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Preface

Reviewing progress in the mineral nutrition of livestock over the last 10 years has been compli-
cated by a small fraction of the many new papers that addressed practical problems in a logical
way and were subjected to rigorous peer review. The focus has been either on fundamental stud-
ies of molecular pathways or on commercially attractive nutritional supplements, bypassing the
‘middle-ground’ of basic mineral nutrition. Fundamental studies have rarely produced information
that changes the way mineral imbalances are diagnosed, treated or avoided. Applied studies have
been dominated by commercial interests and some published conclusions have been highly mis-
leading, even those appearing in prestigious journals. Commercially biased experiments in min-
eral nutrition can be easily recognized: experimental designs follow practices adopted by QCs
during cross examinations, avoiding questions to which the answer is unknown and possibly
damning; statistical significance conventions are ignored, trends (P< 0.1) becoming ‘significant’
and if that ruse fails ‘numerical superiority’ may be claimed; positive comments about supple-
ments are always mentioned in the abstract, however trivial; negative comments are avoided.
One journal of human clinical nutrition now appends a ‘declaration of interest’ to their published
papers, with an indication of what each author has contributed to minimize biased reporting, but
commercial influences are now so pervasive that a similar declaration may be needed from refe-
rees. One veterinary journal now discriminates against citations of papers not subjected to peer
review, a commendable practice that can greatly shorten reference lists.

Rigorous review has led me to reject some widely held views, including those that unreserv-
edly accredit selenomethionine and metal chelates with superior availability. While I think that
Eric Underwood would have agreed with me, it seemed unfair to link his reputation to such con-
tentious issues and a text which has continued to shift from the solid foundation that he so care-
fully laid in 1981. Two major changes in organization have been made: first, the complete
separation of calcium from phosphorus, since they are mutual antagonists rather than bedfellows
when it comes to non-ruminant nutrition; second, to provide a nutritional ‘heart’ to most chapters
by tagging mineral requirements behind mineral composition and availability. To counter the
growing separation of mineral nutrition in man and livestock, a final chapter has been added,
which highlights areas of interdependence with implications for the health of both, and the sus-
tainability of their shared environment.

After a decade that has seen a vast increase in the pace and complexity of research, I have
been greatly assisted by the following chapter referees for covering my ignorance, particularly at
the modelling and molecular levels: Professors Andrew Sykes (Lincoln College, NZ; magnesium),
Susan Fairweather-Tait (University of East Anglia, UK; iron), John Arthur (Rowett Research
Institute, Aberdeen; iodine and selenium) and Jerry Spears (North Carolina University; manga-
nese and zinc). Old friends Bob Orskov, Dennis Scott and Chris Livesey interrupted their retire-
ment, the latter’s only just begun, to put me right on the rumenology of sulfur, physiological

Vi



viii Preface

aspects of sodium and potassium and environmental aspects of potentially toxic elements,
respectively.

A criticism of the last edition by Professor Ivan Caple, the then Dean of University of
Melbourne’s Veterinary School, that it lacked a quick reference section for busy vets, has resulted
in the addition of three summary appendices, though the lists of cautionary footnotes are neces-
sarily long. Readers are again invited to notify the author of errors, omissions or irrelevancies — it
may be possible to respond to some of them in a subsequent paperback version.

Neville Suttle
Moredun Foundation
Penicuik

EH26 OPZ

suttle_hints@hotmail.com



1 The Requirement for Minerals

Early Discoveries

All animal and plant tissues contain widely vary-
ing amounts and proportions of mineral ele-
ments, which largely remain as oxides,
carbonates, phosphates and sulfates in the ash
after ignition of organic matter. In the 17th cen-
tury, a Swedish chemist, Gahn, found calcium
phosphate to be the major component of bone
ash. In 1875, Sir Humphrey Davy identified the
element potassium in the residues of incinerated
wood and gave it the name ‘pot ash’. The earli-
est hint of nutritional significance for such
apparently inert substances came from Fordyce
(1791), who showed that canaries on a seed
diet required a supplement of ‘calcareous earth’
to remain healthy and produce eggs. Calcium
supplements were eventually used for the pre-
vention of rickets, a childhood disorder of bone
development that had plagued people for centu-
ries. The discovery that iron was a characteristic
component of blood led Frodisch (1832) to link
blood iron content with ‘chlorosis’ (anaemia) in
people. In livestock, Boussingault (184 7) showed
that cattle had a dietary need for common salt,
and Babcock (1905) induced calcium deficiency
in dairy cows by feeding diets low in calcium. A
craving of sick cattle and sheep for the bones of
dead animals on the South African veldt led to
the identification of phosphorus deficiency in
cattle (Theiler, 1912). Chatin (1850-1854)
linked environmental iodine deficiency to the
incidence of endemic goitre in man and animals

and, early in the next century, the iodine-rich
molecule thyroxine was isolated from thyroid
tissue (Harington, 1926). At the beginning of
the last century, it was becoming apparent that
there is more to minerals than meets the eye.

Essentiality

Between 1928 and 1931, novel studies at
Wisconsin with rats given specially purified
diets showed that copper, manganese and zinc
were each essential for health (Underwood,
1977). The 1930s saw the extension of such
studies to livestock and, in the field, animals
were shown to suffer from deficiencies of cop-
per and cobalt in North America, Australia and
Europe. Further studies with rats maintained in
plastic isolators to exclude atmospheric con-
tamination extended the list of essential miner-
als to include selenium (Smith and Schwarz,
1967), an element previously renowned for its
toxicity to livestock. By 1981, 22 mineral ele-
ments were believed to be essential for animal
life: seven major or macronutrient minerals —
calcium, phosphorus, potassium, sodium, chlo-
rine, magnesium and sulfur — and 15 trace or
micronutrient mineral elements — iron, iodine,
zinc, copper, manganese, cobalt, molybdenum,
selenium, chromium, tin, vanadium, fluorine,
silicon, nickel and arsenic (Underwood, 1981).
Subsequently, dietary supplements of alumin-
ium, boron, cadmium, lithium, lead and rubidium

©N. Suttle 2010. Mineral Nutrition of Livestock, 4th Edition (N. Suttle) 1



2 Chapter 1

were shown to improve growth or health in
rats, goats, pigs or poultry reared in highly spe-
cialized conditions, without inducing specific
abnormalities or being associated with break-
down along metabolic pathways where they
have specific functions (see Chapters 17 and
18); these, and some of their predecessors that
were labelled ‘newer essential elements’ in the
previous edition of this book (notably fluorine,
nickel, tin and vanadium) (Underwood and
Suttle, 1999), must be re-examined in the light
of the theory of hormesis (Calabrese and
Baldwin, 1988). All animal tissues contain a
further 20-30 mineral elements, mostly in
small and variable concentrations. These are
probably adventitious constituents, arising from
contact with a chemically diverse environment.

Complexity

The last decade of the 20th century saw the
increased application of molecular biology to
studies of mineral metabolism and function, and
the complex mechanisms by which minerals are
safely transported across cell membranes and
incorporated into functional intracellular mole-
cules began to be clarified (O'Dell and Sunde,
1997). For potassium alone, 10 different mem-
brane transport mechanisms were identified.
Genes controlling the synthesis of key metallo-
proteins such as metallothionein, selenoenzymes
such as glutathione peroxidases and superoxide
dismutases (SODs) were the first to be isolated,
and deficiencies of zinc were found to influence
the expression of genes controlling the synthesis
of molecules that did not contain zinc (Chesters,
1992). The induction of messenger RNA for
transport and storage proteins promised to be a
sensitive indicator of copper deprivation (Wang
et al., 1996) but, with ever-increasing arrays to
choose from, animals are proving to be highly
selective in which genes they switch on and when
they do it. New functions are being revealed,
such as the role of zinc in alkylation reactions (see
Chapter 16) and some, such as the activation of
a methionine synthetase by copper (see Chapter
11), open up fresh possibilities for one element
to compensate for the lack of another. Two fami-
lies of zinc transporters have been identified,
some of which are needed to activate the zinc
enzyme alkaline phosphatase (see Chapter 16)

(Suzuki et al., 2005). The new millennium has
seen an explosion of activity in this field and a
new focus: the signalling mechanisms by which
intracellular needs are communicated and orches-
trated. Calcium and superoxide ions and seleno-
cysteine play pivotal roles, with the selenocysteine
‘altering our understanding of the genetic code’
(Hatfield and Gladyshev, 2002). New journals
dedicated to the subject of ‘proteomics’ have
been launched, but proteomics has yet to impact
the practical nutrition of livestock and it is largely
beyond the scope of this book.

Functions

Minerals perform four broad types of function
in animals:

1. Structural: minerals can form structural
components of body organs and tissues,
exemplified by minerals such as calcium,
phosphorus and magnesium; silicon in bones
and teeth; and phosphorus and sulfur in mus-
cle proteins. Minerals such as zinc and phos-
phorus can also contribute structural stability
to the molecules and membranes of which
they are a part.

2. Physiological: minerals occur in body fluids
and tissues as electrolytes concerned with the
maintenance of osmotic pressure, acid-base
balance, membrane permeability and transmis-
sion of nerve impulses. Sodium, potassium,
chlorine, calcium and magnesium in the blood,
cerebrospinal fluid and gastric juice provide
examples of such functions.

3. Catalytic: minerals can act as catalysts in
enzyme and endocrine systems, as integral and
specific components of the structure of metallo-
enzymes and hormones or as activators (coen-
zymes) within those systems. The number and
variety of metalloenzymes and coenzymes
identified has continued to increase since the
late 1990s. Activities may be anabolic or cata-
bolic, life enhancing (oxidant) or life protecting
(antioxidant).

4. Regulatory: minerals regulate cell replica-
tion and differentiation; for example, calcium
ions influence signal transduction and seleno-
cysteine influences gene transcription, leading
to its nomination as ‘the 21st amino acid’
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Table 1.1. Some important metalloenzymes and metalloproteins in livestock.

Metal Metalloenzyme or metalloprotein ~ Function
Hepcidin Iron regulating hormone
Fe Succinate dehydrogenase Oxidation of carbohydrates
Haemoglobin Oxygen transport in blood
Catalase Protection against hydrogen peroxide, H,O,
Cu Cytochrome oxidase Terminal oxidase
Lysyl oxidase Lysine oxidation
Hephaestin Iron absorption
Caeruloplasmin Copper transport
Superoxide dismutase Dismutation of superoxide radical, O;
Mn Pyruvate carboxylase Pyruvate metabolism
Superoxide dismutase Antioxidant by removing O;
Glycosyl aminotransferases Proteoglycan synthesis
Se Glutathione peroxidases (four) Removal of H,O, and hydroperoxides
Type 1 and 2 deiodinases Conversion of tetraiodothyronine to triiodothyronine
Selenocysteine Selenium transport and synthesis of selenoenzymes
Zn Carbonic anhydrase Formation of carbon dioxide

Alkaline phosphatase
Phospholipase A,

Hydrolysis of phosphate esters
Hydrolysis of phosphatidylcholine

(Hatfield and Gladyshev, 2002). The pivotal
metabolic role of thyroxine has been attributed
to the influence of triiodothyronine on gene
transcription (Bassett et al., 2003).

An indication of the wide range and func-
tional importance of metalloproteins is given in
Table 1.1.

Multiplicity of Function

Many functions can be performed simultane-
ously by the same element in the same animal
and many take place in both the plants on which
livestock depend (e.g. glutathione peroxidase)
and the microbes or parasites that infect them
(e.g. MnSOD and CuZnSOD). Preoccupation
with the structural functions of calcium and phos-
phorus in the skeleton initially drew attention
away from their influence on manifold activities
in soft tissues. These include the maintenance of
calcium ion concentrations in extracellular fluid
for the orderly transmission of nerve impulses
and intracellular energy exchanges, which all
rely on the making or breaking of high-energy
phosphate bonds and cell signalling. Phosphorus
is an integral part of regulatory proteins and nucleic
acids and thus integral to transmission of the
genetic code by translation and transcription.

Copper is an essential constituent of the growing
number of cuproenzymes and cuproproteins
with functions as diverse as electron transfer
(as cytochrome oxidases), iron absorption (as
hephaestin) and antioxidant defence (CuZnSOD)
(see Chapter 11).

Functional Forms

In metalloenzymes, the metal is firmly attached
to the protein moiety with a fixed number of
metal atoms per mole of protein and cannot be
removed without loss of enzyme activity. Where
two metals are present in the same enzyme
they may serve different purposes: in CuZnSOD,
the ability of copper to change its valency facili-
tates dismutation of the superoxide free radical,
while zinc stabilizes the molecule. Manganese
can also change valency and thus serves a simi-
lar function to copper in MnSOD.

In regulatory proteins or peptides that con-
tain more than one atom of a mineral, the pre-
cise number and/or position of atoms can
determine function. Thyroxine contains four
atoms of iodine, two attached to an outer ring
and two to an inner tyrosine ring (T4). Removal
of one atom from the outer ring creates a physi-
ologically active molecule (triiodothyronine), while
removal of an inner atom creates an inactive
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analogue. Deiodination is accomplished by a
family of three selenium-dependent deiodi-
nases, synthesized from the encoded seleno-
cysteine (Beckett and Arthur, 1994). Low
metalloenzyme activity and low concentrations
of metalloproteins in particular cells or fluids
sometimes accompany and explain specific
clinical symptoms of mineral deprivation, but
some serious pathological disorders cannot be
explained in such biochemical terms (Chesters
and Arthur, 1988).

Cobalt is a unique element in that its func-
tional significance can be accounted for by its
presence at the core of a single large molecule,
vitamin B,,, with two different functions deter-
mined by the side chain that is attached.

Metabolism

Minerals follow labyrinthine pathways through
the animal once ingested and Fig. 1.1 gives the
barest of introductions. The digestive process
can enhance or constrain the proportions of
ingested minerals that are absorbed from the
diet and occasionally change the forms in
which they are absorbed (e.g. selenium).
However, minerals are not broken down into
metabolizable forms (i.e. ‘digested’) in the way
that organic dietary components are.
Absorption of many minerals is carefully regu-
lated, but some share the same regulator, a
divalent metal transporter (Garrick et al.,
2003; Bai et al., 2008). Iron and manganese
are delivered to a shared protective binding
protein, transferrin, within the gut mucosa (see
Chapter 13). Minerals are usually transported
from the serosal side of the mucosa to the liver
in free or bound forms via the portal blood
stream, but they can get ‘stuck’ in the mucosa.
From the liver, they are transported by the
peripheral bloodstream to be taken up by dif-
ferent organs and tissues at rates determined
by local transporter mechanisms in cell mem-
branes and organelles to meet intracellular
needs: a single insight is given into the intrica-
cies of such movements in the context of zinc
(see Chapter 16).

Mineral turnover rates vary from tissue to
tissue, but are generally high in the intestinal
mucosa and liver, intermediate in other soft

tissues and slow in bone, although turnover
rates are influenced by physiological (e.g. lacta-
tion) and nutritional (deficient or overloaded)
state. Minerals also leave the transport pool by
secretion (e.g. milk, sweat and digestive juices)
and excretion (urine): those secreted into the
gut prior to sites of absorption may be reab-
sorbed, and the resultant recycling delays the
onset of mineral deprivation, as in the case of
phosphorus secreted in saliva. Using computer
programmes such as SAAM?, rates of exchange
of minerals between body pools or ‘compart-
ments’ with different turnover rates and between
the gut and bloodstream can be measured from
the rates of change in specific radioactivity in
selected pools after a single intravenous
radioisotope dose. Compartmental analysis has
thus clarified the changes in calcium accretion
and resorption in the skeleton during preg-
nancy and lactation in sheep (Braithwaite,
1983) and two minerals with interrelated path-
ways, such as calcium and phosphorus, can be
tracked simultaneously (Fernandez, 1995).
Figure 1.1a shows a macro-model represent-
ing the dynamics of mineral metabolism for cal-
cium at a single moment in time. Similar
intracellular fluxes and sequential events take
place on a much smaller nano-scale between
organelles (Fig. 1.1b) and they often rely on the
same transporters that facilitate absorption (see
Chapter 13) (Garcia et al., 2007).

Net Requirements

The functions performed by minerals can only
be fulfilled if sufficient amounts of the ingested
mineral are absorbed and retained to keep
pace with growth, development and reproduc-
tion and to replace minerals that are ‘lost’
either as products, such as milk or eggs, or
insidiously during the process of living.

Maintenance

Finite amounts of all essential minerals are
required to replace unavoidable losses even in
non-productive livestock. The magnitude of this
‘maintenance requirement’ (M) varies for different
elements and species, but the major component
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(a)
Other
soft
tissues

(T)

Secreted

mineral
(M)
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mineral (1) mineral (F)
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in Golgi
ECF
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Fig. 1.1. (a) An illustration of two-way flows of mineral between pools (circles) in a lactating ewe,
following ingestion (I). By labelling mineral in the diet or plasma pool with an isotope, flows can be
calculated as amounts of mineral absorbed and partitioned. In one such study (Braithwaite, 1983),

the major daily calcium flows (in grams) in early lactation were: I, 5.2; absorption (GP), 2.5; secretion
into gut (PG), 1.4; PB, 1.0; BR, 3.1; with faecal excetion (F) at 4.1, most of the calcium secreted in milk
(M, 3.0) came from bone rather than diet. (b) Whole-body fluxes are the outcome of innumerable flows
of mineral into, within and from each cell, with extracellular fluid (ECF) the provider and intracellular fluid
(ICF) the distributor acting in similar ways to the diet and plasma in Fig. 1.1a and the organelles

(e.g. mitochondria) participating in two-way flows with mineral in ICF.
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is usually the amount unavoidably lost via the
faeces as sloughed mucosal cells, microbial resi-
dues and unabsorbed digestive secretions. If the
faeces serve as a regulated route of excretion
for a mineral absorbed in excess of need, as it
does for phosphorus in ruminants and for cop-
per and manganese in all species, it is unneces-
sary to replace the total faecal endogenous loss.
Estimates of the minimum endogenous loss can
be obtained from the intercept of the regression
of faecal excretion against intake for the min-
eral (i.e. the faecal loss at zero mineral intake).
Estimates of the maintenance requirement for
phosphorus for ruminants have thus been
reduced from 40 to 12mg P kg™ live weight
(LW) (ARC, 1980).

An alternative approach is to feed a syn-
thetic, mineral-free diet and assume that all the
mineral excreted in faeces is of endogenous
origin (e.g. Petersen and Stein, 2006).
However, no animal can survive for long with-
out essential minerals and it may be necessary
to do more than replace the minimum faecal
endogenous loss. Theoretically, the mainte-
nance requirement should equate to the faecal
endogenous loss measured at the minimum
mineral intake needed for maximal production
(or zero balance in the case of non-producing
livestock) and be expressed on a kg~! dry mat-
ter (DM) intake basis. In fact, the maintenance
requirement is more closely related to food
intake (or metabolic body weight, LW %) rather
than body weight per se, reflecting the
increased secretion of minerals into the gut
and increased ‘wear and tear’ on the mucosal
lining at the high food intakes needed to sus-
tain high levels of performance, something
termed the ‘productivity increment’ in the
maintenance requirement (Milligan and
Summers, 1986). Lactating animals eat more
food per unit of body weight than non-lactating
animals, and therefore have relatively high
maintenance requirements.

