver due
to relatively low production and concentration of retinol
binding protein (RBP), which is necessary for transport of
vitamin A from the liver to peripheral tissues. In contrast,
during vitamin A deficiency, RBP synthesis and concentra-
tion increase and newly absorbed vitamin A is transported
from the liver to peripheral tissues resulting in a relative in-
crease in serum retinol concentration after administration of
an oral bolus; therefore, RDR increases. Relative dose re-
sponse values greater than 20 percent have been observed in
horses consuming rations deficient in vitamin A (Greiwe-
Crandell et al., 1995; Lewis, 1995; Greiwe-Crandell et al.,
1997). However, an RDR ranging from 20-30 percent was
reported in reproductively sound mares with no clinical
symptoms of vitamin A deficiency (Greiwe-Crandell et al.,
1997), suggesting more work is necessary to define exact
thresholds for vitamin A deficiency using RDR. Since vita-
min A can be stored in the liver (McDowell, 2000), it is pos-
sible that the lack of clinical deficiency symptoms were due
to liver stores of vitamin A covering dietary deficits.
Immunity and reproduction are two other physiological
functions influenced by vitamin A status. Respiratory infec-
tion in weanlings was associated with low vitamin A status
as measured by RDR (Greiwe-Crandell et al., 1995). Im-
paired function of the immune system during vitamin A de-
ficiency has been documented in several species (McDow-
ell, 1989; Stephensen, 2001). Vitamin A deficiency in swine
has been shown to increase early embryonic mortality (Mc-
Dowell, 1989). The effect of vitamin A status on both im-
munity and reproduction in horses require further study.

Toxicity

Vitamin A toxicity has been reported to result in bone
fragility, hyperostosis, exfoliated epithelium and teratogen-
esis (NRC, 1987). In addition, excess vitamin A has been
implicated in developmental orthopedic disease in growing
horses (Donoghue et al., 1981; Kronfeld et al., 1990). The
presumed upper safe level of vitamin A in the diet is 16,000
IU/kg DM (NRC, 1987). Plasma total vitamin A concentra-
tions greater than 40—60 ug/dl are indicative of toxicosis
(Lewis, 1995). Retinyl-ester concentration of plasma in-
creases relative to retinol during toxicosis and may also be
an indicator of excess vitamin A consumption (Donoghue et
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al., 1981; Jarrett and Schurg, 1987). Toxicity due to -
carotene has not been reported. Additionally, it should be
noted that the previously mentioned assumption that 1 mg of
[-carotene contains 400 IU of vitamin A may yield vitamin
A concentrations above the presumed upper safe level of
16,000 TU/kg DM, which is most likely erroneous based on
the absence of toxicity in horses consuming these amounts.

Requirements

Vitamin A requirements for horses of different physio-
logical states are not well defined. Limited information ex-
ists regarding vitamin A nutrition as it pertains to mainte-
nance (Guilbert et al., 1940), reproduction (Stowe, 1967),
gestation (Greiwe-Crandell et al., 1997; Maenpaa et al.,
1988a,b), lactation (Stowe, 1982; Schweigert and Gottwald,
1999), growth (Donoghue et al., 1981), and work (Abrams,
1979).

Maintenance

The vitamin A requirement for horses with maintenance-
only requirements is based on the intake of vitamin A nec-
essary to prevent night blindness, plus an allowance deemed
sufficient to maximize tissue storage (NRC, 1989). This rec-
ommendation is based on the work of Guilbert et al. (1940)
and has been the basis for maintenance vitamin A require-
ments since the first publication on recommended nutrient
allowances for horses in 1949. Guilbert et al. (1940) used 9
Percheron horses ranging in age from 119-444 days in a
depletion-repletion experiment that was aimed at determin-
ing the minimum intake of either total carotene or vitamin
A, from alfalfa and cod-liver oil, respectively, which was
necessary to prevent clinical signs of night blindness. Daily
consumption of 17-22 IU/kg BW was the minimum neces-
sary to prevent clinical signs of night blindness. However,
previous work conducted by these authors on rats indicated
that 3 times the minimum vitamin A requirement, or 51-66
IU/kg BW, was necessary for significant tissue storage.

Using data from the manuscript of Guilbert et al. (1940),
mean vitamin A intakes (+ SD) of horses showing no signs
of night blindness, partial night blindness, and total night
blindness were calculated to be 22.9 + 5.1 (n = 10), 17.5 =
2.6 (n=5),and 4 = 2.7 (n = 10) IU vitamin A/’kg BW, re-
spectively. When the mean vitamin A intake of horses show-
ing no signs of night blindness is increased by two standard
deviations, the vitamin A intake is 33.1 IU/d, which is ap-
proximately equal to NRC (1989) requirement for mainte-
nance (30 IU/kg BW). Based on this information, 30 [U/kg
BW is recommended as the maintenance vitamin A require-
ment.
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Growth

The role of vitamin A in the growing horse is not well
studied. Daily vitamin A requirements for growth in the sec-
ond through fourth revisions of the NRC publications (NRC,
1966, 1973, 1978) remained the same at 40 IU/kg BW, but
were increased slightly in the fifth revision (NRC, 1989) to
45 TU/kg BW. The basis for this change in vitamin A re-
quirement was unclear. Guilbert et al. (1940) observed
growth and development was normal in horses consuming
22.9 £ 5.1 TU vitamin A/kg BW and ranging in age from
119444 days. Donoghue et al. (1981) suggested that a
range from 60-200 IU/kg BW resulted in optimization of
seven different response variables, which included growth
rate, serum biochemistry, and hematologic criteria in ponies
ranging in age from 4-12 months. However, the authors
noted that this conclusion is based on interpolation and re-
quires further definition in growing horses. Interpolation
was made across an extremely wide range, i.e., 12—1,200 ug
retinol/kg BW/d, which may detract from the accuracy of
the estimate. Stowe (1968b) reported a minimum vitamin A
requirement in growing horses (9.5-11 IU/kg BW) that was
considerably less than that of Donoghue et al. (1981), albeit
using younger horses (orphaned foals) and different re-
sponse variables (maintenance of appetite). Based on the in-
formation available, there is no justification for changing the
requirement from that established by previous NRC com-
mittees, i.e., 45 [U/kg BW. This value is similar to average
values required by finishing swine (NRC, 1998).

Breeding, Gestation, and Lactation

The vitamin A requirement for pregnant and lactating
mares was reported to be 60 IU/kg BW (NRC, 1989). Bar-
ren Standardbred mares supplemented orally with 100,000
IU vitamin A/day + 100 IU vitamin E/day had improved re-
productive status (e.g., more serviced heats, greater number
of live foals) compared to unsupplemented controls, or
horses consuming either 100,000 IU vitamin A/day or 100
IU vitamin E/day (Stowe, 1967). The vitamin A activity of
the unsupplemented control ration was not reported. How-
ever, this experiment was somewhat biased because mares
receiving the control ration and vitamin A-only ration were
older than the other two groups. The average age of mares in
the control, vitamin A only, vitamin E only, and vitamins A
plus E was 19.8, 16.5, 14, and 14.8 years, respectively. How-
ever, a separate experiment reported in the manuscript by
Stowe (1967), where age of the mares was balanced across
treatments, indicated that a parenteral dose of vitamins A
and E, approximately equivalent to the oral dose used in the
first experiment, also resulted in improved reproductive sta-
tus. These results suggest an interaction between vitamins A
and E may enhance reproductive status. Seasonal variation
in vitamin A status has been reported in broodmares in sev-
eral studies (Maenpaa et al., 1988a,b; Greiwe-Crandell et
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al., 1997). Some of the seasonal variation was most likely
due to change in diet (i.e., pasture vs. preserved forage) and
deterioration of B-carotene in preserved forage (Fonnesbeck
and Symons, 1967). However, Maenpaa (1988a) stated the
seasonal decline in pregnant mares was greater than previ-
ously reported in nonpregnant adult horses (Maenpaa et al.,
1987: approximately 36 and 8.9 percent, respectively) and
suggested the difference may be due to increased utilization
of vitamin A during gestation. Interestingly, supplementa-
tion with 18-36 IU vitamin A/kg BW (source not reported)
did not prevent the seasonal decline in the pregnant mares
(Maenpaa et al., 1988b). Seasonal declines in vitamin A sta-
tus have been reported in broodmares maintained in a dry-
lot setting both with retinyl-palmitate supplementation (125
IU vitamin A/kg BW) and without vitamin A supplementa-
tion (< 0.8 IU/kg BW) (Greiwe-Crandell et al., 1997), which
supports the idea that the seasonal decline in vitamin A sta-
tus is not completely due to changes in vitamin A intake and
may be influenced by gestation. Stowe (1982) provided ev-
idence that metabolism of vitamin A increases at parturition
due to increased secretion of vitamin A in colostrum.
Greiwe-Crandell et al. (1997) also reported that mares main-
tained on pasture with no other vitamin A supplementation
(i.e., P-carotene from pasture was the only source of vitamin
A activity) had a greater vitamin A status (as measured by a
relative dose response test) than mares maintained on dry-lot
and receiving a dose of vitamin A equivalent to 125 IU /kg
BW/d from retinyl-palmitate. It was further suggested that if
the vitamin A status of horses on pasture is viewed as opti-
mum, then supplementation with approximately twice the
NRC (1989) requirement is below optimum. However, it
should also be noted that horses used in this study were only
supplemented with vitamin A two times per week using a vi-
tamin A dose equivalent to a daily supplementation of 125
IU/kg BW/d. Although vitamin A status of unsupplemented
mares without access to pasture declined in these studies, no
negative effects due to declining status were reported in
these mares. At present, no evidence suggests vitamin A re-
quirements for broodmares are different from those previ-
ously recommended, i.e., 60 IU/kg BW (NRC, 1989).

Several studies have investigated the hypothesis that -
carotene, or provitamin A, improves reproductive status, but
results are equivocal (Watson et al., 1996). Some have sug-
gested the water-dispersible form of B-carotene used in
these studies was not well absorbed and does not increase
blood concentrations of B-carotene or retinol (Watson et al.,
1996; Greiwe-Crandell et al., 1997), while others provided
evidence to the contrary (Kienzle et al., 2002). Therefore the
effect of B-carotene, independent of vitamin A activity, on
reproduction in mares remains uncertain.

Work

Vitamin A requirements specific to work have not been
established. Previous editions of the NRC nutrient require-
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ments of horses consider the requirement for work to be
somewhere between maintenance (30 IU/kg BW) and that
for gestation and lactation (60 IU/kg BW). The fifth edition
of the NRC (1989) Nutrient Requirements of Horses stated
the vitamin A requirement for work as 45 IU/kg BW.

In a search of the literature, only one report dealing with
vitamin A supplementation to working horses was identi-
fied. Abrams (1979) hypothesized that vitamin A supple-
mentation to Thoroughbred racehorses in training would as-
sist in the maintenance of connective tissue integrity,
thereby reducing tendon injury. Horses were supplemented
with 50,000 IU/d (approximately 111-125 IU/kg BW/d;
source not provided) over a 2-year period. Vitamin A-
supplemented horses completed more races with a greater
number of wins and a lower incidence of tendon injuries as
compared to controls. However, the design of the experi-
ment precludes definitive conclusions in that the opportunity
to race was not afforded equally to all horses.

In conclusion, additional experiments are required to es-
tablish vitamin A requirements specific to work. Vitamin A
requirements for exercising horses in this edition are un-
changed from the previous addition (i.e., 45 IU/kg BW) due
to the lack of new information.

VITAMIN D

Function

Vitamin D plays an important role in calcium homeosta-
sis. Vitamin D, does not possess any direct biological activ-
ity, but is metabolized into 25 (OH)D,, 1,25 (OH),D,, and
24,25 (OH),D, The classical target organs for vitamin D ac-
tion are intestine, kidney, and bone. Vitamin D facilitates
calcium absorption from the intestine and reabsorption of
calcium from the kidney, and influences both mobilization
and accretion of calcium (and phosphorus) from bone. Vita-
min D’s role in calcium homeostasis is its most well-
recognized function; however, vitamin D has also been
demonstrated to influence cell growth and differentiation
(Norman, 2001).

Dietary Sources

Vitamin D is found in both plants (ergocalciferol, vitamin
D,) and animals (cholecalciferol, vitamin D). However, its
presence in feeds commonly used for horses is relatively
low. Some vitamin D, is found in sun-cured hay, particularly
alfalfa (McDowell, 2000). Vitamin D is synthesized in the
skin from the ultraviolet irradiation of 7-dehydrocholesterol
(McDowell, 2000). Vitamin D, is the most common supple-
mental form of vitamin D for horses.
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Deficiency

Rickets, a disease characterized by bone deformities re-
sulting from decreased concentration of calcium (Ca) and
phosphorus (P) in the organic matrices of cartilage and
bone, is the classical vitamin D deficiency symptom in ani-
mals and humans (McDowell, 2000). Bone growth and de-
velopment were affected in ponies deprived of sunlight and
dietary vitamin D as compared to two other groups of ponies
either fed diets containing 1,000 IU/d and having no expo-
sure to sunlight, or fed diets containing no supplemental vi-
tamin D and having exposure to sunlight; however, exter-
nally visible bone deformities typifying rickets were not
evident (Elshorafa et al., 1979). Although vitamin D status
of horses has been reported to be low relative to other
species (Maenpaa et al., 1988a), and supplemental vitamin
D has been reported to promote calcium and phosphorus ab-
sorption in horses (Hintz et al., 1973), there are no reports of
vitamin D deficiency to date in horses maintained in practi-
cal settings with some exposure to sunlight.

Toxicity

Toxicity of vitamin D is associated with calcification of
soft tissue (Harrington, 1982; Harrington and Page, 1983)
and death (Hintz et al., 1973). The presumed upper safe
level is 44 TU/kg BW/d (NRC, 1987).

Requirements
In the first edition of the NRC (1949), it was stated that

Under normal farm conditions, where horses are worked
regularly and are exposed to sunshine, they probably do not
need added amounts of vitamin D. Where they are confined
or where exposure to sunshine is restricted, or if they are fed
for rapid growth and development of bone such as for racing
at an early age, there may be some basis for supplying extra
amounts of vitamin D. Experimental information on the re-
quirements of the horse for vitamin D is not available. On
the basis of information on other species 300 I.U. of vitamin
D per 100 pounds live weight daily should be adequate to
meet the needs of horses.

Although a true minimum vitamin D requirement for
horses exposed to sunshine is unknown, the value of 300 ITU
vitamin D/100 Ib BW was maintained through subsequent
revisions, albeit expressed as 6.6 IU/kg BW in the third edi-
tion (NRC, 1973) and expressed as 300 IU/kg DM in the
fifth revision. The fifth revision qualifies this recommenda-
tion further by stating in footnote b of Table 5-3 that “rec-
ommendations are for horses not exposed to sunlight or to
artificial light with an emission spectrum of 280-315 nm.”
This recommendation (6.6 IU/kg BW) is maintained in the
present edition for all feeding classes except growing
horses. In the fifth revision (NRC, 1989), additional infor-
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mation from an experiment conducted in growing ponies de-
prived of sunlight (Elshorafa et al., 1979) was used to esti-
mate vitamin D requirements of 800 IU/kg DM for horses in
the early stages of growth deprived of sunlight, but indicated
that 500 IU/kg DM may be sufficient for later stages of
growth. Using BW, mature BW, average daily gain (ADG),
and month of age values, from Tables 5-1A-G (NRC, 1989),
and the NRC (1989) model software; vitamin D require-
ments for growing horses were estimated across a range of
BW, mature BW, and ages. These estimates were then con-
verted from a diet concentration (i.e., I[U/kg DM) to a BW
basis (i.e., [U/kg BW). The converted estimates are as fol-
lows: 22.2, 17.4, 15.9, and 13.7 IU/kg BW for 0-6, 7-12,
13—18, and 19-24 months of age, respectively. In conclu-
sion, the true minimum dietary vitamin D requirement for
horses exposed to sunlight has not been defined. The meta-
bolic requirement for vitamin D is assumed to be met by ex-
posure to sunlight. The above estimates may be useful for
horses with limited exposure to sunlight (e.g., horses main-
tained predominantly indoors).

VITAMIN E

Function

Vitamin E’s most widely accepted function is that of a bi-
ological antioxidant (Sies, 1993). Its lipophilic nature allows
it to incorporate into cell membranes where it serves to pro-
tect unsaturated lipids and other susceptible membrane com-
ponents against oxidative damage. Vitamin E donates a hy-
drogen atom from its phenolic group to lipid peroxyl
radicals produced during auto-oxidation of membrane
polyunsaturated fatty acids forming a more stable lipid per-
oxide and stable tocopheryl radical. The subsequent lipid
peroxides are further degraded by selenium-dependent glu-
tathione peroxidase. A detailed description of vitamin E’s
antioxidant function is described by Pryor (2001).

Dietary Sources

Vitamin E activity originates from eight different natu-
rally occurring compounds, four tocopherols (o, B, ¥, 8) and
four tocotrienols (o, B, v, 8). Both tocopherols and to-
cotrienols consist of a chromanol ring and a 16-C side chain.
Tocopherols have a saturated side chain, whereas to-
cotrienols contain an unsaturated side chain. The o, B, y, and
O forms differ due to placement and number of methyl
groups on the chromanol ring, which accounts for some of
the differences in vitamin E activity among the different
forms (Lynch, 1996a). The side chain of a-tocopherol con-
tains three asymmetric carbons resulting in eight different
stereoisomers. Naturally occurring tocopherols exist as the
2R 4R 8'R (commonly referred to as RRR) stereoisomer.
Naturally occurring RRR-o-tocopherol contains the greatest
biological activity (1.49 TU/mg) of the different vitamin E
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forms. Concentration of naturally occurring vitamin E activ-
ity varies considerably in typical feeds used for horses (NRC,
1989; Lynch, 1996b). Fresh forages and those harvested at an
immature state generally contain the highest concentrations
of vitamin E activity (30—100 IU/kg DM), while grains (e.g.,
corn, oats, and barley) tend to have lesser concentrations
(20-30 IU/kg DM). Naturally occurring vitamin E declines
over time in stored feeds. For example, losses of 54—73 per-
cent of vitamin E have been reported in alfalfa stored at 33°C
for 12 weeks (Lynch, 1996b). Therefore, the intake of vita-
min E can vary considerably depending on the horse’s diet.
Many commercial horse feeds account for this variation and
are formulated with supplemental vitamin E (generally, all-
rac-o-tocopheryl acetate) to compensate for potentially lim-
iting concentrations in forages and other raw ingredients
used in horse feed manufacture. Supplemental vitamin E
used in commercial feeds and vitamin supplements are esters
of a-tocopherol (e.g., a-tocopheryl acetate) and is termed
natural-source or synthetic depending upon whether it exists
as the RRR stereoisomer (e.g., RRR-o.-tocopheryl acetate) or
a racemic mixture of the eight stereoisomers (e.g., all-rac-
a-tocopheryl acetate). The natural-source RRR-0.-tocopheryl
acetate contains 1.36 IU/mg, whereas the synthetic all-rac-
o-tocopheryl acetate contains 1 IU/mg. Natural-source
vitamin E appears more efficient at increasing serum
o-tocopherol as compared to synthetic vitamin E. Gansen et
al. (1995) reported a similar increase in serum o-tocopherol
in horses fed diets for 6 weeks supplemented with natural-
source vitamin E (212 mg RRR-o-tocopheryl acetate, 252
mg RRR-y-tocopheryl acetate, and 116 mg RRR-8-tocopheryl
acetate) as compared to those fed diets supplemented with a
synthetic form (672 mg all-rac-o-tocopheryl acetate), but
they noted that the natural source contained approximately
one-third the o-tocopherol as compared to the synthetic
form. Pagan et al. (2005) reported that a synthetic source of
vitamin E (all-rac-o-tocopheryl acetate) was less effective at
elevating plasma o-tocopherol concentrations than natural-
source vitamin E and that natural-source micellized vitamin
E was superior at elevating plasma «-tocopherol during
short-term administration (~ 14 d) as compared to either the
synthetic or natural-source vitamin E.

Deficiency

White muscle disease (also known as nutritional muscu-
lar dystrophy) is a noninflammatory degenerative disease
that affects skeletal and cardiac muscle of foals ranging in
age from birth to 11 months of age (Lofstedt, 1997). Al-
though vitamin E deficiency has been implicated in white
muscle disease (Schougaard et al., 1972; Wilson et al.,
1976), available evidence points to selenium deficiency as
the primary cause rather than vitamin E deficiency (Lofst-
edt, 1997). However, vitamin E along with selenium has
been used in treatment of white muscle disease.
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Equine degenerative myeloencephalopathy (EDM) is an
idiopathic, diffuse, degenerative disease of the spinal cord
and selected parts of the brain in young horses (generally
< 2 years of age) that results in gait deficits (Blythe and
Craig, 1997). Some evidence suggests a role for vitamin E
in the pathophysiology of EDM (Liu et al., 1983; Mayhew
et al., 1987; Gandini et al., 2004); however, an unidentified
familial factor is a prerequisite of the disease (Blythe et al.,
1991). Based on this evidence, EDM does not appear to be
a primary vitamin E deficiency symptom.

Equine motor neuron disease (EMND) is a neurodegen-
erative disorder of the somatic lower motor neurons affect-
ing horses 2 years of age and older (Divers, 2005). Clinical
findings include an acute onset of trembling, almost con-
stant shifting of weight in the rear legs when standing, pro-
longed recumbency, and muscle wasting (Divers, 2005), as
well as ocular manifestations (Riis et al., 1999). Several
lines of evidence support the hypothesis that EMND occurs
following a prolonged period of vitamin E deficiency
(Divers, 2005). Evidence includes serum o-tocopherol con-
centration in affected horses that is often < 1 pg/ml, and in-
duction of equine motor neuron disease in horses fed diets
low in vitamin E (concentration not reported, but it was < 50
to 80 IU/kg DM) for 18-22 months.

Serum o-tocopherol is commonly used as an indicator of
vitamin E status. Craig et al. (1992) found single serum
samples an unsatisfactory indicator of vitamin E status in
horses, and stated this finding may have clinical application
in the evaluation of horses suspected to be affected with
EDM, or other vitamin E-related conditions. Within horse
serum, o-tocopherol concentrations fluctuated considerably
over a 72-hour period in 12 different horses (25 samples/
horse taken at 3-hour intervals). The mean coefficient of
variation (CV) for o-tocopherol in all horses was 12 percent
and ranged from 7-17 percent in individuals. In some in-
stances, serum ¢-tocopherol within an individual horse fluc-
tuated over a 72-hour period from concentrations considered
by the authors as adequate (> 2 pg/ml) through those con-
sidered marginal (1.5-2 pg/ml) and deficient (< 1.5 pg/ml).

Addition of dietary fat containing relatively high concen-
trations of polyunsaturated fatty acids (PUFA, such as corn
oil and soybean oil) has been suggested to decrease vitamin
E status in several species (Muggli, 1989; McDowell, 2000).
Based on work in animals and humans, a ratio of 0.6 mg
a-tocopherol to 1 g PUFA was predicted as a minimum to
protect against vitamin E deficiency (Harris and Embree,
1963); however, as the degree of fatty acid unsaturation in-
creases, the ratio of a-tocopherol:PUFA may be even greater
(Muggli, 1989). Information regarding the relationship be-
tween vitamin E status and PUFA in horses is limited. Addi-
tion of soybean oil (6.4 percent of the total diet; approxi-
mately 20 percent of the total DE intake) to the diet did not
negatively affect serum o-tocopherol concentrations in 2-
year-old horses over a 90-day period, and, in fact, mean
serum oO-tocopherol concentration was greater on day 90 in
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ditionally, some dietary sources of PUFA contain relatively
high concentrations of vitamin E (Hoffman et al., 1998).

Vitamin C and selenium status may also influence vita-
min E status and subsequent requirements. Evidence from
species other than horses suggests vitamin C status can in-
fluence vitamin E status (Halpner et al., 1998; Lauridsen
and Jensen, 2005). The mechanism by which vitamin C in-
fluences vitamin E status may involve either recycling of the
a-tocopheroxyl radical back to a-tocopherol, or a sparing
effect whereby vitamin C quenches free radicals that would
otherwise consume ¢t-tocopherol (Halpner et al., 1998). Se-
lenium is a component of the antioxidant enzyme glu-
tathione peroxidase and has also been demonstrated to spare
vitamin E (Combs, 1996). However, the effect of vitamin C
and selenium status on vitamin E status in horses remains to
be determined.

Toxicity

Vitamin E does not appear to be toxic to horses even at
relatively high intakes, and the upper safe diet concentration
is set at 1,000 IU/kg DM (NRC, 1987). However, this pre-
sumed upper safe level is based on observations in other
species. Coagulopathy and impaired bone mineralization
have been reported in other species consuming diets above
the upper safe level (1,000 IU/kg DM) (NRC, 1987).

Requirements

Maintenance

The first published vitamin E requirement for horses was
15 IU vitamin E/kg diet DM (NRC, 1978), and was based on
concentrations required to maintain erythrocyte stability in
vitamin E-deficient foals (i.e., 0.233 IU/kg BW) (Stowe,
1968a). In the fifth revision (NRC, 1989), the maintenance
vitamin E requirement was increased to 50 IU/kg DM or ap-
proximately 1 IU/kg BW, based on a report of enhanced hu-
moral immune function in mature horses supplemented with
1 IU vitamin E/kg BW (Baalsrud and Overnes, 1986). The
change in vitamin E requirement was also supported by the
finding of Roneus et al. (1986) that 1.4—4.4 IU vitamin E/kg
BW was necessary to maximize tissue stores of vitamin E.
To date there is no new information suggesting maintenance
vitamin E requirement is different from that of the fifth re-
vision of this document (NRC, 1989).

Growth

Vitamin E requirements specific to growth have not been
defined. A vitamin E requirement of 0.233 IU/kg BW was
estimated for foals using erythrocyte stability as a response
variable (Stowe, 1968a), which is approximately 11 IU vita-
min E/kg DM assuming a DM intake of 2.5 percent of BW.
Nutritional muscular dystrophy was identified in neonatal
foals whose dams consumed diets containing low concen-
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trations of vitamin E (approximately 6-8 IU vitamin E/kg
DM); however, this finding was confounded by low sele-
nium intake in the mares (Wilson et al., 1976).

More work is necessary to determine the requirements
for vitamin E specific to growth. Based on the information
available, 80 IU/kg DM recommended in the 1989 NRC is
more than adequate for growing horses. Vitamin E require-
ments of growing horses in the current revision are ex-
pressed as IU/kg BW (2 IU/kg BW), which is equivalent to
80 IU/kg DM assuming 2.5 percent BW as DM intake.

Breeding, Gestation, and Lactation

Stowe (1967) reported a beneficial effect of a low level of
oral vitamin E supplementation (100 IU/d, approximately
10 percent of the current requirement) on reproduction in
barren mares. Ott and Asquith (1981) did not find any ad-
vantage of supplementing 46 IU of additional vitamin E/d to
a ration already containing vitamin E concentration equiv-
alent to NRC (1978) requirements (i.e., 15 IU/kg DM) on re-
breeding efficiency in foaling mares. Supplementation of
200-400 IU vitamin E/d to gestating mares was ineffective
at maintaining serum o-tocopherol concentrations of mares
fed a base diet of preserved forage (Maenpaa et al., 1988b),
yet no outward signs of deficiency were reported. Libido
and seminal characteristics were not affected when stallions
were supplemented with 5,000 IU vitamin E/d, as compared
to an unsupplemented ration consisting of grain mix and
grass hay (Rich et al., 1983). These results suggest that even
the maintenance requirement for vitamin E recommended in
the NRC (1989), i.e., 50 IU/kg DM, is sufficient for repro-
duction in both stallions and mares. Therefore, the require-
ment for reproduction remains unchanged from the previous
revision (i.e., 50 IU/kg DM or 1 IU/kg BW assuming a DM
intake of 2 percent of BW).