Work

With grazing stock, movement may raise main-
tenance needs for energy by 10-20% or more
above those of the animal at rest. With work-
ing animals, such as horses or bullocks used for

draft or transport purposes, maintenance
needs for energy can be increased several fold.
The extra food required for movement and
work will usually supply the animal with suffi-
cient additional minerals (even in the cow,
which is increasingly used for draft purposes),
except perhaps for sodium and chloride. Hard
physical work, especially in hot conditions,
greatly increases losses of sodium, potassium
and chlorine in sweat, thereby increasing the
net requirement for those elements. No other
increased requirements have been reported for
macro-minerals with physical work. However,
there is a growing belief that increased con-
sumption of oxygen during exercise leads to
increased requirements for trace elements such
as selenium that are involved in antioxidant
defence (see Chapter 15) (Avellini et al.,
1995).

Reproduction

The mineral requirements for reproduction in
mammals are usually equated to the mineral
content of the fetus and products of concep-
tion (i.e. placenta, uterus and fetal fluids), and
therefore increase exponentially to reach a
peak in late gestation (Fig. 1.2). For the twin-
bearing ewe, the calcium requirement in late
gestation actually exceeds that of lactation,
leading to important contrasts in the period of
vulnerability to calcium deprivation when com-
pared with the dairy cow (see Chapter 4).
There is also a small additional requirement for
the growth of mammary tissue and accumula-
tion of colostrum prior to parturition. For those
minerals where the generosity of maternal
nutrition determines the size of the fetal reserve
(e.g. copper and selenium) (Langlands et al.,
1984), it may be prudent but not essential to
allow for maximal fetal retention.

Production

The net mineral requirement for production (P)
is determined by the mineral content of each
unit of production such as weight gain (W), milk
yield (M) or fleece growth (F), and each is usually
taken to remain constant. However, for elements
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Fig. 1.2. Patterns of fetal accumulation of calcium, manganese and selenium in singleton () and twin-bearing
ewes (m) during gestation reflect fetal weight gain (from Grace et al., 1986).

such as calcium and phosphorus, which are far
richer in bone than in soft tissue, requirements
for growth may diminish slightly as animals
mature because bone makes a progressively
smaller contribution to each unit of live-weight
gain (AFRC, 1991). Table 1.2 shows that net
calcium requirements for growth differ greatly
between species, with the horse having a far
greater need than the sheep. This difference is
attributable to both a higher proportion of bone
in the equine carcass (0.12 versus 0.10) and a
higher proportion of dense or compact bone in
the equine skeleton (see Chapter 4).

As a further example, with copper, iron
and zinc concentrations in white meat less than
a quarter of those in red meat (Gerber et al.,
2009), W for those elements is bound to be
low for broilers and turkeys compared to
weaned calves and lambs.

Net requirements are affected by the pro-
ductive capacity of the species or breed, the
rate of production allowed by other dietary
constituents — notably energy — and the envi-
ronment. Animals may adjust to a suboptimal
mineral intake by reducing the concentration
of mineral in tissues or products. Thus, quali-
ties such as the shell strength of eggs and the

tensile strength of wool fibres may be reduced
in order to conserve minerals for more essen-
tial functions. Values used for production must
be sufficient to optimize the quality as well as
the quantity of product. Milk is exceptional in
that normal mineral concentrations are usually
maintained during deficiency, with priority
being given to the suckling at the expense of

Table 1.2. Net mineral requirements for production
are determined by the mineral concentrations in
the product. These data for calcium concentrations
in the empty bodies of sheep, deer and horses at
different stages of growth show that the net
calcium requirement of the horse for growth is
about 70% greater than that of the lamb (data
mostly from Grace et al., 2008).

Ca concentration
(g kg™ empty body weight)

Sheep Deer Horse
Newborn 10.12 18.4 18.2
Weanling 9.6° 14.9 171
Young adult 10.5 15.0 16.7

aField and Suttle (1967).
°Field et al. (1975).
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the mother. Where the provision of excess
mineral increases mineral concentrations in
milk (e.g. iodine), it is unnecessary to allow for
replacement of all the secreted mineral. By
analogy with maintenance requirements, the
requirement for milk production is the unavoid-
able rather than the regulated secretion of a
given mineral in milk.

Gross Requirements

Net mineral requirements underestimate gross
dietary needs for minerals because ingested
minerals are incompletely absorbed, the degree
of underestimate being inversely related to the
efficiency with which a given mineral is absorbed
from a given diet. For some minerals (e.g.
sodium and potassium) absorption is virtually
complete under all circumstances, but for oth-
ers (e.g. copper and manganese) most of the
ingested mineral can remain unabsorbed. For
such elements, a range of gross requirements
(GR) will usually be appropriate, inversely
related to the extent to which ‘conditioning’ or
antagonistic factors limit mineral absorption
from a particular grazing or ration (Fig. 1.3). By
the same reasoning, there must be a range of

maximum ‘tolerable’ dietary levels for a given
mineral, which are directly related to antago-
nist potency (Fig. 1.3). The chemical form in
which a mineral is present in the diet can deter-
mine the efficiency with which it is absorbed.
For example, although cereals contain high lev-
els of phosphorus the mineral is largely present
as phytate, which is poorly absorbed by pigs
and poultry. There are two principal methods
for estimating the needs of livestock for miner-
als: factorial models and dietary trials.

Factorial models

Factorial models summate the components of
net requirement and divide the total by the
absorbability coefficient (A) for the given min-
eral to allow for inefficient use of the dietary
mineral supply. Thus, the calcium need of a
lactating ewe is given by:

GRCa = (MCa + PCa)/ACa = (MCa + LCa + FCa)/ACa

where GR is the gross requirement, A, is the
absorbability coefficient for calcium and M, L
and F are the net requirements of calcium for
maintenance, lactation and fleece growth,
respectively.

‘Deficient’ Adequate ‘Toxic’
100
@ ' )
@ Marginal Requirements Marlgllnal
<3 deficiency || Minimum R
a A Safe range (A)
3 range (A) g
o allowance
_>
(B)
0

Dietary mineral concentration

Fig. 1.3. The dose—response relationship between mineral supply and animal production showing

marginal bands between adequate and inadequate or toxic dietary concentrations. For a given range of
concentrations, the graph and marginal ranges move to the right as absorbability of the mineral source
declines; thus A represents the more and B the lesser absorbable of two mineral sources. ‘Requirements’
are variously set within the central ‘Adequate’ band, ranging from minimum requirements to safe
allowances, depending on the extent to which absorbability and other variables are taken into consideration.
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The main advantage of the factorial
approach is that requirements can be predicted
for a wide range of production circumstances,
provided that reliable data are available for
each model component (ARC, 1980; Suttle,
1985; White, 1996). However, predicted
requirements are heavily influenced by the
value chosen for the absorbability coefficient in
the model. The measurement of the absorba-
bility coefficient can be technically difficult and
varies greatly for elements such as calcium and
copper in ruminants and phosphorus and zinc
in non-ruminants, as explained in Chapter 2.
Nevertheless, factorial models have been used
to generate many of the mineral requirements
tabulated in this book.

Dietary trials

Mineral requirements can be estimated by feed-
ing groups of livestock with diets providing
a range of mineral inputs above and below
the minimum requirement and measuring
responses in a relevant variable such as growth
rate or blood composition. However, five or
more different mineral input levels may be
needed to precisely define the optimum require-
ment, and the result can still depend on the
statistical model used to describe the response
(Remmenga et al., 1997). A further challenge
is that it is often necessary to use purified ingre-
dients to obtain sufficiently low mineral inputs:
if the diet then lacks naturally occurring antag-
onists, the results will underestimate require-
ments on natural diets (Suttle, 1983; White,
1996). Another difficulty is that it is impractical
to allow for requirements that vary with time.
Where the requirement for production is high
relative to that for maintenance, as it is for iron
in growing livestock, requirements will fall with
time when expressed as a proportion of a
steadily increasing food intake if the growth
rate remains constant (Suttle, 1985). The die-
tary approach has demonstrated much higher
zinc requirements for turkey poults than chicks
on the same semi-purified diet (25 versus
18mg Zn kg! DM) (Dewar and Downie,
1984). The difference may be partly attrib-
utable to the higher food conversion effi-
ciency of the turkey poult. Dietary estimates of

requirement are needed to validate factorially
derived requirements.

Criteria of ‘Requirement’

The criterion of adequacy is an important
determinant of the estimated mineral require-
ment because mineral-dependent metabolic
processes can vary in sensitivity to depriva-
tion. For instance, the processes of pigmenta-
tion and keratinization of wool are the first and
sometimes the only processes to be affected
by a low copper status in sheep. The copper
requirement of sheep is higher if wool growth
rather than growth rate or blood haemoglobin
content is used as criterion of adequacy. The
minimum zinc requirements for spermatogen-
esis and testicular development in young male
sheep are significantly higher than they are for
body growth (Underwood and Somers, 1969).
Zinc requirements are therefore lower for
lambs destined for meat production than for
those destined for breeding. Optimum mineral
intakes are often lower when defined by pro-
duction traits rather than by biochemical traits.
For example, Dewar and Downie (1984) con-
cluded that the optimum dietary zinc intakes
for chicks were 18, 24 and 27 mg kg DM,
respectively, for growth, plasma zinc and tibia
zinc. The adequacy of phosphorus nutrition
can be assessed on the basis of growth, bone
dimensions, bone composition or bone histol-
ogy, with bone ash and growth plate hypertro-
phy giving the most sensitive estimates of
requirements in turkey poults (Fig. 1.4) (Qian
et al., 1996).

Requirements for Breeding Stock

Particular problems arise in defining and meet-
ing requirements for reproduction and lacta-
tion. The mother invariably gives priority to
offspring and any deficit between daily need
and dietary provision is met by drawing on
maternal mineral reserves. Requirements do
not need to be met consistently throughout
gestation or lactation. A classic experiment
was performed by Kornegay et al. (1973), in
which sows were fed constant daily amounts of
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Fig. 1.4. Measures of bone quality in turkey
poults vary in sensitivity to dietary phosphorus
supply and assessments of ‘optimal’ phosphorus
supply vary accordingly. Sensitivity of growth rate
is shown by the open circles (values relative to
those at maximal phosphorus intake) (data from
Qian et al., 1996).

calcium and phosphorus (10.3 and 11.0g
day!, respectively) throughout five reproduc-
tive cycles. The allowance was grossly inade-
quate for lactation, but sufficient to allow some
recovery of reserves between lactations. No
harm was done to the offspring and even the
fifth generation remained biochemically nor-
mal. The only production trait to suffer was
sow longevity, which was chiefly reduced by
the gradual development of lameness and other
leg abnormalities. Longevity is an important
trait in economic terms, and the lengthy critical
experiments required to define mineral require-
ments for lifetime production of the breeding
female have yet to be carried out for any spe-
cies (including the sow) for most minerals.
When a first pregnancy precedes the attain-
ment of mature weight, the requirements for

both growth and pregnancy must be met in the
short term otherwise the dam or its offspring
may suffer. When a cow has to conceive at
peak lactation, there may be no reserves to
draw on and fertility may suffer if peak daily
mineral requirements are not met.

Disagreement on Mineral
Requirements

Many national authorities have recommended
mineral requirements to ensure that the pro-
duction of native livestock is not impaired by
dietary mineral imbalances (Table 1.3).
However, agreement is rare, whether the rec-
ommendations are for poultry (Blair et al.,
1983), sheep (Table 1.2) or other species.
When one authority reviews the work of its
predecessor (e.g. Agriculture & Food Research
Council versus Agricultural Research Council)
(ARC, 1980; AFRC, 1991) recommendations
may change. Both international and national
differences are attributable to the following:

different criteria of adequacy;
different components in factorial models;
and

e different safety factors that leave no indi-
vidual at risk (‘safe allowances’; Fig. 1.4).

When using tables of requirements, the
methods and assumptions underlying the esti-
mates should be checked and values should
not be regarded as absolute because of uncer-
tainties surrounding precise mineral needs in
specific contexts. Marginal bands or different
categories will be attached to most of the min-
eral requirements presented in this book,
rather than a single misleading average value.

Table 1.3. Variation in recommended gross mineral requirements for sheep between countries (from
White, 1996). Where ranges are given, they represent the needs of specific classes of stock rather than
uncertainty in the minds of their progenitors, but they should serve both purposes.

National recommendation Ca (g kg™' DM) P (gkg"'DM)  Cu(mgkg”' DM) Se (mgkg' DM)
New Zealand (1983) 2.9 2.0 5.0 0.03

USA (1985) 2.0-8.2 1.6-3.8 7-11 0.1-0.2
Australia (1990) 1.5-2.6 1.3-25 5.0 0.05
United Kingdom (1980) 1.4-45 1.2-35 12-8.6 0.03-0.05

aThe low requirement was a unique recognition of the distinctive mineral requirements of milk-fed animals.
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Average requirements can be useful for a pre-
liminary assessment of the adequacy of min-
eral supplies from forages for grazing livestock,
but minimum requirements are preferable for
diagnosing deficiencies because of individual
variations in absorption, which also affect tol-
erance (Suttle, 1991). Complete avoidance of
mineral deprivation may not be compatible
with avoidance of toxicity, for example in pro-
viding copper and phosphorus to breeds of
sheep that are vulnerable to copper poisoning
(see Chapter 11) and urinary calculi (see
Chapter 6), respectively. There is rarely suffi-
cient knowledge for precise safety factors to
be calculated and their deployment is seldom
acknowledged. The ARC (1980) used a safety
factor to allow for a low Ay, in some pastures
and the AFRC (1991) used one to allow for
high faecal endogenous loss of phosphorus on
dry roughages. Feed compounders and farm-
ers generally apply their own safety factors
regardless of the machinations of national
authorities, and it is common for farm rations
to provide far more than the already generous
amounts recommended by some authorities
(see Chapter 20).

Expression of Mineral Requirements

The requirements of animals for minerals can
be expressed in several ways: in amounts per
day or per unit of product, such as milk, eggs

or weight gain; in proportions, such as per-
centage, parts per million (ppm), mass per
mass (e.g. mg kg') or moles (sometimes
micro- or millimoles) per kg DM of the whole
diet. Required amounts of minerals are the
most precise, but they can vary with total food
intake (e.g. those for calcium and phosphorus
for ruminants) (AFRC, 1991). Dietary concen-
trations of minerals are acceptable as long as
the diet is palatable and food intake is not con-
strained. These have the merit of simplicity,
being relatively constant. However, required
dietary mineral concentrations are affected by
the efficiency with which organic constituents
in the diet are utilized. Chicks and weaned pigs
consume similar types of diet, but the faster
growing broiler chick converts food to body
weight the more efficiently and requires nearly
twice as much calcium and manganese in its
diet than the pig. Although high-yielding dairy
cows require more dietary calcium and phos-
phorus than low-yielding cows, the dietary
concentrations required increase far less
because feed intakes rise as milk yield increases
(AFRC, 1991). The total phosphorus require-
ments of hens increase with the onset of egg
production but remain a constant proportion
of the diet, while the required calcium concen-
tration increases some 10-fold. Whether
expressed as amounts or concentrations,
requirements can be greatly influenced by fac-
tors that limit the absorption and utilization of
the mineral in question.
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2 Natural Sources of Minerals

Livestock normally obtain most of their minerals
from the feeds and forages that they consume,
and their mineral intakes are influenced by the
factors that determine the mineral content of
plants and their seeds. The concentrations of all
minerals in plants depend largely on four fac-
tors: (i) plant genotype; (ii) soil environment; (jii)
climate; and (iv) stage of maturity.

The importance of a given factor varies
between minerals and is influenced by interac-
tions with the other listed factors and with
aspects of crop or pasture husbandry, including
the use of fertilizers, soil amendments, irriga-
tion, crop rotation, intercropping and high-
yielding cultivars.

Influence of Plant Genotype
Adaptation to extreme environments

The most striking evidence of genetic influence
on mineral composition is provided by certain
genera and species growing in mineral-enriched
soils that carry concentrations of particular ele-
ments often several orders of magnitude higher
than those of other species growing in the
same extreme conditions. In saline soils, salt-
bushes (Atriplex species) and blue-bushes
(Kochia species) typically contain 80-140g
sodium chloride (NaCl) kg™! dry matter (DM)
compared to about 1g NaCl kg~! DM in com-

mon pasture plants in the same soils. Similarly,
certain species of Astragalus growing on
seleniferous soils contain >5000mg Se kg!
DM compared to <20mg Se kg! DM in com-
mon herbage species supported by the same
soils. The significance of selenium ‘accumula-
tor’ plants to the problem of selenosis in graz-
ing livestock is considered in Chapter 15.
Strontium-accumulating species have also been
reported (Underwood and Suttle, 1999).

Legumes

Leguminous species are generally much richer
in macro-elements than grasses growing in
comparable conditions, whether temperate or
tropical. Minson (1990) reported mean calcium
concentrations of 14.2 and 10.1g kg! DM in
temperate and tropical legumes, respectively,
against 3.7 and 3.8g kg! DM in the corre-
sponding grasses. Many tropical legumes are
exceedingly low in sodium, with half containing
less than 4g kg™! DM (Minson, 1990). Mixed
swards of Lolium perenne and Trifolium
repens have been found to have consistently
higher concentrations of calcium, magne-
sium and potassium than pure swards of
L. perenne, but sodium, sulfur and phosphorus
concentrations were similar with no nitrogen
applied (Hopkins et al., 1994). The trace ele-
ments, notably iron, copper, zinc, cobalt and

14 ©N. Suttle 2010. Mineral Nutrition of Livestock, 4th Edition (N. Suttle)
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nickel, are also generally higher in leguminous
than in gramineous species grown in temperate
climates, with copper and zinc higher in mixed
than in pure grass swards (Burridge et al.,
1983; Hopkins et al., 1994). However, these
differences are narrowed when the soil is low in
available minerals, and they can be reversed
(e.g. for copper) in tropical climates (Minson,
1990). On molybdeniferous ‘muck’ soils, red
clover can be ten times richer in molybdenum
than grasses in the same pasture (Kincaid et al.,
1986).

Variation among grasses and forages

Pasture species can be divided into two distinct
types with regard to their sodium content: nat-
rophilic and natrophobic. Natrophilic species
have sodium-rich shoots and leaves but sodium-
poor roots, while natrophobic species have the
opposite distribution (Smith et al., 1978).
Natrophobic species such as red clover and
timothy that are grazed away from the coast
could supply insufficient sodium. Grasses
grown together on the same soil type and sam-
pled at the same growth stage can vary widely
in mineral composition. The following data
were extracted from three studies by Underwood
and Suttle (1999): total ash 40-122, calcium

1.4

0.9-5.5 and phosphorus 0.5-3.7g kg-! DM
amongst 58 species in East Africa; and cobalt
0.05-0.14, copper 4.5-21.1 and manganese
96-815mg kg! DM amongst 17 species
grown in Florida. While some of the variation
in cobalt and manganese may be due to soil
contamination, this in turn may reflect genetic
characteristics such as growth habit (upright or
prostrate). Differences in mineral composition
within species were highlighted by the third
study in New Zealand, where short-rotation
(H1) hybrid ryegrass contained one-tenth
of the iodine found in perennial ryegrass
(L. perenne), a difference that far outweighed
the influence of soil iodine status. Botanical
composition was far more important than soil
origin and composition in determining the
mineral content of tropical grasses in western
Kenya, where the introduced species kikuyu
(Pennisetum clandestinum) was richer in
most macro- and trace elements than native
species (Fig. 2.1). In Florida, selenium concen-
trations were twice as high in bermuda grass as
in bahia grass, and magnesium levels were
60% higher in sorghum silage than in corn
silage (Kappel et al., 1983). Leafy brassicas
are naturally rich in selenium, a possible adap-
tation that provides protection from high sulfur
concentrations in potentially toxic forms (e.g.
dimethyl sulfide). Herbs generally contain
higher mineral concentrations than cultivated

12+
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Fig. 2.1. Species differences in macro- and trace mineral composition amongst four grasses sampled
during the dry season in western Kenya. Values of three species are shown as fractions of values for the
fourth species, kikuyu, which were 1.4 and 1.7 g kg=' DM for calcium and sulfur, respectively, and 6.0 and
30.1mg kg~' DM for copper and zinc, respectively (Jumba et al., 1996).
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plants (e.g. Wilman and Derrick, 1994), but
reversion to ‘natural’ as opposed to sown
pasture does not increase the supply of
phosphorus.

Variation amongst grains and seeds

Genetic differences in the mineral composi-
tions of the vegetative parts of plants are not
necessarily mirrored in their seeds. However,
the seeds of leguminous plants and oilseeds
are invariably richer in most minerals than
the seeds of grasses and cereals, which are
inherently low in calcium and sodium.
Fivefold differences exist in manganese con-
centrations in cereal grains, with typical val-
ues as follows: wheat and oats, 35-40mg
kg™! DM; barley and sorghum, 14-16mg
kg™! DM; and maize 5-8 mg kg~! DM (maize
is also low in cobalt). Variation amongst lupin
seeds is even greater: white lupins (Lupinus
albus) contain potentially toxic levels of man-
ganese (817-3397mg kg! DM), 10-15
times as much as other species growing
on the same sites in Western Australia (for
citations, see Underwood and Suttle 1999).
L. albus seed is also far richer in cobalt than
L. augustifolius (240 versus 74 ug kg~ DM).
Zinc and selenium concentrations are similar
in the two lupin species (29-30mg kg~! DM
and 57-89ug kg! DM, respectively), but
much higher than in wheat grain harvested

from the same sites (22mg kg™! DM and
23ug kg! DM, respectively) (White et al.,
1981).

Browse species

Browse species are important sources of nutri-
ents to smallholders and are likely to play an
increasing role in more intensive intercrop-
ping systems of farming, but their mineral
composition has only recently come under
scruting. A study of nine browse species in
Tanzania has revealed wide variations in both
macro- and trace mineral concentrations
(Table 2.1) (Mtui et al., 2008). Balanites
aegyptiaca has an exceptionally high calcium
to phosphorus ratio of 35.6 and a low copper
(mg) to sulfur (g) ratio of 0.66, which indicate
risks of phosphorus and copper deprivation,
respectively, if the species is heavily relied
upon.

Effects of Soils and Fertilizers

Mineral concentrations in plants generally
reflect the adequacy with which the soil can
supply absorbable minerals to the roots.
However, plants react to inadequate supplies
of available minerals in the soil by limiting their
growth, reducing the concentration of the defi-
cient elements in their tissues or, more

Table 2.1. Data for mean mineral concentrations in the leaves of nine browse species from Tanzania
show some exotic mineral profiles that could cause mineral imbalances in the browser (Mtui et al., 2008).

(g kg™' DM) (mg kg™' DM)

Species Ca P Mg S Zn Cu Mn Se

Acacia nilotica 9.5 1.2 1.0 1.3 18.9 13.8 32.8 0.19
Acacia tortilis 14.7 2.2 3.0 1.8 29.0 25 52.7 0.20
Balanites aegyptiaca 35.6 1.0 6.6 6.2 12.5 4.4 42.6 0.77
Cryptolepis africana 15.1 2.3 3.4 1.7 17.5 5.4 33.6 0.05
Ficus sycomorus 18.2 3.8 5.7 21 29.1 10.0 29.9 0.07
Lantana camara 10.2 25 3.1 1.4 26.4 9.6 190.3 0.02
Lawsonia inermis 11.2 4.3 3.0 2.2 47.5 9.8 72.8 0.17
Senna siamea 7.5 1.9 2.0 1.9 2.3 2.9 23.4 0.07
Trichilia emetia 13.3 2.5 3.1 1.6 41.2 5.5 214 0.14
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commonly, by reducing growth and concentra-
tion simultaneously. The extent to which a par-
ticular response occurs varies with different
minerals and different plant species or varieties
and with the soil and climatic conditions.

Nevertheless, the primary reason for min-
eral deficiencies in grazing animals, such as
those of phosphorus, sodium, cobalt, selenium
and zinc, is that the soils are inherently low in
plant-available minerals. These deficiencies
can be mapped (e.g. zinc) (Alloway, 2004).

Large differences can exist between the
mineral needs of plants and those of the ani-
mals dependent on those plants. Indeed plants
do not need iodine or cobalt at all, and soil
treatments would only be required to meet the
requirements of livestock. Applications of mag-
nesium compounds are sometimes necessary
to raise the pasture magnesium concentration
to meet the needs of cows, although this usu-
ally has no effect on pasture yield (see
Chapter 5). In contrast, plant needs for potas-
sium and manganese exceed those of animals,
and applications of these elements in fertilizer
can substantially boost crop or pasture yields
on deficient soils that have given no signs of
deficiencies in grazing stock.

Soil characteristics

Mineral uptake by plants is greatly influenced
by soil pH: the effects in a grass are illustrated
in Fig. 2.2 and are even more striking in leg-
umes. Molybdenum uptake increases as soil
pH rises. Pasture molybdenum can rise suffi-
ciently on alkaline or calcareous soils (clays,
shales and limestones) to induce copper-
responsive disorders in livestock by impairing
copper absorption (see Chapter 11). By con-
trast, plant uptake can be sufficiently poor on
acidic soils to cause molybdenum deficiency in
leguminous plants. The application of lime and
sulfur can raise or lower soil pH, respectively,
and so change the availability of particular min-
erals to plants. Liming is occasionally needed
to maintain or improve soil fertility, but the
associated increase in pasture molybdenum
can induce copper deprivation in grazing sheep
(Suttle and Jones, 1986). The absorption of
nickel, cobalt and manganese by plants is

Relative content

Fig. 2.2. Concentrations of cobalt and
manganese in plants decrease markedly

as soil pH increases, while those of molybdenum
increase and those of copper and zinc show
little change. Values at pH 6.0 were (mg kg™’
DM): Co 0.03, Cu 3.1, Mn 51.0, Mo 2.7 and Zn
23 and given a relative value of 1.0. Data are

for ryegrass in Aberdeenshire (from COSAC,
1982).

favoured by acid soil conditions (Underwood
and Suttle, 1999). The cobalt, molybdenum
and manganese concentrations in pasture
plants are all greatly increased by soil waterlog-
ging (Burridge et al., 1983). Thus, soil condi-
tions greatly influence the mineral composition
of crops and forages and the efficacy of ferti-
lizer applications. However, the use of soil
extractants to measure ‘plant-available’ miner-
als frequently fails to predict plant mineral con-
centrations (Silanpaa 1982; Jumba et al.,
1996), although soil extractants may be good
predictors of plant yields in some cases (e.g.
iron, manganese and zinc). Good prediction of
herbage cobalt has been obtained using 2.5%
acetic acid as the extractant and adjusting
for soil pH (Suttle et al., 2003), but more
sophisticated simulations of the root micro-
environment are desperately needed.

Phosphorus fertilizers

Most soils in the tropics supply insufficient phos-
phorus for maximum crop or pasture growth
and vields can be increased by applying phos-
phate fertilizers at 20-50kg ha! (Jones, 1990).
Herbage phosphorus can be increased from
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0.2-1.2 to 0.7-2.1g kg! DM, depending on
the site, but this may not always be sufficient to
meet the requirements of sheep and cattle.
Australian research has established that super-
phosphate applications to pastures, over and
above those required for maximum plant growth
responses, can result in herbage of improved
palatability and digestibility, giving significantly
greater weight gains in sheep and cattle, wool
yields and lamb and calf crops (Winks, 1990).
However, expected responses do not always
materialize. A further complication is that the
botanical composition of leguminous tropical
pasture can be changed by applying phosphatic
fertilizer (Coates et al., 1990).

The position with grains and seeds is simi-
lar to that just described for whole plants. The
phosphorus concentrations in wheat, barley
and oat grains from soils low in available phos-
phorus are generally only 50-60% of those
from more fertile soils. However, phosphorus
levels can be raised from 2-3 to 4-5g kg~! DM
by superphosphate applications, which, at the
same time, increase grain yields.

Trace element and sulfur fertilizers

In some areas, small applications of molybde-
num to deficient soils markedly increases leg-
ume vyields and herbage molybdenum and
protein concentrations. The increase in pro-
tein is usually advantageous to the grazing ani-
mal, but the increases in molybdenum are of
no value, except where copper intakes are
high. In the latter circumstance, copper reten-
tion is depressed and the chances of chronic
copper poisoning are reduced. Where pasture
copper is low, however, copper deficiency may
be induced in sheep and cattle.

Zinc and selenium concentrations in
grains and pastures reflect the soil status of
those minerals and fertilizer usage. Wheat
grain from zinc-deficient soils in Western
Australia has been found to average only
16mg Zn kg! DM compared to 35mg kg™!
DM for wheat from the same soil fertilized
with zinc oxide at 0.6kg ha™! (Underwood,
1977). The effect of soil selenium status on
wheat grain selenium is striking: median val-
ues of 0.80 and 0.05mg kg~! DM have been

reported from soils high and low in selenium,
respectively, in the USA (Scott and Thompson,
1971) and even lower values (down to 0.005)
occur in parts of New Zealand, Finland and
Sweden where soils are extremely deficient.
The application of selenium fertilizers has
increased pasture selenium from 0.03 to
0.06mg kg! DM and improved sheep pro-
duction in Western Australia (see Chapter 15).
The selenium concentration in sugarcane tops
was found to be 6-14 times higher in seleni-
ferous than in non-seleniferous areas in India,
but was reduced from 15.2 to 5.1 mg kg~! DM
by applying gypsum as a fertilizer at 1t ha!
(Dhillon and Dhillon, 1991). Much smaller
applications of gypsum are used to raise pas-
ture sulfur (see Chapter 9). The nature of the
soil and its treatment are thus important deter-
minants of the value of seeds and forages as
sources of minerals to animals.

Nitrogenous and potassic fertilizers

There is a widely held view that the ‘improve-
ment’ of permanent pasture by reseeding and
applying nitrogenous fertilizer increases the
risk of mineral deficiencies in grazing livestock.
However, a study involving 16 sites in England
and Wales over 4 years did not support that
generalization: the concentrations of three
minerals (magnesium, sodium and zinc) rose,
four (calcium, manganese, molybdenum and
sulfur) fell and three (potassium, cobalt and
copper) were not consistently changed
(Hopkins et al., 1994). It was concluded that
only where availability fell (for copper and
magnesium) was the risk of deficiency increased
by pasture improvement. However, fertilizers
are applied to increase vields of forage and
crop and their use increases the rate at which
minerals are ‘exported’ in products from the
site of application and thus increases the risk of
mineral deficiency (see final section). Heavy
applications of nitrogenous fertilizers can
depress legume growth, thereby reducing the
overall calcium content of a legume/grass
sward. Heavy applications of potassium fertiliz-
ers can raise herbage vyields and potassium
contents, while at the same time depressing
herbage magnesium and sodium.



Natural Sources of Minerals 19

The Influence of Maturity and Season

Plants mature partly in response to internal
factors inherent in their genetic makeup and
partly in response to external factors, either
natural (e.g. season, climate) or manmade (e.g.
provision of irrigation, shelter), and there are
associated changes in mineral composition.
Phosphorus concentrations of crop and for-
age plants decline markedly with advancing
maturity, although the decline is less in leg-
umes than in grasses (Coates et al., 1990).
Concentrations of many other elements (e.g.
cobalt, copper, iron, potassium, magnesium,
manganese, molybdenum and zinc) also decline,
but rarely to the same extent as those of phos-
phorus. Such changes often reflect increases in
the proportion of stem to leaf and old to new
leaves, with stems and old leaves having lower
mineral concentrations than young leaves
(Fig. 2.3) (Minson, 1990), although this does
not apply to manganese in Fig. 2.3.

Seasonal fluctuations in calcium, phos-
phorus, magnesium, potassium, manganese,
copper and selenium in bahia grass have been
found to persist even when pasture is kept in
an immature state by rotational grazing and

357

clipping (Kappel et al., 1983). Contrasts
between wet- and dry-season forages have
been reported in Florida, with wet-season for-
age the higher in potassium, phosphorus and
magnesium by 110%, 60% and 75%, respec-
tively (Kiatoko et al., 1982). There is a nega-
tive correlation between rainfall and the
selenium concentration in wheat grain (White
et al., 1981). The tendency for forage con-
centrations of copper to increase and sele-
nium to decrease with increasing altitude in
the dry season (Jumba et al., 1996) is proba-
bly a reflection of the covariation in rainfall.
Selenium concentrations in sugarcane are
much higher in the tops than in the cane
(5.7-9.5 versus 1.8-2.1mg kg! DM) on
seleniferous soils, but values decline with
maturity (Dhillon and Dhillon, 1991). Minerals
are lost with the shedding of seed and the
remaining stem or straw is low in most miner-
als (Suttle, 1991). Furthermore, standing
straw is subject to leaching of phosphorus and
potassium (see Chapter 8). In a study of two
Australian barley crops, the average phospho-
rus and potassium concentrations of straw fell
from 0.7 to 0.4 and from 9 to 0.9g kg™
DM, respectively, in the 5 months following
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Fig. 2.3. Concentrations of minerals in plants vary from part to part and with state of maturity. Values
for leaf (grey), sheath (black) and stem (white) are given in different columns. The height of the column
indicates the proportionate difference between the parts from the top (youngest) and bottom (oldest)
nodes of wheat plants (actual values for bottom node are given within columns in mg kg=' DM) (Burridge

et al., 1983).
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harvest, but copper, zinc and manganese
showed no significant decline (Southern,
1979). Calcium and silicon show unusual
responses to season and maturity: calcium
concentrations usually remain stable while
those of silicon increase as the plant matures,
and concentrations of both elements are
higher in straw than in grain.

Analytical and Experimental
Precision

The results of feed analysis must be accurate
and errors have decreased with the wide-
spread application of quality control and
approved standard feed materials (e.g. from
the National Bureau of Standards, USA). The
main sources of error now arise from contam-
ination during the collection and processing
of samples for analysis. Milling can contami-
nate samples with iron, cobalt, manganese
and nickel, but contamination can be reduced
by the use of mills with agate-tipped blades or
coffee grinders instead of laboratory mills
made of steel.

When the mineral composition of diets is
manipulated by adding supplements, the
intended mineral concentrations may not
match those attained and should always be
checked before an experiment is started to
spot mistakes and allow correction. In one
published study involving eight different diets
(Sands et al., 2001), it appeared that a phos-
phorus supplement was added twice to one
diet and a limestone supplement omitted from
another. Such errors can pass unnoticed, yet
profoundly affect the validity of conclusions
drawn from an experiment.

Soil Ingestion

Soil and dust contamination of herbage can
at times provide a further significant source
of minerals to grazing animals, especially
when grazing intensity is high or when pas-
ture availability is low. Daily soil intake can
rise to 163g in sheep in arid conditions
(Vaithiyanathan and Singh, 1994) and consti-
tute 10-25% of the total DM intake by

outwintered sheep and cattle in temperate
zones (Healy et al., 1974; Thornton, 1974).
With elements such as cobalt, iodine and
selenium, which occur in soils in concentra-
tions usually much higher than those of the
plants growing on them, soil ingestion can be
beneficial to the animal (Grace et al., 1996;
Grace, 2006). By contrast, the copper antag-
onists iron, molybdenum and zinc are biologi-
cally active in soils and their ingestion from
soil contamination of herbage may be a fac-
tor in the aetiology of hypocuprosis in cattle
and ‘swayback’ (copper deficiency) in sheep
(Suttle et al., 1984). Soil ingestion can also
provide an important route for toxic elements
such as lead (Hill et al., 1998), cadmium
(Bramley, 1990) and fluorine (Grace et al.,
2003a,b) to accumulate in the tissues of graz-
ing livestock. Contamination of forage sam-
ples with soil is a common cause of
anomalously high cobalt, iron and manga-
nese concentrations.

Atmospheric Inputs

Significant amounts of minerals can enter
ecosystems from the atmosphere. A New
Zealand study found that inputs of sulfur in
rainfall varied from 0.5 to 15.0kg ha’l,
decreasing exponentially with distance from
the coast (Ledgard and Upsdell, 1991).
Similar gradients exist for iodine and sodium.
Inputs of sulfur from industrial sources also
occur, but are declining in many countries
under the influence of stricter controls of pol-
lution. In Scandinavia, the decreasing acidity
of rain is believed to be responsible for
increases in soil pH, with consequent
increases in plant uptake of molybdenum
towards the end of the last century.
Contamination with fluorine-containing dusts
and fumes from industrial sources and the
dispersal of wastes from mining activities can
pose a further hazard to livestock in some
areas (see Chapter 18). The removal of lead
from petrol in Finland in 1993 was associ-
ated with a reduction in lead concentrations
in the liver and kidneys of moose in 1999
compared with values for 1980 (Venlainen,

2007).
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Representative Values for Mineral
Composition of Feeds

Crops and forages

Given the many factors that can influence the
mineral composition of a particular crop or for-
age, there are considerable difficulties in deriv-
ing representative values and limitations to
their use. Many have used NRC values for rep-
resentative purposes (McDowell, 2003), but
these have long been in need of revision
(Berger, 1995). Workers in Alberta derived a
local database that indicated a far greater risk
of copper deficiency and lesser risks of zinc
deficiency in Albertan cattle than was evident
from the NRC standards (Suleiman et al.,
1997). Large coefficients of variation accom-
panied many mean values, with those for
lucerne (alfalfa) hay ranging from 23.8% to
107.4% for phosphorus and manganese,
respectively (over 220 samples), indicating a
need for large sample sizes. The problem is
summarized in Table 2.2, which includes data
from the UK and USA. For barley grain, there
was a general lowering of copper and increase
in zinc concentration compared with the old
NRC standard. For lucerne hay and corn silage
there were no ‘global’ trends, but these may
have been masked by some extreme values in
the case of manganese and zinc.
Two final points should be noted:

e When population distributions are clearly
skewed, median values are more repre-
sentative and may show closer agreement
between states or countries and with his-
torical datasets.

e  The adequacy of the mineral supply from
a particular compound ration can rarely
be predicted with sufficient accuracy from
tables of mineral composition for the prin-
cipal feed constituents.

Crop by-products

Extensive use has been made of crop residues
such as oilseed cakes as sources of energy,
protein and fibre in livestock diets and their
inclusion generally enriches the whole diet with

minerals. However, crop by-products can vary
more widely in mineral composition than the
whole crop (Arosemena et al., 1995). Data for
three by-products are presented in Table 2.3 to
illustrate the effect of the industrial process on
mineral content. Differences between nutrients
from the brewery and distillery industries in the
UK and USA derive partly from the different
grains used. The high and variable copper con-
centration in distillery by-products from the UK
arises from the widespread use of copper stills
for the distillation process. Differences between
countries for soybean meal (SBM) are small
because the USA is the major supplier to the
UK. Note that for a given source of by-product,
only phosphorus values have sufficiently low
variability for useful predictions to be made of
the contribution of the mineral from the by-
product to the total ration. Most brans are
good sources of phosphorus, but by-products
such as beet pulp, citrus pulp and sorghum
hulls are not. In tropical countries, by-products
of the sugarcane industry such as bagasse and
molasses have formed the basis of successful
beef and milk production enterprises, proc-
esses that will increase as dual-purpose crops
are grown for fuel as well as for foods and feeds
(Leng and Preston, 1984). A watchful eye must
be kept on antagonists such as goitrogens in
rapeseed meals (see Chapter 12) and the feed
value of by-products will only be realized if any
shortcomings in mineral or antagonist content
are recognized and overcome.