Hoffman et al. (1999) reported that foals suckling mares
fed diets containing approximately 160 IU vitamin E/kg
DM, or twice that recommended for broodmares (NRC,
1989), tended to have greater serum immunoglobulin G
(IgG) titers than those suckling mares fed 80 IU vitamin
E/kg DM. This response was thought to be a reflection of the
significantly greater IgG concentration of the colostrum
from those mares. Vitamin E used in the aforementioned ex-
periment was supplied both from the base ration (mixed
grass hay plus a grain-mix-concentrate) and from a supple-
mental source containing all-rac-o-tocopheryl acetate.
Whether or not the difference in antibody titers reported in
these foals results in improved health remains to be deter-
mined. The current vitamin E requirement for lactation is
unchanged from the previous revision (i.e., 80 [U/kg DM or
2 IU/kg BW assuming a DM intake of 2.5 percent BW).

Work

Interest in the vitamin E requirement for work was stim-
ulated by a possible relationship between vitamin E status
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and exertional thabdomyolysis, and the potential for oxida-
tive damage to skeletal muscle during exercise.

A relationship between vitamin E (and selenium) defi-
ciency and exertional rhabdomyolysis was initially sug-
gested (Hill, 1962); however, subsequent studies did not
support this idea (Roneus and Hakkarainen, 1985) and
pointed to multifactorial etiologies (Beech, 1994).

The relationship between vitamin E and exercise-
induced oxidative stress has been investigated in horses.
There is evidence that exercise induces some degree of lipid
oxidation in horses (McMeniman and Hintz, 1992;
Williams et al., 2004a,b), yet its contribution toward oxida-
tive damage of tissues and subsequent health of the horse is
uncertain (McMeniman and Hintz, 1992; Siciliano et al.,
1997). Exercise conditioning has been demonstrated to in-
fluence vitamin E status. Petersson et al. (1991) reported
that plasma, but not middle gluteal muscle, vitamin E con-
centration was lower over a 4-month period in exercised
horses compared with nonexercised controls when they
consumed a diet deficient in vitamin E (NRC, 1989) con-
sisting of grain (7.8 IU E/kg DM) and free choice straw
(18.5 TU E/kg DM). When the ration was supplemented
with vitamin E (grain and straw containing 85.6 and 17 IU
E/kg DM, respectively), there was no difference in plasma
vitamin E between exercised and nonexercised groups. Ad-
ditionally, there was a trend toward an inverse relationship
between middle gluteal muscle vitamin E concentration and
an indicator of lipid oxidation (thiobarbituric acid reactive
substances) in skeletal muscle. Although these horses were
fed a vitamin E-deficient diet over a 4-month period, no
clinical signs of vitamin E deficiency were observed, nor
were blood variables indicative of deficiency altered (red
cell hemolysis, muscle enzyme leakage). It should be noted
that the exercise protocol used in this experiment was rela-
tively light. Vitamin E status of horses performing rigorous
endurance type exercise was improved with levels of sup-
plementation exceeding the current NRC requirement (240
IU/kg DM or approximately 6 IU/kg BW assuming DM in-
take of 2.5 percent of BW: Hoffman et al., 2001; 11.1 IU/kg
BW: Williams et al., 2004b). Siciliano et al. (1997) reported
a decline in both serum (approximately 30 percent) and
middle gluteal muscle vitamin E concentration (approxi-
mately 20 percent) over a 90-day exercise conditioning pe-
riod when horses were fed a basal diet (15-44 IU/kg DM,
or 0.3-0.88 IU/kg BW) or 80 IU/kg DM (1.6 IU/kg BW),
but not in horses fed 300 IU/kg DM (6 IU/kg BW). This
result suggests that dietary concentrations of vitamin E
greater than 80 IU/kg DM and potentially approaching 300
IU/kg DM are necessary to maintain blood and skeletal
muscle concentrations undergoing exercise conditioning.
This finding is in agreement with Saastamoinen and Juusela
(1993), who found that approximately 150-250 IU of vita-
min E/kg DM was necessary to prevent serum vitamin E
concentration from declining in horses receiving regular ex-
ercise. Vitamin E supplementation (5,000 IU/d or approxi-
mately 11.1 IU/kg BW) decreased white blood cell apopto-
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sis and plasma creatine kinase activity during and after a
treadmill-simulated 55-km endurance race (Williams et al.,
2004b).

Although the above findings suggest that vitamin E sup-
plementation exceeding current recommendations may
improve vitamin E status of exercising horses in some situ-
ations, more work using varied dietary vitamin E concentra-
tions and differing exercise protocols is required to establish
optimum requirements necessary to maintain vitamin E
status during exercise. The current requirements are un-
changed from the previous revision, but are expressed per
unit of BW assuming a DM intake of 2, 2.25, and 2.5 per-
cent of BW for light, moderate, and all other levels of work,
respectively (i.e., 80 IU/kg DM is equivalent to 1.6, 1.8, and
2 IU/kg BW for light, moderate, and all other levels of work,
respectively).

VITAMIN K

Function

Vitamin K serves as a cofactor for vitamin K-dependent
carboxylase, which catalyzes the post-translational synthe-
sis of y-carboxyglutamic acid (Gla) from glutamic acid
residues contained in precursor proteins (Ferland, 2001).
The resulting vitamin K-dependent proteins, also referred to
as Gla-proteins, are involved in blood clotting, bone metab-
olism, and vascular health (Dowd et al., 1995; Vermeer et
al., 1996, 2004). Vitamin K has also been suggested to play
a role in brain sphingolipid metabolism through mecha-
nisms that are not well understood (Denisova and Booth,
2005).

Dietary Sources

Vitamin K occurs naturally as phylloquinone (K,;
2-methyl-3-phytyl-1,4-napthoquinone) and the group of
compounds known as menaquinone (K,; 2-methyl-1,4-
napthoquinones) (Ferland, 2001). Phylloquinone is the form
of vitamin K found in plants. Menaquinone is produced by
intestinal bacteria. Menadione (K,;) is a synthetic form of vi-
tamin K used as a feed supplement and is metabolized in the
body to an active form, i.e., menaquinone-4.

Among typical feedstuffs used for horses, forages con-
tain the greatest concentration of vitamin K (2.73-21.6
mg/kg DM) and cereals contain relatively low concentra-
tions (0.2-0.4 mg/kg DM) (McDowell, 1989; Siciliano et
al., 2000a). Menaquinones produced by intestinal bacteria
may also provide the horse with some vitamin K, but the
exact contribution is unknown. Menaquinones derived from
intestinal bacteria can be absorbed in humans and rodents,
but the overall contribution toward meeting vitamin K re-
quirements may be limited by the capacity for absorption in
the lower bowel (Suttie, 1995) and may be inadequate to
maintain optimum status in humans (Ferland, 2001).
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Deficiency

Vitamin K deficiency results in the production of under-
carboxylated Gla-proteins, such as undercarboxylated os-
teocalcin, that lack biological activity. Impairment of blood
coagulation is the major clinical sign of vitamin K defi-
ciency in all species (McDowell, 1989). Vitamin K defi-
ciency has also been implicated in diseases affecting bone
and vascular health in humans (Vermeer et al., 2004).

Vitamin K deficiency in horses due to inadequate vitamin
K consumption has not been identified. Vitamin K antago-
nists such as dicumarol and other coumarin derivatives (e.g.,
warfarin) can impair vitamin K metabolism and result in de-
ficiency symptoms. Dicumarol is produced in moldy sweet
clover hay and has been reported to impair blood coagula-
tion, according to a single report in one horse (McDonald,
1980). Additionally, therapeutic administration of warfarin
to horses can interfere with vitamin K metabolism and im-
pair blood coagulation. Prothrombin time increased in
horses receiving warfarin administration (0.08 mg/kg BW/d
for 4-5 days) and was restored in 24 hours by either intra-
venous or subcutaneous administration of 300-500 mg vita-
min K, (Byars et al., 1986).

Toxicity

Excess intake of phylloquinone appears to be essentially
innocuous. Molitor and Robinson (1940) administered 25
g/kg BW orally or parenterally to laboratory animals with
no adverse effect. Menaquinones and menadione in the diet
probably also have low toxicity. The NRC (1987) proposed
that oral toxic levels are at least 1,000 times the dietary re-
quirement. However, Rebhun et al. (1984) administered
single doses of menadione bisulfite to horses in amounts of
2.1-8.3 mg/kg BW via intramuscular or intravenous routes.
These dosages conformed to manufacturer’s recommenda-
tions, but resulted in renal colic, hematuria, azotemia, and
electrolyte abnormalities consistent with acute renal failure.
At necropsy, lesions of renal tubular nephrosis were found.
Because phylloquinone injectables appear safer than mena-
dione injectables for the human newborn (American Acad-
emy of Pediatrics, 1971), use of the former seems prefer-
able when parenteral vitamin K is administered to the
horse.

Requirements

Dietary vitamin K requirements have not been deter-
mined for the horse (NRC, 1989). Phylloquinone content of
pasture, hay, or both, along with menaquinones synthesized
by intestinal bacteria, presumably meet requirements in all
but the most unusual of circumstances.

Limited reports exist regarding factors influencing vita-
min K requirements of horses. Vitamin K status, as mea-
sured by undercarboxylated osteocalcin, was not affected by
the initiation of exercise training in young horses (18-24
months of age) while consuming a diet containing 2.73 mg
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phylloquinone/kg DM, nor was it correlated to exercise as-
sociated changes in bone mineral or bone pathology (Sicil-
iano et al., 2000a). Vitamin K status, as measured by under-
carboxylated osteocalcin, of foals and weanlings increased
with age possibly reflecting increased forage consumption
and increased capacity for intestinal microbial synthesis of
menaquinone (Siciliano et al., 2000b). Serum undercar-
boxylated osteocalcin was not correlated with medial radi-
ographic bone density in these foals and weanlings. The ef-
fect of lower vitamin K status on bone health in foals
remains to be determined.

THIAMIN

Function

Thiamin is required by pyruvate dehydrogenase, o-
ketoglutarate dehydrogenase, and transketolase, all of which
are involved in carbohydrate metabolism (Bates, 2001).
Pyruvate dehydrogenase and o-ketoglutarate dehydrogenase
are involved in the metabolism of substrates used for adeno-
sine triphosphate (ATP) synthesis (e.g., glucose), whereas
transketolase is involved in the pentose phosphate pathway.

Dietary Sources

Thiamin is found in relatively high concentrations in ce-
real grains (e.g., corn, 3.5; oats, 5.2; wheat, 5.5; barley, 5.7
mg/kg DM), cereal grain byproducts (wheat bran, 8; wheat
middlings, 12; rice bran, 23 mg/kg DM), protein supple-
ments (e.g., cottonseed meal, 6.4; peanut meal, 12 mg/kg
DM), and is particularly high in brewer’s yeast (95.2 mg/kg)
(McDowell, 1989). Thiamin is supplemented as either thi-
amin hydrochloride or mononitrate.

Deficiency

The classical deficiency symptom for thiamin is beriberi
(Bates, 2001). Anorexia, bradycardia, muscle fasciculations,
and ataxia have been reported in cases of thiamin deficiency
in horses (Carroll et al., 1949; Roberts et al., 1949; Cym-
baluk et al., 1978). Carroll et al. (1949) reported thiamin de-
ficiency symptoms in two horses fed semi-purified diets
containing approximately 1.1 mg/kg for a 16-week period.
Thiamin deficiency symptoms have been reported in horses
due to ingestion of bracken fern (Roberts et al., 1949) and
the coccidiostat amprolium (Cymbaluk et al., 1978), both of
which interfere with thiamin metabolism. Thiamin defi-
ciency in horses fed typical feed ingredients, in the absence
of interfering substances, has not been reported.

Toxicity

Thiamin toxicity in horses does not seem likely and has
not been reported (NRC, 1989).
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Requirements

The NRC (1989) requirement for thiamin is 5 mg/kg DM
for working horses and 3 mg/kg DM for all others, and was
based on diet concentrations necessary to maintain appetite
(Carroll et al., 1949), increase growth rate (Jordan, 1979),
improve thiamin balance, and improve biochemical mea-
sures reflective of thiamin function in exercising horses
(Topliff et al., 1981).

Carroll et al. (1949) provided evidence of microbial thi-
amin synthesis in the gastrointestinal tract of horses, partic-
ularly the anterior portion of the large colon. In a follow-up
experiment, evidence indicated microbial thiamin synthesis
alone was inadequate to prevent deficiency symptoms as thi-
amin deficiency symptoms (e.g., loss of appetite, weight
loss, ataxia) were reported in two Percheron horses (2 years
of age, approximately 600-kg BW) fed the same semi-
purified diet containing 1.1 mg thiamin/kg DM (total DM
intake approximately 1.25-1.5 percent of BW) over a 16-
week period (Carroll et al., 1949). One horse died following
19 weeks of the low-thiamin diet and the other improved
over a 12-week period when supplemented with 30 mg
thiamin/d (approximately 5.5 mg thiamin/100 kg BW).

Jordan (1979) reported that weanling ponies (110-130
days of age) fed diets containing 6.6 mg thiamin/kg DM (70
percent corn, 30 percent alfalfa meal) gained more BW
(89.5 percent increase) as compared to those consuming the
basal diet only. Feed intake was not different between the
two groups. No clinical signs of thiamin deficiency were re-
ported in the unsupplemented group.

Topliff et al. (1981) concluded that 3 mg thiamin/kg DM
may not be adequate for exercising horses. This conclusion
was based on the finding that the mean blood thiamin concen-
trations of horses fed diets containing either 4 or 28 mg
thiamin/kg DM were greater than in horses fed diets contain-
ing 2 mg thiamin/kg DM. Additionally, an indicator of pyru-
vate dehydrogenase activity suggested greater activity follow-
ing 30 minutes of exercise in horses fed diets containing 4 or
28 mg thiamin/kg DM as compared to 2 mg thiamin/kg DM.

There is no new evidence to suggest that thiamin re-
quirements are different from NRC (1989). Thiamin re-
quirements in the previous revision, expressed per kg DM,
have been transformed to a BW basis assuming a DM intake
of 2 percent of BW for maintenance, breeding stallions, ges-
tation, and light work; 2.25 percent of BW for moderate
work; and 2.5 percent of BW for all other feeding classes.
For example, a maintenance requirement previously ex-
pressed as 3 mg/kg DM is now expressed as 0.06 mg/kg BW
(i.e., 3 mg/kg DM x 2 kg DM/100 kg BW).

RIBOFLAVIN

Function

Riboflavin is a precursor to the coenzymes flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMN).
Both FAD and FMN are involved in oxidation-reduction re-
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actions used in ATP synthesis, drug metabolism, lipid me-
tabolism, and antioxidant defense mechanisms (i.e., glu-
tathione redox cycle) (Rivlin, 2001).

Dietary Sources

Relative to dietary requirements for horses, values pub-
lished in the U.S. Canadian Feed tables suggest that ri-
boflavin is found in high concentration in legumes such as
alfalfa and clover (13—17 mg/kg DM). However, slightly
lesser concentrations are found in some grass hays (7-10
mg/kg DM), and relatively low concentrations occur in ce-
real grains (1.4—1.7 mg/kg DM) (NRC, 1982). Naturally oc-
curring riboflavin present in feedstuffs is generally in the
form of FAD and FMN, both of which are coenzyme deriv-
atives of riboflavin.

Riboflavin synthesis in the intestine of the adult horse or
pony has been demonstrated by Jones et al. (1946), Carroll
et al. (1949), and Linerode (1966). When Carroll and col-
leagues (1949) fed a riboflavin-deficient diet containing 0.4
mg of riboflavin/kg DM, riboflavin concentrations (mg/kg
ingesta DM) in the various intestinal sections were as fol-
lows: duodenum, 3.8; ileum, 1.1; cecum, 7; anterior large
colon, 9.2; and anterior small colon, 12.2. The increased
concentrations occurring in the cecum and large colon rel-
ative to the foregut are indicative of microbial riboflavin
synthesis.

Deficiency

Although riboflavin deficiency has not been described in
horses, signs in other species include rough hair coat; atro-
phy of the epidermis, hair follicles, and sebaceous glands;
dermatitis; vascularization of the cornea; catarrhal conjunc-
tivitis; photophobia; and excess lacrimation. Some years
ago, it was suggested that periodic ophthalmia (recurrent
uveitis or moon blindness) is a consequence of riboflavin
deficiency (Jones, 1942; Jones et al., 1945). However, the
linkage between the two is not substantial, and invasions of
the cornea by leptospira (Roberts, 1958) or microfilaria
(Onchrocera cervicalis) (Cello, 1962) have been implicated
in the production of periodic ophthalmia.

Toxicity

Little evidence exists of oral toxicity of riboflavin in any
species. Schumacher et al. (1965) reported a reduction in
pups born to rats supplemented with 104 mg of riboflavin/kg
diet. Estimates of the rat LD, for intraperitoneal, subcuta-
neous, and oral administration are 0.56, 5, and more than 10
g of riboflavin/kg BW, respectively.

Requirements

The first NRC riboflavin allowance estimated for horses
was 2.2 mg/kg air-dried feed (NRC, 1949). This estimate
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was based on the work of Pearson et al. (1944a,b) who re-
ported that 44 pg riboflavin’kkg BW (approximately 2.2
mg/kg air dried feed) was adequate based on measurements
of growth and whole body riboflavin status in Shetland
ponies. However, in another report two horses fed a ration
low in B vitamins containing 0.4 mg/kg air-dried feed for 19
weeks did not demonstrate deficiency symptoms attributed
to the low-riboflavin content of the diet (Carroll et al.,
1949). In the fifth NRC revision (1989), the requirement re-
mained similar and was suggested to be no more than 2
mg/kg DM air-dried feed. At the time of this writing, no new
information regarding riboflavin requirements of horses ex-
ists. Horses fed forage-based diets should have a riboflavin
intake well above 2 mg/kg air-dried feed based on estimates
of riboflavin concentration in feedstuffs previously dis-
cussed. Riboflavin requirements in the previous revision,
expressed per kg DM, have been transformed to a BW basis
assuming a DM intake of 2 percent of BW for maintenance,
breeding stallions, gestation, and light work; 2.25 percent
for moderate work; and 2.5 percent of BW for all other feed-
ing classes. For example, a maintenance requirement previ-
ously expressed as 2 mg/kg DM is now expressed as 0.04
mg/kg BW (i.e., 2 mg/kg DM x 2 kg DM/100 kg BW).

NIACIN

Function

Niacin is essential for the coenzymes nicotinamide ade-
nine dinucleotide (NAD) and nicotinamide adenine dinu-
cleotide phosphate (NADP), which are involved in many im-
portant  biological  oxidation-reduction  reactions.
Additionally, NAD has been reported to provide the sub-
strate for three classes of enzymes that transfer ADP-ribose
units to proteins involved in DNA processing, cell differen-
tiation, and cellular calcium mobilization (Jacob, 2001).

Dietary Sources

Niacin is a generic term for nicotinic acid (pyridine-3-
carboxylic acid) and nicotinamide (nicotinic acid amide).
Both nicotinic acid and nicotinamide are equivalent in terms
of their vitamin activity.

Naturally occurring niacin present in feedstuffs is in the
form of NAD and NADP (Jacob, 2001). Both NAD and
NADP are hydrolyzed in the intestinal mucosa to yield
nicotinaminde. Niacin is widely distributed in the diet, but
varies in availability depending upon whether it is in a
bound form (NRC, 1982; McDowell, 1989). Corn, oats, and
barley have been reported to contain 28, 16, and 94 mg
niacin/kg DM, respectively; however, 85-90 percent may be
in an unavailable bound form. Therefore, McDowell (1989)
suggested niacin from cereal grain sources should be ig-
nored or at least given a value of no greater than one-third of
the total niacin. Other reported niacin concentrations for
feedstuffs include: soybean meal, 31 mg/kg DM; alfalfa, 42
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mg/kg DM; and timothy hay, 24 mg/kg DM (NRC, 1982).
Approximately 40 percent of niacin in oilseeds is in a bound
form (McDowell, 1989). No estimate of the percentage of
bound niacin is available for soybean meal or forages com-
monly fed to horses.

Niacin appears to be produced by microbial fermentation
in the hindgut of the horse. Carroll et al. (1949) fed a diet
containing 3 mg of nicotinic acid/kg DM and found the fol-
lowing nicotinic acid concentrations (mg/kg DM) in ingesta:
duodenum, 55; ileum, 58; cecum, 121; anterior large colon,
96; and anterior small colon, 119. Linerode (1966) also con-
cluded that appreciable microbial niacin synthesis occurs in
the cecum and colon of the adult pony.

Niacin can be synthesized from tryptophan in the horse’s
hepatic tissues (Schweigert et al., 1947). The Food and Nu-
trition Board (1998) uses a tryptophan to niacin conversion
of 60 mg tryptophan to 1 mg niacin.

Deficiency

Niacin deficiency has not been described in the horse.
Niacin deficiency in other species results in severe meta-
bolic disorders that manifest as lesions of the skin (e.g., pel-
lagra) and digestive system (McDowell, 1989).

Toxicity

Effects of niacin excess have not been described in the
horse. However, high oral intakes of nicotinic acid have pro-
duced vasodialation, itching, sensations of heat, nausea,
vomiting, headaches, and occasional skin lesions in humans
(Robie, 1967; Hawkins, 1968). In addition, Winter and
Boyer (1973) reported hepatotoxicity from high nicoti-
namide intake. Research with laboratory animals suggests
that daily oral intake greater than 350 mg of nicotinic acid
equivalents/kg BW can be toxic (NRC, 1987). Nicotinic
acid may be tolerated somewhat better than nicotinamide.
Limits for parenteral administration could be lower than
those for oral intake.

Because niacin toxicity has been reported to inhibit the
mobilization of free fatty acids (FFA) from adipose tissue
of humans during exercise (Heath et al., 1993; Murray et
al., 1995), Parker et al. (1997) investigated the effect of 6
weeks of nicotinic supplementation (3 g/d) on niacin status
and plasma FFA concentrations associated with a standard-
ized exercise test. Niacin status was not affected by either
nicotinic acid supplementation or exercise conditioning,
nor was plasma FFA concentration associated with a stan-
dardized exercise test affected by nicotinic acid supplemen-
tation. Interestingly niacin number (the ratio of NAD to
NADP) used as an indicator of niacin status in this experi-
ment ranged from 75 to 100, which is lower than the refer-
ence range for healthy humans (i.e., 127 to 223) (Jacob,
2001).
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Requirements

No dietary requirement for niacin has been established
for horses.

BIOTIN

Function

Biotin is a co-enzyme for four carboxylase enzymes:
acetyl-CoA carboxylase, pyruvate carboxylase, propionyl-
CoA carboxylase, and B-methylcrotonyl-CoA carboxylase
(Zempleni, 2001). These carboxylase enzymes are involved
in fatty acid synthesis (acetyl-CoA carboxylase), gluconeo-
genesis (pyruvate carboxylase), amino acid metabolism
(propionyl-CoA carboxylase and [-methylcrotonyl-CoA
carboxylase), and metabolism of cholesterol and odd-chain
fatty acids (propionyl-CoA carboxylase). As a result biotin
plays an important role in intermediary metabolism.

Biotin is essential for cell proliferation. Biotin’s role in
intermediary metabolism (i.e., carboxylase enzymes), along
with roles in gene expression and biotinylation of histones,
have been suggested as the basis for the role of biotin in cell
proliferation (Zempleni and Mock, 2001).

Dietary Sources

Biotin is 2-keto-3, 4-imadazilido-2-tetrahydrothiophene-
valeric acid and has eight possible isomers of which only d-
biotin contains vitamin activity (McDowell, 1989). Informa-
tion regarding biotin concentration of feedstuffs for horses is
limited. That which is available indicates relatively high con-
centrations for alfalfa (0.2 mg/kg DM, hay; 0.49 mg/kg DM,
fresh); intermediate concentrations for oats (0.11-0.39
mg/kg DM), barley (0.13-0.17 mg/kg DM), and soybean
meal (0.18-0.5 mg/kg DM); and low concentrations for corn
(0.06-0.1 mg/kg DM) (NRC, 1982; McDowell, 1989). Bi-
otin availability has not been assessed for horses, but that for
poultry and swine suggests corn and soybean meal are rela-
tively high at 75-100 percent and 100 percent, respectively
(Baker, 1995). Most naturally occurring biotin exists in a
form bound to protein, i.e., €-N-biotinyl-L-lysine (biocytin),
making availability dependent upon digestibility of the spe-
cific binding proteins (Baker, 1995).

Biotin is also synthesized by intestinal microbes. Carroll
et al. (1949) fed a diet containing less than 0.01 mg of
biotin/kg DM and found the following biotin concentrations
in ingesta (mg/kg of DM): duodenum, less than 0.1; ileum,
0.1; cecum, 0.2; anterior large colon, 3.8; and anterior small
colon, 2.3.

Deficiency

Severe dermatitis is the most common deficiency symp-
tom seen in livestock (McDowell, 1989). No unequivocal
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evidence of biotin deficiency in the horse has been pub-
lished. Signs in other species include inflammation and
cracks of the plantar surface of the feet (Cunha et al., 1946,
1948).

Biotin deficiency has been implicated in some popula-
tions of horses chronically affected with poor hoof quality,
such as soft white line and crumbling, fissured horn at the
bearing border of the hoof wall (Josseck et al., 1995; Zenker
et al., 1995). Daily supplementation with 20 mg biotin im-
proved hoof wall integrity (via macroscopic assessment) fol-
lowing at least 9 months of supplementation, but not growth
rate (Josseck et al., 1995), and improved hoof structure (via
histological assessment) and hoof wall tensile strength fol-
lowing 33 and 38 months of supplementation (Zenker et al.,
1995). Previous observations from uncontrolled field studies
suggested 10-30 mg biotin/d for not less than 6-9 months
improved hardness and integrity of hooves previously of
poor quality (Comben et al., 1984; Kempson, 1987). Using
scanning electron microscopy, Kempson (1987) identified
two types of defects in hoof samples from horses having thin
friable horn. The first type of defect was characterized by a
loss of structure and horn in the stratum externum of the
hoof wall, whereas the second was characterized by a loss of
tubular structure in the inner layers of the hoof wall. The
first defect appeared responsive to biotin supplementation (~
15 mg/d). The second defect, which consisted of approxi-
mately 94 percent of the affected horses studied, was
thought due to dietary protein and calcium deficiency. This
work suggests that some horses with thin friable hoof wall
may benefit from dietary biotin supplementation, while oth-
ers may not.

Buffa et al. (1992) reported increased hoof wall growth
rate and hoof hardness in Thoroughbred and Thoroughbred-
cross horses fed 15 mg biotin/d for 10 months as compared
to controls fed 0.81 mg biotin/d. Reilly et al. (1998) reported
a 15 percent higher hoof wall growth rate in ponies supple-
mented with 0.12 mg biotin/kg BW/d for 5 months as com-
pared to controls fed 0.0015 mg naturally occurring biotin/
kg BW/d.

Toxicity

Effects of excess biotin have not been described in the
horse. Fetal resorption has been reported in rats injected
subcutaneously with 50 to 100 mg biotin/kg BW. Poultry
and swine can tolerate at least 4 to 10 times their dietary re-
quirement and probably much more (NRC, 1987).

Requirements

No controlled studies have been published establishing a
dietary biotin requirement above that supplied by intestinal
synthesis. As stated in the deficiency section, there is some
evidence that biotin supplementation may be useful in im-
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proving hoof integrity in certain horse populations, particu-
larly those affected with poor hoof quality. However, no de-
finitive requirement for biotin has been determined.

FOLATE

Function

Folate is required for numerous biosynthetic pathways
involving transfer and utilization of single carbon units.
Among them are reactions necessary for DNA, purine, and
methionine synthesis (Bailey et al., 2001). Therefore, folate
is particularly important for tissues in which rapid cell
growth, turnover, or some combination is occurring.

Dietary Sources

Folate is a generic term referring to folic acid and natu-
rally occurring folate (Bailey et al., 2001). Folic acid is the
synthetic form of folate and consists of a pteridene bicyclic
ring system, p-aminobenzoic acid and glutamic acid. Natu-
rally occurring dietary folate differs from folic acid in that it
contains 5 to 8 glutamic acids joined in y-peptide linkages,
i.e., polyglutamate form.

Reported values for folate concentration of typical horse
feed ingredients are limited. Those available are for alfalfa
(2.5-4.1 mg/kg DM), timothy hay (2.3 mg/kg DM), and ce-
real grains (corn, 0.3; oats, 0.4; barley, 0.6 mg/kg DM)
(NRC, 1982). Horses consuming fresh forage have greater
serum folate concentrations compared to horses consum-
ing preserved forages, grains, and grain byproducts, which
presumably reflects greater folate concentrations of fresh
forage.

Folic acid appears to be produced in the digestive tract by
microbial synthesis. Carroll et al. (1949) fed a diet contain-
ing less than 0.1 mg folic acid/kg DM and found the fol-
lowing folic acid concentrations in ingesta (mg/kg of DM):
duodenum, 0.9; ileum, 0.5; cecum, 3; anterior large colon,
4.7; and anterior small colon, 2.7.

Bioavailability estimates of folic acid and naturally oc-
curring dietary folate in humans are 85 and 50 percent, re-
spectively (Food and Nutrition Board, 1998). However,
Allen (1984) found that orally administered folic acid was
absorbed poorly in the horse.

Deficiency

Folate deficiency has not been described in the horse
(NRC, 1989). Megaloblastic anemia and leukopenia are
common findings in other species. In addition, tissues hav-
ing a rapid rate of cell growth or tissue regeneration (e.g.,
gastrointestinal tract epithelial lining, epidermis, and bone
marrow) are also affected (McDowell, 1989). Folate defi-
ciency in pregnant women is associated with increased risk
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of preterm delivery, infant low birth weight, fetal growth re-
tardation, and neural tube defects (Bailey et al., 2001).

Sulfadiazine and pyrimethamine are antimicrobials used
to treat equine protozoal myeloencephalitis (EPM). Both of
these drugs can impair folate status. Sulfadiazine inhibits
microbial synthesis of folate by preventing dihydroteroic
acid formation from para-aminobenzoic acid. Pyrimeth-
amine inhibits dihydrofolate reductase, which is necessary
for folate absorption and metabolism. Colahan et al. (2002)
reported a 2 ng/ml reduction in serum folate (5-methyl-
tetrahydrofolate) from approximately 8 to 6 ng/ml follow-
ing 4 days of sulfadiazine and pyrimethamine administra-
tion. Piercy et al. (2002) reported clinical findings
compatible with folate deficiency in a horse treated with
sulfadiazine and pyrimethamine for EPM over a 9-month
period. The findings included hematological defects, hy-
poplastic bone marrow, and dysphagia caused by oral ul-
ceration and glossitis. Serum folate concentration was ap-
proximately 4.5 ng/ml. Folic acid supplementation (19.2
mg/d) accompanied the treatment and was hypothesized to
exacerbate the deficiency by competing for absorption with
the active, reduced form of folate (5-methyl tetrahydrofo-
late). A similar hypothesis was put forth and supported by
the finding of congenital defects in newborn foals born of
mares treated with sulfadiazine and pyrimethamine for
equine protozoal myeolencephalitis during pregnancy, and
also supplemented with folic acid (40 mg/day) for periods
ranging from the last 3 months of gestation to 2 years
(Toribio et al., 1998).

Toxicity

Folate is generally regarded as nontoxic (NRC, 1987).
However, single parenteral doses about 1,000 times greater
than the dietary requirement have been reported to induce
epileptic convulsion and renal hypertrophy in the rat.

As discussed above, folic acid supplementation is not
recommended in horses treated with dihydrofolate reductase
inhibitors (e.g., pyrimethamine) (Toribio et al., 1998; Piercy
et al., 2002).

Requirements

Folate requirements of horses have not been determined.
Folate originating from microbes in the gastrointestinal tract
and that occurring naturally in feeds appears to meet the
needs of most horses. However, Seckington et al. (1967) re-
ported lower serum folate concentration in stabled Thor-
oughbred racehorses and postpartum mares (mean 7.5 and
7.4 ng/ml, respectively) as compared to mature horses at
pasture (mean 11.5 ng/ml). Likewise, serum folate was
lower in race horses undergoing training for 6 months with-
out access to pasture (range 1.5-6.1 ng/ml) as compared to
unexercised horse and pony mares maintained on pasture
(range 6.4—15.8 and 7.4-16.6 ng/ml, for horses and ponies,
respectively: Allen, 1978). Roberts (1983) also reported
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serum folate concentration of horses on pasture was approx-
imately 3-fold that of stabled horses fed preserved forage
and suggested that exercise may increase folate needs of
some horses in training.

The effect of folate status on athletic performance is rel-
atively uninvestigated. Physiological response to exercise
and time to fatigue during a stepwise exercise test carried
out to exhaustion on a high-speed treadmill was not influ-
enced when serum folate was decreased from 8 to 6 ng/ml
following oral administration of sulfadiazine and pyri-
methamine (Colahan et al., 2002). The duration of this ex-
periment was relatively short (i.e., 4 days of sulfadiazine and
pyrimethamine administration) and longer-term effects of
sulfadiazine and pyrimethamine administration on folate
status and exercise performance were not evaluated.

Ordakowski-Burk et al. (2005) reported folate status in
mares and foals from foaling through 6 months of lactation
and concluded folate supplementation was not necessary.
The mares consumed folate from natural sources only (pas-
ture, hay, and supplemental feed) in amounts ranging from
30-80 mg folate/d.

The current lack of information regarding folate require-
ments of horses precludes accurate estimation of a true re-
quirement. Based on the absence of reports of folate defi-
ciency in horses maintained in practical settings, naturally
occurring folate in feeds and that of microbial origin appear
to satisfy the requirement. However, further investigation of
folate requirements for horses not having access to pasture
is warranted, particularly for horses with potentially high re-
quirements, e.g., gestation, lactation, growth, and intense
exercise.

OTHER B-VITAMINS

Information regarding dietary requirements for vitamin
B,,, pantothenic acid, and vitamin B, of horses is either ex-
tremely limited or not available (NRC, 1989). All of these
vitamins appear to be synthesized in the gastrointestinal
tract of horses ( Carroll et al., 1949; Linerode, 1966; Alexan-
der and Davies, 1969; Davies, 1971).

Vitamin B, (cyanocobalamin) is a component of several
enzyme systems involved in purine and pyrimidine synthe-
sis, transfer of methyl groups, protein synthesis, carbohy-
drate, and fat metabolism (McDowell, 2000). Vitamin B, is
not present in plants, but is synthesized by microorganisms
present in the digestive tract. Synthesis of vitamin B,, re-
quires the trace mineral cobalt. Supplemental cobalt (15 mg
cobalt chloride) has been reported to influence serum and
fecal vitamin B,, concentrations (Alexander and Davies,
1969). Stillions et al. (1971b) fed adult horses a semi-
purified diet containing about 1 g of vitamin B, and about
5 mg cobalt/kg air-dry feed. Although serum vitamin B,
concentration and daily urinary vitamin B,, excretion were
lower than with a diet containing 90 ug of vitamin B ,/kg,
daily vitamin B, excretion was about 500 ug or five times
greater than intake on the low- or high-vitamin B, diet, re-
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spectively. No evidence of vitamin B, deficiency was seen,
and hemoglobin and hematocrit values were normal over an
experimental period of 11 months. Horses have remained in
good health while grazing pastures so low in cobalt that ru-
minants confined to them have died (Filmer, 1933). Evi-
dence of absorption of vitamin B,, from the cecum and
colon was reported by Stillions et al. (1971b) and Salminen
(1975). Caple et al. (1982) examined several hundred horses
and reported plasma vitamin B, concentrations of 1.8-7.3
ug/L. Intramuscular injections of vitamin B,, were cleared
rapidly from the plasma, and large amounts were excreted in
the feces via the bile when vitamin B, was administered in-
travenously in foals. Colostrum contributed significantly to
the vitamin B, status of the foal during the first 24 hours
after birth. Much of the vitamin was stored in the liver. In a
survey of 88 horses in various states of physiology and train-
ing, Roberts (1983) found no evidence of vitamin B, defi-
ciency based on serum vitamin B, concentrations or cellu-
lar hematology. No evidence of a dietary vitamin B,
requirement above that supplied by intestinal synthesis has
been reported. Vitamin B, deficiency or toxicity has not
been described in the horse (NRC, 1989).

Pantothenic acid is a constituent of coenzyme A and acyl-
carrier protein, which are involved in numerous metabolic
pathways involving carbohydrates, proteins, lipids, neuro-
transmitters, steroid hormones, porphyrins, and hemoglobin
(McDowell, 2000). Pantothenic acid is widely distributed in
the diet (McDowell, 2000). No signs of deficiency were ob-
served in adult horses fed diets containing 0.8 mg of pan-
tothenic acid or less than 0.2 mg pantothenic acid’kg DM
(Carroll et al., 1949). Likewise, no signs of deficiency were
observed by Pearson and Schmidt (1958) in growing ponies
fed a diet containing 3.2 mg pantothenic acid/kg air-dried
feed. No dietary pantothenic acid requirement has been es-
tablished for horses, nor has a deficiency or toxicity been re-
ported in horses (NRC, 1989).

Vitamin B, is a component of numerous enzymes in-
volved in the metabolism of protein, fats, and carbohydrates,
and it is widely distributed in the diet (McDowell, 2000). No
dietary vitamin B, requirement has been established, nor has
a deficiency or toxicity been reported in horses (NRC, 1989).

VITAMIN C

Function

Vitamin C functions as a biological antioxidant within
the redox system and as a cofactor for mixed function oxi-
dases involved in the synthesis of collagen, carnitine, and
norepinephrine (Johnston, 2001).

Dietary and Other Sources

Vitamin C activity originates from two compounds, L-
ascorbic acid and dehydro-L-ascorbic acid, which are equiv-
alent in biological activity (McDowell, 1989; Johnston,
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2001). Vitamin C concentrations of typical feedstuffs for
horses are not available.

Ascorbic acid, ascorbyl palmitate, and calcium ascorbyl-
2-monophosphate have been used as vitamin C supplements
for horses. Ascorbyl palmitate has been reported to be more
efficient at raising plasma ascorbic acid concentration than
ascorbyl-2-monophosphate (Deaton et al., 2003) or ascorbic
acid (Snow and Frigg, 1987, 1990).

Vitamin C can be synthesized from glucose in several
species (Chatterjee, 1973). Horses also appear to have the
ability to synthesize vitamin C from glucose (Pearson et al.,
1943; Stillions et al., 1971a).

Deficiency

Scurvy, resulting from impaired collagen synthesis, is the
classical vitamin C deficiency symptom. Classic vitamin C
deficiency has not been reported in horses. However, some
authors have reported a relationship between decreased
blood ascorbic acid concentrations in horses and several dis-
eases, including post-operative and post-traumatic wound
infections, epistaxis, strangles, acute rhinopneumonia, and
performance insufficiency (Jaeschke and Keller, 1978b;
Jaeschke, 1984). Serum ascorbic acid concentrations reflec-
tive of deficiency have not been established in horses; how-
ever, several values for healthy horses have been reported.
Jaeschke and Keller (1978a) reported mean serum ascorbic
acid concentration of 488 healthy adult horses was 5.9 + 1.4
wg/ml. Snow et al. (1987) reported mean plasma ascorbic
acid concentrations in a group of approximately 20 unsup-
plemented Thoroughbred racehorses over the period from
February to October ranged from 2—4.2 pg/ml. Mean plasma
ascorbic acid concentrations reported in endurance racing
horses ranged from 0.8—4.6 pg/ml (Hargreaves et al., 2002;
Marlin et al., 2002; Williams et al., 2004a). Pearson et al.
(1943) reported a mean plasma ascorbic acid concentration
of 3.2 £ 1.3 ug/ml in unsupplemented Shetland ponies.

Toxicity

Excess ascorbic acid intakes in humans and laboratory
animals have been reported to produce allergic responses,
oxaluria, uricosuria, and interference with mixed function
oxidase systems; however, there is insufficient information
on the tolerance and toxicity of ascorbic acid in most do-
mestic animals (NRC, 1987). Daily doses of 20 g (approxi-
mately 44 mg ascorbic acid/kg BW) have been administered
to horses over a period of approximately 8 months with no
apparent negative effect (Snow et al., 1987).

Requirements

Dietary vitamin C requirements for the horse have not
been determined and are assumed to be met by endogenous
synthesis (Pearson et al., 1943; Stillions et al., 1971a). Sev-
eral factors, including disease (Jaeschke, 1984), transport
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(Baucus et al., 1990a,b), recurrent airway obstruction (Dea-
ton et al., 2004), old age (> 20 years of age: Ralston et al.,
1988), and endurance exercise (Hargreaves et al., 2002;
Marlin et al., 2002) have been demonstrated to decrease
plasma or serum concentrations of ascorbic acid in horses,
which may suggest an increased consumption of ascorbic
acid pools within the body in the presence of these factors.
However, it is important to note that others have reported an
increase in plasma ascorbic acid concentration (adjusted for
changes in plasma volume) following endurance exercise
(Williams et al., 2004a), or transient increases over a 12-
week period in physically conditioned Thoroughbred race-
horses (de Moffarts et al., 2005), and no apparent difference
between aged and younger horses (Deaton et al., 2004). Fur-
ther investigation is required to determine whether endoge-
nous ascorbic acid synthesis is adequate to meet require-
ments for all horses.
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Water and Water Quality

INTRODUCTION

Water is essential for body fluid balance, digestive func-
tion, and gastrointestinal health. Water, as a universal sol-
vent, can contribute beneficial and/or detrimental nutrients
to the diet of the horse. Horses tolerate water restriction for
extended periods, particularly in the absence of feed (Tasker,
1967a). However, a total lack of water is more rapidly fatal
to horses than a lack of feed. Therefore, health and diet as-
sessments of individual or groups of horses should include
evaluation of water criteria, including the quality and vol-
ume of imbibed water.

BODY FLUID COMPARTMENTS

Water must be consumed to maintain fluid balance. Total
body water (TBW) is partitioned into several main compart-
ments: extracellular fluid (ECF), which includes plasma, in-
terstitial fluid, transcellular fluid, and lymph, and intracellu-
lar fluid (ICF). Total body water in adult horses has been
estimated at 62—-68 percent: ECF at 21-25 percent, plasma
volume (PV) at 4 percent, and ICF at 36-46 percent of body
mass or body weight (BW) (Andrews et al., 1997; Forro et
al. 2000; Fielding et al., 2004). Total body water decreases
linearly as horses age (Agabriel et al., 1984). Empty body
water in foals aged 1, 4, and 8 weeks decreased from 70.6,
to 69.1, to 66.2 percent, respectively, concomitant to in-
creases in body fat content (Doreau et al., 1986). Because of
the higher TBW content, disruption of the fluid supply to
foals creates a more urgent health threat than in adults.

WATER LOSSES

Water balance in the horse is achieved by equalizing
body water loss with water intake. Water intake occurs di-
rectly by drinking liquid water and eating moist feed, and in-
directly through metabolism of carbohydrates, protein, and
fats. All horses lose fluid by four routes—fecal, urinary, res-
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piratory, and cutaneous losses. Lactating mares also lose
fluid through milk secretion. Specific physiologic and hus-
bandry conditions of the horse, such as lactation and cold
weather, elicit different water needs.

Fecal Losses

The intestinal tract is the main water reserve for the
horse; consequently, the main route of water loss by the
horse at maintenance occurs through fluid excreted in feces.
Daily fecal water losses by idle, mature horses fed alfalfa
hay and pregnant mares fed hay-grain diets ranged from
3-3.8 L fluid/100 kg BW (Tasker, 1967a; Freeman et al.,
1999). Horses fed highly digestible grain-based feeds had
drier feces (66 percent moisture) than those fed hay (72—85
percent) (Cymbaluk, 1989, 1990a; Zeyner et al., 2004).
Moist feces (72—85 percent moisture) are common in horses
fed all-forage diets, and excretion of fecal water by horses
fed hay diets represents 55-63 percent of their daily water
intake (Cymbaluk, 1989; Freeman et al., 1999; Warren et al.,
1999). Fecal water content and output was positively corre-
lated to DM and intake (Cymbaluk, 1989, 1990a). Fecal
moisture was not only affected by the amount of dietary
fiber, but also by the type of fiber. Feces of horses fed diets
high in soluble fiber were 5—11 percent wetter than those fed
low-soluble fiber diets (Warren et al., 1999). After 72 hours
of water deprivation, absolute fecal moisture values de-
creased 7 percent but renormalized within 24 hours of rehy-
dration (Sneddon et al., 1993a). Normal horses deprived of
water and feed for 8 days decreased fecal output and fecal
water excretion to 3 percent of normal output (0.4 L/100 kg
BW: Tasker 1967b). Surprisingly, diarrhea occurred after
several days of water and feed deprivation.

Clinical abnormalities that impair water reabsorption
from the gastrointestinal tract increase water loss through
feces (Tasker, 1967c). Horses with induced diarrhea had
fecal moisture exceeding 90 percent and lost twice the vol-
ume of water in feces (5.15 mL/kg BW-hr! or 12.2 L/100



WATER AND WATER QUALITY

kg BW-d™!) than did control horses (Ecke et al., 1998).
Plainly, fluid loss by diarrheic horses can greatly exceed
maintenance water intake. Failure to replenish these fluids
will result in dehydration.

Urine Losses

The kidney regulates body fluid homeostasis in horses.
When fluid intake greatly exceeds needs, high volumes of
dilute urine are produced. Conversely, when water intakes
just meet or are below needs, small volumes of concentrated
urine are excreted. With the exception of renal failure, the
kidney continues to produce small amounts of urine even
under conditions of total water deprivation. This is the base-
line or obligatory urine loss, which in horses was deter-
mined to be about 0.5 L/100 kg BW (Tasker, 1967¢).

Urine volume is typically higher and more variable than
obligatory losses as a result of differences in dietary compo-
sition, water or fluid availability, and metabolic variations in
response to changes in ambient temperature, exercise load, or
gastrointestinal health. Healthy pregnant mares fed mature
grass hay-grain diets with continuous access to water pro-
duced 0.6-0.68 L urine/100 kg BW (Freeman et al., 1999).
By comparison, alfalfa-fed nonpregnant horses produced 2.9
L urine /100 kg BW (Rumbaugh et al., 1982). In the latter
study, when these horses were deprived of feed and water for
3 days, their urine output decreased to 1.24 L/100 kg BW
after 24 hours, 0.65 L/100 kg BW by 48 hours, and plateaued
at 0.63 L/100 kg BW after 72 hours of water deprivation. Ex-
ercise has an unpredictable impact on urine volume. Urine
volumes increased in horses performing submaximal exer-
cise (Hinchcliff et al., 1990), but notably decreased in horses
that were maximally exercised (Schott et al., 1995).

Urine excretion is dynamic and volume changes can be
dramatic and immediate in response to variations in nutrient
intake. Donkeys fed wheat straw, then given alfalfa hay,
which increased their nitrogen intake by 8-fold, had a quadru-
ple increase in urine flow rates (Izraely et al., 1989). Low di-
etary cation-anion difference (DCAD) (85 mEq/kg DM) in-
creased urine volume 72—-110 percent above moderate (190
mEq/kg DM) and high DCAD (380 mEq/kg DM) (McKen-
zie et al., 2003). High potassium diets (5.4 mmol potas-
sium/kg BW) increased urine volume in horses by 2630 per-
cent compared to diets that supplied 4.1 mmol potassium/kg
BW (Jansson et al., 1999). A potassium-chloride paste given
to dehydrated horses increased their water intake but also in-
creased urine flow and glomerular filtration rate (Schott et al.,
2002). Thus, any changes to renal solute load, particularly by
feeding excess protein, sodium, or potassium, can increase
urine volume and increase water intake.

Total Evaporative Fluid Losses

Heat loss in horses, as in other species, is facilitated
through vaporization of water. Evaporative heat losses and,
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therefore, fluid losses occur passively through the skin (dif-
fusion) and lungs. Sweating is an active process, involving
secretion of fluid by sweat glands, and is initiated by in-
creases in body core temperature. Cutaneous fluid losses in
horses increased exponentially above ambient temperatures
of 20°C (Morgan et al., 1997). In horses participating in
long-duration, low-intensity exercise, an estimated 23 per-
cent of evaporative metabolic heat loss occurs through the
respiratory tract, whereas 70 percent or more occurs through
sweating (Kingston et al., 1997).

Daily evaporative losses for horses kept in a thermoneu-
tral environment were estimated at 10 + 2.7 L/d with a range
of 1.7-3.3 L/100 kg BW (Groenendyk et al., 1988). The
hourly evaporative loss by horses housed at temperatures be-
tween —3°C and 20°C was relatively constant at 48 W/m?
(71 mL fluid/m?) but exceeded 250 W/m?2 (370 mL fluid/m?)
at 37°C (Morgan et al., 1997). Based on the equation (q,,,, b=
48 +1.02 x10*t* . ) derived for evaporative heat loss by the
authors, a 500-kg heat-unadapted horse had an hourly evap-
orative heat loss of 0.48 L at 20°C and 1.5 L at temperatures
35°C or higher. Daily evaporative losses could total 11.5 L
at temperatures of 20°C or lower, but could exceed 36 L if
temperatures of 35°C were sustained. Extended exposure to
temperatures of 35°C or more is uncommon in temperate
climates, and even if protracted, adaptation is likely within
2-3 weeks with concomitant reduction in evaporative losses
(Geor et al., 1996, 2000).

Sweat Losses

Passive cutaneous evaporative loss for idle horses at ther-
moneutrality (between 5-20°C) is predicted at 6 L/d or less.
Elevated body core temperatures as a result of muscular
activity or high ambient temperatures and solar radiation ini-
tiate sweating. Total evaporative fluid losses of worked or
exercised horses depend on duration and intensity of exer-
cise, environmental conditions, and acclimation of the horse
to its climatic environment. Sweating increased dramatically
during the first 2030 minutes of exercise, then plateaued
thereafter (Kingston et al., 1997). Sweat losses may account
for 70-92 percent of total evaporative loss by horses during
exercise (Hodgson et al., 1993; Kingston et al., 1997). Total
body water losses of 20.4 L were reported for horses fol-
lowing a cross-country event (Ecker and Lindinger, 1995)
and body mass losses of 33.8 kg, considered to be largely
fluid losses, were recorded in horses performing long-dura-
tion, low-intensity activity (Kingston et al., 1997). High am-
bient temperatures alone caused evaporative fluid losses to
quadruple (Morgan et al., 1997), where-as increasing ambi-
ent temperature from mild (20°C) to hot (35°C) elevated
evaporative fluid losses of Standardbred horses by 45 percent
(Jansson, 1999).

Training or conditioning and temperature acclimation in-
crease temperature tolerance and thereby impact water in-
take. Training alone altered the sweating rate of horses, but
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imposing conditions of high humidity and high ambient
temperatures further intensified sweating and respiratory
fluid losses (McCutcheon and Geor, 1999, 2000). In cool,
dry temperatures (20°C, 50 percent relative humidity [RH]),
Thoroughbreds performing mild exercise lost 1.5 L
sweat/100 kg BW, which was 82 percent and 73 percent
lower than unacclimated horses doing the same exercise in
hot, dry conditions (34°C, 55 percent RH) or hot, humid
conditions (36°C, 86 percent RH), respectively (Mc-
Cutcheon and Geor, 2000; Geor et al., 2000). Horses par-
tially acclimate within 2 weeks of intermittent daily or pro-
longed exposure to temperature extremes, but full
acclimation required 3 weeks (Geor et al., 2000). Following
3 weeks of acclimation to hot, humid conditions, sweating
rates of Thoroughbred horses were 18 percent lower than
during initial exposure. Acclimation to the environment,
however, does not mean the horse is resistant to dehydration.
Hypohydrated horses, which had lost in excess of 8.5 per-
cent of total body water, continued to sweat with continued
exercise (Kingston et al., 1997). This underscores the need
for vigilant monitoring of hydration status of working
horses.

Dehydration occurs when fluid losses exceed fluid ab-
sorbed. Clinically, signs of dehydration are detected by as-
sessing skin turgor, capillary refill, and heart rate; Collastos
(1999) described severe dehydration at fluid deficits of 8—10
percent.

Respiratory Losses

Respiratory heat losses and, consequently, fluid loss
through vaporization accounted for 19-30 percent of the
total heat produced by horses performing mild to intense ex-
ercise, with absolute fluid losses via the lung of 0.8-2.1 L
(Hodgson et al., 1993; Kingston et al., 1997). These values
would be likely to increase in warm or tropical environ-
ments. Acclimation to high heat was accomplished through
increased sweating and elevated respiratory rates (Geor et
al., 2000). Fluid losses through the respiratory tract are dif-
ficult to quantitate. Respiratory heat loss and, therefore, res-
piratory fluid loss vary with duration and intensity of the ex-
ercise, ambient temperature, and other environmental
conditions imposed during exercise.

Lactational Losses

During the first 2 months of lactation, primiparous and
multiparous Quarter horse mares produced about 1.8 and
2 L milk/100 kg BW daily, respectively, which declined
thereafter (Pool-Anderson et al., 1994). Earlier studies with
Quarter horse mares had reported daily milk volumes up to
2.1 L/100 kg BW over 150 days (Gibbs et al., 1982). Notably
higher daily milk volumes were reported for primiparous and
multiparous heavy and light mares, which produced 2.4 and
2.8 L milk/100 kg BW, respectively (Doreau et al., 1991) and
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for Australian stock horses, which were reported to produce
3.7-3.8 L milk/100 kg BW daily (Martin et al., 1992). Evi-
dently, milking ability can differ among breeds of mares and
with mare parity. Based on these data, lactating mares kept
in thermoneutral environments can be predicted to increase
water intake by at least 37-74 percent above maintenance
needs solely to meet lactational demands. These water in-
creases are only for milk production. Coupled with milk pro-
duction, lactating mares also have an increased feed intake
which further elevates water demand during lactation (see
Pregnancy and Lactation Requirements).

WATER INTAKE

Horses obtain water by drinking liquid water, from water
in feed, and from water generated by metabolic breakdown
of dietary carbohydrates, protein, and fat. On pasture, grass
can contribute a substantial amount of water, but in a typical
hay-grain feeding program, the feed and metabolic water
contribute little to the daily water requirements of horses.
Metabolic water production by Thoroughbred horses fed
hay was estimated at 0.2-0.25 L/hr (van den Berg et al.,
1998). Daily metabolic water production by Standardbred
horses fed alfalfa hay in thermoneutral conditions was esti-
mated at 2.9 £ 0.4 L/d or about 0.68 L/100 kg BW (Groe-
nendyk et al., 1988).