Drinking Water

Drinking water is not normally a major source
of minerals for livestock, although there are
exceptions (Shirley, 1978). Sulfur concentra-
tions in water from deep aquifers can reach
600mg I, adding 3g S kg™! DM to the diet
as sulfates. This is far more than any nutri-
tional requirement and may even create prob-
lems by inducing copper deficiency (Smart et
al., 1986). lodine concentrations in drinking
water can be barely detectable in east
Denmark but rise as high as 139ug 1! in
islands off the west coast where the ground-
water filters through marine sediments, rich
in iodine, on its way to the aquifers. In most
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Table 2.3. Mean (standard deviation) mineral composition of crop by-products can vary with the source

and nature of the industrial process.

(9 kg™’ DM) (mg kg™' DM)
Crop by-product IFN Source Ca P Cu Zn
Brewers’ grains ~ 5-02-141 USA (maize) 3.3(1.2) 5 9 (0.8) 11.2 (5.0) 97.0 (16.0)
5-00-517 USA (barley) 3.5(1.4) 1(1.0) 18.7 (9.2) 72.8 (12.5)
Distillers’ dried 5-28-236 USA (maize) 2.9 (1.5) 8 3(1.7) 9.7 (9.0) 73.5 (47.0)
grains 5-12-185 UK (barley) 1.7(0.32) 9.6(0.80) 40.5(16.8) 55.4(4.7)
Soybean meal
Dehulled 5-04-612  USA 4.1 (2.9) 7.2 (2.8) 17.7 (7.0) 69.5 (141)
Extracted 5-04-604 UK 3.9 (1.6) 7.4(0.44) 15.8(2.6) 49.0 (9.9)

IFN, International Food Number; USA, data pooled from four states (Berger, 1995); UK, data collected by ADAS in

England (MAFF, 1990).

natural fluorosis areas, such as those in the
semi-arid interior of Argentina, the water sup-
plies and not the feed are mainly responsible
for supplying toxic quantities of fluorine (see
Chapter 18). In some parts of the world the
water available to animals is so saline that
sodium and chlorine are ingested in quantities
well beyond the requirements of those ele-
ments (see Chapter 8). Some ‘hard’ waters
also supply significant concentrations of cal-
cium, magnesium and sulfur and occasionally
of other minerals. Individual daily water con-
sumption is highly variable, as is the mineral
composition of different  drinking-water
sources. A New Zealand study with grazing
beef cattle reported a fourfold variation in indi-
vidual water intakes (Wright et al., 1978).

Meaningful ‘average’ mineral intakes from
drinking water are therefore impossible to
calculate.

Milk

The most important animal source of minerals
for species that suckle their young is milk. The
mineral composition of milk varies with parity,
stage of lactation, nutrition and the presence of
disease. Representative values for the mineral
constituents of the main milk of various species
are given in Table 2.4, and they generally cor-
relate with ash concentration. Milk is clearly a
rich source of calcium, phosphorus, potassium,
chlorine and zinc, but is much less satisfactory

Table 2.4. Mineral concentrations in the main milk of farm animals (representative values).

@) (mg )

Animal Ca P Mg K Na Cl Zn Fe Cu Mn
Cow 1.2 1.0 0.1 1.5 0.5 1.1 4.0 0.5 0.15 0.03
Ewe 1.9 1.5 0.2 1.9 - 1.4 4.0 0.5 0.25 0.04
Goat 1.4 1.2 0.2 1.7 0.4 1.5 5.5 0.4 015 -
Sow 27 1.6 - 1.0 0.03 0.9 5.0 1.5 070 -
Mare 0.84° 0.54° 0.06° 0.59° 0.12° 0.2 2.1° 0.34° 0.19° 0.05°
Buffalo 1.8 1.2 - - - 0.6 - - - -
Llama? 1.7 1.2 0.15 1.2 0.27 0.7 - - - -

aMorin et al. (1995).
®Grace et al. (1999).
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as a source of magnesium, iron, copper and
manganese.

Effects of stage of lactation,
parity and species

The first milk or colostrum is usually richer in
minerals than later milk, as shown for bovine
colostrum in Table 2.5. In the study shown
here, by the fourth calving concentrations of
calcium, phosphorus, magnesium and zinc in
colostrum had fallen to 72-83% of values for
the first calving, but there was no effect of par-
ity after 4 days of lactation (Kume and Tanabe,
1993). The length of time that suckled off-
spring remain with their mothers varies widely
according to species and management prac-
tice, but would commonly be 42 days for pig-
lets, 120 days for lambs, 150 days for Kkids,
180 days for foals and 300 days for beef calves.
The ash content of the milk tends to decline
with the lactation length of the species. The
sow and the ewe secrete milk of the highest
ash content (almost 10g 1-1). They are followed
by the goat and the cow (7-8g I}). Mares
secrete milk exceptionally low in ash (about
4g 1), mainly due to a low concentration of
the principal mineral, potassium (Table 2.5),
but the volume secreted each day is high (201).
Peak concentrations of calcium and phospho-
rus in mare’s milk (1.25 and 0.90g I}, respec-

tively) were not reached until the seventh day
of lactation in Grace et al.’s (1999) study. The
relative growth rate of the suckled offspring
declines with lactation length so that mineral
concentration tends to match need across
species.

Effect of diet

The effects of diet on the composition of milk
vary greatly for different minerals (Kirchgessner
et al., 1967). Deficiencies of calcium, phos-
phorus, sodium and iron are reflected in a
diminished vield of milk, but not in the con-
centrations of these minerals in the milk that is
secreted. In copper and iodine deficiencies, by
contrast, there can be a marked fall in milk
copper and iodine. In cobalt deprivation, con-
centrations of vitamin B, in milk decrease and
can be boosted by cobalt or vitamin B, sup-
plements (see Chapter 10). lodine and molyb-
denum concentrations in milk can also be
increased by raising mineral intakes, but those
of copper, manganese, molybdenum and zinc
cannot. In the case of selenium, the effect of
dietary supplements depends on the source:
inorganic selenium supplements have a limited
effect on milk selenium, but organic selenium
in the form of selenomethionine or brewers’
yeast is preferentially partitioned to milk, giv-
ing large increases in milk selenium (Givens

Table 2.5. Mean colostrum yield and mineral concentrations in colostrum of 21 cows shortly after
parturition (Kume and Tanabe, 1993). Comparative values for mare’s milk (Grace et al., 1999) at

24 and 72 h are given in parentheses.

Time after parturition (h)

0 12 24 72 SD
Colostrum yield (kg day~") 11.7 - 14.9 21.6 2.4
Ca(gl) 2.09 1.68 1.43 (0.69) 1.25 (1.16) 0.19
P (gl 1.75 1.43 1.25 (0.71) 1.01 (0.89) 0.17
Mg (g I") 0.31 0.21 0.15 (0.30) 0.11 (0.10) 0.04
Na (g I'") 0.69 0.64 0.58 (0.56) 0.53 (0.17) 0.008
K(gl") 1.48 1.49 1.58 (0.96) 1.50 (0.98) 0.12
Fe (mg I") 2.0 1.5 1.2 (0.79) 1.1 (0.34) 0.6
Zn (mg I') 17.2 10.3 6.4 (5.5) 5.2(2.7) 25
Cu (mg I") 0.12 0.09 0.08 (0.76) 0.08 (0.37) 0.03
Mn (mg I) 0.06 0.04 0.03 0.02 0.02

SD, standard deviation.
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et al., 2004). Some potentially toxic ele-
ments in the mother’s diet can be passed to
the offspring via her milk (e.g. lead), but
maternal fluorine exposure has little effect on
milk fluorine (see Chapters 17 and 18).

Animal By-products

Bovine milk and the by-products of butter
and cheese manufacture — skimmed milk,
buttermilk and whey, in either liquid or dried
forms — are valuable mineral as well as pro-
tein supplements to cereal-grain diets for
pigs and poultry, particularly for calcium
(Table 2.6). Skimmed milk and buttermilk
differ little in mineral composition from the
milk from which they are made, since little
of the minerals, other than iodine, is sepa-
rated with the fat in cream and butter manu-
facture. They also vary little from source to
source, except for iron content. Whey con-
tains less calcium and phosphorus than sep-
arated milk or buttermilk, because much of
the phosphorus and a proportion of the cal-
cium and other minerals in the milk sepa-
rate with the curd in cheese manufacture,
but whey is a valuable source of many
minerals.

Meat and fish by-products from abattoirs
and processing factories, given primarily
to supply protein, also supply minerals, espe-
cially calcium, phosphorus, iron, zinc and
selenium (Table 2.6). Mineral content varies
greatly with the source materials and process-
ing methods employed. Thus, blood meal,

liver meal and whale meal contain only 2-3%
total ash and are low in calcium and phos-
phorus, but they can be valuable sources of
iron, copper, selenium and zinc. Commercial
meat meals and fish meals, on the other
hand, are usually rich in calcium, phospho-
rus, magnesium and zinc, depending on the
proportion of bone they contain. The ash
content of meat and bone meals varies from
4% to 25% and most of this ash consists of
calcium and phosphorus. A typical meat meal
containing 6-8% calcium (and 3-4% phos-
phorus), about 100 times (ten times) more
than the cereal grains they commonly supple-
ment. Fish meal often contains appreciable
amounts of sodium chloride as well as cal-
cium and phosphorus. The use of animal by-
products has recently been restricted for fear
of transmitting harmful pathogens, but the
restriction will probably be lifted for fish
meals.

Forms of Minerals in Feeds

Minerals occur in plants and foods in diverse
forms, some of which may influence the effi-
ciency which they are absorbed and utilized by
livestock. Iron can be found in the storage pro-
tein ferritin in soybeans and bound to phytate
in cereals. Both iron and manganese are poorly
absorbed from corn/SBM diets by pigs and
poultry, and manganese shares with iron an
affinity for complexing agents such as ferritin
(see Chapters 13 and 14). The association of
iron and manganese with storage compounds

Table 2.6. Macro-mineral concentrations (g kg~' DM) in animal by-products (source MAFF, 1990; NRC as
cited by McDowell, 2003). Standard deviations given in parentheses are for MAFF data.

Ca P Mg Na K S

Battery waste 32 18 0.5 - 17 13
Broiler waste 93 25 0.6 - 23 0.2
Blood meal 0.6 (0.26) 1.5(0.19) 0.2 (0.01) 3.6 (0.32) 1.9 (0.12) 8.4 (0.25)
Butter milk 14.4 10.1 5.2 9.0 9.0 0.9
Feather meal 5.6 (0.07) 3.1(0.06) 0.4(0.04) 1.4(0.01) 1.5(0.01) 18(0.6)
Fish meal 56 (6.0) 38 (14.5) 2.3(0.3) 11.2 (1.5) 10.2 (1.3) 5.0
Meat and 90 (13) 43 (6.5) 2.2(0.2) 8.0 (1.0) 5.2 (0.6) 9.2 (0.72)

bone meal
Whey 9.2 8.2 2.3 7.0 12 11.5
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in grains may therefore limit their value to
livestock, but the precise forms in which they
occur may also be important. For example,
iron is well absorbed by poultry from wheat, in
which it occurs as a well-absorbed mono-ferric
phytate (see Chapter 13) (Morris and Ellis,
1976). Phytate is a hexaphosphate and pro-
vides most of the phosphorus inherent in com-
mercial pig and poultry rations (see Chapter 6),
but it is poorly absorbed and forms unabsorb-
able complexes with calcium and several trace
elements. Elements such as copper and sele-
nium perform similar functions in plants and
animals and occur in fresh plant tissue in the
enzymic forms of cytochrome oxidase and glu-
tathione peroxidase, respectively. The mineral
composition of milk plays a crucial part in the
development of the neonate, containing iron
bound to lactoferrin, a form that can be used
by the animal but not by potentially harmful
gut pathogens. Milk also contains minerals in
enzymic (e.g. molybdenum in xanthine oxi-
dase) and hormonal (triiodothyronine) forms,
the latter facilitating early maturation of the
intestinal mucosa. Much of the zinc in milk is
bound to casein, but the precise binding may
influence the ability of one species to absorb
zinc from the milk of another species (see
Chapter 16).

Measuring the ‘Mineral Value’
of Feeds

The value of feeds (and supplements) as sources
of minerals depends not only on their min-
eral content, but also on the proportion of min-
erals that can be utilized by the animal, a
property termed ‘bioavailability’ (for reviews
see Hazell, 1985 and Ammerman et al.,
1995). Bioavailability has four components:

e  accessibility — the potential access of the
plant mineral to the absorptive mucosa;

e absorbability — the potential transfer of
absorbable mineral across the mucosa;

e  retainability — the potential retention of
the transferred mineral; and

e  functionality — the potential for incorpora-
tion of retained mineral into functional
forms.

Accessibility is affected by the chemical
forms of mineral present and their interactions
with agonists or antagonists in the feed or in the
aut. It is generally the major determinant of bio-
availability and hence the mineral requirement
of the animal. Absorbability is determined by
the capacity of the mucosa to take up accessible
mineral. If uptake mechanisms are non-specific,
one element may decrease the uptake and
therefore the absorbability of another (e.g. the
reciprocal antagonism between iron and man-
ganese; see Chapter 13). Retainability reflects
the ability of circulating mineral to escape excre-
tion via the kidneys or gut. Functionality can
occasionally be affected by the forms in which
the mineral is absorbed and site of retention:
absorbed iron may get no further than the gut
mucosa, while exposure to cadmium may cause
copper to be trapped there; the selenium from
selenium yeast is largely in a form (seleno-
methionine) that is poorly incorporated into
functional selenoproteins.

The multiplicity of methods for measuring
bicavailability  (Suttle, 1985; Ammerman
et al., 1995) gives an indication of the difficul-
ties involved. While most methods can satisfac-
torily rank mineral supplements, far fewer
assess the potential bioavailability of a feed
source because the test animal’s genotype,
age, mineral status and needs can constrain
absorbability, retainability and functionality.

In Vitro Determination of Mineral
Accessibility

Animal influences on bioavailability can be
avoided by using in vitro methods, but early
results have generally lacked credibility and
limitations are acknowledged by the introduc-
tion of the term ‘bioaccessibility’ to describe
assessments made without animals. Reliance
on simplistic attributes, such as solubility of
the plant mineral in water or unphysiological
extractants (e.g. citric acid), produces results
that correlate poorly with in vivo assessments
of ‘mineral value’, but methods have improved.
Solubility after the sequential simulation of gas-
tric and intestinal digestion can give convincing
results, testing the stability of amino acid—trace
element chelates in the gut (Fig. 2.4) and
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Fig. 2.4. The stability of trace element-amino acid
complexes at pH conditions encountered during
passage through the gut has been tested in vitro.
The separate movements of the amino (ninhydrin-
positive) and copper components of a copper—
lysine complex after chromatography at a pH of

2 indicate probable breakdown of the complex in
the stomach. Similar separation occurred for all
15 trace element—amino acid complexes tested,
whether the pH was 2 or 5 (Brown and Zeringue,
1994), and explains the lack of efficacy of metal
proteinates in vivo.

evaluating the accessibility of phytate phos-
phorus in cereals to poultry (see Chapter 6). A
final dialysis stage can be added. Interlaboratory
collaboration has thus vielded a standardized
procedure for measuring the bioaccessibility of
iron (Luten et al., 1996). Approximate esti-
mates of absorbability can be obtained by cul-
turing cells in the dialysate (e.g. Caco 2 cells,
see Chapter 12).

Under conditions of simulated digestion,
the completeness of extrinsic labelling with an
isotope such as zinc-65 (®°Zn) may predict the
accuracy of a potential tracer in vivo for a
particular feed (Schwarz et al., 1982). For
ruminants, the accessibility of minerals to
rumen microbes is important. This has been
measured in vitro as rates of vitamin B,
synthesis in continuous cultures of rumen
microbes for cobalt sources as diverse as
ingested soil and a novel ‘chelate’ (with propi-
onate) (see Chapter 10). Increasing use will be
made of such in vitro techniques, but account
must be taken of possible interactions between
feeds and results will always have to be vali-
dated in vivo — both of which are more difficult
tasks (e.g. Menedes et al., 2003).

In Vivo Measurement of
‘Absorbability’

Apparent absorption

The difference between intake and faecal
excretion of a mineral in a ‘digestibility trial’ is
the amount ‘apparently’ absorbed and an
approximate measure of accessibility plus
absorbability, provided the mineral is not being
absorbed by the animal according to need or
excreted via the faeces when mineral intakes
exceed requirement. Early techniques required
animals to be housed in metabolism crates to
facilitate the total collection of faeces that were
free from contamination with urine and detri-
tus. In poultry, cannulation of the ileum is
required to allow disappearance of mineral
from the gut to be calculated before the min-
eral re-enters the large bowel in urine. The
need for housing and/or total faecal collection
can be avoided by measuring faecal concentra-
tions of the ingested mineral relative to those
of an inert, exogenous, unabsorbable ‘marker’
such as chromium (see Chapter 17) or an
unabsorbable constituent of the diet, either
inorganic (e.g. pasture titanium) or organic
(e.g. an alkane) whose total intake or dietary
concentration is known. Markers that colour
the faeces, such as chromic and ferric oxides,
can be used to synchronize the faecal collec-
tion period with the feeding period (e.g.
Pedersen et al., 2007).

With minerals such as calcium, iron, man-
ganese and zinc that are absorbed according to
need, the amount apparently absorbed will be
less than the available fraction since the active
absorptive process is down-regulated and absorb-
ability ("=A), the key factor in determining gross
requirement (Chapter 1), can only be measured
at mineral intakes at or below need (AFRC,
1991). Alfalfa is widely believed to contain
poorly available calcium, but is so rich in calcium
that absorbability may never have been evalu-
ated because provision has usually exceeded
need (see Chapter 4). For minerals such as cop-
per and manganese for which the faeces can
constitute the major route of endogenous excre-
tion, the amount apparently absorbed again
underestimates the ‘mineral value’ if animals
have been given more mineral than they need.
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True absorption using isotopes

Radioactive and stable isotopes can be used to
measure the endogenous component of total
faecal mineral excretion and thus allow the true
extent of mineral absorption to be calculated in
balance studies. Re-entry of absorbed mineral
into the gut can be measured by labelling the
pool from which gut secretions are drawn with
radioisotopes. Following a single parenteral
injection of radioisotope (*°Ca), total collection
of faeces and measurements of total excretion
of both radioisotope and stable mineral, Comar
(1956) calculated the faecal excretion of cal-
cium in cattle by assuming that the ratio of
radioactive to stable calcium in gut secretions
was the same as that in a plasma sample, once
equilibrium was reached (urine or saliva sam-
ples can also be used), thus:

TA=1-(F-FE) (2.1]

where TA is true absorption, I is intake, F is
faecal excretion and FE is faecal endogenous
loss of calcium.

Giving radioisotopes orally and intrave-
nously, either to the same animals after an
appropriate clearance phase or simultaneously
to two matched groups (Atkinson et al.,
1993), absorptive efficiency can be similarly
calculated:

TA=0-(F,-F) 2.2]

where O is oral administration and F, and F,
denote faecal excretion of the respective doses
of oral and intravenous isotopes.

This ‘comparative balance’ technique is
useful for elements that may contaminate the
experimental environment, polluting both feed
and faeces (e.g. iron, zinc and copper) and inval-
idating a conventional balance study. Where
two isotopes of the same element are suitable
(e.g. ®Fe and *Fe) (Fairweather-Tait et al.,
1989), their comparative balance can be
assessed after simultaneous dosage by oral and
intravenous routes. The absorption of as many
as five elements has been assessed simultane-
ously in piglets (Atkinson et al., 1993).
Absorption coefficients can also be derived from
the kinetic models described earlier (see
Chapter 1) since the sustained faecal excretion
of isotope after the unabsorbed oral dose of iso-
tope has passed through the animal is of entirely

endogenous origin and the amounts lost can be
calculated from their specific radioactivity in the
conventional way.