All feeds contain water, but the water content depends on
the feed source. Dry feeds such as hay and grain may con-
tain 10—15 percent moisture, so in a typical diet these feeds
contribute only 1-2 L fluid/d (Freeman et al., 1999). Fresh
forage (pasture), however, can be very high in moisture con-
tent and can contribute a large portion of the daily water
needs of the horse. A vegetative perennial ryegrass pasture
containing 79.6 percent moisture was reportedly consumed
in amounts of 61-75 kg by pregnant mares and 39.5 kg by
nonpregnant mares (Marlow et al., 1983). Although based
on a small sample of horses, these data indicate that fresh
pasture contributed between 31-60 kg fluid, an amount that
approaches the mares’ water requirements (Table 7-1).

Dietary Effects

Diet influences water intake by horses depending on the
amount eaten and by the composition of the consumed feed.
Total DM intake and composition directly affect the amount
of water consumed by mature ponies and weaned foals
(Cymbaluk, 1989, 1990b). Horses fed forage diets ate 19
percent more DM to provide a similar caloric intake to
those fed a mixed diet and, consequently, drank 26 percent
more water (Pagan et al., 1998). Likewise, horses fed 5.8 kg
of a hay-only diet drank 17.8 kg water compared to 10.1 kg
water consumed by horses fed 1.8 kg grain plus 1.3 kg
hay (Danielsen et al., 1995), perhaps because of a lower
DM intake as well as a different dietary composition. Dur-
ing transportation, horses greatly reduced their feed intake
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TABLE 7-1 Estimated Water Needs of Horses®
) Water Average Estimated
Exercise ~ Diet Intake Body Total Range of
Ambient Duration (kg /100 kg BW) (L/100 kg Weight Water Intake ~ Water Intakes”
Class Temperature (°C) (hr) Amount Type BW) (kg) (L/d) (L/d)
Idle, mature 20 — 1.5 5 500 25 21-29
30 — 1.5 Hay only 9.6 48 42-54
20 — 2.0 6.7 335 30-38
Idle, mature 20 — 2.0 Hay-grain 6.2 500 31 27-35
=20 — 2.5 Hay only 8.4 42 37-47
Pregnancy 20 — 2.0 Hay-grain 6.2 500 31 27-35
Lactating 20 — 3.0 Hay only 11.9-13.9 500 65 52-78
20 — 2.5 Hay-grain 9.2-11.2 51 40-63
Moderate exercise 20 1 hr 22 Hay-grain 8.2 500 41 3646
35 (daily average) 1 hr 2.2 16.4 82 72-92
Yearling -10 — 2.0 Hay-grain 6.0 300 18 16-20
20 — 2.0 6.3 19 17-21

“Based on a horse with a mature weight of 500 kg.

"Values are averages and specific water intakes by individual horses may be lower or higher depending on the individual horse’s baseline, its clinical health,
and variations in environmental conditions.

Calculations are based as follows:

1. Maintenance water intake by idle, adult horses is 5 L/100 kg BW when diet is fed at 1.5 kg/100 kg BW.

2. Temperature effects above 20°C (5-20 used as thermoneutral) used the equation of Morgan et al. (1997) to calculate hourly evaporative heat loss (qevap =
48 +1.02x 107 t‘t‘ir) where t; is the ambient temperature measured in °C and Qevap is measured in W/m?, which is converted to mL water based on the con-
version factor of 2,428 J evaporate 1 g (mL) of water. Temperature effects on feed-water intake relationships of yearling horses were based on the equation
derived by Cymbaluk (1990b) in whichY =2.25 + 0.016T (Y = L water/kg DM intake; T = ambient temperature measured in °C). Hence, temperature effects

are incorporated into the dietary component for yearlings.

3. Fluid losses in milk were based on published data indicating that milk production ranges from 1.8-3.8 L/100 kg BW.
4. Sweat and respiratory heat losses during exercise were based on Geor et al. (2000) in which horses lost 1.5 L/100 kg BW fluid at thermoneutral tempera-

tures and 2.5 L/100 kg BW fluid at temperatures above 30°C.

5. Dietary effects assumed that for each 1 kg/100 kg BW of an all-hay diet eaten above 1.5 kg/100 kg BW, water intake would increase 3.4 L/100 kg BW and

would increase 2.4 L/100 kg BW for hay-grain diets.

with attendant reductions in water intake (Smith et al.,
1996).

Although diet affects water intake, the converse is also
true; limiting water intake reduces feed intake. Gradual
water restriction reduced feeding activity by 4-29 percent
(Houpt et al., 2000). After 72 hours of total water depriva-
tion, horses continued to eat concentrate at a near constant
rate, but hay intake dropped by 45 percent (Sneddon et al.,
1993a). Feed consumption, however, did not decrease until
after 48 hours of water deprivation. Ponies and donkeys de-
prived of water for 36 hours reduced their feed intake by 32
percent and 13 percent, respectively (Mueller and Houpt,
1991). Donkeys were tolerant of water deprivation through
water conservation strategies that incurred only modest re-
ductions in feed intake.

Dietary composition—notably fiber, protein, and specific
minerals such as sodium and potassium—can alter water in-
take by the horse, generally through increased urinary ex-
cretion. Water:feed ratios for mature ponies fed grass or al-
falfa hay or high-grain complete pellets were 3.2, 3.3, and 2,
respectively (Cymbaluk, 1989). Similarly, water:feed ratios
of 3.4, 3.3, and 2.6 were reported for horses fed alfalfa-beet
pulp, 77 percent hay-oats, and other forage-grain diets, re-
spectively (Warren et al., 1999). The higher water intakes

when the predominantly forage diets were fed were attrib-
uted to higher intakes of total fiber (Warren et al., 1999).

Water intake has a positive, linear correlation to salt in-
take (y =36.5 + 0.22x where y = daily water intake in mL/kg
BW and x = daily sodium intake in mg/kg BW: Jansson and
Dahlborn, 1999). Yet, salt added to the diet at 1, 3, and 5 per-
cent did not affect water intake or urine volume of horses
(Schryver et al., 1987). Diets containing 5.4 mmol potas-
sium k/kg BW/d increased water intake 6.8 percent com-
pared to diets containing 4.1 mmol K/kg BW to offset the el-
evated urine output associated with elimination of excess
potassium (Jansson et al., 1999).

Temperature Effects

Ambient temperatures that fluctuate radically from ther-
moneutrality influence water intake. Cold weather reduced
water intake by 6—14 percent (Cymbaluk, 1990b). At —8°C
and —17°C, weaned foals drank 2.3 and 2.1 L water/100 kg
BW compared to cohorts housed at temperatures above 8°C,
which drank 2.4 L water/100 kg BW. Free water intake was
directly related to ambient temperatures in the range of —20
to 20°C by the equation Y = 2.25 + 0.016T where Y = L
water/kg DM intake and T = ambient temperature in °C
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(Cymbaluk, 1990b). Compared to water intakes (5.15 L/100
kg BW) during exercise in a thermoneutral environment
(20° C and 45- 50 percent RH), daily water intake increased
79 percent when horses were exercised at high temperatures
(33-35°C) coupled with high humidity (80-85 percent) for
4 hours (Geor et al., 1996).

Water temperature influences water intake depending on
environmental temperature. Cold weather alone reduces
water intake, but horses also drink less cold water than warm
water during cold weather. At 0-5°C, pastured, lactating
mares drank infrequently, but as temperatures increased so
did drinking frequency. During hot weather (30-35°C),
mares drank every 1.8 hours (Crowell-Davis et al., 1985).
Pony stallions kept outdoors or indoors at cool ambient tem-
peratures drank 38—41 percent less near-frozen water than
water heated to an average temperature of 19°C (Kristula
and McDonnell, 1994). Yet, pony stallions kept indoors at
warm ambient temperatures (15-29°C) drank similar
amounts of warm (average 23°C) or icy (0—1°C) water (Mc-
Donnell and Kristula, 1996). Horses given a saline solution
immediately after exercise on a treadmill in a room kept at
25°C at a relative humidity of 60 percent preferred a luke-
warm solution (20°C) to a cool solution (10°C) or warm so-
lution (30°C) (Butudom et al., 2004).

MAINTENANCE REQUIREMENTS

In typical horse management settings, horses consume
most of their daily water needs by drinking liquid water.
Body weight is the main determinant of the total volume of
water imbibed. Maintenance water intake of adult horses fed
a dry diet approaches values of about 5 L/100 kg BW. Free
water intake by normal, nonworking horses fed alfalfa-
timothy or alfalfa hay ad libitum was 5.1-5.6 L/100 kg BW
(Tasker, 1967a; Groenendyk et al., 1988). Likewise, water
intakes of 4.4-4.8 L/100 kg BW were reported for stabled,
grass-fed Namib and Boerperd horses (Sneddon et al.,
1993b). Stabled, mature ponies fed grass or alfalfa hay at
maintenance rates drank 5-5.5 L water/100 kg BW/d (Cym-
baluk, 1989). Average maintenance water intakes are about
5 L/100 kg BW/d, but individual horses of similar weight
fed similar diets can have very different water intakes. Not
only are differences evident among horses, but also the same
individual has very different day-to-day water intakes
(Groenendyk et al., 1988). Absolute water intake by preg-
nant mares fed identical diets varied by 16-20 percent and
weight-scaled water intake varied by 11-13 percent from the
average (Freeman et al., 1999). Similarly, individual Stan-
dardbred horses had absolute water intakes that deviated
21-25 percent from the average (Nyman et al., 2002),
whereas Thoroughbred mares had weight-scaled water in-
takes that varied 64 percent (Smith et al., 1996). Daily vari-
ation in water intake by the same horse has been attributed
to variation in voluntary DM intake or variation in intake of
other dietary components such as salt (Jansson and
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Dahlborn, 1999). Although breed differences in water intake
have not been identified in horses, donkeys appear to drink
less water then ponies. Donkeys housed and fed similarly to
ponies drank 30 percent less water (5 L/100 kg BW) than the
ponies (6.5 L/100 kg BW) but also consumed 16 percent
less feed (Mueller and Houpt, 1991). Based on these data,
the estimated maintenance requirement for water by a 500-
kg horse kept at thermoneutral temperatures fed hay at 1.5
kg/100 kg BW ranges from 21-29 L/day.

Suckling Foal Requirements

Nursing and orphan foals drink water in addition to the
fluid obtained from the dam’s milk or liquid milk replacer.
Thus, accessible water should be available to dam and foal
at all times. Pastured, suckling foals drank 3.9 kg of water at
1 month of age in addition to suckling 17.4 kg milk and con-
tinued to increase water intake up to 5.5 kg/d during the next
month of growth with no concurrent decreases in milk in-
take (Martin et al., 1992). Orphan foals drank a total of
14.8-15.9 L fluid (water and liquid milk replacer)/100 kg
BW beginning at 1 week of age, which progressively de-
clined to 10.2-10.8 L/100 kg BW by 7 weeks of age as re-
liance on formula decreased and creep feed intake increased
(Cymbaluk et al., 1993).

Pregnancy and Lactation Requirements

Pregnancy does not appear to impose increases in water
intakes above maintenance except in response to diet type or
imposition of exercise. Pregnant, idle mares kept indoors at
thermoneutral temperatures fed a grass hay-grain diet at 2.2
percent of body weight drank 4.5-5.9 L water/100 kg BW,
irrespective of whether water was provided intermittently or
ad libitum (Freeman et al., 1999). Both absolute and weight-
scaled water intakes declined slightly during pregnancy.
Higher water intakes (6.9 L/100 kg BW) were reported for
pregnant Thoroughbred mares fed hay-only diets (Houpt et
al., 2000). Total daily water intakes by pregnant mares
weighing 500 kg depend in part on diet but are expected to
be in the range of 27-38 L.

Few water intake data are available for lactating mares,
but water intakes may increase significantly above mainte-
nance and pregnancy because mares lose additional fluid
through lactation and eat considerably more feed to sustain
milk production (Doreau et al., 1992). Dry matter intake by
draft mares after 2 weeks lactation exceeded 3 kg DM/100
kg BW whether the mares were fed a high-forage or high-
concentrate diet (Doreau et al., 1992). Adult horses typically
ate 2 kg DM/100 kg BW (Dulphy et al., 1997) and pregnant
mares ate 1.7-1.8 kg DM/100 kg BW (Doreau et al., 1991).
Consequently, water intake by lactating mares would be ex-
pected to increase by 50-75 percent to compensate for a
higher feed intake. Coupled with an increase of 37-74 per-
cent in water intake to offset milk secretion, lactating mares
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would be expected to drink 1.8-2.5-fold more water than
consumed at maintenance in thermoneutral conditions. Total
water intakes will vary with diet and ambient temperature
but volumes of 40-78 L/d are predicted for a 500-kg lactat-
ing mare, or approximately 2- to 3-fold greater than at main-
tenance.

Work or Exercise Requirements

Water needs of working or competitive horses are diffi-
cult to predict. Water loss and water intake depend on envi-
ronmental conditions (mainly ambient temperature, humid-
ity, and solar radiation), duration and intensity of the work,
and fitness and acclimation of the horse to specific environ-
mental conditions. Light activity causes only marginal in-
creases in water intake. Lightly trained horses drank 24 L
water by bucket or 17 L from an automatic water bowl
(Nyman et al., 2002), which are within a maintenance range.
However, in actual performance, fluid losses can be exten-
sive depending on exercise duration and intensity and envi-
ronmental conditions. Body weight losses of Arabian horses
after an 80- or 160-km endurance ride averaged 15 + 2.2 kg,
with a maximum loss of 28.2 kg (Schott et al., 1997).
Weight losses were considered to be largely fluid and repre-
sented losses of 3.6-7.7 percent of BW. To calculate water
needs of exercised horses, both weather conditions and ex-
ercise load must be considered. In hot weather, unexercised
horses sustained hourly sweat losses of 1.5 L/100 kg BW. In
hot, humid conditions, horses performing submaximal exer-
cise lost fluid through sweat at rates of 2-2.5 L/100 kg
BW-hr! compared to 1.5 L/100 kg BW-hr~! in cool, dry en-
vironments (Geor et al., 2000). Based on these data, water
intake by exercised horses can increase 2- to 3-fold over
maintenance depending on the duration and conditions of
exercise. Total water intakes by a 500-kg horse could range
from 36-92 L per day depending on conditions of exercise
(Table 7-1).

For most forms of horse activity, liquid water is sufficient
to offset fluid losses. Special considerations are needed for
horses involved in intense physical work or exercise, espe-
cially when exercise is performed in hot, humid, sunny con-
ditions. Water, although certainly the most available fluid
source, may not be the preferred fluid of choice during ex-
ercise or during recovery of the work-exhausted horse.
Compared to giving no fluid during exercise, providing
water or electrolyte solution was beneficial in reducing the
extent of the fluid loss but neither solution prevented hypo-
hydration (Geor and McCutcheon, 1998). In all cases, the
choice of fluid for rehydrating exhausted horses should al-
ways be made in conjunction with a clinician.

Transportation of horses creates its own unique water
drinking requirements and behaviors. Horses that were of-
fered water during transport showed a diurnal water intake
pattern consuming less water during the cool periods of the
day. During transportation, both water and feed intake de-
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creased (Smith et al., 1996). Horses transported for longer
than 30 hours without water became unfit for further trans-
port, whereas those given water were able to tolerate an ad-
ditional 2 hours of transportation (Friend, 2000).

DRINKING BEHAVIOR OF HORSES

Water consumption by horses is episodic and circadian.
Drinking patterns are modified by water source, water avail-
ability, and age of the horse. Each drinking episode is bipha-
sic: a long single draught is followed by sips of shorter du-
ration. Normal drinking behavior for housed, adult horses
has the following characteristics: episodes occur 2—8 times
per day and last 10-60 seconds per episode with a cumula-
tive daily total drinking duration of 1-8 minutes (McDon-
nell et al., 1999). The number of drinking bouts reported for
horses watered through pressure-valve water bowls, float-
valve water bowls, and buckets ranged from 16-21 episodes
daily with drinking durations of 10-52 seconds per episode
(Nyman and Dahlborn, 2001). In the first 5 minutes after ex-
ercise, horses had 6, 10, and 11 drinking episodes when
saline was offered at temperatures of 10, 20, and 30°C, re-
spectively (Butudom et al., 2004). During the subsequent
hour of recovery, drinking episodes of water decreased
(4-4.6) and were unaffected by temperature of the offered
water.

The duration of a drinking episode by horses is brief.
Suckling foals spent little total time drinking water and
drinking bouts were short, only lasting 0.34 £ 0.06 minutes
(Crowell-Davis et al., 1985). The daily frequency of drink-
ing episodes by pregnant mares fed dry feed and housed in-
doors ranged from 18-39 times and each drinking episode
lasted from 0.22-0.44 minutes (McDonnell et al., 1999).
Drinking bouts by lactating mares on pasture were remark-
ably similar, lasting 0.39 + 0.02 minutes (Crowell-Davis et
al., 1985). Drinking bouts by bucket-watered pony geldings
lasted 12.2-24.2 seconds (Sweeting and Houpt, 1987), sim-
ilar to mean values of 11-28 seconds observed for group-
transported horses (Gibbs and Friend, 2000). Thus, the total
time during the day a horse spends drinking is remarkably
small. Pregnant heavy and light mares with ad libitum ac-
cess to water drank for 6.2 min/d compared to 5.7-10.7
min/d when offered water at regular intervals using a float-
type water bowl (McDonnell et al., 1999; Flannigan, 2001).
Likewise, Standardbred geldings spent a total daily drinking
time of 3—15 minutes irrespective of whether the water was
supplied in buckets or by water bowls equipped with either
a float valve or pressure valve (Nyman and Dahlborn, 2001).
Longer daily drinking times (21-27 min/d) were reported
for ponies fed and watered ad libitum (Sufit et al., 1985).

The type of water bowl and watering method can influ-
ence duration of drinking and volume of water consumed.
Bowls holding water 2.5-5 cm deep appeared to increase the
drinking duration of horses, because the depth may have re-
stricted the horse’s ability to ingest water quickly (McDon-
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nell et al., 1999). In a preference test comparing water bowls
to buckets, horses favored drinking from buckets and drank
98 percent of their daily intake from buckets and only 2 per-
cent from a pressure-valve bowl or a float-valve bowl
(Nyman and Dahlborn, 2001). As seen with shallow water
bowls (McDonnell et al., 1999), horses spent more time
drinking from the pressure-valve waterer but consumed less
water than when water was supplied by bucket or float wa-
terers (Nyman et al., 2002).

Horses drink when they eat (Sufit et al., 1985; McDon-
nell et al., 1999; Nyman and Dahlborn, 2001). Drinking was
periprandial (less than 2 hours after eating) for 75-89 per-
cent of the drinking episodes observed in ponies fed ad libi-
tum and horses fed four times daily (Sufit et al., 1985;
Nyman and Dahlborn, 2001). Prandial drinking was felt to
occur as a response to an increased plasma osmolality or
total serum protein associated with the consumption of feed
(Sufit et al., 1985; Pagan and Harris, 1999). Water intake rel-
ative to the time of grain feeding was significantly altered
when hay was fed at the same time, 2 hours before or 4
hours after feeding grain (Pagan and Harris, 1999). How-
ever, peak water intakes fell within the 2-hour periprandial
period of hay feeding. By contrast, daily water intake pat-
terns of Standardbred horses offered similar amounts of hay-
oats diets either two or six times per day did not differ (Jans-
son and Dahlborn, 1999). Total water intake was unaffected
by feeding frequency, but water consumed at each feeding
period was not uniform through the day. Horses drank more
water in the afternoon and evening than in the morning
(Jansson and Dahlborn, 1999). Pastured, lactating mares
drank 86.4 percent of their daily water intake between 9:00
am and 9:00 pm (Crowell-Davis, 1985).

Stall-housed horses are commonly observed to dip hay or
wet hay in the manger (McDonnell et al., 1999). Although
hay dipping and unlimited access to water can create hy-
giene problems in mangers (Freeman et al., 1999), this be-
havior was felt to be a normal way to moisten dry feed to
make it more palatable and easier to masticate (McDonnell
et al., 1999).

The behavioral manifestations of water restriction are
less dramatic than those of horses totally deprived of water.
In water-restricted horses, the only behavioral changes
recorded were a reduction in time spent eating and an in-
crease in time spent mouthing the watering buckets (Houpt
et al., 2000). Horses deprived of water for 8 days showed re-
markably few behavioral changes except a loss of skin tur-
gor and a tucked-up appearance (Tasker, 1967c).

WATER MANAGEMENT

Regardless of how water intake measurements are made,
interpretation of adequacy of water intake must integrate in-
formation related to BW, age, diet, exercise intensity and du-
ration, lactation needs, ambient temperature, and gastroin-
testinal health. Adequacy of water intake can be evaluated
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directly or indirectly. Water source and availability can be
readily assessed. Direct measure of water intake is the sim-
plest and most reliable way to measure volume of water
drunk by the horse. Water intakes are easily attained for
bucket-watered horses. Simple water meters can be grafted
into water lines of automatic watering systems. Water intakes
are recorded over a period of days, and then daily water in-
takes can be interpreted as appropriate for the horse’s weight,
diet, function, and ambient housing temperature.

Water can be provided in various ways. The simplest
guideline for watering horses is to provide fresh, clean water
at all times, but often this is neither possible nor hygienic.
Obvious limitations exist where horses graze on extensive
pastures and must walk considerable distances to get to
water, or in unheated riding stables where cold temperatures
freeze water lines, thereby precluding use of automatic wa-
tering systems. Intermittent provision of water in voluntary
amounts supplied horses with their maintenance water needs
(Freeman et al., 1999), so the use of buckets for watering as
appears to be the practice in many horse barns is acceptable
as long as sufficient water is provided. Buckets are still
commonly used in horse husbandry and are not only pre-
ferred by horses (Nyman et al., 1997) but, along with bulk
water tanks and automatic waterers, are associated with sig-
nificantly lower risks of colic (Kaneene et al., 1997).

WATER QUALITY FOR HORSES

Water quality refers to both the suitable and unsuitable
characteristics of water that determine whether it is accept-
able for a specific purpose or use. Acceptable water stan-
dards may vary regionally, nationally, and internationally.
The upper limits and acceptable concentrations of sub-
stances in water that are currently used in the United States
are largely based on the summary of data described by an
NRC (1974) document. Individual states may or may not
have updated livestock water quality criteria since that pub-
lication. Many water quality criteria can be cross-referenced
at the extensive database available through the USDA Co-
operative State Research, Education, and Extension Service
(CSREES) National Water Quality Network (http://www.
usawaterquality.org) and the United States Geological Sur-
vey (http://waterdata.usgs.gov/nwis/). Maximum acceptable
concentrations, interim acceptable concentrations, and aes-
thetic objectives of chemical components for livestock were
recently updated for Australia and New Zealand (ANZECC,
2000) and Canada (CCME, 2002). A vast body of water re-
search has been accumulated since the NRC publication in
1974, yet water quality data for livestock consumption ap-
pear to have received less attention than water contamina-
tion by livestock. The absence of controlled studies on water
quality for horses makes it necessary to adapt water quality
standards for horses from safety indexes used for other do-
mestic livestock or for humans.
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Horses do not drink pure water. Horses drink ground
(deep or shallow aquifers) and surface water (streams, lakes,
ponds, dugouts, and sloughs), which acquires all the aspects
of the geochemistry, runoff, evaporation, precipitation,
farming practices, and human and animal activity in its sur-
roundings. Because of these numerous influences, water
characteristics from wells and surface waters are constantly
changing. Thus, a single water analysis is not representative
of the chemical attributes of the water ingested by the horse
throughout the year.

Ground water is a source of free water whose water com-
position can be altered by dissolution, precipitation, ion ex-
change, or reduction or oxidation of compounds percolating
through soil and rock. A near linear relationship exists be-
tween mineralization and the depth of the ground water. Gen-
erally, the principal anion in shallow wells is bicarbonate, fol-
lowed by sulphate in deeper wells, while chlorides dominate
in the deepest wells. Calcium is the major cation in water of
shallow wells, followed by magnesium then transitioning to
sodium in deeper wells. These are generalizations: specific
wells may have quite different cation and anion distributions.

Physical Criteria

Physical criteria used to describe water quality are tur-
bidity, total dissolved solids (TDS), odor, color, and temper-
ature. Turbidity assesses water clarity but is a seldom-used
criterion. Turbidity in water may increase significantly after
extreme rainfall and runoff events (Kistemann et al., 2002).
Odor may affect water palatability for horses, but this is not
a test frequently conducted on livestock water. Distinctive
odors in water are attributed to sulfates, tannins, manure,
rotting vegetation, and algal and microbial byproducts
(Hargesheimer and Watson, 1996). There are no controlled
studies to assess the impact of odoriferous water on intake
by horses, but clean water may be important. Transported
horses drank notably less water from a trough contaminated
with feces (Friend, 2000). Color does not usually affect
water quality or horse health but can affect human percep-
tion of quality for their horses. Pigments that give color to
water can originate from suspended soil particles, tannins
arising from organic matter, or iron-fixing bacteria. The lat-
ter are not uncommon in inconsistently cleaned water bowls.

Temperature not only affects the palatability of water for
horses, but also it can affect growth of bacteria and certain
algae. At cool ambient temperature, horses drank 3441 per-
cent less icy water than warm water (Kristula and McDon-
nell, 1994), but when ambient temperatures were warm,
their intakes did not differ between icy or warm water (Mc-
Donnell and Kristula, 1996).

Chemical Criteria

Water quality is most commonly associated with its
chemical characteristics. For livestock, water suitability is
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often based on TDS or total soluble salts (TSS) (Table 7-2).
TDS is a measure of the aggregate composition of the ions
in the water but does not discern the type of ions present—
only the concentration of ions present in the water sample.
Depending on type of ion present, water may or may not be
palatable. Water has been described in terms of TDS con-
centrations. A TDS of less than 1,500 mg/L indicates fresh
water, 1,500-5,000 mg/L indicates brackish water, 5,000—
30,000 mg/L is saline water, 30,000—100,000 mg/L is sea-
water, and greater than 100,000 mg/L is brine (NRC, 1974).
Typically, surface water has a lower TDS than groundwater.

Australian and New Zealand livestock quality guidelines
(ANZECC, 2000) suggest that water with a TDS of 0—4,000
mg/L causes no adverse effects in horses, water with
4,000-6,000 mg/L TDS might affect initial intake until
adaptation occurs, but waters with greater than 6,000 mg/L
may affect health and productivity. These guidelines, how-
ever, were not confirmed with studies using horses. Gener-
ally, TDS is low (< 350 mg/L) in waters found on both
coasts of North America. High TDS (> 2,500 mg/L) are
found only in small areas of Texas (NRC, 1974).

Hardness is the total cationic effect of calcium and mag-
nesium in water. Past methods of analysis equated hardness
with calcium carbonate equivalents. Water quality in terms
of hardness is given in Table 7-3. Calcium, magnesium, and
sodium are mainly derived from mineral deposits, and
potassium from soil organic matter. A detailed description of
the mineral sources associated with specific water cations
has been described (NRC, 2005). For example, water cal-
cium is typically associated with carbonate, gypsum,
feldspar, pyroxene, and amfibole. Hard water typically con-
tains high concentrations of calcium and magnesium. How-
ever, neither water calcium nor magnesium is felt to con-
tribute significant amounts to the dietary balance of these
minerals to the horse.

The pH of water shows the hydrogen ion concentration
and is an indication of the reactivity of the water with other
dissolved compounds in the water and with containers. The
most important anions in water that contribute to alkalinity

TABLE 7-2 Guidelines for Total Dissolved Solids (TDS)
or Total Soluble Salts (TSS)*

< 1,000 Safe and should pose no health problems

1,000-2,999 Generally safe but may cause a mild temporary diar-
rhea in unaccustomed animals

3,000-4,999 Water may be refused when first offered to animals or
may cause temporary diarrhea. Animal performance
may be less than optimum because water intake is not
optimized

5,000-6,999 Avoid these waters for pregnant or lactating animals.

7,000 This water should not be offered. Health problems or

poor production may occur.

“SOURCE: NRC (1974).
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TABLE 7-3 Water Hardness Guidelines®

Descriptor Hardness (mg/L)
Soft 0-60
Moderately hard 61-120

Hard 121-180

Very hard > 180

“SOURCE: NRC (1974).

are carbonate, bicarbonate, and hydroxyl ions. The acidity
or alkalinity of the water will also determine the biota that
will survive therein. For example, pH values of 5-9 are ac-
cepted for domestic water, and values of 6.5-8.5 are accept-
able for marine and freshwater aquatic life.

The cationic elements in water that affect its quality de-
pend directly on the area and its constituent geological
bedrock and soils (McLeese et al., 1991; Betcher et al.,
1995). Sodium tends to dominate in saline lakes, alkali
lakes, and ground sources. In alkali areas of the Canadian
Prairies, sodium content of water in pig barns averaged as
high as 258 mg/L with a range of 4-1,390 mg/L (McLeese
et al., 1991). Two unconventional sources of sodium con-
tamination of water are water softening agents and road de-
icing salt. In rural and urban locations, cation exchange
water softeners often use sodium chloride to reduce water
hardness. Softened household water contained 278 + 186
mg sodium/L (range 46—1219 mg/L) compared to untreated
municipal water, which had 110 £ 98 mg sodium/L (range
0-253 mg/L) (Yarows et al., 1997). The second unusual
source of extraneous water sodium occurs in northern geo-
graphical areas, which use de-icing salt to melt roadway ice
in winter. During the spring thaw, residues of de-icing salt in
ditch water have been shown to contaminate waterways not
only with sodium, but also with other heavy metals includ-
ing cadmium, copper, lead, and zinc (Backstrom et al.,
2004).

A water sodium concentration of about 350 mg/L will
provide sufficient sodium to meet the daily sodium require-
ments of a horse drinking maintenance amounts of water
(5 L/100 kg BW). The upper limits of sodium concentra-
tions (1,390 mg/L) detected in some Prairie waters
(McLeese et al., 1991) would provide four times the sodium
needed by an idle horse. In other livestock, high water
sodium may reduce the palatability and voluntary intake of
the water and may be a potential cause of dehydration. High
sodium content in water has implications regarding volun-
tary intake of block or loose salt and/or water by horses. A
decreased salt intake could impact horse health if salt is the
only mechanism of providing trace minerals to the horse.
The sodium content of the regional water supply should be
considered during ration formulation.

Bicarbonate, carbonate, sulphate, and chloride are the
principal anions in water. Bicarbonate (carbonate) water is
common in Africa and western Canada. Carbonate and bi-
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carbonate determine the pH and “alkalinity” of water. Chlo-
ride waters occur throughout the world, while sulphate wa-
ters occur in central and western North America. Chloride
content is used to evaluate wastewater usability for agricul-
tural purposes.

Sulphate in water is important in ruminants, especially
if feed molybdenum is high, because the copper-
thiomolybdate complex that forms reduces copper availabil-
ity (Spears, 2003). To date, there is no evidence that high
sulphate water impairs copper utilization in horses. High
sulphate concentrations in water may cause metal corrosion.
A “salty” taste may be detected typically due to the sodium,
the cation most commonly associated with sulphate.

Although few studies have examined individual cation
and anion toxicities in horses, Table 7-4 provides an esti-
mate of generally considered safe upper level concentrations
of some potentially toxic elements for horses. This summary
is an amalgam of past and more recent livestock water
guidelines. The data have generally not been derived from
studies using horses.

Nitrate

High water nitrate and nitrite concentrations are a concern
for humans, particularly infants and the elderly (Fan and
Steinberg, 1996). The upper limit for nitrate-nitrogen in water
for livestock has been specified at 100 mg/L and for nitrite-
nitrogen at 10 mg/L. (NRC, 1974; CCME, 2002). Australian
water guidelines use trigger values of 400 mg nitrate/L and 30
mg nitrite/L. (ANZECC, 2000) or about 90 mg/L nitrate-
nitrogen and 9 mg/L nitrite-nitrogen. Nitrate and nitrite con-
centrations in water analyses are converted to their respective
nitrogen values (nitrate-nitrogen and nitrite-nitrogen) by di-
viding by 4.43 and 3.29. Of the two components, nitrite is
10—15 times more toxic than nitrate. Nitrate, however, can be
converted to nitrite by bacterial reduction in the rumen of cat-
tle or sheep and to a lesser extent in the cecum of the horse.
Nitrite creates its toxic effects by displacing oxygen on the
hemoglobin molecule to form methemoglobin. Methemoglo-
bin reduces oxygen transport to tissue, which results in the
typical respiratory symptoms of nitrite (nitrate) poisoning.
Few cases of nitrite- or nitrate-induced methemoglobinemia
in horses are reported in the literature. A recent report in
which diets containing 1.74—1.85 percent nitrate were fed to
nonpregnant mares observed that neither methemoglobin,
oxygenated haemoglobin, reduced haemoglobin, or hemat-
ocrit were significantly changed after 13 days of feeding de-
spite significant elevations in blood nitrate/nitrite concentra-
tions (Burwash et al., 2005). This suggests that horses may
have a different threshold of nitrate and nitrite tolerance than
ruminants. Generally, feed nitrate is a larger risk than water
nitrate, but the cumulative effects of high feed and water ni-
trate (nitrite) intakes should be avoided.

The nitrate concentration of water has been described in
a multivariable relationship with the following significant
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TABLE 7-4 Generally Considered Safe Upper Level Concentrations (mg/L) of
Some Potentially Toxic Nutrients and Contaminants in Water for Horses

Livestock Livestock
Upper Upper Water Water
Limit Limit Guidelines Guidelines
Element (NRC, 1974) (NRC, 1989) (ANZECC, 2000) (CCME, 2002)
Aluminum — — 5 5
Arsenic 0.2 0.2 0.5 0.025
Boron — — 5 5
Cadmium 0.05 0.05 0.01 0.08
Chromium 1 1 — 0.05
Cobalt 1 1 — 1
Copper 0.5 0.5 0.5-5¢ 0.5-5¢
Fluoride 2 2 2 1-2
Lead 0.1 0.1 0.1 0.1
Mercury 0.01 0.01 0.002 0.03
Molybdenum Not established 0.15 0.5
Nickel 1 1 1 1
Selenium — — 0.02 0.05
Vanadium 0.1 0.1 — 0.1
Zinc 25 25 20 50

“Lower limits for sheep and cattle; higher values for pigs and poultry.

factors: nitrogen fertilizer loading, extent of cropland or pas-
ture, human population density, well-drained soils, depth to
the seasonally high water table, and presence or absence of
unconsolidated sand and gravel aquifers (Nolan et al.,
2002). Manure and agricultural fertilizers are usually felt to
be the main sources of nitrate in water. In agricultural coun-
ties of upstate New York, 10 percent of small farms (100
acres or less) and 23 percent of large farms (501 acres or
more) had water nitrate exceeding 10 mg/L (Gelberg et al.,
1999). Wells less than 15 meters deep, and springs located
on large farms, had higher water nitrate concentrations dur-
ing summer and fall. Agricultural activities, however, differ
from season to season and consequently skew the nitrate
concentration upward or downward during those periods
(Ridder et al., 1974). Scottish streams had the highest fluxes
of ammonia and nitrate-nitrogen during autumn and winter
but acute elevations occurred during or following storm
events (Petry et al., 2002).

Protozoa

Two common pathogenic protozoa in water are Cryp-
tosporidium and Giardia but neither protozoal organism
typically causes significant disease in horses. The oocysts of
both Giardia and Cryptosporidium increase markedly in
tributaries draining agricultural lands following extreme
rainfalls and flooding (Kistemann et al., 2002) and in the
United Kingdom were highest in fall and winter coinciding
with the calving season (Bodley-Tickell et al., 2002). Giar-
dia and Cryptosporidium oocysts are not uncommon in
feces of domestic livestock, especially in calves (Olson et

al., 1997; Rose, 1997; Sturdee et al., 2003) in which diarrhea
is the most common clinical sign. In North America, an av-
erage prevalence of infection with Cryptosporidium in
horses is 16 percent, 50 percent in dairy calves, and 78 per-
cent in sheep (Rose, 1997). Cryptosporidium oocyst num-
bers in feces of British horses varied annually, but the aver-
age prevalence rate was 8.9 percent (Sturdee et al., 2003).
The prevalence of infection in horses with Giardia and
Cryptosporidium in west-central Canada and the Yukon was
20 percent and 17 percent, respectively (Olson et al., 1997).
The threshold live oocyst count of Giardia and Cryp-
tosporidium needed to infect horses is unknown.

Algae

Cyanophyceae (blue-green) and other algae are being
increasingly reported as contaminants of water in associa-
tion with the eutrophication of worldwide water supplies
(de Figueiredo et al., 2004). More importantly, the genera
Microcystis, Aphanizomenon, Planktothrix/Oscillataria,
Nostoc, and Anabaena produce highly toxic hepatotoxins
called microcystins that can affect humans and livestock
(Romanowska-Duda et al., 2002; de Figueiredo et al.,
2004). Cyanophytes can cause taste and odor adulteration
of water described as moldy, musty, grassy, or with a septic-
tank odor. Microcystin-producing algae in the U.S. Mid-
west favored growth in surface waters contaminated with
high total suspended solids, chlorophyll, phosphorus, and
nitrogen compounds, although these conditions were not
invariable (Graham et al., 2004). The calculated trigger
value for microcystin-LR in water for horses is 2.3 pug/L or
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11,500 cells/mL (ANZECC, 2000). These values were
based on maximal water intakes and incorporate several
safety factors, including lowest observed adverse effects
level and inter- and intraspecies variation, but were not
based on studies in horses.

Bacteria

Total coliform bacteria and total fecal coliforms are used
as sentinels of water contamination by fecal pollutants. Total
coliforms are a generic group of gram-negative bacteria that
are distinguished from thermotolerant coliforms (fecal col-
iforms) by a lower tolerance of high temperatures (45°C).
Thermotolerant bacteria used to be considered more indica-
tive of fecal contamination by warm-blooded animals, but
some thermotolerant coliforms are now known to arise from
environmental contaminants. Thermotolerant coliforms are
more specifically related to Escherichia coli, but can also in-
clude the enterobacteria Klebsiella, Citrobacter, and others.
Both methods of bacterial assessment indicate potential con-
tamination of water and can be a gauge of the effectiveness
of water treatment procedures. Increased colony counts of
bacteria and, specifically, fecal streptococci and Clostridium
perfringens were observed in runoff after extensive rainfall
and after floods of forested or agricultural communities
(Kistemann et al., 2002).

The median threshold guideline for thermotolerant col-
iforms for livestock has been given at 100 thermotolerant
coliforms/100 mL (ANZECC, 2000). Canadian livestock
water guidelines do not give a stated threshold coliform
number for livestock because of the variation in pathogenic-
ity of enterobacteria. The coliform bacteria in water most
commonly associated with enteric disease in humans, E.
coli, do not appear to affect horses similarly.
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FORAGES

Forages for horses are largely represented by the aerial
portions of pasture grasses, legumes, and forbs. Forage
grasses are divided into two main categories: cool-season
species that are adapted to temperate conditions and warm-
season grasses that are adapted to subtropical or tropical en-
vironments. Forages may either be grazed directly or con-
served for use when fresh forage is scarce or when pasturing
is not possible. Forages represent a significant portion of the
diet for all classes of post-weaned horses and indeed may
constitute the entire diet for equids in the wild and large
numbers of domesticated horses.

Chemical Composition

Forages consist of the leaf, sheath, and stem of the plant
and, depending on the stage of growth, may also include
flowers and seed-heads. Each of these different plant parts
differs in its chemical composition, and their relative pro-
portions may change substantially during a growing season.
Thus, young plants have a high proportion of leaf; are high
in protein, water, and minerals; and are low in fiber and
lignin. As the season progresses, leaf growth slows, stems
elongate, reproductive structures develop, photosynthate ac-
cumulates, and the cell content:cell wall ratio decreases, all
of which serve to change the overall chemical composition
and hence nutritive value of the plant.

Forages are typically characterized by their high dietary
fiber content, which is largely composed of the structural
carbohydrates (SC) of the plant cell wall and varying
amounts of lignin. Forages also contain nonstructural carbo-
hydrates (NSC) originating from the cell contents and in-
clude the simple sugars, glucose fructose, sucrose, and stor-
age carbohydrates such as starch or fructan (see Figure 10-1,
Chapter 10). Together, the SC and NSC constitute the main
energy-yielding fractions of forage. Starch can be digested
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to glucose by endogenous enzymes in the small intestine
and, together with the free sugars, be absorbed across the
small intestine of the horse and metabolized to yield adeno-
sine triphosphate (ATP). However, the amount of starch di-
gested in the foregut depends upon a number of factors, in-
cluding the quantity and botanical origin of the starch,
quantity of amylolytic enzymes present, other feeds fed, and
interhorse variation. The cell wall carbohydrates and fruc-
tans cannot be digested by mammalian enzymes in the fore-
gut (Nilsson, 1988; Aman and Graham, 1990), but are con-
verted via fermentation by the gut microflora to volatile
fatty acids (VFAs), which are then metabolized to yield ATP.
The efficiency of energy yield via VFAs is lower than that
from glucose absorbed in the small intestine. Furthermore,
the degree to which SC and NSC are degraded depends upon
factors such as their chemical composition, physical confor-
mation, and association with poorly degraded noncarbohy-
drate compounds. As a consequence, the energy value of
forage is governed to a large degree by the types and relative
proportions of digestible and fermentable carbohydrate that
it contains.

Dietary Fiber—Cell Wall Carbohydrates

Plant cell wall carbohydrates are traditionally divided
into three fractions: cellulose (B-linked polymers of glu-
cose), hemicelluloses (polymers of arabinose, xylose, glu-
cose, fucose, mannose, and galactose), and pectins (contain-
ing B-D 1-4-linked galacturonic acid residues, arabinose,
and galactose) (Butler and Bailey, 1973; Aman and Graham,
1990). The sum of these carbohydrates represents the non-
starch polysaccharide (NSP) fraction of the plant cell wall
(see Figure 10-1, Chapter 10). The pectins and polymers of
arabinose, galactose, and mannose are frequently readily de-
graded by the hindgut microflora of nonruminants, whereas
those of cellulose and particularly xylan (composed of xy-
lose residues) are more resistant to breakdown (Graham et
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al., 1986; Moore-Colyer and Longland, 2000). As the plant
matures, these fractions, particularly cellulose, may become
lignified to varying degrees. Lignin is not a carbohydrate,
but is a generic term applied to a group of heterogeneous
compounds derived from the phenylpropanoid pathway.
Lignin can become intimately associated with cell wall car-
bohydrates, rendering them recalcitrant to degradation and
thereby reducing the nutritive value of the forage (Hartley
and Jones, 1977).

Cell Wall Content of Pasture Species

On average over the growing season, cool-season grasses
may typically contain 350-650 g cell wall carbohydrates/kg
dry matter (DM), of which approximately 50-60 percent
may be cellulose, 30-50 percent hemicellulose (most of
which is xylan), and 2—4 percent pectin (Longland et al,,
1995). Cool-season grasses typically contain around 5 per-
cent lignin (MAFF, 1992). Legumes, however, often contain
295-550 g cell wall carbohydrates/kg DM, of which 30-50
percent is cellulose, 25-30 percent hemicellulose (of which
less than half is xylan), and up to 30 percent pectin (Nord-
kvist and Aman, 1986). Thus, in legumes the proportions of
hemicellulose and pectins are lower and higher, respectively,
compared with grasses. Lignin may account for 40-150 g/kg
legume DM (Nordkvist, 1987). For routine feed analysis,
the residue remaining after treatment with neutral detergent
(termed neutral detergent fiber or NDF) is regarded as being
representative of the cell wall content of gramminaceous
feeds, being the sum of the lignin, cellulose, and most of the
hemicellulose fractions. Acid detergent insoluble residues
(acid detergent fiber or ADF) comprise the cellulose and
lignin fractions (see Chapter 10 for further detail). Warm-
season grasses mature more rapidly and tend to have a
greater proportion of cell wall and be more highly lignified
than their cool-season counterparts, and may exceed 800 g
NDF/kg DM (Buxton et al., 1995) and 150 g lignin/kg DM
(Woolfolk et al., 1975). Cell wall composition changes as
the plant matures, with young vegetative growth being rela-
tively high in readily degradable hemicelluloses, with com-
paratively little cellulose and lignin (Dulphy et al., 1997b).
As the plant matures and produces more stem, the propor-
tions of cellulose and lignin increase and those of hemicel-
lulose decrease, with concomitant reductions in ruminal in
vitro degradability as the season progresses (Givens et al.,
1992). Various environmental factors affect cell wall con-
tent: high temperatures tend to increase cell wall content
(Deinum et al., 1968) and lignification in legumes and in
cool- and warm-season grasses (Wilson et al., 1991; Buxton
et al., 1995). As a consequence, forages grown at high tem-
peratures tend to be of reduced feeding value compared to
those grown at lower temperatures. For example, ruminal
NDF digestion was reduced by 13 and 19 percent, respec-
tively, for leaf and stems of Bermudagrass grown at 32°C vs.
22°C (Buxton et al., 1995).

NUTRIENT REQUIREMENTS OF HORSES

Cell Contents

The cell contents comprise the NSC (nonstructural car-
bohydrate fraction, which is the the sum of simple sugars,
fructan, and starch), most of the plant protein, minerals, and
lipids. In immature vegetative tissues, the cell contents may
represent some 66 percent of the total DM; however, with
increasing forage maturity, the proportion of cell contents
decreases and in the mature plant may represent less than 40
percent of the forage DM. Declines in proportions of cell
contents are associated with concomitant reductions in di-
gestibility, the rate of the decline tending to be greater in
legumes than cool-season grasses (Beever et al., 2000).

Carbohydrates

Starch is the major storage carbohydrate in most grass
and legume seeds, and the vegetative (i.e., nonreproductive)
tissues of legumes and warm-season grasses (Chatterton et
al., 1989). Starch production and storage in vegetative tis-
sues occurs within the chloroplasts, and is a self-limiting
process as the chloroplasts become saturated with starch.
However, the storage carbohydrates in the vegetative struc-
tures of many cool-season pasture grasses are fructans, com-
posed of polymers of fructose and glucose (Ojima and
Isawa, 1968; Smith, 1968; Bender and Smith, 1973), with
starch as a relatively minor component (Cairns et al.,
2002a,b; Turner et al., 2002). Photosynthate in excess of im-
mediate plant requirements for growth and metabolism is
converted to fructan and translocated from the leaf to stem.
Thus, fructan production is not self-limiting, allowing high
levels of fructan to accumulate. As a consequence, the aver-
age NSC content of warm-season grasses tends to be sub-
stantially lower than that of fructan-accumulating cool-
season grasses when grown under the same conditions, with
129 and 209 g NSC/kg DM, respectively, observed by Chat-
terton et al. (1989) when studying more than 180 accessions
of warm- and cool-season grasses grown under laboratory
conditions.

The highest total NSC contents reported were 654 and
771 g/kg DM for Phalaris aquatica and Bromus carinatus
spp., respectively, both of which contained 450 g fructan/kg
DM (Chatterton et al., 1989). However, levels of fructan
measured in 10 mixed grass and legume horse pastures in
Germany varied from 10-74 g/kg DM (Vervuert et al., 2005),
whereas orchardgrass in the Mediterranean accumulated up
to 400 g fructan/kg DM in the stem bases (Volaire and
Lelieve, 1997). In a study of total water-soluble carbohydrate
(WSC, the sum of simple sugars and fructan) and fructan
contents of various ryegrass species and varieties in fertilized
field plots over three growing seasons in the United King-
dom, WSC contents of vegetative tissues ranged from less
than 100 g/kg DM to more than 385 g/kg DM with fructan
contents of 75-279 g/kg DM; the remainder of the WSC
fraction was largely composed of sucrose, fructose, and glu-
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cose (Longland et al., 2006). Thus, levels of WSC and fruc-
tan in pasture grasses can vary widely. Although high levels
of NSC may render a forage high in digestible energy (DE),
there is evidence to suggest that overconsumption of starch
(Potter et al., 1992a) or fructan (Pollit et al., 2003) may elicit
the onset of metabolic disorders in horses, such as colic and
laminitis, and high intakes of simple sugars may be involved
in the development of insulin resistance in horses (Hoffman
et al., 2003). Pastures sown with forage species that accumu-
late reduced concentrations of NSC should be used for
equids susceptible to these conditions.

In addition to plant species, various other factors affect
the amounts of NSC that accumulate in forage. Plant tissues
differentially accumulate fructan, with bases of plant parts
accumulating more fructans than the apices, (Williams et al.,
1993), and stems more than leaves (Waite and Boyd, 1953a).
Thus, stems of ryegrass, timothy, fescue, and orchardgrass
contained 1.5- to 10-fold the amount of fructan found in the
leaves of the same plant (Waite and Boyd, 1953b), and, as a
consequence, the NSC content of a plant is influenced by the
leaf:stem ratio. Environmental effects also influence
herbage NSC content. Under conditions of reduced light, ei-
ther through shading or cloud cover (Ciavarella et al., 2000)
or with application of fertilizer nitrogen (Jacobs et al., 1989;
O’Keily et al.,, 2002), NSC accumulation decreased,
whereas drought resulted in an increase in NSC and fructan
(Volaire and Lelievre, 1997). Furthermore, cool tempera-
tures had a profound effect on NSC accumulation, resulting
in 2- to 3-fold higher levels of total NSC in both warm- (166
vs. 92 g/kg DM) and cool-season (312 vs. 107 g/kg DM)
grasses, respectively, when grown at night/day temperatures
of 10/15°C as opposed to 15/25°C (Chatterton et al., 1989).

The NSC levels in plants are in constant flux, being a
function of photosynthetic activity on the one hand and uti-
lization, translocation, and storage for growth and develop-
ment on the other. Thus, due to the combined effects of light
and temperature on NSC accumulation, there are diurnal
variations in NSC content, such that levels of NSC tend to
rise during the morning to reach maxima in the afternoon,
with levels declining overnight until the following daylight
(Bowden et al., 1968; Holt and Hilst, 1969). Similar diurnal
patterns of NSC accumulation have also been reported for
legumes, with starch increasing 2-fold to 200 g/kg DM from
9 am-3 pm in alfalfa (Lechtenberg et al., 1971). There are
also seasonal variations in NSC of grasses and legumes.
Waite and Boyd (1953b), studying perennial ryegrass, timo-
thy, orchardgrass, and fescue, reported that NSC was high-
est in late spring, declining mid-season and rising to inter-
mediate levels in early autumn. Decreases in storage
carbohydrates in legumes also occur with increasing matu-
rity (Demarquilly, 1981). Although these generalized pat-
terns of diurnal and seasonal variation largely hold true
under standardized conditions, they are subject to consider-
able change in the field, as the effects of varying light inten-
sity, temperature, fertilizer, water status, and other factors on
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NSC accumulation are superimposed upon these general-
ized profiles. Furthermore, where fluctuations in tempera-
ture and/or light intensity are minimal, e.g., under tropical
conditions or mid-season in more temperate regions, the
above generalized profiles of NSC accumulation may be
less apparent or may not emerge (Van Soest et al., 1978).
However, in general, environmental influences that both re-
duce photosynthetic activity ( e.g., cloud cover) and enhance
plant growth (e.g., warm, moist, fertile soils) result in low-
ered accumulation of NSC in vegetative tissues, whereas
conditions that enhance photosynthesis but reduce growth
(e.g., high light intensity coupled with cool temperatures)
allow elevated levels of NSC, particularly fructan, to accu-
mulate. It is of note that high levels of pasture NSC (starch,
fructan, or total WSC) have been linked with the onset of
disorders such as laminitis.

Protein

Protein in the vegetative tissues of forages is largely con-
centrated in the leaf, with much lower levels being found in
the stem; thus, alfalfa and timothy leaves contained some 2-
to 3-fold as much protein as the corresponding stem tissue
(Collins, 1988). In addition to plant part, the protein content
of forages also varies greatly with species and differing envi-
ronments. However, when averaged across a growing season,
legumes are higher in protein than grasses, with cool-season
grasses generally higher in protein than warm-season grasses
(Whitman et al., 1951). Stage of growth also had a profound
influence on forage protein content; protein level declined
with plant maturity (Green et al., 1971). In North Dakota, the
average crude protein (CP) content of a number of cool-
season grasses, was 220 g CP/kg DM in April, but declined
to less than 70 g/kg by October. The corresponding values for
a range of warm-season grasses were 150 and < 50 g CP
(Whitman et al., 1951). Likewise, the CP content of alfalfa at
the bud stage can be in the region of 250 g CP/kg DM,
whereas at the mid-bloom stage, it may be 150 g CP/kg DM
(Hunt, 1995). Ear emergence (heading) has been identified as
a critical point after which there is a rapid decline in protein
content and a concomitant increase in that of fiber. Although
the timing of 50 percent heading is relatively constant within
a species, the rate of protein decline varies considerably be-
tween plant species at a given growth stage (Harkess and
Alexander, 1969). Management practices also affect the pro-
tein content of pastures. Frequent defoliation through clip-
ping or grazing results in higher protein contents, because the
herbage is maintained at a younger stage of growth. Clipping
Coastal Bermudagrass once every 2 weeks resulted in swards
that contained 88 percent leaf, 210 g CP/kg DM, and 90 g
lignin/kg DM. The corresponding values for the swards
clipped every 8 weeks were 51, 120, and 120, respectively
(Burton et al., 1995). Fertilizer application also affects the CP
content of grass. The average CP content of cool-season pas-
tures managed for various DM yields rose from approxi-
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mately 250 g CP/kg to 300 g/kg when fertilized with 100 or
400 kg nitrogen/hectare (Humphreys et al., 2001), and the
protein content of Coastal Bermudagrass averaged over a sea-
son was reported to rise from 98 to 155 g CP/kg when re-
ceiving no fertilizer or 400 Ibs/acre, respectively (Evers,
1998). Likewise, application of fertilizer increased the con-
centration of all protein fractions in Bermudagrass, stargrass,
and bahiagrass (Johnson et al., 2001).

Lipid
The lipid content of fresh grass, alfalfa, and clovers is
usually low, in the range of 10-50 g/kg DM (MAFF, 1992).

Minerals

There are wide interspecific variations in forage mineral
contents. Thus, when grown on the same soil, legumes are
generally higher in calcium, potassium, magnesium, copper,
zinc, iron, and cobalt than grasses, whereas grasses tend to
be higher in manganese and molybdenum. In a study of 17
North American grass species grown on the same soil and
sampled at similar growth stages, copper ranged from
4.5-21.1 ppm and manganese from 96-815 ppm (Beeson et
al., 1947). In addition to interspecies differences in forage
mineral content, a number of environmental influences, such
as season, plant maturity, geographical location, soil type,
pH, and fertilizer history, can result in broad intraspecific
variations in plant mineral status (Stout et al., 1977). There
is often a rapid uptake of minerals during early growth that
is reduced by the end of the season. The most common ele-
ments affected by plant growth stage are copper, zinc, iron,
cobalt, and molybdenum (Underwood, 1981). During over-
wintering of forages, leaves, which are often higher in trace
elements than the stem, are lost, with a concommitant re-
duction in minerals with a decrease in the leaf:stem ratio.
Soil pH can have a profound effect on forage mineral status,
with zinc, copper, cobalt, and manganese concentrations in
clover and ryegrass decreasing with increasing soil pH
(Mitchell, 1957). However, expected average mineral con-
tents of forage foliage have been suggested to be approxi-
mately (in g/kg DM): calcium (5-20), phosphorus (2-5),
sodium (0.1-0.3), magnesium (1.2-8), potassium (15-40),
and sulfur (2-3.5) (McDonald et al., 1996; Barker and
Collins, 2003). Average values for forage micromineral con-
tent (ppm) have been given as: iron (50—1,000), manganese
(30-300), boron (10-50), copper (5-15), zinc (10-100),
molybdenum (1-100), and nickel (0.2-2) (Barker and
Collins, 2003).