Problems with isotopic markers

For an isotopic marker to give valid informa-
tion on ‘mineral value’ it must mimic the physi-
ological and biochemical behaviour of all forms
of mineral present in the feed, from digestion
through to excretion (e.g. Buckley, 1988). The
lower the accessibility of a mineral in a feed,
the greater the likelihood of an orally adminis-
tered tracer (usually given as a soluble and
highly accessible inorganic salt) overestimating
true absorption. Failure to recognize the dis-
tinctive metabolism of different forms of sele-
nium in feeds may have given aberrant values
for the absorbability of selenium in hay, using
an oral inorganic selenium source as the tracer
(Krishnamurti et al., 1997). When the tracer is
given parenterally, only the absorbable min-
eral is being ‘traced’ and errors are generally
reduced, although not in the case of manga-
nese (Davis et al., 1992) or selenomethionine
(see Chapter 15). The accuracy of tracing can
be improved by growing plants in isotope-
enriched (radioactive or stable) nutrient solu-
tions, a technique known as ‘intrinsic labelling’,
but the technique is laborious and expensive
to apply to large farm animals. Furthermore,
results with laboratory animals are often similar
to those obtained with extrinsic labelling, with
selenium, chromium and cadmium being the
exceptions (Johnson et al., 1991).

The natural presence of stable isotopes of
certain minerals in feeds promised to add a new
dimension to the assessment of their availability
(Turnlund, 1989). The natural isotope ratio can
be perturbed by dosing animals with the least
abundant isotope and applying the same ‘dilu-
tion’ principle as that used for radioisotopes to
calculate true absorption of the naturally abun-
dant isotope from the feed (Fairweather-Tait
et al., 1989). The stable isotope approach has
the advantage of avoiding the hazards and
safety constraints associated with the use of
radioisotopes. However, care must be taken
not to administer so much stable tracer that
metabolism is disturbed. Expensive equipment
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(e.g. an inductively coupled ‘plasma’ generator
and mass spectrometer) is required and stable
isotope techniques have yet to be applied to
the estimation of mineral absorption in
livestock.

Isotope-free estimation of true absorption

There are two ways of correcting balance data
for faecal endogenous loss that do not require
isotopes, in addition to those already men-
tioned (faecal regression and the mineral-free
diet, see Chapter 1). When excretion or secre-
tion of a mineral is closely correlated to mineral
intake — as is the case for magnesium in urine
or molybdenum and iodine in milk — the slopes
ratio method can be applied to rates of excre-
tion or secretion. If retention and faecal endog-
enous loss remain constant, the slopes
represent the fractional absorption of the min-
eral. Thus, the bioavailability of magnesium
has been assessed from rates of urinary mag-
nesium excretion in cattle (see Chapter 5). This
‘comparative loss’ approach has also
been modified by the use of radioisotopes.
Lengemann (1969) gave lactating goats both
Na'®!l and Na!?’10, orally, and concluded from
the 12°1/131] ratio in milk that iodate was
absorbed to 0.86 of the value of iodide.

The final method requires cannulation of
the portal vein (carrying absorbed mineral to
the liver) and bile duct (carrying surplus
absorbed mineral to the gut). After measuring
portal and biliary flow rates, true absorption
can be calculated by correcting the amount
apparently absorbed for the fraction of the
portal mineral flow that was excreted. This
technique has given an absorbability of manga-
nese in pigs on a corn/SBM diet of only 0.05
(Finley et al., 1997).

Problems with isotope-free methods

There has been a resurgence of interest in the
faecal regression technique following the publi-
cation of a ‘novel’ method for estimating the
faecal endogenous loss and true absorption of
phosphorus in pigs (Fan et al., 2001), but a
10-fold variation in the resultant estimates of

‘minimum’ faecal endogenous loss (see Pettey
et al., 2006) and extremely high true absorp-
tion of phosphorus (>0.5) for SBM and corn in
pigs and poultry suggest that the technique is
unreliable. The published method (Fan et al.,
2001) breaks the golden rule for determining
mineral requirements — that no other mineral
or nutrient should be lacking — by using the
feed under test as the only incremental source
of calcium and protein as well as phosphorus
(as little as 6% crude protein was fed and no
calcium supplement given). Although the bal-
ance periods were relatively short, it is possible
that gross calcium and protein deprivation at
the lowest corn or SBM inclusion level impairs
bone mineralization. With nowhere to go,
more absorbed phosphorus than usual may be
recycled and appear as ‘minimal’ faecal endog-
enous loss. Furthermore, since dietary calcium
concentration largely determines how much
phytate phosphorus remains unavailable (see
Chapter 6), the high estimates of true absorp-
tion of phosphorus obtained for phytate-rich
corn and phytate-rich SBM in calcium-deficient
diets are of no practical value. While the min-
eral-free, semi-purified diet technique gives
relatively consistent values for faecal endog-
enous loss of phosphorus in pigs (138-211mg
kg™! DM intake) (Widmer et al., 2007), they
are two- to threefold higher than those obtained
by faecal regression with diets adequate in cal-
cium (Pettey et al., 2006). Thus, the estima-
tion of ‘phosphorus value’ for pig and poultry
feeds by balance methods remains problem-
atic, although not intractable (see Chapter 6).

Measurement of ‘Retainability’
Whole-body retention

The ‘mineral value’ of feeds can be assessed
via the fraction of ingested mineral that is
retained in the body rather than removed from
the digesta (Suttle, 1985). Assessment meth-
ods fall into three categories, each of which
has disadvantages. First, retention of surrogate
radioisotopes of minerals can be measured
with whole-body monitors (Fig. 2.5), but the
reliability of either orally or parenterally admin-
istered isotope remains questionable. For
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Fig. 2.5. A comparison of retention curves for
zinc-65 given in the feed and by intramuscular
injection. Percentage absorption (A) of oral is
calculated by dividing Y, (the y intercept of the
extrapolated retention curve for oral ®Zn) by Y,
(the y intercept of the extrapolated retention curve
for injected %Zn) and multiplying by 100 (from Heth
and Hoekstra, 1965).

example, if the disappearance rates of the two
isotopes do not become parallel then the
absorbed and parenteral isotope are being
metabolized differently, invalidating the con-
ventional correction for faecal endogenous
loss (Davis et al., 1992). Second, the reten-
tion of mineral recorded in balance studies has
been used, but it is often a small yet highly
variable statistic bearing the cumulative errors
of estimating intake, faecal excretion and uri-
nary excretion of the mineral. Third, the min-
eral content of the carcass at the end of a
feeding period can be compared with that of
an initial slaughter group. Carcass analysis
methods require the accurate homogenization
and subsampling of the carcass. All retention
methods are subject to the same animal influ-
ences as absorption methods and may under-
estimate ‘retainability’, but the amounts
apparently absorbed and retained generally
correlate well in growing animals, provided
the animals are not provided with excesses of
absorbed mineral that are then excreted.
Retention methods can underestimate absorp-
tion by failing to detect losses of mineral from
the body by sweating (of potassium and
sodium) and exhalation (of selenium). However,
they will overestimate the availability if the

retained mineral is in poorly exchangeable
forms (e.g. tissue calcification, urinary calculi,
mucosal ferritin); is in a form relatively unavail-
able for functional purposes (e.g. selenomethio-
nine); or if the feed provides absorbable agonists
or antagonists of the retained mineral. Such
contingencies are rare.

Partial retention

Compearisons of mineral accretion in the organs
(e.g. liver copper), bones (e.g. tibia zinc) or
bloodstream of two or more sources at two or
more intakes have been widely used to derive
relative availability from statistical comparisons
of the linear relationships between retention
and intake for the sources (‘slopes ratio’) (Littell
et al., 1995, 1997). The technique requires
accurate diet formulation, which is not always
attained. If the range of mineral intake stretches
to near-toxic levels, passive absorption and
non-linear responses may be encountered, giv-
ing false estimates of availability, especially if
comparisons are made across different ranges
of intake. The values obtained reflect relative
apparent absorption rather than relative true
absorption, but they can be converted to true
absorption by comparing the slopes of
responses to oral and intravenous repletion and
applying the comparative balance principle.
Using this technique, the true absorption of
copper was measured for the first time in rumi-
nants (Suttle, 1974) and further applications
are possible (Suttle, 2000). If a particular organ
is responsible for a high proportion of total
mineral accretion, its weight is predictable and
it can be biopsied; as is the case with the liver in
ruminants, mineral retention can be estimated
from rates of increase in mineral concentration
in the liver. Thus, increases in liver copper con-
centration can vyield approximate estimates of
the true absorption of copper in sheep and cat-

tle (ARC, 1980).

Measurement of Functionality

The ability of a feed to ameliorate, prevent or
potentiate signs of mineral deprivation reflects
the retention of mineral in functional forms and
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is a complete measure of bioavailability in that
it incorporates all four components (accessibil-
ity, absorbability, retainability and functionality).
The relative availability of plant and animal feed
sources of selenium for chicks has been assessed
from their ability to prevent exudative diathesis
and pancreatic atrophy (Cantor et al., 1975).
In a chick growth assay using a zinc-deficient
basal diet, zinc in wheat, fish meal and non-fat
milk was shown to be 59%, 75% and 82%,
respectively, as available as that in ZnCO,
(Odell et al., 1972). Rates of recovery from or
induction of anaemia have been measured as
blood haemoglobin responses in iron-depleted
animals, and compared to those with a stand-
ard source of high bioavailability (FeSO,). The
shear strength of bone is used to assess relative
phosphorus availability in pigs (Ketaren et al.,
1993), but may not always give the same
assessment as other methods. In one study
(Spencer et al., 2000), the value obtained for a
conventional corn/SBM blend (9%) was far less
than that obtained with a partial retention
method (33%) that used plasma inorganic phos-
phorus concentration as the index of phospho-
rus status (Sands et al., 2001). Complications
can arise when natural foods are added to
mineral-deficient diets as the major mineral
source and non-specific functional indices of
relative availability, such as bone strength or
growth rate, are used because the food may
provide other essential nutrients or antagonists
that improve or impair performance (Suttle,
1983). For example, the release of phosphorus
from phytate leaves the essential nutrient myo-
inositol behind and it can improve bone strength
in poultry. However, the discrepancy men-
tioned above may have more to do with the
application than the choice of technique.

Interactions between Food
Constituents

Single foodstuffs rarely comprise the entire
ration of livestock because an individual feed
can rarely meet requirements for all nutrients.
The assessment of ‘mineral value’ in individual
feeds therefore presents a dilemma: if a single
feed is fed, the diet will probably lack one or
more nutrients, breaking the ‘golden rule’. But

if other ingredients are added to provide a
balanced diet, the assessment becomes one of
the particular blend. The need for balanced
diets can be blithely ignored, but we have
already seen that this may vield false values.
However, in attempting to achieve dietary bal-
ance with feeds of contrasting composition,
one can end up comparing the mineral value of
blends that have no practical significance (e.g.
Fig. 2.6) and there may be interactions between
different constituents of the blend. Attempts
have been made to correct data obtained with
a simple practical blend for the contribution of
its principal constituent, but this can introduce
further difficulties. Pedersen et al. (2007)
wished to determine the ‘phosphorus value’ in
a new by-product of the ethanol industry, dis-
tillers’ dried grains with solubles (DDGS), when
blended with corn (the most likely practice in
the USA). A diet consisting of 97% corn had
an apparent absorption of phosphorus coeffi-
cient of 0.19 and that of 10 blends (48:50)
with DDGS had a mean (standard deviation)
apparent absorption of phosphorus of 0.51
(x0.025). On the assumption that the corn
retained its ‘phosphorus value’ when mixed
with DDGS, the latter’s ‘phosphorus value’
was upgraded to 0.59, giving a threefold
advantage over corn. The lack of calcium in
both feeds was corrected by adding limestone
but, for no valid reason, twice as much was
added to the corn diet than to the blends, giv-
ing respective dietary calcium concentrations
of 8.4 and 3.9-5.4g kg~! DM, while the corn
diet contained far less protein (6.9% versus
16.1-18.5% crude protein). The most reliable
statistic from the study is the uncorrected
apparent absorption of phosphorus for the
nutritionally imbalanced blends (0.51), but this
number is twice as high as that found in bal-
anced corn/SBM blends (see Chapter 6).

In summary, published estimates of the
‘mineral value’ of feeds are often a characteristic
of the experiment rather than the feeds, particu-
larly where the ‘phosphorus value’ is concerned.

Interactions between Minerals

Interactions between minerals are a major
cause of variation in bioavailability and thus
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Fig. 2.6. An illustration of the difficulties of balancing diets in undertaking assessments of the ‘mineral
value’ of feeds and supplements. The aim was to compare calcium availability in citrus pulp, lucerne

hay, limestone (CaCO,) and dicalcium phosphate (DCP). In succeeding in creating diets of equal energy,
protein and fibre content by the variable use of bagasse, corn and soybean meal (SBM), three different
rations were formed and neither ‘citrus pulp’ nor ‘lucerne’ is an accurate description of what was fed (from

Roque et al., 2007).

influence both the nutritive value and potential
toxicity of a particular source. An interaction
is demonstrated when responses to a given
element are studied at two or more levels of
another element and the response to multiple
supplementation is greater or less than the
sum of responses to single supplements. The
simplest example is provided by the 2x2 fac-
torial experiment and an early indication of
interaction is provided by arranging the results
in a two-way table (Table 2.7). Striking main
effects are given by the differences in row and
column totals, but the interaction — indicated
by differences between diagonal totals — is

equally pronounced. Large groups are often
needed to show significant interactions because
the interaction term has few degrees of free-
dom in the analysis of variance (only 1 degree
of freedom in a 2x2 experiment). The fre-
quency with which physiological interactions
between minerals occur has often been
underestimated.

Mechanisms

The primary mechanisms whereby minerals
interact to affect bioavailability are as follows:

Table 2.7. The outcome of a 2x2 factorial experiment in which the separate and combined antagonisms
of iron and molybdenum towards copper were investigated using liver copper concentrations to assess
status (Bremner et al., 1987). The difference in totals on the diagonals indicates the strength of the
interaction equal to the main effects (i.e. row and column totals).

Fe treatment

0

+ Mo totals

Mo treatment

0 1.18 0.35
(0.52 1.32)
+ 0.17 0.14

1.53

0.31

Fe totals 1.35

0.49 1.89 mmol kg~' DM
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e  Formation of unabsorbable complexes in
the gut (e.g. metal phytate, see Chapters
6 and 16).

e Competition between cations for the non-
specific divalent cation transporter (Fe and
Mn).

e Competition between similar anions for
a metabolic pathway (e.g. SOZ% and
MoO3z-, see Chapter 17).

e Induction of non-specific metal-binding
proteins (e.g. ferritin by iron and metal-
lothionein by copper, zinc or cadmium,
see Chapter 18).

Thus, interactions between minerals can
affect each component of bicavailability and two
or more components may be affected simultane-
ously. The net effect of an interaction is usually
a change in retention or function throughout
the body, but there may be only localized
changes in tissue distribution in one in organ (e.g.
kidney) if the interactions occur post-absorptively.
Interactions between minerals usually have nega-
tive effects, but they can be beneficial (e.g. small
copper supplements can enhance iron utilization)
and may depend on the level of supplementation
(e.g. large copper supplements can increase iron
requirements, see Chapter 11).

Outcome

The effects of interactions between minerals
on bioavailability can sometimes be predicted,
as is the case for interactions between potas-
sium and magnesium and between copper,
molybdenum and sulfur in ruminants and the
influence of phytate on phosphorus and zinc
absorption in non-ruminants. However, out-
come is hard to predict when three mutually
antagonistic elements are involved, such as
copper, cadmium and zinc. Campbell and Mills
(1979) anticipated that since cadmium and zinc
each separately impaired copper metabolism
in sheep, the addition of both elements would
severely compromise copper status. However,
zinc (>120mg kg™! DM) apparently protected
lambs from the copper-depleting effects of cad-
mium (>3mg kg™! DM) and exceedingly high
levels of zinc (>750mg kg! DM) were needed
to exacerbate copper depletion (Bremner and

Campbell, 1980).

cdT ()

3-WAY
INTERACTION

cul(M) « Zni(+)
Fig. 2.7. Mutual antagonisms between copper,
cadmium and zinc lead to complex three-way
interactions. Raising the level of one interactant can
lower the status of the other two, as shown for Cd (T).
However, inequalities in the strength of particular
interactions, such as the strong antagonism of Cu by
Cd, may mean that supplements of Zn (+) may raise
(T) Cu status by reducing () the Cd—Cu interaction.

When each element can negatively affect
the other, a supplement of any one element may
have a positive net effect either by countering an
antagonism against itself or neutralizing the
antagonistic properties of the second element
upon the third (Fig. 2.7). The clinical outcome of
such three-way interactions will depend upon
which element is the first to become rate-limiting.
This in turn will be determined by the strength of
each separate antagonism and change with the
level at which each antagonist is employed. Thus,
cadmium is capable of inducing either copper or
zinc deprivation. Prediction of three-way interac-
tions is also difficult if there is a shared potentia-
tor. Thus, sulfur (as sulfide) is necessary for both
the iron- and molybdenum-mediated antagonism
of copper in ruminants. When iron and molybde-
num are added together in a diet marginal in cop-
per there is no additive antagonism towards
copper (Table 2.7) (Bremner et al., 1987), pos-
sibly because iron and molybdenum compete for
sulfide.

Mineral Cycles

There can be substantial inputs of minerals in
imported feeds and/or fertilizers, withdrawals of
minerals in harvested crops and/or livestock
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Fig. 2.8. Example of a mineral cycle showing pool sizes and flows of phosphorus (kg P ha") for a

dairy herd grazing tropical pasture under three different fertilizer regimens (after Davison et al., 1997).
Raising the amount of N given with P (treatment 3 versus 1) shifts the route of recycling from excreta to
plant litter, a less efficient process. The application of P prevents a steady decline in extractable soil P
(treatment 3 versus 2). Giving P with maximum N (treatment 3) increases the milk yield, without changing
the P status of the cow, by increasing the mass of green herbage on offer.

products and recycling of mineral supplies via
excreta in the farm ecosystem each year. Mineral
status can therefore change with time, and
changes in husbandry may also shift mineral bal-
ances substantially. Figure 2.8 illustrates the
effects of nitrogen fertilizer usage on the phos-
phorus cycle in a dairy enterprise on tropical
grass pasture. In this century, emphasis has
shifted to the accumulation of phosphorus in the
environment and watercourses, and different
models have been conceptualized (see Turner
et al., 2002). The influence of fertilizer inputs of
a potentially toxic mineral, cadmium, on the
cycling and accumulation of that element in soil
are described in Chapter 18. The net flow of uti-
lizable mineral to the grazing animal in particular
may vary widely from season to season and from
year to year. In areas where mineral concentra-

tions in herbage barely meet animal require-
ments, changes brought about by atmospheric,
climatic or seasonal influences may determine
the prevalence of deprivation. For example, the
risk of ‘swayback’ in newborn lambs deprived of
copper is high after mild winters in the UK. This
is probably due to decreased use of supplemen-
tary feeds of higher available copper content and
the increased ingestion of soil (containing copper
antagonists) during winters of low snow cover
(Suttle et al., 1975). The shedding of seed can
determine the incidence or severity of phospho-
rus deficiency states in livestock (see Chapter 6).
It is important to appreciate the cyclical nature of
mineral nutrition before breaking problems down
into small compartments, and there is a need to
frequently reassess the adequacy of mineral sup-
plies experienced by the animal.
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3 Assessing and Controlling Mineral
Status in Livestock

Chapter 2 should have helped erase belief that
the mineral composition of the forage or ration
alone can be relied upon in avoiding mineral
deprivation in livestock. On a broad geographi-
cal basis, areas where mineral imbalances in
livestock are more or less likely to occur can be
predicted by soil-mapping techniques. Thus,
areas of molybdenum-induced copper defi-
ciency in cattle in the UK can be predicted
from the results of stream sediment reconnais-
sance for molybdenum (Thornton and Alloway,
1974). The potential in applying such tech-
niques in this (Suttle, 2008) and other spheres
is large (Plant et al., 1996; White and Zasoski,
1999), but they have rarely been successfully
deployed to predict health problems in live-
stock (Fordyce et al., 1996). Soil maps sug-
gesting a widespread risk of zinc deficiency in
crops (Alloway, 2003) bear no relationship to
the small risk of zinc deprivation in livestock.
Comprehensive maps of soil mineral status
exist for the UK (McGrath and Loveland, 1992)
and Europe (De Vos et al., 2006), and multi-
variate analysis of the data may facilitate the
prediction of mineral status in livestock (Suttle,
2000). However, many factors can interrupt
the flow of mineral into the animal (Fig. 3.1),
most of which are reviewed in Chapters 1 and 2.
One not covered so far is the possibility that
the feeds analysed may not be representative
of the mixture of materials consumed by the
animal.