Vitamins

Forages vary widely in vitamin content. However, im-
mature, leafy forage should normally provide sufficient
carotene and B vitamins for horses (Evans, 1973).
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Summary

Clearly, overall forage quality is affected by plant
species, maturity, and environmental effects. In general, fac-
tors that reduce plant growth and maintain swards at an im-
mature growth stage will enhance forage digestibility
through elevated cell content:cell wall ratios. Conversely,
those factors (e.g., warm temperatures, strong light) that in-
crease rates of growth and development will result in a de-
cline in quality through decreased leaf:stem ratios and asso-
ciated declines in cell contents and increased cell wall
content and lignification. Thus, the quality of warm-season
forages is generally lower than that of cool-season species.
A mean difference of around 15 units of total digestible nu-
trients (TDN) for ruminants between warm-season and cool-
season grasses was recorded (McDowell, 1972, in Van Soest
et al., 1978).

Fresh Pastures for Horses

The feed value of pastures for horses is a function of pas-
ture intake and forage nutrient composition, digestibility,
and bioavailability. Although horses are preferential grazers,
it has been found that some wild ponies in the United King-
dom and feral horses in the United States will ingest up to
20 percent of their daily intake from browse species, even at
times of peak grass growth (Hansen, 1976; Putman et al.,
1987). However, such access to browse species is often lim-
ited for pastured domestic equids: these animals rely on
grass and legume swards, which will be the focus in the rest
of this section.

Pasture Intakes

There is scant information on the voluntary dry matter in-
take (VDMI) of fresh forage by horses, largely due to the
difficulties in measuring intakes by grazing animals. Meth-
ods used include subtraction of harvested residual herbage
from calculated herbage mass allowance (Duren et al.,
1989), marker studies such as use of n-alkanes (Nash, 2001;
Grace and Brody, 2001), measurement of fecal outputs and
known organic matter (OM) or DM digestibilities (Mescho-
nia et al., 1998; Grace et al., 2002a), “cut and carry” tech-
niques to housed animals (Chenost and Martin-Rosset,
1985), change in body weight (BW) after accounting for in-
sensible weight loss and excretory outputs (Ince et al.,
2005), or through determination of bite size, number, and
duration of feedings (Duren et al., 1989).

Estimates of VDMI for grazing horses generally range
from 1.5-3.1 percent of BW (Table 8-1). Average daily DM
intakes were highest for lactating mares, which on average
consumed 2.8 percent of BW whereas the remaining cate-
gories of horse ingested approximately 2 percent of their
BW. This concurs with Dulphy et al. (1997b), who con-
cluded that average DM intakes of fresh forage were in the
region of 2 percent of BW.
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TABLE 8-1 Estimated Voluntary Fresh Matter Intake (VFMI) and Voluntary Dry Matter Intake (VDMI) of Fresh Herbage®
VEMI VDMI VDMI
(g FM/ (g DM/ (g DM/
Type of Horse Type of Forage kg BW) kg BW) kg BWO79) Source
Mature trotters Fresh cut grass (4 species) 98.6 (DM) Chenost and Martin-Rosset
and alfalfa 51.4 (DOM) (1985)
Mature light horses Fresh pasture (first cut) 18 Dulphy et al. (1997a)
Mature light horses Fresh pasture (second cut) 20 Dulphy et al. (1997a)
Nonlactating, heavy breed Natural grassland 175.2 (DM) Fleurance et al. (2001)
mares 166 (OM)
Thoroughbred yearlings Perennial 20 85 Grace et al. (2002a)
Lactating Thoroughbred mares ryegrass/white clover mix 24 118 Grace et al. (2002b)
Weanling Thoroughbreds 18 76.3 Grace et al. (2003)
Lactating Thoroughbred mares Orchardgrass and perennial 117-122 24-26 Marlow et al. (1983)
ryegrass early vegetative stage
Lactating Thoroughbred mares Orchardgrass and perennial 84-100 26-31 Marlow et al. (1983)
ryegrass mid bloom
Nonlactating Thoroughbred Orchardgrass/perennial 73-77 15-22 Marlow et al. (1983)
mares (n = 2) ryegrass
Weanling stock horses 20-30 McMeniman (2003)
1-2-year-old selle Francais 82 (OM) Meschonia et al. (2000)
Draught breed mares Semi-natural, medium- 101-215 Menard et al. (2002)

quality grassland

YDOM = digestible organic matter, OM = organic matter, DM = dry matter

A number of authors have reported that increased
herbage DM intakes are coincident with increased herbage
quality, in terms of digestibility (Moffitt et al., 1987), high
sugar content (Rogalski, 1984), or inferred increased CP and
reduced cell wall contents arising from fertilizer nitrogen
application (Benyovsky et al., 1998). However, other studies
reported decreased intake of higher-quality pastures. For ex-
ample, young Thoroughbred fillies on improved pastures
were more active and spent less time grazing than those
grazing less nutritious swards (Nash and Thompson, 2001).
Thus, the VDMI response of growing horses to increasing
pasture quality may be positive or negative. This has led to
the suggestion that control of VDMI may be a function of
DE intake in these animals (Hoskin and Gee, 2004). Thus,
animals with previously insufficient or marginal DE intakes
may show enhanced VDMI of high-quality pastures,
whereas those with previously adequate DE intakes may re-
duce their VDMI to maintain constant DE intakes.

Pasture Digestibility

Digestibility of fresh pasture varies with plant species
and type. In general, cool-season grasses are more digestible
than warm-season grasses. This is purported to be due to the
higher proportions of easily degraded mesophyll cells in
cool-season grasses compared with their warm-season coun-
terparts, which have higher proportions of more recalcitrant

lignified vascular and schlerenchyma tissues (Akin and Bur-
dick, 1975). Furthermore, plant maturity is an important de-
terminant of forage digestibility, with digestibility declining
with reductions in protein content, and of increases in fiber
associated with the decreases in leaf:stem ratios that occur
during reproductive development and stem elongation.
Warm-season species tend to mature more rapidly than their
cool-season counterparts, with concomitant declines in di-
gestibility. Nutrient digestibilities of various forages at dif-
ferent growth stages are summarized in Table 8-2. Thus, the
DM digestibility of bluegrass/alfalfa swards by horses was
73 percent for young pasture 11 cm tall and 52 percent for
older, more mature swards 47 cm high with a higher pro-
portion of stem than the younger material (McMeniman,
2003). The DM digestibilities of semi-natural grassland of
medium quality were 61 percent in May and 53 percent in
July (Menard et al., 2002). The energy value of pastures at
different seasons has been determined by a number of re-
searchers—the DE of leafy spring ryegrass/white clover
swards and spring/summer pastures were respectively 2.88
(Hunt, 1995) and 2.82 Mcal/kg DM (Gallagher and Mc-
Meniman, 1988; Martin, 1993), declining to 1.9 and 1.8
Mcal/kg DM, when the pasture had a reduced leaf:stem ratio
with the advancing seasons. Similarly the DE of alfalfa de-
clined from 2.87 for immature material to 2.4 Mcal/kg DM
when in full bloom (Hunt, 1995). Digestibility of forage
protein is associated with protein content (Evans, 1973),
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TABLE 8-2 Contents of Digestible Energy and Protein and Apparent Dry Matter and Protein Digestibilities? of Various

Fresh Forages by Horses

DE Cp
(Mcal/ Content

Type of Forage kg DM) (g/kg DM) DMD? CPD¢ Source?
Semi-natural medium-quality grassland

—May 61 Menard et al. (2002)

—June 57

—July 53

—September 55

—October 56
Pasture spring/summer 2.3-2.82 103-130 Gallagher and McMeniman
Pasture/winter 1.8-2.5 121-151 (1988); Martin (1993)
Ryegrass 60 Hussein et al. (2001)
Tall fescue 66
Orchardgrass 71
Spring ryegrass/white clover 2.6-2.83 148-220 Martin (1993)
Spring ryegrass/white clover (leafy) 2.88 220
Summer ryegrass/white clover (leaty) 2.5 150 Hunt (1995)
Late summer, stemmy ryegrass/white clover 1.9 100
Ryegrass/white clover/autumn 2.6 250
Ryegrass/white clover/winter (leaty) 2.7 250
Pre-bloom red clover 2.64 230
Full-bloom red clover 2.4 180 Hunt (1995)
Immature alfalfa 2.87 250
Pre-bloom alfalfa 2.75 220
Early-bloom alfalfa 2.64 200
Mid-bloom alfalfa 2.51 160
Young pitted bluegrass and alfalfa, 11 cm high 73 McMeniman (2003)
Mid-season pitted bluegrass and alfalfa, 23 cm high 68
Late-season pitted bluegrass and alfalfa, 47 cm high 52

“Digestibilities are expressed as percentages.
’DMD = dry matter digestibility.
“CPD = crude protein digestibility.

4All studies used mature horses except McMeniman (2003), which used young horses.

with CP digestibility declining with increased plant maturity
and reduced protein levels.

Feeding Value of Pastures

Ad libitum access to pasture can support nonproductive
adult horses. At certain times of year, this access can cause
them to exceed their requirement for energy and protein, re-
sulting in obesity (Elphinstone, 1981; Hughes and Gal-
lacher, 1993; Marlow et al., 1983).

In a 2-year study on pregnant mares at pasture, it was
found that although pasture nutrient content fluctuated
throughout the seasons to well above and somewhat below
the calculated requirements of the mares, their protein and
energy requirements were met, as they gained weight in two
successive seasons during lactation (Gallagher and Mc-

Meniman, 1988; Martin, 1993). A number of authors have
concluded that providing that there is sufficient pasture of a
DE no less than 2.4 Mcal/kg DM and 105 g CP/kg DM, lac-
tating mares consuming pasture DM at a level equivalent to
2.4 percent of their BW per day would not require diet sup-
plementation for these nutrients (Martin-Rosset et al., 1986;
Doreau et al., 1988; Martin, 1993). However, high-quality,
lush pastures of cocksfoot orchardgrass and perennial rye-
grass, although able to support nonproductive mares, were
unable to sustain lactating Thoroughbred mares. The high
moisture content of the pastures was thought to prevent the
lactating mares from ingesting sufficient dry matter, and
they avidly ate all high-DM forages offered to them. It is of
note that these mares were able to maintain body condition
when the same pastures were of lower moisture content
(Marlow et al., 1983). Keenan (1986) also reported on the
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need to provide high-fiber supplements to horses consum-
ing irrigated, low-DM, low-fiber pastures to prevent bark-
chewing and other undesirable behaviors.

In two separate studies, Bigot et al. (1987) and Staun et
al. (1989) independently fed groups of young horses either
a high or low plane of nutrition during the winter, then
grazed the two groups of horses together each summer, for
3-3.5 years. Although growth was slower in the animals fed
less intensively in winter, they exhibited compensatory
growth such that there was no difference in body weight be-
tween the different groups by the time the animals were 3
years old, demonstrating that pasture was not only able to
support growth, but also was able to redress deficits arising
from suboptimal feeding. However, it is of note that com-
pensatory growth may be associated with an increased risk
of developmental orthopedic disease (DOD). In areas with
an extended growing season, young horses can maintain
steadier growth rates on pasture. For example, the growth
rates of young Thoroughbreds raised entirely on ryegrass-
based pastures in New Zealand (Brown-Douglas, 2003)
were similar to those reported elsewhere for this type of
horse fed cereal concentrates and hay in addition to pasture
(Hintz, 1979; Pagan, 1996).

Pastures can only supply the nutrient requirements of
horses if they are stocked appropriately, where due account is
taken of (1) the quality and yields of the forages, and (2) the
size, workload, and physiological status of the animal. Annual
DM yields from natural unimproved pastures can be less than
1 ton/hectare (t/ha), whereas those from well-managed im-
proved pastures can be 15 t/ha or more (Morrison et al., 1980;
Hopkins et al., 1990). Blue couch, white clover, and lotonon-
sis (Lotononsis bainessi) pastures that provided 2.15 Mcal/kg
DM and 145 g CP/kg DM met the energy and protein re-
quirements of breeding, lactating, and re-breeding Thorough-
bred mares when stocked at density of 1.6 ha per animal (Gal-
lagher and McMeniman, 1988). Grace et al. (2002a,b, 2003)
estimated that 0.2, 0.25, and 0.5 ha per animal was sufficient
for weanlings, yearlings, and lactating mares, respectively,
grazing ryegrass pastures yielding approximately 2 t DM/ha,
but no allowance was made for herbage wastage in these cal-
culations. However, Hunt (1995) regarded 1 ha as sufficient to
support one-and-a-half 500-kg mares plus foals in New
Zealand. Elphinstone (1981) concluded that 1-ha pastures of
kikuyu, blue couch, and Rhodes grass met the nutritional re-
quirements for a mature horse at maintenance or a working
horse in spring and autumn. If pasture is the sole feed for
horses, then knowledge of annual DM yield is desirable to en-
able efficient stocking and utilization of the pastures.

Many well-managed pastures can yield at least 5 t DM/ha
per year. Coupled with conservation of grass in times of
plenty, if well managed, an area of 1 ha of such pasture
should be able to provide sufficient annual forage DM for a
500-kg horse requiring 10 kg DM/d, after accounting for
pasture wastage due to treading and defecation and for
losses during herbage conservation.
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Pasture can meet or often exceed the overall energy and
protein needs of many types of horses. However, intensively
exercised horses or those working for long hours may not be
able to meet their nutritional needs entirely from pasture,
due to increased nutrient demands and reduced time avail-
able for grazing. Furthermore, diets high in indigestible
fiber increase gut fill and, as a consequence, may increase
BW, which may be a disadvantage in certain disciplines
such as racing (Caroll and Huntingdon, 1988) or may be re-
garded as unsightly in the show horse. Although appropriate
gut fill is regarded as beneficial for the endurance horse, as
large amounts of forage in the hindgut may act as a reservoir
for water and electrolytes (Duren, 1998), the presence of a
visibly distended “hay-belly” is not desirable.

Pastures for Horses

Pasture species do not grow throughout the year. Their
growth depends on soil temperature, moisture, and fertility.
Growth is also affected by management practice; overgrazing
will reduce yields and encourage growth of unpalatable
species and weeds. Ideally, horse pastures should contain a
mix of grasses and legume species that are adapted to the
prevailing soil and climatic conditions and that can also with-
stand close grazing and wear. It is outside the scope of this
text to provide a comprehensive review of all forage species
used for horse pastures, soonly some of the more commonly
used forage species are described here. Suitable cool-season
species (those that start to grow when temperatures reach
7°C, with optimal growth between 16-24°C) include or-
chardgrass (Dactylis glomerata), toxin or endophyte-free tall
fescue (Festuca arundinacea), and Kentucky bluegrass (Poa
pratensis), which can all resist tight grazing and treading.
Other suitable, perennial cool-season species include endo-
phyte-free perennial ryegrass (Lolium perenne) varieties,
which are palatable, high yielding, and of high nutritive
value. Timothy (Phleum pretense) is also useful. It is a tradi-
tional species for horses and is late flowering, producing
leafy herbage mid-summer when such forage may be scarce.
However, timothy does not tolerate very close grazing, and
late summer and autumn production may be low. Meadow
fescue (Festuca pratensis), smooth bromegrass (Bromus in-
ermis), Matua prairiegrass (Bromus wildenowii), and low-
alkaloid varieties of reed canary grass (Phalaris arundi-
naceae) are also used for horse pastures. Fine-leaved fescues
such as creeping red fescue (Festuca rubra) are good for pro-
duction of a wear-resistant turf and useful in areas of high
traffic, such as exercise areas or around water sources or
gateways, but are of mediocre grazing value. Inclusion of
legumes in horse pastures as minority species provides a
good source of dietary protein and calcium. Furthermore,
through their ability to “fix” atmospheric nitrogen, legumes
enhance the nitrogen status of the soil, reducing the need for
additional nitrogen fertilizer. Legume species that proliferate
by rhizomes and stolons are suitable for horse pastures as
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they are less susceptible to aggressive defoliation and wear.
White clover (Trifolium repens) is commonly found in pas-
tures grazed by horses, being generally tolerant of close graz-
ing and mixing well with most grasses. With proper manage-
ment, white clover can persist in swards for many years.
Alfalfa (Medicago sativa L.) is often recommended for horse
pastures because of its high quality, yield, and compatibility
with grasses; varieties that have their crowns beneath the soil
are better able to tolerate damage by horses than standard
cultivars (Jordan et al., 1995). Red clover (Trifolium
pratense) is less tolerant of close grazing than white clover
and generally requires reseeding every 2-3 years. Other
legumes for horse pastures include bird’s-foot trefoil (Lotus
corniculatus) and sainfoin (Onobrychis viciifolia), although
these often need careful establishment and grazing manage-
ment if they are to persist in the sward. Both annual or peren-
nial species of lespedeza (Kummerowia spp.) may also be
used in horse pasture seed mixtures.

In hot, dry environments when most cool-season forages
lie dormant, warm-season grasses (which start growth at
15°C with temperature optima of 32-35°C) can grow, pro-
viding a good source of forage in the summer months.
Warm-season perennial grasses suitable for horses include
Bermudagrass (Cynodon dactylon), which tolerates tight
grazing and wear as does bahiagrass (Paspalum notatum),
which will also grow in soils of low to mediocre fertility.
Dallisgrass (Paspalum dilatatum) is also suitable, but re-
quires more fertile soils with higher water content than bahi-
agrass. Various bluestem species (Andropogon spp.), such as
Caucasian or big bluestem, may also be used. The warm-
season annual species are generally of higher nutritive value
than the warm-season perennials. Species used for horse
pastures include pearl millet (Pennisetum glaucum) and
crabgrass (Digitaria spp.). During cool periods, warm-
season grasses are dormant. In areas that will allow their
growth, use of both cool- and warm-season species can
greatly extend the grazing season, as the majority of the
cool-season grass production occurs in spring and autumn,
whereas that of warm season species occurs in the summer.
In suitable areas, this strategy allows grazing for much of the
year, and annual herbage production can be further extended
by seeding dormant warm-season perennial pastures with
cool-season annual species such as annual ryegrass or small-
grain species, e.g., wheat, rye, or oats.

Horses are spot grazers. They overgraze some areas of a
pasture and defecate in others, which, if left unmanaged, re-
sults in overgrazed “lawns” and rank overgrowth of herbage
in latrine areas, termed “roughs” (Odberg and Francis-Smith,
1976). Long-term rotational or co-grazing of large horse pas-
tures with sheep or cattle is beneficial, as the ruminants will
remove the roughs and may help break the lifecycle of equine
parasites. This practice helps prevent the pasture from be-
coming “horse sick,” where overgrazed lawns become subject
to ingress of weed species, some of which may be toxic ( e.g.,
Seneccio spp.) and the roughs grow unchecked, eventually

NUTRIENT REQUIREMENTS OF HORSES

producing overgrown herbage unpalatable even to ruminants.
In the absence of other species of grazing livestock, strip graz-
ing or division of grazing into three or four smaller paddocks
will allow short-term rotation (often either 2 weeks grazing
and 4 weeks rest, or 1 week grazing and 3 weeks rest)
(Matches, 1992; Emmick and Fox, 1993; Henning, 1994).
Coupled with daily removal of manure, this practice will help
to prevent the development of roughs and lawns, and it can do
much to increase the yield and quality of available grazing
(Odberg and Francis-Smith, 1977). To prevent pasture deteri-
oration, soils should be analyzed to enable appropriate main-
tenance levels of fertilizer to be applied. If lawns have devel-
oped, they can be preferentially fertilized to maintain the
nutrient status of the sward.

Where growth of grass is excess to immediate require-
ments, the grass can be either stockpiled for winter feed or
conserved. Stockpiling is the practice of allowing pastures to
grow from mid-late summer onwards to produce stands of
fairly mature sward. When autumn pastures have become de-
pleted, animals can be strip-grazed on stockpiled pastures.
Strip-grazing is necessary to maximize the use of the stock-
piled fodder and to prevent excessive wastage via trampling
and defecation on fresh sward, rendering it unpalatable.
Stockpiling of permanent pastures can only be considered for
free-draining soils or in areas subject to only moderate winter
rainfall. Where these conditions are not met, the pasture may
become irrecoverably damaged, necessitating complete re-
seeding. Stockpiling can be an economical alternative to for-
age preservation, but most domesticated equines receive some
form of conserved forage for at least a portion of the year.

Conserved Forage for Horses

Forages may be conserved for use when there is little
fresh forage available or when animals are confined to stalls.
Such conservation is achieved by drying, ensiling, or apply-
ing preservatives. After drying, the forage may be chopped,
ground and pelleted, cubed, or wafered, whereas ensiled for-
ages are either bulk-stored in bunkers (clamps) or silos, or
baled and wrapped in plastic film. The feed quality of con-
served forage can be no greater than the original sward, and
thus stage of plant maturity at time of harvest is an impor-
tant factor influencing the feeding value of the final product.
Young leafy swards have the highest feed quality but low
yields. As plants mature, their DM increases. The leaf:stem
ratio decreases with concomitant increases and decreases
in fiber and protein, respectively. Preservation of high-
moisture, young, leafy herbage as hay can be problematical
in areas where good haymaking weather is uncertain; under
those circumstances, such herbage is often ensiled.

Hay

The ultimate aim of haymaking is to produce a palatable,
hygienic product that retains much of the nutrient quality of
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the original sward. This is achieved by minimizing nutrient
losses in the field and curing the herbage to a stage that pre-
vents molding and reduces nutrient losses and deterioration
during storage.

There are inevitable biological and physical losses of DM
and nutrients during haymaking, associated with drying, bal-
ing, and subsequent storage and usage. Drying of forage be-
gins immediately after it is cut, but the rate of drying depends
upon the differential in water vapor pressure between the sur-
rounding air and in the surface tissues of the plant. When
plant and air vapor pressure are equal, no further drying oc-
curs (Technical Committee, 1964). Vapor pressure is affected
by temperature, air movement, solute concentration, and
water movement within the plant tissues. Hays made and
stored in humid environments cannot achieve a DM as high
as those made and stored under more arid conditions.

Different plant parts dry at different rates, with leaves
tending to dry more rapidly than the thicker stem. This can
lead to leaf shatter during mechanical handling and loss of
the more nutritious leaf material (Shepherd et al., 1954;
Rotz and Muck, 1994). Leaf shatter may account for DM
losses from grass and legume hays of 2—5 and 3-35 percent,
respectively. Use of mower/conditioners in which the stems
are crushed and cuticular wax is scarified during cutting can
help reduce losses due to leaf shatter by reducing the dis-
parity in drying rates by various plant parts (Rotz and Muck,
1994; Rotz, 1995).

Plant respiration continues post-cutting and is responsible
for loss of nutrients, particularly the NSC fractions (Wylam,
1953; Raguse and Smith, 1965), which account for the ma-
jority of respiratory DM losses during field curing of hay.
Thus, the average WSC content of fresh, cool-season pasture
grasses was 16 percent, whereas that of sun-cured hay was 10
percent (MAFF, 1992), and the NSC contents of fresh forage
legume pasture vs. legume hays were 15 and 11 percent, re-
spectively (Dairy One, 2003). In a summary of literature,
Shephard et al. (1954) reported that such DM losses ranged
from 4-16 percent, higher losses being associated with
slower drying rates. Losses of CP and changes in constituent
nitrogen fractions can occur during haymaking. Proteolysis
during drying causes a rise in nonprotein nitrogen (NPN) and
changes in amino-acid profiles (Brady, 1960), whereas the
nitrate content is largely unaffected (Butler and Bailey,
1973). Other nutrient losses include some organic acids
(James, 1953) and vitamins. Upward of 80 percent of
carotene (the precursor of vitamin A) may be lost (Butler and
Bailey, 1973), and vitamin E (alpha tocopherol) content also
declines during haymaking (Miller, 1958). As the fiber frac-
tions are relatively unaffected by plant respiration, their pro-
portions increase during herbage drying. Once herbage mois-
ture has been reduced to 400 g moisture/kg, plant respiration
ceases, and further nutrient losses in the field are largely due
to weathering and handling.

Hay yield and quality are reduced if exposed to rain dur-
ing curing, through leaching of soluble components, with
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the amount of loss increasing with numbers of showers,
amounts of rain, and the DM of the crop. Leaching has been
reported to remove 20—40 percent of the DM, 20 percent of
CP, 35 percent of NFC, and 30 and 65 percent, respectively,
of phosphorus and potash (Shepherd et al., 1954). The aver-
age WSC contents of hays made from four cool-season
species, which had received a light rain shower during dry-
ing, averaged half those of the original swards and losses of
CP were up to 27 percent (Ince et al., 2006). Losses of NSC
leached from alfalfa and red-clover hays exposed to heavy
rain during curing resulted in a 45 percent increase in the
proportion of fiber relative to hays protected from rain
(Collins, 1983). Rain not only leaches nutrients, but also in-
creases leaf shatter due to the extra mechanical operations
required to dry the hay.

High-moisture hays may be effectively preserved through
artificial drying in barns. Nutrient losses from hays dried in
barns without added heat are usually lower than for hays
dried in the field; addition of heat to 60°C to accelerate the
drying process reduces DM losses still further through rapid
inhibition of enzyme activity (Butler and Bailey, 1973).
However, such heating can result in the formation of Mail-
lard products (protein/carbohydrate complexes), which are
resistant to proteases, thus reducing protein digestibility
(Goering and Van Soest, 1967).

High-moisture (250 g/kg) hays can also be preserved via
application of microbial inhibitors such as organic acids,
buffered acids, or ammonia. Propionic acid or acid mixtures
applied to hay at rates of 1-2:100 (volume:weight) generally
reduce mold growth and heating. Short-term (30-day)
studies with growing horses fed hay preserved with a
propionate/acetic acid mixture showed no difference in ac-
ceptance or growth rate compared with those fed untreated
hay, with no apparent ill effects, whereas in another study,
horses preferred untreated alfalfa hay to that which had been
treated with a similar propionate/acetic acid preparation
(Lawrence et al., 1987, 2000). However, the expense in-
curred with barn drying and the corrosiveness and difficul-
ties in working with acid or alkaline preservatives have lim-
ited their use in hay preservation (Collins and Owens, 2003).