Food Selection
Selective grazing

In foraging situations, the forage sample col-
lected may not represent the material selected
by the grazing animal. Animals show prefer-
ences for different types and parts of plants
that can vary widely in mineral concentration.
Selective grazing greatly influences the assess-
ment of dietary phosphorus status and could
equally influence mineral intakes where live-
stock have access to a mixture of pasture and
browse material (Fordyce et al., 1996). Plant
material selected during grazing can be sam-
pled via oesophageal fistulae, but the contami-
nation of masticated food with saliva can
complicate interpretation. For poorly absorbed
trace minerals, faecal analysis can give reason-
able predictions of mineral intake (Langlands,
1987). The washing of contaminating soil from
a herbage sample by the analyst can also intro-
duce errors because trace minerals consumed
and partially utilized by the grazing animal are
thereby deselected.

Diet selection

When offered mixtures of dietary ingredients
differing in texture, moisture content and
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Stocking rate, rainfall

Soil ingestion

Rate of production

‘Availability’

Absorptive capacity
v
‘Availability’ Element in animal

Initial reserves

Element in soil

I Geochemistry
‘Availability’ pH

v Drainage

Element in plant

Appetite

Selective grazing

Stage of development

Environment (e.g. temperature,

exercise)
v

A sufficient supply?

Fig. 3.1. Summary of the many and varied factors, in addition to plants, that can influence the flow of an
element from the soil to the grazing animal and whether the supply will meet the animal’s requirement.

palatability, animals may consume a blend that
differs from the one provided. Thus, an experi-
mental diet for ruminants containing oat hulls to
provide adequate roughage may have to be pel-
leted to ensure that all hulls are consumed. With
a loose feed, simply weighing feed refusals and
relying on mineral analysis of the diet as fed to
estimate unconsumed minerals can lead to false
estimates of mineral intake. When offered lime-
stone separately from the main ration, laying
hens may vary their consumption of limestone
according to the phosphorus supply from the
ration (Barkley et al., 2004).

Clinical and Pathological Changes

The limited diagnostic value of measures of soil
and plant mineral status means that focus must
be placed on the animal. Unfortunately, the
clinical and pathological abnormalities associ-
ated with most mineral imbalances are rarely
specific (Table 3.1) and often bear a clinical
similarity to other nutritional disorders and
parasitic or microbial infections of the gut. The
first requirement is for a scheme for differential
diagnosis that should eliminate non-mineral
causes of disorder (Appendix 1). Diagnosis of
mild mineral imbalance is particularly difficult
and the most reliable diagnostic criterion is

often an improvement in health or productivity
after the provision of a specific mineral supple-
ment in a well-designed and well-executed trial
(Phillippo, 1983), a subject that is returned to
in Chapter 19. Few pictures of ‘deficient ani-
mals’ are presented in this book because they
can be misleading. Clinical and pathological
mineral disorders are often the final expres-
sions of defects arising from a weakening of
different links along the same chain of meta-
bolic events. Lack of clinical specificity may
also arise because anorexia, with resultant
under-nutrition, is a common early expression
of many mineral deficiencies. Impaired repro-
duction caused by deprivation of manganese,
selenium and zinc may arise through different
primary effects on the reproductive process.
Poor lamb and calf crops in enzootic fluorosis
are attributable to fluorine-induced anorexia in
the mother and to deformities of the teeth
and joints that restrict mastication and grazing.
The nature of the clinical and pathological
changes can vary greatly, even within species,
depending on the age at onset of mineral
deprivation. Goitre (an enlarged thyroid gland)
or congenital swayback in newborn lambs
are well known signs of iodine and copper
deprivation, respectively, in late pregnancy,
but deprivation at other times may impair
health in flocks or herds unaffected by goitre or
swayback.
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Table 3.1. Examples of the sequence of pathophysiological events during the development of six

mineral-responsive diseases.

Mineral  Depletion Deficiency Dysfunction Disorder
Ca Young: bone | Serum | Chondrodystrophy Rickets
Old: bone | Serum { Irritability | Recumbency
Mg Young: bone | Serum | Irritability T Convulsion
Old: bone ? Serum { Irritability T Convulsion
Cu Liver { Serum | Disulfide bonds { Wool crimp
Co Liver vitamin B,, | Serum vitamin B,, . ~ MMA T Appetite |
Serum vitamin B,, {
I T4l T3l BMR | Goitre
Thyroid colloid { Thyroid hypertrophy
Thyroid iodine |
Se GPx in blood and liver |~ Serum Se | Serum creatine kinase T Myopathy

BMR, basal metabolic rate; GPx, glutathione peroxidase; MMA, methylmalonic acid; T3, triiodothyronine; T4, thyroxine.

Biochemical Indicators of
Mineral Deprivation

The non-specificity of the clinical and patho-
logical consequences of mineral deprivation
shifts the focus to detecting the biochemical
changes in the tissues and fluids of animals that
accompany mineral deprivation (Appendix 1,
step 3c). These changes are also valuable in
the pre-clinical detection of mineral imbalances

(Mills, 1987).

A general macro-model

A sequence of events is presented in Fig. 3.2
to provide a rational basis for the biochemical
assessment of mineral deprivation. The
sequence consists of four phases: (i) ‘deple-
tion’, during which storage pools of the min-
eral are reduced; (ii) ‘deficiency’, during which
transport pools of the mineral are reduced,;
(ili) ‘dysfunction’, when mineral-dependent
functions become rate-limited; and (iv) ‘disor-
der’, during which clinical abnormalities
become apparent to the naked eye.

The model and terminology from the last
edition of this book, modified slightly by Lee
et al. (1999), is retained here to avoid the con-
fusion that continues to arise from the use of
the same word ‘deficient’ to describe diets low

in minerals, healthy animals with subnormal
mineral status and clinically sick animals. A diet
is only ‘mineral-deficient’ if it is likely to be fed
long enough to induce subnormal mineral sta-
tus and — if fed — may not necessarily result in
clinical disease.

Variations on a theme

The precise sequence of events during the
development of a clinical disorder varies widely
from mineral to mineral and with the rate of
mineral deprivation. There are limited body
stores of magnesium and zinc, and reductions
in plasma magnesium and zinc (i.e. the trans-
port pool) therefore occur with the onset of
deprivation. With calcium, the mobilization of
skeletal reserves can preserve serum calcium
concentrations during long periods of deple-
tion, but the rapid increase in demand for cal-
cium with the onset of lactation can lead to
acute hypocalcaemia and clinical disease (milk
fever) while large reserves remain. A similar
overlap between phases can occur in iron dep-
rivation, with biochemical evidence of defi-
ciency occurring before iron reserves are
entirely exhausted (Chesters and Arthur, 1988).
The point of transition from deficiency to dys-
function and disorder is also variable and
depends partly upon the demand being placed
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Fig. 3.2. The sequence of pathophysiological changes that can occur in mineral-deprived livestock.
There are four possible phases, beginning with depletion and ending with overt disease, related to
changes in body pools of mineral that serve storage (e.qg. liver), transport (e.g. plasma) or functional (e.g.
muscle enzyme) purposes. For some elements (e.g. calcium and phosphorus), storage and function are
combined in bone; for cobalt (as vitamin B,,) there is role-reversal, with the plasma rather than the liver
serving as the store; for elements with small or slowly mobilized stores (e.g. zinc), curves 1 and 2 are
superimposed or interposed; for all elements there is a marginal area (shaded) where stores are all but
exhausted and mineral-dependent functions begin to fail, but the animal remains outwardly healthy. The
upper limit (100) on the mineral pool axis represents the maximum or normal attainable pool size.

on the critical pathway, particularly where
cobalt is concerned. A low selenium status may
be tolerable until changes in diet and increased
freedom of movement (i.e. turnout to spring
pasture) present a twofold oxidative stress; a
low iodine status may be tolerable until a cold
stress induces a thermogenic response; and
simultaneous deficiencies of selenium and
iodine increase the likelihood that deprivation
of either element will cause the animal to enter
the dysfunctional phase (Arthur, 1992).

A general ‘nano’-model

With the ‘snapshot’ of macro-mineral metabo-
lism presented in Fig. 1.1, a small-scale (‘nano’)
model is inserted to indicate that the large model
represents the summation of a myriad of bal-
ances struck in individual cells — the ‘pixels’ that
make up the snapshot, as it were. Similarly, the
sequence shown in Fig. 3.2 has its ‘nano’ equiv-

alent. According to O’Dell (2000), the following
sequence of events occurs in vulnerable cells
during zinc deprivation:

e Depletion — of zinc stores in the plasma
membrane.

e Deficiency — of alkaline phosphatase in
the plasma membrane, accompanied by
changes in protein and lipid content.

e Dysfunction — changes in intracellular cal-
cium ions and dependent enzymes.

e Disorder — periparturient bleeding due to
impaired platelet aggregation and
increased erythrocyte fragility.

The biochemical markers used for diagnos-
tic purposes act as remote sensors of rate-limiting
events in the cells of vulnerable organs.

Differentiation of Mineral Deprivation

Few biochemical markers indicate the onset
of dysfunction or disorder because sample
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sites and analytes have been selected for con-
venience rather than diagnostic insight. The
popular biochemical criteria for all six ele-
ments listed in Table 3.1 convey information
about depletion, deficiency, stores and trans-
port forms. Subnormal analytical results at
step 3d in Appendix 1 are not therefore syn-
onymous with loss of health. By studying the
relationships between markers of depletion or
deficiency and dysfunction, the interpretation
of each can be clarified (Mills, 1987).

Criteria of dysfunction

Biochemical markers of dysfunction, where
available, are more useful than indices of deple-
tion and deficiency because they are one or two
phases nearer to clinical disease. Increases in
methylmalonic acid (MMA) indicate that MMA
coenzyme A isomerase activity becomes rate-
limited in cobalt (vitamin B,,) deficiency, and
increases in creatine kinase indicate that muscle
membrane permeability increases in selenium
deprivation. However, a rise in plasma MMA
may precede loss of appetite, an important
clinical sign of cobalt deprivation. Animals have
internal biochemical systems for recognizing
low mineral status and correcting it: mRNA for
storage proteins such as ferritin and cytosolic
glutathione peroxidase are switched off in iron
and selenium deprivation, respectively, while
the mRNA for cholecystokinin is induced in
zinc deprivation. The use of mRNA for routine
diagnosis is likely to remain prohibitively expen-
sive, but its experimental use could resolve
some long-standing arguments by letting the
animal express the trace element function that
it most needs to preserve.

Delineation of marginal values

Throughout this book, all biochemical criteria
will be interpreted using a three-tier system
(Table 3.2) with ‘marginal bands’ to separate
the normal from the dysfunctional or disordered
(Fig. 3.2), rather than a diagnostically unhelpful
‘reference range’ that abruptly separates the
biochemically normal from the abnormal.
Individual variation within the ‘at-risk’ flock or

herd is also informative, with high coefficients
of variation indicating possible dysfunction in
some of its members.

Detailed temporal studies of the patho-
physiological changes during exposure to
mineral imbalances are required to delineate
marginal bands for all biochemical criteria of
mineral status. For example, White (1996)
used pooled data for zinc-deprived lambs to fit
an equation (Fig. 3.3) to the relationship
between mean values for plasma zinc and
growth rate and define a plasma zinc thresh-
old value (6.7 pmol 1Y) - 95% of the critical
value or asymptote — below which growth
impairment was likely to occur. A more prag-
matic approach is to relate a measure of min-
eral status to the likelihood of livestock
responding positively to mineral supplemen-
tation in field trials. Thus, Clark et al. (1985)
suggested that lambs in New Zealand would
benefit from cobalt supplementation if their
plasma vitamin B,, concentrations fell below
300 pmol 1. A similar study in New Zealand
(Grace and Knowles, 2002) suggested that
lamb growth was unlikely to be retarded by
selenium deprivation until blood selenium fell
below 130nmol 1!, a value far below the
existing reference range limit of 500 nmol I-'.
However, the critical value depends on the
index of adequacy and, with optimal wool
growth as the goal, the lower limit of margin-
ality for plasma zinc rose to 7.7 umol 1!
(White et al., 1994). Similar results would
probably be found for blood or plasma sele-
nium during selenium deprivation.

Table 3.2. Interpretation of biochemical and
other indices of mineral deprivation (or excess) in
livestock is enhanced by the use of a marginal
band between values consistent with health and
ill-health.

Response to

Result Phase? supplementation
Normal Equilibrium None
or depletion
Marginal Deficiency Unlikely
(or accretion)
Dysfunction Possible
Abnormal Disorder Probable

aSee Fig. 3.2 for illustration of terminology.
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Fig. 3.3. The sequence of biochemical events during chronic exposure to excessive amounts of mineral.
The sequence becomes telescoped during acute exposure. The rate of transition is also affected by
dietary attributes (e.g. absorbability), animal attributes (e.g. mineral may be safely disposed of in products
such as milk and eggs) and factors such as disease (e.g. liver toxins or pathogens).

Physiological and developmental effects

When using the mineral composition of animal
tissues and fluids to indicate the quality of mineral
nutrition, it is important to avoid the confounding
effects of physiological and developmental
changes. The normal newborn animal often has
‘abnormal’ tissue or blood mineral composition
when judged inappropriately by adult standards,
as in the case of liver and blood copper and sele-
nium and serum iodine. Most blood mineral con-
centrations also change abruptly and briefly
around parturition, and sampling at this time is
only appropriate for acute disorders of calcium
and magnesium metabolism.

Choice of Sample

The choice of tissue or fluid for analysis varies
with the mineral under investigation and the pur-
pose of the investigation. Blood, urine, saliva and
hair have the advantage of accessibility by simple,
minimally invasive procedures. Surveys of soil/
plant/animal relationships indicate that soil and

plant samples rarely give information that would
be sufficient for diagnostic purposes.

Whole blood

Whole blood, serum and plasma are widely
sampled and serum is usually chosen for analy-
sis because it avoids the cost and possible ana-
Iytical complications of adding an anticoagulant,
and gives a more stable (i.e. haemolysis-free)
form for transportation. Results for plasma and
serum have been assumed to be the same, but
serum invariably contains less copper than
plasma (Laven and Livesey, 2006). Results for
plasma samples generally reflect the mineral
status of the transport pool of the element, and
low values indicate onset of the ‘deficiency’
phase. The use of whole blood (or erythrocytes)
brings both complications and new possibilities
into the assessment of mineral status. Minerals
are often incorporated as functional units in the
immature erythrocyte prior to release into the
bloodstream, and the mineral content of the
younger erythrocytes alone accurately reflects
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recent mineral nutriture. In livestock deprived
of a mineral, the decline in mineral concentra-
tion in the whole blood (or erythrocytes) is usu-
ally slower than that in plasma.

Erythrocytes

Once released, the mineral status of the eryth-
rocyte may remain unchanged throughout its
life, despite marked fluctuations in the mineral
status of the diet. Thus, activities of erythrocyte
enzymes indicative of copper and selenium sta-
tus (copper:zinc superoxide dismutase and
glutathione peroxidase, respectively) do not
increase until about 3 weeks after a rise in cop-
per or selenium provision — until there are suf-
ficient enriched young cells to increase the
mean values for the entire erythrocyte popula-
tion. This may be an advantage if animals have
been treated or have inadvertently gained
access to a new mineral supply (e.g. during
handling) prior to blood sampling, since eryth-
rocyte enzyme activities in the subsequent
blood sample would be unaffected. However, it
could be disadvantageous in masking a recent
downturn in copper or selenium supply. In
extremely deficient animals, erythrocytes may
be released in which the enzyme lacks its func-
tional mineral (apo-enzyme). Assay of enzyme
protein by ELISA or the extent of in vitro
reconstitution may offer new insights into the
severity of depletion (e.g. of zinc) in such cir-
cumstances (see Chapter 16). Where the nor-
mal function of an element is expressed by the
erythrocyte, such as stability of the membrane
and/or resistance to oxidative stress, as in cop-
per, phosphorus and selenium deprivation,
functional status may be indicated by in vitro
haemolysis tests or staining for Heinz bodies;
however, such tests would obviously be non-
specific. In zinc deprivation, it is arguable that
we should measure both zinc and alkaline
phosphatase in the erythrocyte membrane
rather than in plasma (O’Dell, 2000).

Secretions

Analysis of saliva provides diagnostic informa-
tion on several minerals and samples are readily

procured using an empty 20ml syringe fitted
with a semi-rigid polypropylene probe and
using a ‘trombone slide’ gag to open the mouth.
The composition of the saliva is particularly
sensitive to sodium deprivation. As salivary
sodium declines, potassium rises and the sodium
to potassium ratio in parotid saliva can decrease
10-fold or more, providing a means of detect-
ing sodium deficiency in the animal (Morris,
1980). Preparatory mouth washes can reduce
contamination from feed and digesta without
disturbing the sodium to potassium ratio. The
analysis of sodium to potassium in muzzle secre-
tions can also indicate sodium status (Kumar
and Singh, 1981). Salivary zinc has been sug-
gested as a sensitive indicator of zinc status in
man, but it has yet to be evaluated in domestic
livestock.

Urine and faeces

Mineral excretion by both urinary and faecal
routes may correlate with either the mineral
intake or mineral status of the animal, depend-
ing on the mineral. Subnormal urinary magne-
sium and sodium outputs point clearly to low
intakes of the respective elements and a height-
ened risk of disorder, while raised urine fluorine
can indicate fluorine toxicity. However, high
urinary fluorine may reflect mobilization of
skeletal fluorine that has built up during previ-
ous periods of exposure. Furthermore, con-
centrations of minerals in urine and faeces are
influenced by dietary and animal factors such
as water intake and the digestibility of the diet.
Correction factors, such as mineral to creati-
nine ratios in urine and mineral to alkane or
titanium ratios in the faeces of grazing animals,
can be applied to minimize the affect of ‘non-
mineral’ factors. After prolonged exposure to
very low intakes, faecal mineral concentrations
can contribute to a diagnosis even without cor-
rection (e.g. faecal phosphorus).