Forages conserved as hay by desiccation should contain
no more than 200 g moisture/kg, to prevent proliferation of
microorganisms, heating (due to microbial respiration), and
subsequent reduction of nutritive quality (Collins and
Owens, 2003). However, under conditions of high (90-100
percent) relative humidity that favor microbial growth, hay
stored at 200 g moisture/kg can become moldy. Under these
circumstances, baling at lower moisture contents is neces-
sary. For low-density bales, recommended moisture contents
are around 180 g/kg; for more densely packed bales, drier
hay of 120-140 g moisture/kg is suggested to improve
preservation (Rotz and Muck, 1994; Rotz, 1995). There are
usually minimal losses of DM or nutrients in hays stored at
less than 150 g moisture/kg (Czerkawski, 1967). However,
in hays of greater moisture content, varying losses occur
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during storage, mainly associated with microbial respiration
(and heating), which, in turn, is affected by ambient condi-
tions. It has been estimated that on average, during storage,
hay of 150 g moisture/kg will lose 5 percent of DM, and this
loss increases by 1 percent for every further 10 g/kg increase
in moisture up to 200 g moisture/kg (Collins and Owens,
2003). Thus, DM losses were small for hays of 880-930 g
DM/kg stored at temperatures of 7°C or less, but losses of
8 percent were recorded for hays of 820 g DM/kg stored at
36°C for 9 months, largely accounted for by losses in NSC
(Czerkawski, 1967). Mineral content, lignin, and fiber frac-
tions remained relatively stable during bale storage. DM
losses during storage of large round bales of alfalfa hay (av-
erage DM 810 g/kg), which were either stored in a barn or
outside with or without a cover, were 2.5, 6, and 15 percent,
respectively (Belyea et al., 1985). Losses (biological and
mechanical) of ryegrass hay stored on the ground over 7
months were 27 percent, whereas those for hays stored in a
barn were 2.3 percent (Nelson et al., 1983). Total DM field
and storage losses of conserved grass-legume mixes have
been reported to range from 15-30 percent (Hoglund, 1964).

Large reductions in DM and quality occur during storage
of hays containing more than 200 g moisture/kg, with ex-
cessive heating (due to microbial respiration) playing a sig-
nificant role in the deterioration of high-moisture hays.
Thus, hays of 840 g DM/kg heated little during storage and
microbial contamination was low, whereas hays of 750 g
DM/kg heated to more than 45°C and became obviously
moldy with Aspergillus spp. Hays with DM contents of less
than 600 g/kg reached temperatures of 60—65°C and con-
tained thermophilic fungi (Gregory et al., 1963). Storage of
hays of less than 700 g DM/kg may result in a charred prod-
uct of lowered nutritive value, and extreme heating can re-
sult in spontaneous combustion (Browne, 1933). Studies on
alfalfa hay baled at either 700 or 800 g DM/kg indicated that
forage quality deterioration (increased NDF and unavailable
nitrogen content) was greater for the higher moisture hays,
deterioration being highly correlated with accumulated days
of heating to > 30°C. The greatest changes in forage quality
occurred between days 4 and 11 post-baling, but in the
higher moisture hays, microbial activity was prolonged and
caused further deterioration between days 11 and 22. There-
after, there was little change in nutritive value (Coblentz et
al., 1996). Likewise, in Bermudagrass hays baled at mois-
tures ranging from 208-325 g/kg, there was a positive linear
relationship between hay moisture content and spontaneous
heating that, in turn, was significantly correlated with in-
creased deterioration of nitrogen fractions (Coblentz et al.,
2000). Hays visibly contaminated with molds should not be
fed to horses. In addition to the reduction in feeding value,
such hays may contain mycotoxins, and inhalation of fungal
spores from molded forage can lead to respiratory compro-
mise in both horses and their human attendants.

There is a paucity of information on comparisons of the
nutritive value of hay and the sward of origin in equines.
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However, studies with ruminants have reported OM di-
gestibilities of 73 and 65 percent for the original sward and
hay, respectively (Shepperson, 1960), and well-cured alfalfa
hay was reported to contain 15 percent less CP and be 10
percent less digestible than the original standing crop
(Collins, 1990). Field losses of TDN in well-cured hays and
those exposed to rain were, respectively, 26 and 42 percent
(Shepherd et al., 1954.). Similarly, alfalfa and red-clover
hays exposed to rain were 12 percent less digestible relative
to hays protected from rain (Collins, 1983). Furthermore, ru-
minant digestibility of Bermudagrass hays was little affected
by heating up to 48°C, but declined by 14 percent when in-
ternal bale temperatures exceeded 60°C (Coblentz et al.,
1998). It is likely that reductions in the feeding value of such
hays would also be seen in horses.

There may also be further DM losses of hay at feed-out.
Weathered or otherwise unpalatable hay may be rejected, re-
sulting in considerable wastage. When fed to heifers, losses
from large round bales of alfalfa hay stored indoors or out-
side with or without cover were 12, 14, and 25 percent, re-
spectively, resulting in total losses of 15, 20, and 40 percent
of the original DM (Belyea et al., 1985). In the uncovered
bales stored outside, rain weathered the outer portions
equating to approximately 40 percent of the original hay
DM. At feed-out, the animals wasted much of this material
in their search for more palatable fodder in the center of the
bale (Belyea et al., 1985). Likewise, feed refusals of rye-
grass hay stored on the ground were 22 percent, compared
with 1.2 percent of barn-stored hay; the sum of storage
losses and animal wastage of these ryegrass hays equated to
49 and 3.5 percent of the original harvested DM for the
ground and barn-stored hays, respectively (Nelson et al.,
1983).

Hays of high nutritive value are characterized by a large
proportion of leaf, and high protein and low NDF contents.
DM yields of such “prime” quality hay are low, and a com-
promise between the nutritive value of the hay and DM yield
is usually made to produce hays of various feed value or
“grades.” With the possible exception of lactating mares and
growing youngstock, many horses are unlikely to require the
very high CP contents of “prime” hay. If such high-protein
forage is fed in conjunction with sufficient energy, the pro-
tein excess to requirements will be excreted, contributing to
the environmental burden of excretory nitrogen. Further-
more, excess protein intakes may have detrimental acido-
genic effects in sports horses (Graham-Thiers et al., 1991).
Horses can be fed well-preserved hays with lower nutrient
value, which can be supplemented as necessary during times
of increased nutrient demand. Threshed mature hay, in
which the seed has been removed, may also be fed to horses,
but it is of low nutritional value (Schurg et al., 1978; Hyslop
et al., 1998b).

It is of note, however, that the visual appearance of con-
served forages is an imprecise indicator of their potential nu-
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tritive value, which can only be properly assessed via feed
analysis.

Hay Intakes

Contrary to fresh pasture intakes, higher voluntary dry
mater intakes (VDMI) generally occur with alfalfa hay com-
pared with long-grass hays (Cymbaluk, 1990a; Dulphy et al.,
1997b; Crozier et al., 1997; LaCasha et al., 1999). The range
of VDMI of long hays reported by a number of studies is de-
tailed in Table 8-3. Intakes typically averaged between 2 and
2.4 percent of BW for grass and alfalfa hays, respectively.
The mechanisms that control VDMI of hay in horses are
unclear: it has been proposed that VDMI of hay is governed
by energy requirement (Aiken et al., 1989), dry matter di-
gestibility (Crozier et al., 1997), and cell wall content (St.
Lawrence et al., 2001). However, Martin-Rosset and Ver-
morel (1991) found no consistent relationship between
VDMI and energy requirement, and Dulphy et al. (1997a)
failed to find a relationship between NDF, CF or CP, and
VDMI of hay. Nevertheless, St. Lawrence et al. (2001) re-
ported a significant relationship between the NDF content of
four cool-season grass hays and VDMI (p < 0.001), and they
were able to use this relationship to predict intakes of differ-
ent hays by horses. Similarly, Reinowski and Coleman
(2003) found a significant correlation between warm-season
grass hay NDF content and VDMI. However, the reported re-
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lationships between NDF content and intakes did not account
for all of the variation, and it is likely that VDMI of hay is
controlled by a number of interacting factors.

Effect of Particle Size

Grass hay is normally fed to horses in the long form, and
there was no difference in intakes of the same hay when
chopped (Hyslop et al., 1998a; Morrow et al., 1999). How-
ever, when hays are presented in a dense form such as
wafers or pellets, intakes have been reported to be greater
than when hay of similar composition was fed loose, such
that horses ate 0.17 and 0.24 more wafered and pelleted al-
falfa hay, respectively, than when it was fed in the loose
form (Haenlein et al., 1966). Likewise, the VDMI of horses
fed long-stem, threshed ryegrass hay was significantly in-
creased when the same material was pelleted, cubed, or bri-
quetted (Schurg et al., 1978). Reported daily VDMI of
horses fed loose alfalfa hays range from 73—-122 g DM/kg
BW?O%7 (Haenlein et al., 1966; Cymbaluk and Christiensen,
1986; Cymbaluk, 1990a; Crozier et al., 1997; Dulphy et al.,
1997a,b), compared to 88.3-139 g DM/kg BW%7 for
wafers, cubes, or pellets (Haenlein et al., 1966; Cymbaluk
and Christiensen, 1986; Cymbaluk, 1990a; Todd et al.,
1995). Furthermore, VDMI of horses fed pelleted high-fiber
complete diets was some 2.6-fold that of the same complete
feed offered as a chaff, when pellets were fed as the first

TABLE 8-3 Estimated Voluntary Dry Matter Intake (VDMI) of Various Hays by Horses and Ponies
VDMI VDMI
Type of Horse  Type of Hay (g DM/kg BW) (g DM/kg BW7)  Source
Yearling Bermudagrass 21-25 111 Aiken et al. (1989); La Casha et al. (1999)
Matua 28 128 LaCasha et al. (1999)
Alfalfa 31 142 LaCasha et al. (1999)
Mature horses Alfalfa 17.2-31 73-142 Crozier et al. (1997); Dulphy et al. (1997a,b); Haenlein et al.
(1966); LaCasha et al. (1999)
Altai wildrye 81.2 Cymbaluk (1990a)
Bermudagrass 95.6 Aiken et al. (1989)
Bluestem 22 115 Reinowski and Coleman (2003)
Bromegrass 114 Cymbaluk (1990a)
Crested wheatgrass 85 Cymbaluk (1990a)
Eastern gammagrass 19 Reinowski and Coleman (2003)
India grass 22 Reinowski and Coleman (2003)
Kentucky bluegrass 82.3 Cymbaluk (1990a)
Oat hay 81.2 Cymbaluk (1990a)
Reed canarygrass 99.4 Cymbaluk (1990a)
Tall fescue 111 Crozier et al. (1997)
Timothy 29.2 Reinowski and Coleman (2003)
Early cut grass 18.2 87 Dulphy et al. (1997a, 1997b)
Re-growth grass 20 96 Dulphy et al. (1997a, 1997b)
Mature ponies  High-quality grass hay 110 Hyslop et al. (1998a)
Poor-quality grass hay 113 Hyslop et al. (1998a)
Mature threshed grass hay 95.6 Hyslop et al. (1998b)
Meadow hay 26 153 Pearson and Merrit (1991)
Mature meadow hay 14.7 63 Moore-Colyer and Longland (2000)
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feed in a crossover design experiment. The pellets were
more rapidly consumed than the chaff, largely due to faster
bite rates and decreased chewing, and thus the chaff-fed an-
imals spent more time feeding (Argo et al., 2002). It is of
note that rapid intakes of pelleted diets may elicit the onset
of undesirable behaviors such as wood-chewing (Haenlein
et al., 1966), and it is a common perception that addition of
chopped conserved forage to sweet feeds, grains, or pelleted
feeds will reduce the rate of meal intake. However, although
Ellis et al. (2005) recorded a 120 percent increase in feed in-
take time by horses when chopped Lucerne straw was added
to pelleted feeds, there was no effect on speed of consump-
tion when similar types of chaff were fed with oats (Harris
et al., 2005; Brussow et al., 2005).

Digestibility of Hay

The digestibility of hay depends upon the plant species,
maturity at harvest, leaf:stem ratio, speed of drying, and
conditions under which it has been stored. Nutrient di-
gestibilities of several long-grass and legume hays by horses
reported in the literature are shown in Table 8-4. It is of note
that artificially, rapidly dehydrated grass had higher di-
gestibilities of DM, CP, NDF, and gross energy (GE) than
when the same crop was field-cured as hay (Hyslop et al.,
1998a). The DE of grass hays averaged 1.79 Mcal/kg DM,
the range being 1.40-2.13 Mcal/kg DM, with the DE of al-
falfa hay averaging 2.42. The digestibility of CP in grass
hays averaged 53 percent (range 20—74), whereas that for al-
falfa was 74 (range 64—83 percent). In a survey of the litera-
ture of the digestibility of grass hays by horses, Chenost and
Martin-Rosset (1985) found digestibilities of OM, CP, and
crude fiber (CF) to average 56, 72, and 38 percent, respec-
tively, for hays with a CP content of greater than 120 g/kg.
These authors found corresponding values for hays contain-
ing 80-120 g CP/kg to be 49, 55, and 44. For low-protein
hays of less than 80 g CP/kg, the digestibilities for OM, CP,
and CF were 44, 27, and 47 percent, respectively. Although
densification of forages appears to increase intakes, total
tract nutrient digestibility does not usually appear to be af-
fected. Thus, processing alfalfa hay into pellets, cubes, or by
chopping had little effect on total tract digestibility of DM,
CF, CP, or minerals (Jackson et al., 1985; Pagan and Jack-
son, 1991a; Todd et al., 1995). Likewise, similar apparent
digestibilities of DM, GE, and NDF of a chaffed or pelleted
high-fiber diet fed to ponies were observed by Argo et al.,
(2002) and the nutritive value (digestibility and mean reten-
tion time) of long hay or long silage was similar to that of
the corresponding short chopped feed (Morrow et al., 1999).
No differences in digestibility of OM, NDF, or CP were ob-
served by Drogoul et al. (2000a) when pelleted or chopped
hay was fed at similar intakes to ponies. The pelleted hay ra-
tions were retained in the large intestine longer, which when
combining evidence of similar digestibility, suggests pellet-
ing slowed the rate of fiber degradation in the hindgut. Cer-

NUTRIENT REQUIREMENTS OF HORSES

tainly, grinding and pelleting hay caused a significant de-
crease in both the rate and extent of in situ NDF degradation
(Drougoul et al., 2000a,b). However, the apparent DM, CP,
ADF, and cell wall constituent digestibilities of long-stem
threshed ryegrass hay were reported to be 58, 60, 34, and 40
percent, respectively, when fed to horses at 1.5 percent of
BW (Schurg et al., 1978). However, when the same material
was cubed, briquetted, or pelleted, DMD was significantly
reduced (P < 0.05). Furthermore, the ADF digestibility
of the pellets was 25 percent, being significantly lower
(P < 0.05) than for the long-stem (34 percent), cubed (34
percent), or briquetted (31 percent) material.

Cereal Straw

Voluntary dry matter intakes of horses fed cereal straws
ad libitum are generally reported as being lower than for
grass or legume hays (see Chapter 11). Thus, pooled data
from a number of studies showed that VDMI of cereal straw
averaged 54 and 64 percent of the intakes of alfalfa and
grass hays, respectively (Dulphy et al., 1997b). However, if
oat (Hyslop and Calder, 2001) or wheat (Hansen et al.,
1992) straw was fed with alfalfa (1:1), VDMI was similar to
a 100 percent alfalfa diet.

The calculated DE value of wheat straw was low, at only
43 and 57 percent of alfalfa and Midwest prairie hays, re-
spectively, with DMD and fiber digestibilities of 23 and 11
percent (Hansen et al., 1992). The DM, CP, and fiber di-
gestibilities of oat straw calculated by difference were
32-50 percent with a DE of 1.97 Mcal/kg DM (Hyslop and
Calder, 2001). Treatment can improve the nutrient di-
gestibility of straw. When wheat straw was ammoniated,
there was a significant (P < 0.05) increase in both the di-
gestibility of DM (23 percent untreated vs. 44 percent am-
moniated) and NDF (11 vs. 36 percent) (Hansen et al.,
1992). Low intakes of straw may be related to an increased
mean gastrointestinal particle retention time (Pearson and
Merrit, 1991; Pearson et al., 2001) and are associated with
extended feeding and chewing times, presumably due, at
least in part, to the recalcitrant nature of the lignified cell
walls of the stem.

Problems with Feeding Hay and Straw

Alfalfa hay is high in minerals, especially calcium and
magnesium, and their possible role in the formation of en-
teroliths is discussed in Chapter 12. Furthermore, some al-
falfa hay harvests can be contaminated with blister beetles
that produce cantharidin, a highly toxic chemical that can be
fatal to horses (Schoeb and Panciera, 1978). The generally
low intake of cereal straws precludes their use as the sole
diet unless they are being fed to occupy animals undergoing
a weight reduction program. Some cereal straws contain
high levels of silica, which has been implicated in the for-
mation of urinary calculi (Nash, 1999). Forages high in sil-
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TABLE 8-4 Apparent Dry Matter, Organic Matter, Energy, Protein, and Fiber Digestibilities” of Various Hays in Horses

DE
(Mcal/ NDFD/
Type of Horse Type of Hay DMD?  kgDM) OMD¢  CPD? GED* (ADFD)/ Source
Mature mares Elephant grass 43 45 25 41 40 Almeida et al. (1999)
Alfalfa 55 57 71 53 36
Coastgrass 50 51 56 48 63
Yearling Quarter Matua bromegrass 51 64 74 47 LaCasha et al. (1999)
horse Coastal Bermudagrass 46 60 64 52
Alfalfa 63 74 83 24
Mature cross-bred Altai wildrye 47 2.03 54 44 50 Cymbaluk (1990a)
geldings Bromegrass 48 2.12 51 45 44
Crested wheatgrass 42 1.82 29 40 41
Kentucky bluegrass 45 1.95 59 44 51
Oat hay 48 2.08 60 47 44
Reed canarygrass 38 1.58 52 38 34
Mature Arabians Alfalfa 58 73 47 Crozier et al. (1997)
Tall fescue 48 67 44
Caucasian bluestem 44 43 41
Mature ponies Alfalfa 62 2.58 77 41¢ Cymbaluk and Christiensen
Oat 55 2.33 68 374 (1986)
Bromegrass 51 2.13 67 394
Slough 43 1.75 57 424
Mature ponies Chopped alfalfa 53 2.25 51 64 49 29 Hyslop and Calder (2001)
Meadow hay 3644 1.4 3640 20-29 33-33 40418 Moore-Colyer and Longland (2000)
McClean et al. (2000);
Hale and Moore-Colyer (2001)
Mature ponies Dehydrated grass 47 2.3 50 62 50 51 Hyslop et al. (1998a)
Mature meadow hay 0.41 2.17 44 48 45 40
Mature ponies Mature threshed grass hay 30 1.49 30 31 33 28 Hyslop et al. (1998b)
Mature horses Alfalfa 56 75 Van der Noot and
Timothy orchardgrass 49 54 Gilbreath (1970)
Bromegrass 49 60
Mature horses Hay > 120 g CP/kg 56 68-75 Hintz (1969); Van der Noot
Hay 81-119 g CP/kg 49 54 and Gilbreath (1970) in
Hay < 80 g CP/kg 38-49 1043 Chenost and Martin-Rosset
(1985)

“Digestibilities are expressed as percentages.

"DMD = dry matter digestibility.

“OMD = organic matter digestibility.

4CPD = crude protein digestibility.

“GED = gross energy digestibility.

/NDFD/ADFD = NDF or ADF digestibility.

8Total nonstarch polysaccharides (NSP) digestibility.

ica are known to be of reduced digestibility for a number of
livestock species (Laca et al., 2001).

Although there have been a number of studies on the role
of dried forage in the elicitation of colic, the evidence is con-
tradictory. Thus, in a study in the United States of 21,800
horses across 28 states on 1,026 premises, no association

was found between development of colic and either type of
dried forage or frequency of feeding (Traub-Dargatz et al.,
2001). However, other studies have reported forage type,
form, or a change in dietary forage to influence colic risk
(Tinker et al., 1997; Cohen et al., 1999; Hudson et al., 2001;
Hillyer et al., 2002; Little and Blickslager, 2002). Bearing in
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mind such equivocal findings, it may be prudent to introduce
new feeding regimens, forage types, or batches gradually
over time.

Other problems associated with feeding hay include the
elicitation of respiratory compromise. Even well-made and
stored hay, which to the naked eye appears “clean,” contains
considerable numbers of respirable particles (such as dust
and fungal spores), which can lead to the onset of allergic
respiratory disease in horses (Clarke, 1992; Robinson et al.,
1995; Robinson, 2001). In an effort to prevent such prob-
lems, it is common practice to soak hay in water to reduce
the number of respirable particles; however, if soaked for
more than 10 minutes, this operation results in the loss of
considerable amounts of minerals, particularly sodium,
potassium, and phosphorus, and extended periods of soak-
ing reduces WSC content (Moore-Colyer, 1996; Blackman
and Moore-Colyer, 1998), substantially reducing the nutri-
ent content of the hay. Hay contaminated with nonforage
plant species can also present a hazard to equine health.
During forage harvesting, poisonous weeds, which may nor-
mally be avoided in the fresh state by grazing equids, can
become incorporated into the swath. In some cases, drying
or wilting of such weeds renders them palatable to horses
without affecting their toxicity. One such example is the he-
patotoxic weed, ragwort (Sennecio spp.); the repeated in-
gestion of even small amounts of ragwort can prove fatal
(Knottenbelt, 2000). It is therefore essential that fields des-
tined for conservation as hay or silage are free of such
weeds.

Ensiled Forages

Forages may be conserved as silage when weather condi-
tions are not sufficiently reliable for hay production. During
ensiling, forage is preserved by anaerobic fermentation of
the NSC fraction to organic acids, resulting in a decline in
pH usually from about pH 6 to 4.5. The acidity prevents the
growth of spoilage microorganisms. As a consequence of
fermentation of NSC fractions during ensilage, ensiled for-
ages are low in NSC compared to the original sward. Silage
is classified according to DM content: low-DM silages are
approximately 30 percent DM, wilted silages are commonly
30—40 percent DM, and high-DM silages (often referred to
as haylage) are usually between 40-65 percent DM.

There are few reports on feeding ensiled forages to
horses, as they have historically been regarded as unsuitable
for horses due to (1) their acidity and perceived laxative ef-
fects (Pillner, 1992) and (2) questionable hygienic quality,
as silage can occasionally contain Listeria spp. or Clostrid-
ium botulinum (the causal agent of botulism), to which
horses are highly susceptible (Ricketts et al., 1984). How-
ever, with the advent of high-DM-baled silage, there is often
insufficient moisture for the proliferation of Clostridia spp.
and feeding haylage to horses is becoming increasingly pop-
ular. Especially as compared to hay, well-preserved silage is
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relatively low in aeroallergens (Vandenput et al., 1997). In a
survey of 99 silages (mean DM 631g/kg + 137) and 53 hays
fed to a total of 323 horses, Coenen et al. (2003) did not de-
tect any problems of intake or nutrient digestibility associ-
ated with feeding silage, and although average fecal DM
was significantly (P < 0.05) lower in the silage-fed horses
compared to those given hay, the differences were small
(188 vs. 203 g/kg, respectively). Furthermore fecal pH was
significantly (P < 0.05) higher in the horses fed the silage
diets compared with those fed hay (pH 6.78 vs. 6.62). The
authors concluded that grass silage was suitable forage for
horses, although silages can be relatively high in nonprotein
nitrogen, which is of little nutritional value to horses (see
Chapter 4).

Silage Intakes

High-DM grass silage (haylage) was well accepted by
ponies. Daily VDMI ranged from 61-98 g DM/kg BW%7,
equivalent to 1.47-2.2 percent of BW (Morrow et al., 1999;
Moore-Colyer and Longland, 2000; Bergero et al., 2002), as
shown in Table 8-5. It is of note that the highest haylage in-
takes were by ponies in medium work compared with those
at maintenance or in light work (Bergero et al., 2002), which
may suggest that nutrient requirements were influencing
intakes. However, comparatively low-DM clamp (bunker)
silage was not so palatable, and VDMI was 38.8 g DM/kg
BW%7 d (0.92 percent BW/d) (Moore-Colyer and Long-
land, 2000). McLean et al. (1995) reported that intakes of
low-DM clamp grass silage were less than 50 percent of in-
takes of hay, as were intakes of 32 percent DM maize (corn)
silage (Martin-Rosset and Dulphy, 1987; Martin-Rosset et
al., 1987). However, low-DM cannot be the sole determinant
for reduced intakes of ensiled forages by horses, as intakes
of red-clover silage were 31 and 20 percent higher than for
hay and haylage, respectively, despite the red-clover silage
having a DM content of 268 g/kg vs. 852 and 371 g DM/kg
for hay and haylage, respectively (Hale and Moore-Colyer,
2001). High-DM alfalfa silage was also found to be highly
palatable for ponies at 76.8 g DM/kg BW%7> d (1.9 percent
of BW/d) (Murray, 2004). With the exception of the low-
DM grass and maize silages, it was concluded that ad libi-
tum access to grass and legume haylage could lead to obe-
sity in ponies, and therefore intakes of such forages should
be restricted.

Digestibility of Ensiled Forages

The digestibility of ensiled grass were substantially
higher than grass hays (Table 8-6). Thus, percentage di-
gestibilities of DM, CP, and fiber for haylage and clamp
silage (in parenthesis) averaged 58 (66), 61 (67), and 60
(76), respectively, with the corresponding values for the
grass hay being 37, 25, and 41 (Morrow et al., 1999; Moore-
Colyer and Longland, 2000; Bergero et al., 2002). Thus the
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TABLE 8-5 Voluntary Dry Matter Intakes (VDMI) of Ensiled Forages by Ponies and Horses
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VDMI VDMI
VDMI  (zDM/kg (g DM/kg

Type of Horse Type of Forage DM %  (kg/d) BW/d) BWO75 d) Source
Ponies Meadow hay 92 4.95 14.7 62.9 Moore-Colyer and Longland (2000)

Haylage 67 6.3 18.4 79.2

Big bale silage 50 5.96 17.3 74.6

Clamp silage 34 2.95 9.17 38.8

Meadow hay 85 5.5 Hale and Moore-Colyer (2001)
Ponies Big bale grass silage 37 6.1

Big bale red-clover silage 27 7.2
Ponies Long or short chop grass silage 36 4.4 14.6 61 Morrow et al. (1999)
Ponies at maintenance Grass haylage 55 6.5 85 Bergero et al. (2002)
Ponies in light work® Grass haylage 63 6.7 20.5 87
Ponies in medium work” Grass haylage 65 7.6 223 98
Horses Maize silage 31 40.6 Martin-Rosset and Dulphy (1987)
Ponies Alfalfa silage 30 19.3 76.8 Murray (2004)

410-min walk, 20-min trot, and 5-min gallop per day.
40-min walk, 80-min trot, and 20-min gallop per day.

DE and digestible crude protein (DCP) values of the hay
were 1.38 Mcal/kg DM and DCP 6 g/kg DM, respectively,
while the corresponding average values for the haylages
were 2.28 Mcal/kg DM and 54 g DCP/kg DM (Moore-
Colyer and Longland, 2000). These authors reported that the

theoretical DE and DCP maintenance requirements of
ponies fed the haylages were exceeded by up to 1.7- and 2.2-
fold for DE and DCP, respectively, but the DE and DCP in-
takes of ponies fed a poor-quality hay were only 0.9 and 0.2
of their requirements. Although the clamp silage was of high

TABLE 8-6 Apparent Dry Matter, Organic Matter, Protein, and Energy Digestibility of Ensiled Forages by Ponies

TNSPD/

Horse Type Type of Forage DMD¢ OMD?  CPD¢ GED¢ CFD¢ NDFD/  Source
Welsh ponies Grass hay 39 40 20 33 41 Moore-Colyer and
Welsh ponies Grass haylage 57 57 48 52 45 Longland (2000)
Welsh ponies Big bale silage 61 62 66 55 67
Welsh ponies Clamp silage 67 67 68 55 76

65
Ponies at maintenance Haylage 58 57 77 52 48 Bergero et al. (2002)
Ponies in light work? Haylage 63% DM 55 55 57 50 45
Ponies in medium work” Haylage 65% DM 49 49 60 50 33

44
Ponies Hay 36 36 29 Hale and Moore-
Ponies Big bale grass silage 69 70 68 Colyer (2001)
Ponies Big bale red-clover silage 74 74 80
Ponies Long or short chop grass silage 67 74 62 Morrow et al. (1999)
Ponies Alfalfa silage 62 60 76 59 55/49 Murray (2004)

NOTE: Digestibilities are expressed as percentages.
“DMD = dry matter digestibility.