Tissues

Of the body tissues, liver and bone are the
most commonly sampled because they serve
as storage organs for several minerals and
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because they can be sampled by simple tech-
niques such as aspiration biopsy of the liver
and trephine for rib bone. For instance, sub-
normal concentrations of iron, copper and
cobalt (or vitamin B,,) in the liver indicate
early dietary deprivation and ‘depletion’ of
these elements. Subnormal concentrations of
calcium and phosphorus in bone can suggest
deficiencies of calcium, phosphorus or vita-
min D, and high fluorine levels in bone indi-
cate an excess fluorine intakes. However,
results may vary widely from bone to bone,
with the age of animal and with mode of
expression (fresh, dried, defatted or ashed
bone basis), making interpretation difficult
(see Chapter 6, in particular). With heteroge-
neous organs such as the kidneys, results can
be affected by the area sampled (e.g. sele-
nium concentrations are two- to fivefold
higher in the cortex than in the medulla)
(Millar and Meads, 1988), making a precise
description of and adherence to sampling
protocols essential. Relationships between
mineral concentrations in storage organs and
ill-health can, however, be poor because
stores may be exhausted long before any dis-
order arises (Fig. 3.2).

Appendages

The analysis of minerals in body appendages
such as hair, hoof, fleece or feathers for diag-
nostic purposes has had a chequered history
(Combs, 1987). Relationships to other indi-
ces of status, both biochemical and clinical,
have often been poor. There are many pos-
sible reasons for this, including exogenous
surface contamination; the presence of skin
secretions (e.g. suint in wool); failure to
standardize on a dry weight basis; and varia-
ble time periods over which the sample has
accumulated. Samples of body appendages
should always be rigorously washed and
dried. Sampling of newly grown hair or fleece
from a recently shaved site (e.g. a liver biopsy
site) can give a measure of contemporary
mineral status, and historical profiles can be
obtained by dividing hair, fleece and core
samples of hoof into proximal, medial and
distal portions. The colour of the sampled

hair has no effect on mineral concentrations
because minerals are not contained in the
pigments.

Functional forms and indices

Advances in assay procedures for enzymes and
hormones have greatly increased the range and
sensitivity of the diagnostic techniques now
available. Serum assays for vitamin B,, rather
than cobalt, for triiodothyronine rather than
protein-bound iodine, for caeruloplasmin rather
than copper and for glutathione peroxidase
rather than selenium have provided alternative
indicators of dietary and body status of these
elements. However, enzyme assays are associ-
ated with problems of standardization and their
use still does not invariably improve the accu-
racy of diagnosis, as is the case with caerulo-
plasmin (Suttle, 2008). The diagnostic strengths
and limitations of these and similar estimations
are considered in the chapters dealing with indi-
vidual elements and their interrelations.

Balance

The balance between the amounts of minerals
absorbed from the diet can be important.
Balance between macro-elements is important
because cations such as Na*, P*, Ca?* and Mg?
are alkali-producing, whereas anions such as CI-
and SO%- are acid-producing. The preservation
of the acid-base balance is important for all spe-
cies from poultry to dairy cows, and cation—
anion imbalance can result in clinical disorders
(see Chapter 8). Highly digestible energy- and
protein-rich diets sustain high levels of produc-
tion and may increase the risk of mineral imbal-
ance when compared with low-quality feeds, but
they also lower pH in the gut and body to an
extent that affects acid—base balance.

Biochemical Indicators
of Mineral Excess

Chronic exposure to a mineral excess gener-
ally leads to a sequence of biochemical changes
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that is a mirror image of events during depriva-
tion (compare Fig. 3.3 with 3.2).

1. There is accretion of the mineral at any
storage sites.

2. Mineral concentrations in transport pools
may rise.

3. Dysfunction may be manifested by the
accumulation of abnormal metabolites or con-
stituents in the blood, tissues or excreta.

4. Clinical signs of disorder become visible.

For example, marginal increases in plasma
copper and major increases in serum aspartate
aminotransferase (AAT) precede the haemo-
lytic crisis in chronic copper poisoning in
sheep: the rise in AAT is indicative of hepatic
dysfunction. However, increases in AAT also
occur during the development of white muscle
disease caused by selenium deficiency because
the enzyme can leak from damaged muscle as
well as liver. Assays of glutamate dehydroge-
nase (found only in liver) and creatine kinase
(found only in muscle) are of greater value than
AAT in distinguishing the underlying site of
dysfunction. The whole sequence in Fig. 3.3
can become telescoped during an acute toxic-
ity. Marginal bands must again be used in con-
junction with biochemical criteria of mineral
excess to allow for variability in tolerance and
in the rate of transition between phases.

Correction of Mineral Imbalance
Holistic approach

Ideally, mineral supplements should be used
only when requirements cannot be met reliably
by the judicious combination of natural feeds.
The addition of protein concentrates to a grain
mixture raises the content of such minerals as
calcium, phosphorus, zinc, copper and iodine.
While the use of plant protein sources can
lower the availability of some minerals for pigs
and poultry — notably of zinc — because of
antagonism from phytate, natural or synthetic
phytases can be used to counter the antago-
nism. Bran is freely available on many small,
mixed farms and is an excellent source of phos-
phorus and iron for ruminants (Suttle, 1991).
However, reliance on natural mineral sources

requires accurate information on the mineral
composition of local feeds and this is rarely
available (Arosemena et al., 1995).

Mineral supplementation

Inorganic mineral supplements are added rou-
tinely to home-mixed and purchased rations as
an insurance against the inclusion of natural
feeds that deviate from the norm of mineral or
antagonist composition. In some localities,
supplements of specific minerals are always
necessary because the pastures or feeds are
abnormal in their mineral composition as a
consequence of local soil and climatic effects.
The use of industrial nitrogen sources to pro-
vide protein for ruminants increases the need
for minerals from other dietary components.
Urea supplementation is increasingly used to
improve the nutritive value of low-quality
roughages and crop by-products in developing
countries, but may only do so if accompanied
by additional phosphorus and sulfur (Suttle,
1991). Successful procedures have been devel-
oped for the prevention and control of all dis-
orders caused by mineral deprivation and for
many of those caused by mineral toxicities.
Methods can be divided into three categories:
indirect methods that increase the mineral
composition of pastures and feeds while they
are growing; and continuous or discontinuous
direct methods, which involve the administra-
tion of minerals to animals. The procedure of
choice varies greatly with different elements,
climatic environments, conditions of husbandry
and economic circumstances.

Indirect methods

In favourable environments, treatment of the
soil can often improve the mineral composi-
tion of herbage and is a logical first step when
crop or pasture growth has been limited by
mineral deprivation. By incorporating small
proportions of cobalt or selenium into fertiliz-
ers such as superphosphate, the costs of appli-
cation are minimized and the whole herd or
flock is supplemented. Problems may persist if
deprivation is caused by poor availability to the
plant rather than poor mineral content of the
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soil. For example, cobalt-containing fertilizers
are ineffective on calcareous or highly alkaline
soils because the availability of cobalt to plants
is low in such conditions. Soils that are low in
available phosphorus are likely to trap added
fertilizer phosphorus in unavailable forms. The
application of sulfur fertilizers to seleniferous
soils can prevent selenium toxicity in the graz-
ing animal, but may be ineffective if the soil is
already high in sulfate. Treatment of pastures
very high in molybdenum with copper fertilizer
may not raise herbage copper sufficiently to
prevent induced copper deficiency. Indirect
methods may be impracticable or uneconomic
under extensive range conditions and ineffec-
tive under adverse conditions for plant growth,
as is the case with phosphorus fertilizers applied
during a dry season. The residual effects of all
soil treatments and therefore the frequency
with which they must be applied can vary widely
from one location to another, and it is often
impossible to treat or prevent a mineral imbal-
ance in livestock indirectly.

Discontinuous direct methods

The oral dosing, drenching or injection of ani-
mals with mineral solutions, suspensions or
pastes has the advantage that all animals receive
known amounts of the required mineral at
known intervals. This type of treatment is unsat-
isfactory where labour costs are high and ani-
mals have to be driven long distances and
handled frequently and specifically for treatment.
With minerals such as copper that are readily
stored in the liver to provide reserves against
periods of depletion, large doses given several
months apart can be satisfactory. Oral dosing
with selenium salts works well in selenium-defi-
cient areas, particularly where it can be conven-
iently combined with oral dosing of anthelmintics.
By contrast, cobalt deficiency cannot always be
prevented fully if the oral doses of cobalt salts are
weeks apart. With iron, iodine and copper, some
of the disadvantages of oral dosing can be over-
come by the use of injectable organic complexes
of the minerals. Such complexes are more
expensive, but when injected subcutaneously or
intramuscularly they are translocated slowly to
other tissues and prevent deprivation for lengthy
periods. For instance, a single intramuscular
injection of iron-dextran supplying 100mg iron

at 2-4 days of age can control piglet anaemia
(Chapter 13).

SLOW-RELEASE ORAL METHODS. The efficacy of
administering minerals to individual animals
can be improved by using large oral doses
in relatively inert, slowly solubilized forms.
Heavy pellets (e.g. selenium, see Chapter
15), glass boluses (multi-element) (Miller
et al., 1988) or particles of the mineral (e.g.
copper oxide, see Chapter 11) are retained
in the gastrointestinal tract and slowly release
absorbable mineral. In early Australian stud-
ies, cobalt deprivation was solved by use of
the heavy cobalt pellets that lodge in the
reticulo-rumen and vield a steady supply
of cobalt for many months, unless they are
regurgitated or became coated (see Chapter
10). Retention of the mineral is dependent
on specific gravity and particle size (Judson et
al., 1991), but, by ingenious capsule design,
mineral sources of low density can be retained
in the rumen (Cardinal, 1997). Minerals can
also be given with vitamins when compressed
into a polymer capsule which erodes slowly
from its ‘open’ end (Allan et al., 1993).

Continuous direct methods

Hand-fed or mechanically fed stock are best
supplemented by mixing the required minerals
with the food offered. When adequate trough-
time or trough-space is allowed, variation in
individual consumption is not pronounced and
the amounts provided should not exceed aver-
age mineral requirements. Where animal pro-
ductivity and farm labour costs are high, it is
usual to buy feeds that contain a ‘broad-spec-
trum’ mineral supplement. Where production is
less intensive and farm labour less costly, home-
mixing is often practised, adding only those
minerals known to be needed in amounts appro-
priate for the locality. Home-grown roughage
rather than expensive concentrates can be used
as a carrier for the mineral supplement. In
sparse grazing conditions where there is no
hand-feeding, treatment of the water supply
may be practicable but cannot be relied on if the
water supply is saline and may be unsatisfactory
with an element like cobalt, which is required
continuously by the animal. Trace minerals can
be add to a piped water supply via a metering
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device (Farmer et al., 1982), but limitations
remain because voluntary water intake is affected
by the weather and season and may be uncon-
trollable under range conditions.

FREE-ACCESS MINERAL MIXTURES. The most
widely used method of supplementation is the
provision of mineral mixtures in loose (‘lick’) or
block form. Common salt (NaCl) is the main
ingredient (30-40%) because it is palatable
and acts as a ‘carrier’ of other less palatable
minerals. Individual animals are expected to
seek out dispensers and consume enough min-
eral from them to meet their needs (McDowell
et al., 1993). The siting of dispensers can be
arranged to attract stock to areas that might
otherwise be undergrazed. However, individual
variations in consumption from licks or blocks
can be marked (Bowman and Sowell, 1997).
In one study, 19% of the ewe flock commonly
consumed nothing, while others consumed a
feed block at 0.4-1.4kg day~! (Ducker et al.,
1981). In a study of salt supplementation (pre-
sented in protected, trailer-drawn blocks) of a
beef suckler herd grazing Californian range-
land, the mean daily consumption per head
(cow * calf) ranged from 0 to 129g day™
about a mean of 27g day~! over consecutive
7-day periods (Fig. 3.4) (Morris et al., 1980).
Provision is therefore ‘semi-continuous’ rather
than ‘continuous’.

The provision of several widely scattered
mineral sources can minimize competition and
hence individual variations in the uptake of
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Fig. 3.4. Variation in average salt intake by a
group of beef suckler cows given free access to
salt from covered trailers on Californian rangeland.
Observations began with calving in November
(data from Morris et al., 1980).

minerals. Seasonal variation in mineral con-
sumption can also occur, but intakes are more
uniform from granulated than block sources of
minerals (Rocks et al., 1982). Minerals can be
used pharmacologically, and molybdate-con-
taining salt licks have been highly effective in
preventing chronic copper poisoning in sheep
and cattle in certain areas.

Mineral Sources

The choice of components for a feed or mineral
supplement is determined by the following:

e the purity and cost per unit of the element
or elements required;

e the chemical form, which may determine
the stability and availability of the required
element;

e particle size, which can affect the ease
and safety of mixing and availability to the
animal;

e freedom from harmful impurities, such as
cadmium and fluorine;

e compatibility with other ingredients, includ-
ing vitamins; and

e the risk of toxicity, often the converse of
availability and affecting man as well as
animal.

With phosphorus supplements, the first
four factors can each greatly influence the
choice of material. With the trace elements,
cost is of minor significance and availability
and safety can be the major concerns.

Inorganic versus ‘organic’ sources

There is a popular misconception, sustained
and encouraged particularly by aggressive
marketing, that inorganic trace mineral sup-
plements are intrinsically of less value to live-
stock (and man) than the natural forms in
which elements are present in feeds, and are
less available than synthetic organic complexes
containing those elements. Trace metal-amino
acid complexes can allegedly mimic the proc-
ess by which trace elements are absorbed
(as metal-peptides) and might thus be more
available to livestock than inorganic mineral
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sources. However, such complexes must be
strong enough to resist natural dietary antago-
nists, yet deliver the complexed element to the
tissues in a usable form. An early series of in
vitro tests showed that a wide variety of amino
acid-trace mineral complexes were not even
strong enough to resist simulated acid diges-
tion in the stomach (Fig. 2.4) and this has been
confirmed in the specific case of manganese
‘chelates’ (Lu et al., 2003). There is no evi-
dence that such complexes with copper are
superior to copper sulfate for ruminants
(Suttle, 1994). While chelated minerals might
be expected to be of benefit in non-ruminant
diets where phytate is such an important
antagonist, these expectations have yet to be
fulfiled and a more sound approach is to
attack the organic antagonist with phytase.
Evidence that chelation alters the form or dis-
tribution of the complexed element at an early
stage of digestion (e.g. in the rumen) is not
proof of nutritional benefit (Wright et al.,
2008). Evidence that chelation increases tis-
sue concentrations for elements whose uptake
is normally regulated by need (e.g. selenium)
may indicate a potentially dangerous by-
passing of the homeostatic mechanism, and
again provides no proof of nutritional benefit.
Chelation may be useful for one element,
chromium, in stressed animals for reasons that
are not fully understood. Where the provision
of an element in organic form influences
metabolism, as it undoubtedly does with sele-
nium given as selenomethionine, the assess-
ment of mineral status is affected without
necessarily conferring any nutritional benefit.
Evidence of consistently superior value in a
robust test of availability for organic complexes
has yet to appear in a reputable, peer-reviewed
scientific journal, with the singular exception
of iron in non-ruminants.

Over-correction of Mineral Deficits

The provision of minerals beyond the needs of
livestock increases costs with no benefit — other
than ill-founded ‘peace of mind’ — and can be
harmful. Excess phosphorus and magnesium
can cause death from urinary calculi (Hay and
Suttle, 1993), while an excess of copper is

quickly toxic in sheep. Iron is sometimes added
as iron oxide for cosmetic rather than nutritional
purposes, to the possible detriment of copper
status. The excess provision of iron may be
partly responsible for the low availability of
manganese in many pig rations (Finley et al.,
1997). Proprietary free-access mineral mixtures
for the same class of stock can vary widely in
composition, due largely to the use of different
safety factors in seeking to deliver a sufficient
supply of all essential minerals to all individuals,
whatever their circumstances (Suttle, 1983).
Concentrations of trace elements are also driven
upward by competition between products and
exploitation of a widespread misconception
amongst farmers that ‘more means better’. In
Australia, government scientists have tried to
reverse this trend by formulating a mineral sup-
plement solely to meet local mineral require-
ments (Siromin®) (White et al., 1992). The use
of over-generous ‘shot-gun’ mixtures of all
essential minerals should be periodically ques-
tioned because of the risk of causing long-term
mineral imbalances. Surplus minerals are largely
excreted and some (notably phosphorus and
copper) are causing increasing concern as pol-
lutants of the environment (see Chapter 20).

Self-correction of Mineral Imbalance

Contrary to popular belief, appetite for a min-
eral, particularly trace elements, is not a relia-
ble measure of an animal’s need, nor can it be
relied upon to correct any dietary imbalance
(Pamp et al., 1976). Grazing sheep dosed
orally with minerals to overcome deficiencies
have been found to eat as much mineral lick as
undosed animals (Cunningham, 1949), and
mineral-deprived livestock often reject supple-
ments containing the mineral they lack.
Physiological and behavioural explanations
probably lie in the absence of cognitive dis-
tress and/or the inability to associate immedi-
ate alleviation of that distress with consumption
of a recognizable mineral source. The volun-
tary consumption of mineral mixtures or ‘licks’
is determined more by palatability than physi-
ological need. The few examples of ‘mineral
wisdom’ being expressed by livestock all
involve macro-elements.  Sodium-deficient
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ruminants develop an appetite for salt and will
even consume sodium sources to which they
are normally averse, such as bicarbonate of
soda. However, if salt is provided in a free-
access mixture that is also rich in magnesium,
excessive consumption of magnesium may
cause diarrhoea (Suttle et al., 1986). When
offered choices between feeds containing
excess or normal concentrations of salt and
high- or low-energy and protein concentra-
tions, sheep select combinations that improve
the diet (Thomas et al., 2006). The relish with

which livestock consume mineral deposits
around receding water sources may have unin-
tended nutritional benefits. Pullets approach-
ing lay will self-select diets rich enough in
calcium to meet the combined needs of bone
deposition and shell calcification. The laying
hen continues to show preferences for calci-
um-rich diets on egg-laying days, but a hen
deprived of phosphorus will adapt to a
decreased need for calcium by reducing its vol-
untary consumption of calcium carbonate

(Barkley et al., 2004).
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4 Calcium

Introduction

The essentiality of calcium for growth and milk
production was one of the first consequences of
mineral deprivation to be unequivocally demon-
strated (see Chapter 1) but the pullet provided a
convenient experimental model for early stud-
ies of calcium deprivation (Common, 1938). As
animal production intensified, energy-rich,
grain-based diets were increasingly fed to poul-
try and other livestock in protected environ-
ments and the incidence of bone disorders
multiplied. Unwittingly, animals were being fed
diets naturally deficient in calcium while being
simultaneously ‘starved’ of vitamin D, (essential
for the efficient utilization of calcium) by the
absence of sunlight. Animal breeders ensured
that interest in calcium nutrition was maintained
by selecting for traits with high calcium require-
ments: growth, milk vield, litter size and egg
production. For example, between 1984 and
2004 the efficiency of broiler production greatly
improved and broilers reached market weight
(2.9Kkg) in 6 weeks instead of 9 weeks, while
consuming less feed and 11% less calcium in
total (Driver et al., 2005a). Requirements for
calcium have had to be re-examined, but bone
disorders in broilers can persist even when
calcium nutrition is optimal and the only solu-
tion may be to restrict growth by limiting feed
intake (Angel, 2007). In the high-yielding dairy
cow, an acute calcium-responsive disorder, milk

fever, still strikes many animals with no sign of
bone disorders at calving and the best means of
prevention is a matter of dispute.

Functions of Calcium

Calcium is the most abundant mineral in the
body and 99% is found in the skeleton. The
skeleton not only provides a strong framework
for supporting muscles and protects delicate
organs and tissues, including the bone marrow,
but is also jointed to allow movement, and is
malleable to allow growth. Furthermore, the
skeletal reserve of calcium actively supports
calcium homeostasis in what Bain and Watkins
(1993) described as an ‘elegant compromise’.