POMD = organic matter digestibility.

“CPD = crude protein digestibility.

4GED = gross energy digestibility.

¢CFD = crude fiber digestibility.

STNSPD/NDFD = total nonstarch polysaccharides (NSP) digestibility or neutral detergent fiber (NDF) digestibility.

810-min walk, 20-min trot, and 5-min gallop per day.
"40-min walk, 80-min trot, and 20-min gallop per day.
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nutritive value with a DE of 2.87 Mcal/kg DM and 104 g
DCP/kg DM, intakes were only just sufficient to meet the
maintenance energy requirement of the ponies. The di-
gestibility of red-clover silage was significantly greater than
either grass silage or hay with a DE value of approximately
3 Mcal/kg DM and 154 g DCP/kg DM. Intakes of red-clover
silage by ponies exceeded their theoretical energy and pro-
tein maintenance requirements by 2.7- and 5.5-fold, respec-
tively (Hale and Moore-Colyer, 2001). There is clearly a
need to restrict intakes of such highly nutritious forms of
conserved forage. In a survey of 239 horses fed high-DM
(average 63 percent DM, 12.4 percent CP) grass haylage and
147 fed hay (85 percent DM, 10 percent CP), Coenen et al.
(2003) reported that grass silage yielded sufficient nutrients
to meet the requirements of most classes of horses except
lactating mares.

Potential Problems of Feeding Ensiled Forage

The hygienic quality of ensiled products for horses is
paramount, as horses do not possess the ability of ruminants
to metabolize certain toxins. Care should be exercised to
ensure that no soil or animal carcasses are ensiled with the
forage as this can lead to proliferation of the bacterium
Clostridium botulinum, the causal agent of botulism that can
be fatal in horses (Ricketts et al., 1984). Furthermore, en-
siled products that have been subject to aerobic spoilage
(molding) should not be fed.

Anti-Quality Factors in Forages

Although all of the pasture species described in Chapter
11 have been fed to horses, some may contain substances
that are injurious to health and performance. These anti-
quality factors may be inherent to the forage, or they may be
the result of microbial or insect contamination of fresh or
conserved forages. In many cases, only very small amounts
of anti-quality factors are required to exert an unfavorable
effect on horse health. Some of these anti-quality factors are
described below.

Inherent Plant Anti-Nutrients

High oxalate and phytate levels in some warm-season
grasses including kikuyu grass or setaria may cause calcium
and phosphorus deficiency in horses, leading to osteodys-
trophia fibrosa (ODF) (Elphinstone, 1981; Williams, 1987),
and calcium and phosphorus supplements should be pro-
vided for growing or lactating mares grazing such pastures
(McKenzie et al., 1981), as detailed more fully in Chapter
14. Sorghum, Sudan grass, hybrid Johnson grass, and
sorghum-Sudan grass hybrids are not recommended for
horses as they contain varying levels of cyanogenic glyco-
sides, with particularly high levels observed in young rap-
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idly growing plants. When the plant tissues are stressed,
such as through frost, drought, or mechanical injury, free
cyanide can be released.

Some varieties of white clover are also cyanogenic, and
these varieties should be avoided in horse pastures (Clark et
al., 1990). Acute ingestion of significant amounts of cyanide
can lead to rapid death due to respiratory paralysis, and con-
sumption of low levels over a prolonged period can cause
abortion in mares, a staggering gait, cystitis, and weight loss
(Adams et al., 1969; Turner and Szczawinski, 1991). Alsike
clover (Trifolium hybridum) contains hepatotoxic alkaloids.
Consumption by horses may result in photosensitization of
unpigmented skin, loss of condition, neurological distur-
bance, and eventual hepatic failure (Cooper and Johnson,
1984; Cheeke and Schull, 1985). There is a widely held be-
lief that horses ingesting fresh or conserved forages con-
taining high levels of nitrates can suffer from nitrate poison-
ing. High levels of herbage nitrate can be caused by
excessive application of nitrogen fertilizer or when plants
have been subject to cool temperatures, low light intensity,
or water stress (Allison, 1998). Pasture species known to ac-
cumulate nitrates include barley, bromegrass, corn, Johnson
grass, oat hay, orchardgrass, rape, sorghum, sweet clover,
and wheat. Nitrates remain stable in well-cured hay, but in
moist hay, microbial action can convert nitrate to the more
toxic nitrite. Nitrates, however, are substantially reduced in
ensiled forages. As nitrates tend to accumulate in plant
bases, harvesting herbage with a raised cutting height may
help reduce the nitrate content of conserved forages. Alfalfa
hay grown in soils high in selenium may accrue selenium
levels up to 50 ppm (Davies et al., 2004). Ingestion of such
hay in horses can lead to selenium toxicosis.

Contamination by Insects

Alfalfa hay can contain blister beetles (Epicauta vittat
and E. pennsylvanica), which produce cantharidin that is
highly toxic to horses and can be fatal (Schoeb and Panciera,
1978).

Microhial Contamination

Bacteria

The bacterium Clostridium botulinum, the casual agent
of botulism, can be found in ensiled forages that are con-
taminated with soil or small animal carcasses. Botulism in
horses is frequently fatal (Ricketts et al., 1984; Hunter et al.,
2002). Listeria monocytogenes, the causal agent of listerio-
sis in horses, may also be found in poorly preserved silages
and was associated with listeriosis in a number of Icelandic
ponies that had consumed spoiled grass silage contaminated
with the bacterium (Gudmundsdottir et al., 2004).
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Fungi

Contamination of forages by fungi depends upon a num-
ber of factors, including the health and physiological status
of the plant, harvesting methods, weather conditions during
harvest, speed of stabilizing the conserved forage, and am-
bient conditions during transport and storage. Fungi may be
surface contaminants of herbage or may invade plant tissues
and cause disease (plant pathogens) or reside within the
plant without causing any immediate, overt negative effects
(endophytes) (Bacon and White, 2000). Contamination of
forages with any of the above classes of fungi can reduce
both their palatability and intake. It may result in some form
of mycotoxicosis, the degree of which depends upon the
amount and duration of mycotoxin ingestion. The cumula-
tive effects of ingestion of low levels of mycotoxins may
possibly contribute to a gradual deterioration of equine
health and performance. As a general rule, feeding forages
contaminated with fungi should be avoided.

Fresh pastures in Europe have been found contaminated
with Claviceps, Pythomyces, Neotyphodium, and Rhizocto-
nia spp. (Le Bars and Le Bars, 1996). Claviceps spp.
produce sclerotia, termed ergots, and infect a number of
gramminaceous forages, including species of ryegrass,
canarygrass, dallisgrass, and various native species. Ergots
produce a range of toxic alkaloids, such as ergotamine,
which may result in death within hours of ingestion
(Wilcox, 1899). Ergots are found on seed heads, and thus in-
gestion can be avoided by ensuring pastures are regularly
clipped or tightly grazed to prevent seed-head formation.
Fusarium spp. are frequently associated with fresh pastures
and, under appropriate environmental conditions, may pro-
duce tricothecenes zearolone and/or fumonisins (Scudamore
and Livesey, 1998; Yiannikouris and Jouany, 2002), the latter
being known to cause blind staggers (equine leuco-
encephalomalacia) and death in horses. Red clover or alfalfa
infected with Rhizoctonia leguminicola may contain
slaframine, resulting in excessive salivation and increased
water consumption by horses. Slaframine breaks down with
storage; levels were reported to decline from 100 mg/kg to
7 mg/kg after 10 months (Hagler and Behlow, 1981).

Hay produced and stored under humid conditions may
contain a wide range of fungal contaminants in addition to
Fusarium spp. Thus, Asperigillus, Stachybotrys, and Peni-
cillium spp. may all be found in insufficiently dried hay or
straw, and, as a result, these conserved forages may contain
an array of mycotoxins including aflatoxins and patulin, in
addition to those produced by Fusarium spp. (Le Bars, 1976;
Clevstroem et al., 1981; Scudamore and Livesey, 1998).
Aflatoxins cause reduced feed intakes, weight loss, hepatic
disease, and brain, kidney, and heart damage in horses
(Hintz, 1990). Patulin has been shown to be carcinogenic in
laboratory animals and symptoms may include neurological
disorders (Riley, 1998), but there is little information per-
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taining to effects in horses. Certain strains of Stachybotrys
spp. that are common saprophytes of improperly dried hay
and straw produce trichothecene satratoxins, which cause
stachybotrytoxicosis, a fatal hemorrhagic disorder in horses
(Forgacs, 1965, 1972). Cereal straws may be contaminated
with the tricothecene deoxynivalenol (DON), known to
cause a range of severe disorders in many livestock species,
although the reported effects of this mycotoxin on horses is
an area of debate. Reports range from no apparent effect on
barren mares or geldings when fed over 40 days (Johnson et
al., 1997) through reduced intake (Raymond et al., 2003) to
being implicated in colic cases in a retrospective study by
North Carolina State University. However, the presence of
other mycotoxins in the feed of the latter two studies make
it difficult to ascribe a strict cause-and-effect relationship
between DON and unfavourable effects on horses.

Properly ensiled forages (whereby near-anaerobic condi-
tions have been achieved coupled with a rapid decline in pH)
should be relatively free of fungal contaminants. However,
where conditions are aerobic and pH reduction is compro-
mised, fungal contamination may occur, with the resultant
production of a number of mycotoxins (Dutton et al., 1984).
Patulin was found in the majority of corn silages tested in a
study in France (Escoula, 1977) and ochratoxin A and cit-
rinin (nephrotoxic in many species) have been found in corn
silages and hays (Carlton and Tuite, 1977). Penicillium
roqueforti varieties that can produce patulin, botryo-
diploidin, and penitrem A were the main contaminant of Eu-
ropean grass, sugar-beet, and corn silages (Nout et al., 1993).
Although no reference to the activity of such mycotoxins in
horses has been found, they have been reported to be injuri-
ous to cattle. Aspergillus, Penicillium, and Fusarium spp.
have all been found present in silage 2-3 months old,
whereas Byssochlamys nivea, a patulin producer, appeared
after 6 months of silage storage (Le Bars and Le Bars, 1996).
Improperly conserved yellow sweet-clover (Melilotus offici-
nalis) or white sweet-clover (Melilotus alba) hay, haylage, or
silage may be contaminated with Penicillium spp., which can
convert nontoxic coumarin to the toxin dicoumarol. Symp-
toms of dicoumarol poisoning include nasal bleeding, joint
swelling, lameness, and respiratory difficulties (Hendrix,
2003). Dicoumarol levels are often higher in large round
bales where the hay tends to be of lower dry matter than in
small, rectangular bales. Forages may harbor a number of
fungal contaminants at any one time, and mycotoxins have
been reported to act in synergy in some species. Thus,
fusaric acid enhanced fumonisin activity in poultry (D’Mello
and MacDonald, 1997), and diacetoxyscirpenol acted in syn-
ergy with trichothecenes in pigs (Smith et al., 1997). It is
conceivable that similar synergistic mechanisms between
mycotoxins may also occur in horses.
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Endophyte Contamination

The toxic endophyte Neotyphodium coenophialum (for-
merly Acremonium coenophialum), an inhabitant of tall fes-
cue in U.S. pastures, is a common problem, due to produc-
tion of the alkaloid ergovaline, causing late abortion,
prolonged gestation, dystocia, and agalactia in broodmares
and reduced growth in young horses (Hoveland, 1992;
Aiken et al., 1993). In the United States, the threshold levels
of ergovaline in horse feeds are 0.3-0.5 mg/kg. Varieties of
tall fescue are now available that are inhabited by nontoxic
strains of endophyte; however, tall fescue containing the
toxic form of the endophytes may be more hardy and can
reestablish in pastures. Perennial ryegrass infected with the
endophyte Neotyphodium lolii produces the toxic alkaloid
lolitrem B, which causes ryegrass staggers (Stynes and
Bird, 1983). Although there is no threshold set for lolitrem
B concentrations in horse fodder, two groups of horses were
observed to suffer ataxia, tremors, and paralysis when
fed ryegrass hay containing 5-6 mg lolitrem B/kg (Sloet van
Oldruitenborgh-Oosterbaan et al., 1999), and ponies fed a
sole diet of ryegrass seed cleanings containing 5.3 mg
lolitrem B/kg were symptomatic of ryegrass staggers.

Good-quality hay should be free of mold, dust, and
weeds. Contamination of hay and straw by fungi can be re-
duced by drying to at least 85 percent DM. Where such con-
ditions cannot be achieved, the use of antifungal agents such
as propionic acid to reduce the pH to levels below that tol-
erated by most contaminating fungi can be employed. Dur-
ing ensilage, ensuring anaerobic conditions and enhancing a
rapid decline in pH immediately post-harvest by the use of
various biological inoculants and/or enzyme preparations
can help reduce levels of fungal contaminants. Other bio-
logical strategies for reducing the effects of mycotoxins in-
clude use of bacterial strains that limit mycotoxin bioavail-
ability (El-Nezami et al., 1988; Yoon and Baeck, 1999) or
those that metabolize or biotransform them (Nakazato et al.,
1990). These latter methods are as yet somewhat slow and
inefficient, and methods for inoculating feedstuffs with non-
mycotoxin-producing strains to outcompete those that pro-
duce toxins have been areas of investigation (Cotty and
Bhatnagar, 1994). Use of forage varieties bred for resistance
to fungal contaminants is a more direct and potentially effi-
cient approach to reducing the incidence of mycotoxicosis
from forages (Yiannikouris and Jouany, 2002).

Forage/Fiber Requirement

There are no reports of trials that prove a direct require-
ment for forage/fiber in horse diets. Nevertheless, fibrous
forages clearly form the basis of the diet of wild equids, and
there is a large body of circumstantial evidence that sug-
gests that insufficient dietary fiber in equid diets can lead to
hindgut acidosis (Medina et al., 2002), colic ( Tinker et al.,
1997), gastric ulcers (Murray and Schusser, 1989), in-
creased risk of crib-biting and wood-chewing (Keenan,
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1986; McGreevy et al., 1995; Redbo et al., 1998), and be-
havioral problems (Gillham et al., 1994). It is known that
oversupply of starch or other rapidly fermentable carbohy-
drates can result in lactate acidosis, hindgut dysfunction,
colic, and laminitis in horses (Garner et al., 1977; Pollit et
al., 2003). Potter et al. (1992a) recommended a maximum
of 4.0 g starch/kg BW/meal to prevent such disorders,
whereas Meyer et al. (1993) were more conservative in
their recommendation of a maximum of 2 g starch/kg
BW/meal to prevent hindgut dysfunction. Even the latter
recommendation for maximum amounts of starch to be fed
per meal may be somewhat high for some equids, as even
2.1 g starch/kg BW/meal from a hay-cube:rolled-barley diet
(50:50) was sufficient to elicit unfavorable changes in in-
tracecal fermentation in ponies (McClean et al., 2000).
However, the undesirable effects of high starch intakes (3.4 g
starch/’kg BW/meal) on hindgut function were reduced
when the diet contained an NDF:starch ratio of 1:1 (Med-
ina et al., 2002). Keenan (1986) reported that young horses
that grazed on lush, low-fiber pastures indulged in substan-
tial bark-stripping. Lactating mares grazing low-DM, low-
fiber pastures avidly consumed supplemental high-fiber
feedstuffs (Marlow et al., 1983). The incidence of horses
performing oral stereotypies, such as wood-chewing, was
reduced when long hay, as opposed to a pelleted diet, was
fed (Willard et al., 1977) and increasing the amount of hay
and decreasing the amount of sweet feed resulted in de-
creased incidence of crib-biting (Gillham et al., 1994). Ex-
tended feeding time and greater buffering of gastric con-
tents (due to increased saliva production) have been
implicated in the reduction of undesirable oral behaviors
through increased provision of long forage. Certainly, sur-
veys have shown that the risk of crib-biting is increased by
low-forage or high-starch diets (McGreevy et al., 1995;
Redbo et al., 1998), and foals fed concentrates at weaning
were four times more likely to crib-bite than those that were
not (Waters et al., 2002; Bachmann et al., 2003 ). Bach-
mann et al. (2003) concluded that management strategies to
prevent development of stereotypic behaviours in horses in-
cluded providing diets high in fiber with minimal amounts
of concentrates. Reduced gastric pH, elicited by a combi-
nation of high-concentrate/low-forage diets and long peri-
ods of fasting between feeds, may be related to the inci-
dence of gastric ulcers in horses. Endoscopic examination
of racehorses in training receiving high levels of cereals in-
dicated that more than 80 percent of the animals had sig-
nificant gastric ulceration (Hammond et al., 1986). How-
ever, when such racehorses were turned out to pasture for 1
month or more, the incidence of ulcers decreased to 52 per-
cent (Murray et al., 1989). Gastric ulcers are rare in horses
maintained solely on pasture, and the gastric pH of horses
with ad libitum access to timothy hay was significantly
higher than in horses that had been fasted (Murray and
Schusser, 1989). Such evidence, although not conclusive,
strongly suggests that diets high in dietary fiber are benefi-
cial to horses. The NRC (1989) recommended that equid
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diets should contain no less than 1 percent of BW as forage
(DM) per day. Indeed, the necessity for feeding fibrous for-
ages is implicit in redressing the energy deficit in diets of
less than 2 g starch/kg BW/meal, as exclusive use of oil
and/or protein in this regard would be unpalatable on the
one hand and impractical, energetically inefficient, and en-
vironmentally unsound on the other.

GRAINS AND GRAIN BYPRODUCTS

A wide variety of grains and grain byproducts may be
used as feeds for horses, usually to increase the energy den-
sity of horse diets. Grains and their byproducts vary in pro-
tein content and quality, but are usually low in sodium and
calcium. The calcium:phosphorus ratio of grains and grain
byproducts may be 1:3 or wider. Approximately 60 percent
of the phosphorus in oats, corn, and barley is contained in
phytate (Ravindran, 1996). These characteristics do not re-
late directly to the value of grains as energy supplements, but
they affect the quantity and type of other feeds that must be
included in the diet to provide a balanced ration. Variation in
the nutrient content of grains can arise from differences in
soil fertility and growing conditions. In general, the compo-
sition of grains is less variable than the composition of for-
ages. However, because processing methods can vary from
mill to mill, the nutrient composition of a byproduct feed is
subject to much greater variation than the composition of a
whole grain. Nevertheless, byproduct feeds are often eco-
nomically priced, and they can have many nutritional char-
acteristics that make them effective as horse feeds.

In the United States, grains may be marketed on the basis
of grade. The grading criteria vary for each grain, but char-
acteristics such as bushel weight, percentage of damaged
kernels, and the presence of foreign material are considered.
A higher grade is associated with higher bushel weight,
fewer damaged kernels, and less foreign material.

Common Grains and Grain Byproducts Fed to Horses

Corn (maize) is often an economical energy source for
horse feeds. Dent corn is the most common type of corn
used in animal feeds, whereas sweet corn and popcorn are
usually grown for human consumption. Corn is frequently
fed cracked, rolled, or flaked, and is highly palatable. Corn
is lower in CP and lysine, but higher in DE, than oats or bar-
ley (Table 16-6). Corn has a high bushel weight, and it is
higher in starch and lower in fiber than barley or oats (Table
2-2). The small intestinal digestibility of the starch in whole
corn is lower than for the starch in whole oats (Radicke et
al., 1991), although some types of processing will improve
the small intestinal availability of corn starch. The effects of
starch source and grain processing on starch digestibility are
discussed in detail later in this chapter.

Corn is often processed to produce ingredients used in
the manufacture of food for human consumption, such as
corn oil, corn starch, and corn syrup. Many of the residues
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(byproducts or co-products) of these processes may be in-
corporated into feeds for horses as energy sources. Hominy
feed is produced during the manufacture of corn grits or
corn meal for human use and is sometimes called corn grits
byproduct. Hominy feed usually contains at least 4 percent
fat and is relatively low in fiber. Protein quantity and quality
are relatively low, but the energy value is at least compara-
ble to barley or oats. Corn gluten feed, corn gluten meal, and
corn distillers’ dried grains are the residues from processing
or distilling. These products are much higher in protein and
fiber than corn, and much lower in starch. Distillers’ dried
grains have been shown to be palatable to horses (Pagan and
Jackson, 1991b).

On a volume basis and on a weight basis, oats are much
less energy-dense than corn. The bushel (bu) weight of corn
will be greater than 50 lIb/bu, whereas the bushel weight of
oats will often be less than 40 Ib/bu. Bushel weight can be
affected by the variation in the ratio of hull to kernel. When
the proportion of hull increases, the bushel weight de-
creases. In addition, the oat hull contains high levels of cel-
lulose and xylan, which are much less digestible than the
starch in the kernel. Therefore, as the proportion of hull in-
creases, the energy value of the oats decreases. Oats contain
more fiber and less starch than corn. However, oat starch has
been reported to be more readily digested than corn starch in
the small intestine (Radicke et al., 1991). Therefore, if
grains are fed at high intakes, the use of oats may result in
less overflow of starch to the large intestine. Oats also tend
to be higher in protein, lysine, and fat than corn, but like
corn, oats have an inverted calcium:phosphorus ratio. Oats
are palatable to horses, but the rate of consumption of oats
is often much less than for textured sweet feed or pelleted
feed (Harbor et al., 2003). White oats are the most common
type grown in the United States, but red oats and gray oats
are also available. High fat (12—15 percent oil) varieties of
oats have been produced, termed “naked oats,” which thresh
free of the hull and are higher in energy than traditional oats
(Valentine, 1999). Oats are often fed whole, crimped, or
rolled. Oats may be cleaned to remove loose hulls and con-
taminating material. When the hull is removed from the oat,
the remaining product is referred to as the groat. Oat groats
are used primarily in the production of human foods, but
some may be incorporated into horse feeds. They are higher
in starch, fat, and energy than whole oats. Byproducts of oat
milling that are available for animal feeds include feeding
oat meal, oat mill byproduct (oat mill feed), and oat hulls.
Oat hulls are high in NDF and ADF and can be used to
increase the fiber content of a diet, but are only marginally
digestible, so they provide little energy to horses. Feeding
oat meal is relatively low in fiber and contains pieces of
oat groats and some oat flour. Oat mill feed is a byproduct
intermediate to feeding oat meal and oat hulls in fiber con-
tent and contains some pieces of oat groats as well as some
oat hulls.

Barley is an important energy feed worldwide. It is the
basic unit of energy for the French horse feeding standards.
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The DE, CP, starch, and lysine content of barley is interme-
diate to oats and corn (Table 16-6 and Table 2-2). Using
ileally fistulated animals, Meyer et al. (1993) reported that
the preileal digestibility of starch in rolled barley was ap-
proximately 21.4 percent, compared to 85.2 percent for oats.
In addition, de Fombelle et al. (2004) reported that small in-
testinal digestion of barley starch was lower than oat starch
(87.4 percent vs. 99.8 percent, respectively, in horses fed a
high-starch diet). De Fombelle et al. (2004) used a mobile
nylon bag technique and the substrates were ground, which
may have resulted in the high small intestinal starch di-
gestibilities. Barley is the primary grain used in the brewing
industry and brewers’ dried grains are often incorporated
into animal feeds. As with distillers’ dried grains, brewers’
dried grains tend to be higher in protein, higher in fiber, and
lower in starch than whole grains. Hordenine (N,N-
dimethyltyramine) may be found in some barley ingredients,
particularly in barley sprouts (Schubert et al., 1988). Horde-
nine originating from reed canarygrass or barley sprouts has
been found in urine samples collected for drug-testing pur-
poses in horses (Irvine, 1988; Sams, 1997).

Most wheat grown in the United States is used for human
consumption, so the inclusion of wheat grain in horse diets
is somewhat uncommon. However, wheat byproduct feeds
are often used in horse feeds, wheat middlings (midds)
being one of the most common. Because most of the flour
has been removed, wheat midds are higher in fiber and pro-
tein, but lower in energy than wheat grain (Table 16-6).
Wheat midds may contain more than 1 percent phosphorus
(Table 16-6). Approximately 80 percent of the phosphorus
in wheat midds is found as phytate (Ravindran, 1996). Be-
cause of the high phosphorus content, calcium supplemen-
tation is usually necessary when wheat midds constitute a
significant portion of the diet. Due to their fine texture,
wheat middlings are not easily fed alone; however, they are
commonly used in pelleted feeds. Wheat bran is higher in
ADF and NDF than wheat midds, and it is also high in phos-
phorus. Other wheat byproducts that may be incorporated in
horse feeds include wheat mill run, wheat shorts, and red
dog. Wheat mill run is a combination of bran and midds.
Wheat shorts and red dog contain slightly more flour than
wheat midds.

Other grains that can be fed to horses include rye and
sorghum grain. Sorghum grain is very small in size, and it is
commonly processed prior to incorporation in horse diets.
The nutrient composition of sorghum is similar to corn, al-
though it may be slightly lower in energy value. Rye is lower
in palatability than most other cereal grains, but the chemi-
cal composition is similar to oats. Rye may be contaminated
with ergot (see section Mycotoxins in Grains).

Other Byproduct Feeds

Molasses is a byproduct of sugar manufacturing and is
usually produced from sugar cane or sugar beets. Molasses
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is usually incorporated into horse feeds because it is palat-
able, helps to reduce dust, and may also aid in preventing
sifting of ingredients in a mixed feed. Typical inclusion rates
of molasses vary, but are usually less than 10 percent of a
concentrate. On a DM basis, molasses contains 4 to 6 per-
cent potassium (Table 16-6) and 62-90 percent NFC (Table
2-2). Under some circumstances molasses may be blended
with other liquids; for example, a low level of fat may be
added to molasses that will be incorporated in textured feeds
(sweet feeds) to enhance the appearance of the feed and de-
crease caking in cold weather.

Another byproduct of the sugar industry is beet pulp.
Dried beet pulp is available with or without added molasses.
The addition of molasses increases the sugar and potassium
content of beet pulp. Beet pulp has a higher water holding
capacity than hay cubes or soy hulls (Moore-Colyer et al.,
2002) and may be fed moistened. Several research studies
have fed diets containing sugar-beet pulp to horses (Harris
and Rodiek, 1993; Crandell et al., 1999; Warren et al., 1999;
Palmgren-Karlsson, 2002). Beet pulp is usually used as a
component of mixed concentrate feeds; however, Harris and
Rodiek (1993) fed diets consisting of 45 percent beet pulp
and 55 percent alfalfa pellets without negative effects, and
Warren et al. (1999) fed horses a diet containing 55 percent
beet pulp.

Moore-Colyer et al. (2002) reported a total tract disap-
pearance of 85 percent for unmolassed sugar-beet pulp using
a mobile nylon bag technique in ponies. This estimate of dry
matter digestibility for beet pulp compares well with the re-
sults of Harris and Rodiek (1993). In their study, dry matter
digestibility of a beet pulp/alfalfa pellet diet was 72 percent
compared to 63 percent for the alfalfa pellets alone. Palm-
gren-Karlsson (2002) found that replacing 40 percent of the
oats in a hay-oat diet with a combination of molassed beet
pulp and dried brewers’ grains (86:14 ratio) did not affect
the energy digestibility of the diet. These studies suggest
that the energy value of beet pulp is higher than alfalfa pel-
lets and possibly as high as oats. Pagan (1998) reported a
DE value of 2.8 Mcal/kg for beet pulp on an as-fed basis.
However, the beet pulp used in nutrition studies with horses
has been