Non-skeletal functions

The small proportion (1%) of body calcium that
lies outside the skeleton is important to survival. It
is found as the free ion, bound to serum proteins
and complexed to organic and inorganic acids.
Ionized calcium — 50-60% of the total plasma
calcium - is essential for nerve conduction, mus-
cle contraction and cell signalling (Carafoli,
1991). Changes in calcium ion concentrations
within and between cells (Breitwieser, 2008) are
modulated by vitamin D, and the calcium-binding
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proteins, calmodulin and osteopontin: among
other things, they can trigger the immune
response. Calcium can activate or stabilize some
enzymes and is required for normal blood clotting
(Hurwitz, 1996), facilitating the conversion of
prothrombin to thrombin, which reacts with
fibrinogen to form the blood clot, fibrin.

Bone growth and mineralization

Bones grow in length by the proliferation of car-
tilaginous plates at the ends of bones in response
to growth hormone and other growth factors
(Loveridge, 1999). Cells towards the end of the
regular columns of chondrocytes that constitute
the growth or epiphyseal plate become pro-
gressively hypertrophic and degenerative. They
concentrate calcium and phosphorus at their
peripheries and exfoliate vesicles rich in amor-
phous calcium phosphate (Cay(PO,),) (Wuthier,
1993). Thus, a calcium-rich milieu is provided
to impregnate the osteoid (organic matrix) laid
down by osteoblasts. The crystalline bone min-
eral hydroxyapatite (Ca,,(PO,){(OH),) accumu-
lates in a zone of provisional calcification around
decaying chondrocytes, replacing them with an
apparently disorganized and largely inorganic
matrix of trabecular bone. Bones grow in width
through the inward deposition of concentric
shells or lamellae of osteoid by osteoblasts,
behind a cutting cone of osteoclasts and beneath
the surface of the bone shaft or periosteum
(Loveridge, 1999).

Eggshell formation

In avian species, calcium protects the egg
through the deposition of an eggshell during
passage down the oviduct. Unique changes in
bone morphology coincide with the onset of
sexual maturity, when the release of oestrogen
halts cancellous and structural bone formation.
New medullary bone is woven on to the surface
of existing cortical bone and bone marrow to
provide a labile calcium reserve that maintains
plasma calcium concentrations during shell for-
mation (Gilbert, 1983; Whitehead, 1995). The
shell matrix becomes heavily impregnated with

calcium carbonate (CaCO,) and the need to
furnish about 2g Ca for every egg produced
dominates calcium metabolism in the laying hen
(Gilbert, 1983; Bar and Hurwitz, 1984).

Metabolism of Calcium

Certain features of calcium metabolism must
be described before the assessment of the cal-
cium value of feeds can be addressed. Calcium
is absorbed from the diet according to need by
a hormonally regulated process in the small
intestine (Schneider et al., 1985; Bronner,
1987) up to limits set by the diet and by the net
movement of calcium into or out of the
skeleton.

Control of absorption

Calcium is absorbed by an active process in the
small intestine under the control of two hor-
mones: parathyroid hormone (PTH) and the
physiologically active form of vitamin D5, dihy-
droxycholecalciferol (1,25-(OH),D,, also known
as calcitriol) (Schneider et al., 1985; Bronner,
1987). The parathyroid gland responds to small
reductions in ionic calcium in the extracellular
fluid by secreting PTH (Brown, 1991). This
stimulates the double hydroxylation of vitamin
D,, first to 25-OHD; in the liver and then to
24,25-(0OH),D, or 1,25-(OH),D, primarily in
the kidneys (Omdahl and Del_uca, 1973; Borle,
1974), but also in the bone marrow, skin and
intestinal mucosa (Norman and Hurwitz, 1993).
Activated 1,25-(OH),D; opens calcium chan-
nels in the intestinal mucosa to facilitate calcium
uptake and transfer with the help of a calcium-
binding protein, calbindin (Hurwitz, 1996;
Shirley et al., 2003). The role of calbindin in
facilitating the absorption of calcium according
to supply and demand is illustrated by data for
fast- and slow-growing chicks given diets vary-
ing in calcium (Fig. 4.1) (Hurwitz et al., 1995).
The full potential of a feed as a provider of
absorbable calcium (™*A_,) can only be estab-
lished under conditions where requirements (E)
are barely met by intake (I), a condition rarely
met in balance studies (AFRC, 1991).
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Fig. 4.1. Mechanism for absorbing calcium according to need. As dietary Ca concentrations decrease, the
synthesis of a potentiator of absorption (calbindin) increases. If high-energy diets are fed, demand for Ca
rises and the broiler chick synthesizes yet more duodenal calbindin (from Hurwitz et al., 1995).

Plots of calcium absorption against R/I in
cattle (ARC, 1980) and sheep (Fig. 4.2) show
that both species raise their calcium absorption
as the value of R/I approaches unity, up to a
maximum absorption of approximately 0.68 for
all feeds, including forages. However, this rule
does not apply in sheep when imbalanced diets
are fed. When the calcium supply is excessive
and concentrations in the gut exceed 1 mmol 11,
calcium is passively absorbed and homeostatic
mechanisms are reversed by the secretion of cal-
citonin, which inhibits the intestinal hydroxyla-
tion of vitamin D, (Beckman et al., 1994). In
such circumstances, calcium may be absorbed
from the rumen (Yano et al., 1991; Khorasani
et al., 1997). The vast quantities of calcium
required by the laying hen are mostly absorbed
by passive mechanisms (Gilbert, 1983).

Movements of calcium to and
from the skeleton

The net flow of calcium into or out of the
skeleton plays an important role in regulating

circulating concentrations of ionic calcium and
thus calcium absorption. Mammalian young
are born with poorly mineralized bones and
while they suckle they do not receive enough
calcium to fully mineralize all the bone growth
that energy-rich milk can sustain (AFRC,
1991). After weaning there is normally a pro-
gressive increase in bone mineralization (for
data on lambs, see Field et al., 1975; Spence
et al., 1985), stimulated by increased exercise
and load-bearing. Ash concentration in the
broiler tibia can increase by 10% between 16
and 42 days of age (see Driver et al., 2005a),
and both exercise and provision of a perch
accelerate bone mineralization in poultry (Bond
et al., 1991).

Differences in calcium concentrations in
the immature bodies of livestock species (see
Table 1.2 for a comparison of the horse, deer,
and sheep) probably reflect the proportion of
compact bone present and may influence cal-
cium absorption. Around one-fifth of calcium in
the skeleton is mobilized in sheep (Braithwaite,
1983b) and dairy cows (Ramberg et al., 1984)
in association with parturition and the onset of
lactation. A peri-parturient reduction in bone
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Fig. 4.2. Evidence that calcium is absorbed according to need. Pooled data for the efficiency of

Ca absorption in lambs plotted against the adequacy of the dietary supply (ratio of net Ca requirement
to Ca intake) show a curvilinear rise to a plateau representing the full potential of the dietary Ca source
(from AFRC, 1991). @, nutritionally balanced diets; O, nutritionally imbalanced diets.

density can be detected in both sheep and goats
(Liesegang, 2008). The resorption process is
probably obligatory since it is not abated by
supplying more dietary calcium (AFRC, 1991,
Kamiva et al., 2005) or protein (Chrisp et al.,
1989b) and is not necessarily accompanied by
hypocalcaemia (Braithwaite, 1983a; Liesegang
et al., 2000).

Hormonal control of skeletal calcium

The hormonal partnerships that facilitate
absorption also regulate calcium fluxes to and
from bone, but the mechanisms are complex
and multicentred. Nuclear receptors for 1,25-
(OH),D, on the chondrocytes and osteoblasts
facilitate calcium accretion. Receptors for PTH
are found linked to regulatory (G) proteins in
organs such as the kidneys and brain, as well as
in the parathyroid gland (Hory et al., 1998).
Calcium accretion and resorption are coupled
during growth (Eklou-Kaloniji. et al., 1999) but
uncoupled in late pregnancy and early lactation,
partly through reductions in the activity of osteo-
calcin — a hormone that promotes bone growth.
Serum osteocalcin  concentrations decrease

prior to calving (Peterson et al., 2005)
and remain low for at least 14 days (Liesegang
et al., 2000), halting bone growth to reduce the
demand for calcium. Mammary tissue can
up-regulate the expression and release of a
PTH-like hormone, PTH-related protein
(PTHrP) (Goff et al., 1991). PTHrP then enters
the maternal circulation and mimics PTH. Bone-
resorbing cells (osteoclasts) respond to 1,25-
(OH),D; via cytokines released by osteoblasts
(Norman and Hurwitz, 1993) and to oestradiol,
increasing in sensitivity to PTHrP (Goff, 2007).
Calcitonin is now believed to have an important
role in limiting bone resorption during lactation
(Miller, 2006), but this does not prevent the
down-regulation of calcium absorption.

Excretion

The modulation of excretion by the faecal and
urinary routes probably involves G-linked cal-
cium ion receptors (Hory et al., 1998), but plays
only a minor role in calcium homeostasis. The
faecal endogenous excretion of calcium (FE,) is
generally unaffected by changes in dietary cal-
cium supply, and the difference between intake
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and faecal excretion of calcium (apparent
absorption, AA,) in balance studies can be
adjusted to give values for true calcium absorp-
tion (Ac,) in ruminants (Fig. 4.2) (ARC, 1980).
Increases in dry matter (DM) intake (DMI) are
associated with proportional increases in FE,
in sheep on dry diets (AFRC, 1991) and a simi-
lar relationship applies to grass diets (Chrisp
et al., 1989a,b). Losses of 0.6-1.0g FE, kg™!
DMI have been reported for lactating cows on
corn silage (Martz et al., 1999) and for lambs
on mixed dry diets (Roque et al., 2006), but
much higher losses (up to 50mg Ca kg! live
weight (LW)) have been reported in lambs
(Chrisp et al., 1989a). Little attention has been
given to FE, in non-ruminants: the Agricultural
Research Council (ARC, 1981) assumed that it
was 32mg kg™! LW in estimating the mainte-
nance requirement (M) of pigs, but enormous
and unlikely losses are predicted by the fattening
stage (3.2g Ca day! at 100kg LW) and it may
be more accurate to assume that FE_, is related
to DML, as in ruminants. In Fig. 4.3a, an alter-
native estimate of irreducible FE, in pigs on a
corn/soybean meal (SBM) diet is derived. This
translates to a calcium loss of 1g kg~! DMI, simi-
lar to that found in ruminants but nearly three-
fold that found in pigs on semi-purified diets
very low in calcium (Traylor et al., 2001).

»
&
n
o
o
]

N

o

o
1

-

a

o
1

—

o

o
1

*

a
o
1

y =2.08x% + 4.6x + 77

Faecal Ca (mg kg~' LW0-75)

0 T T T 1
0 2 4 6 8

Dietary Ca (g kg~' DM)

Although FE, is not regulated, it makes a sig-
nificant contribution to faecal excretion in pigs
and measurements of AA, significantly under-
estimate calcium absorption in balance studies
(Fig. 4.3b). Urinary calcium excretion tends to
remain low and constant regardless of calcium
status, although it may rise significantly in the
acidotic dairy cow (Goff and Horst, 1998) and
in the laying hen on days when no shell is
formed (Gilbert, 1983). The retention of cal-
cium is therefore roughly equivalent to AA.,,
and at marginal calcium intakes reflects the full
‘calcium value’ of the calcium supplied.

Natural Sources of Calcium
Milk and milk replacers

Milks and milk replacers derived from bovine
milk are rich in calcium (Table 2.5) that is well
absorbed by the young — A, 0.83 (Challa and
Braithwaite, 1989)and AA, 0.95 (Yuangklang
et al., 2004) - but calcium is marginally less
absorbable from replacers based on soy pro-
tein (AA., 0.87) (Yuangklang et al., 2004).
The effect of protein source was attributed

to the formation of insoluble calcium
(b)
1.0
u]
§%° @
°
2081 [oaa
S OAca
i 0.7 1
[o]
g W
<< 0.6 1
S
0.5 T T |
2 4 6 8

Dietary Ca (g kg™' DM)

Fig. 4.3. (a) The relationship between faecal calcium excretion and dietary calcium in pigs for the
two higher phosphorus groups of three studied by Vipperman et al. (1974). The intercept indicates an
irreducible faecal endogenous loss (/FE) or maintenance requirement of 77 mg Ca kg~' LW°7. With
the pigs weighing 25kg and consuming 0.85kg of food daily, the intercept translates to an IFE, of
approximately 1g Ca kg-' DMI. (b) The IFE,, value can be used to derive true absorption coefficients
(Ac,) from faecal Ca excretion, and these show a tendency for Ca to be absorbed according to need.



Calcium 59

phosphate, but may also involve the formation
of insoluble complexes with phytate from the
soy product. Phytate ceases to affect calcium
absorption in weaned ruminants because it is
degraded by the rumen microflora.

Forages

Forages are generally satisfactory sources
of calcium for grazing livestock, particularly
when they contain leguminous species. Minson
(1990) gives global average calcium values of
14.2 and 10.1g kg™! DM for temperate and
tropical legumes, and of 3.7 and 3.8kg™! DM
for the corresponding grasses. In the UK,
swards contain an average calcium level of
5.4g kg! DM (MAFF, 1990) and should usu-
ally meet the calcium requirements of sheep,
but a contribution from legumes may be needed
for the dairy cow. Cultivar differences in cal-
cium content can be marked, but the maturity
of the sward and seasonal changes in the leg-
ume contribution have more widespread influ-
ences. The leaf generally contains twice as
much calcium as the stem, and pasture calcium
is therefore increased by applying nitrogenous
fertilizer and decreases with advancing matu-
rity. In New Zealand, pasture calcium increased
from 4.4 to 5.7 g kg™! DM between spring and
summer due to a seasonal increase in clover
content (Stevenson et al., 2003). The slowing
of pasture growth by flooding or seasonal
reductions in soil temperature increase herb-
age calcium concentrations. The calcium con-
tent of the soil (Jumba et al., 1995) and
applications of lime, limestone or calcium chlo-
ride to soils has surprisingly little effect on for-
age calcium (e.g. Goff et al., 2007). Selective
grazing is likely to result in higher calcium con-
centrations in ingested forage than in hand-
plucked samples. Grass conserved as silage
contains slightly more calcium than the more
mature hay (6.4 versus 5.6g kg-! DM), while
alfalfa silage is much richer in calcium and
more variable (13.5-24.0g kg~! DM) (MAFF,
1990). Maize silages are generally low (1.4-
3.0g kg! DM) (see Table 2.1 and McNeil
et al., 2002), root crops and straws marginal
(834 g kg™! DM) and leafy brassicas rich in cal-
cium (10-20g kg! DM).

Concentrates

Cereals are low in calcium, with maize typically
containing only 0.2g kg-! DM, wheat 0.6g
kg! DM, oats and barley 0.6-0.9g kg~! DM
and cereal by-products rarely more than 1.5g
kg™! DM (see Table 2.1). Although richer in cal-
cium than cereals, vegetable protein sources
usually contain no more than 2-4g kg-! DM
(MAFF, 1990) and most will not give adequate
calcium levels when blended with cereals.
Rapeseed meal, with 8.4g Ca kg! DM, is
exceptional and, like sugarbeet pulp (6.0-7.5g
kg~! DM), is an excellent supplement for phos-
phorus-rich, grain-based diets. Fish meal and
meat and bone meals are also good sources of
calcium, with levels of 50-100 g kg~! DM being
commonplace.

Absorbability of Forage Calcium
for Ruminants

The NRC (2001) accorded forage calcium an
A, coefficient of 0.30, largely because of the
low AA, values that are frequently reported
for alfalfa and a low A, value of 0.42 reported
for corn silage in lactating cows in negative cal-
cium balance (Martz et al., 1999). These and
other low A, values require critical evaluation
because (™*A.) can only be established if:
(i) calcium requirements are barely met by cal-
cium intake; (ii) calcium is not being removed
from the skeleton; and (iii) the diet provides an
adequate amount of other nutrients, notably
phosphorus and protein (Fig. 4.2).

Alfalfa

Low A, and AA, coefficients are to be
expected, since alfalfa contains three to four
times more calcium than grasses and invariably
provides more calcium than ruminants need if
fed as the main dietary component, but low
A, values are widely attributed to the inhibi-
tory effects of oxalate. Crystals of calcium
oxalate were once seen in the faeces of cattle
fed on alfalfa hay (Ward et al., 1979), but they
contain only one-third by weight of calcium.
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Since alfalfa hays contain around four times
more calcium than oxalate (Hintz et al., 1984),
only a small fraction of the calcium supplied by
alfalfa can be excreted as unabsorbable
oxalates. Furthermore, oxalate is partially bro-
ken down in the rumen (Duncan et al., 1997).
A high A, of 0.56 was reported for alfalfa har-
vested in the vegetative state and given as hay
to non-lactating goats fed to calcium require-
ment, but alfalfa harvested at the full-bloom
stage had a lower calcium absorption of 0.47
(Freeden, 1989). In a comparison of alfalfa
and cereal silages given to high-yielding cows,
alfalfa had the highest AA_, (0.34) (Khorasani
et al., 1997) but a large proportion (45%) dis-
appeared from the rumen, possibly by passive
absorption at high rumen calcium concentra-
tions (calcium-rich alfalfa, containing 17 g kg™!
DM, was given with calcium-rich concentrate,
containing 8.5g kg™! DM). The A, 0.21 for
alfalfa hay given to lambs appeared to be far
lower than that for three mineral sources
(Roque et al., 2006), but the hay comprised
less than 50% of the ration (Fig. 2.6) and the
results for the mineral sources were atypical.
Furthermore, the application of a new kinetic
model gave results that were so similar for the
different sources that the data were pooled,
with A, averaging 0.52 (Dias et al., 2006)! In
tropical grass species relatively low in calcium
(1.3-3.5g kg! DM), A, coefficients were
0.51 and 0.52 for two ‘high oxalate’ species
and only marginally higher in two ‘low oxalate’
species (0.57 and 0.64, respectively) (Blayney
et al., 1982) when fed to Brahman steers.
There is unlikely to be an obstacle to post-
ruminal absorption of calcium, judging from
the high availability of calcium from alfalfa
meal for non-ruminants (Soares, 1995), unless
calcium forms unabsorbable complexes with
phytate in the rumen in some circumstances.

Other forage species

The corn silage studied by Martz et al. (1999)
was deficient in phosphorus, sufficiently so to
have possibly reduced food intake, and this
may have lowered the ability to retain calcium.
Low A, coefficients of 0.17 and 0.19 were
reported for ryegrass/white clover and oat/

ryegrass mixtures given to lactating ewes with
high needs for calcium (Chrisp et al., 1989b),
but milk yield was increased by 18% and A,
increased to 0.30 when a protected casein
supplement was fed, indicating that the diet
was imbalanced with respect to its rumen-
degradable protein supply. The protected
casein was given in expectation that bone
resorption might be reduced in early lactation,
but it was not. In a second experiment, A, for
unsupplemented ryegrass/clover increased
from 0.24 to 0.32 between weeks 2 and 5 of
lactation, indicating marked differences
between animals and differences between
experiments in calcium absorption. A decrease
in the calcium removed from the skeleton
(1.7 g day™!) was thought to have increased the
need to absorb calcium as lactation progressed.
Low A, coefficients of 0.24-0.47 have been
reported for green-feed oats and ryegrass/
white clover given to stags with high calcium
requirements for antler growth (Muir et al.,
1987), but values may have been suppressed
by seasonal increases in bone resorption.
Estimates of A, ranging from 0.41 to 0.64
have been obtained for different grass species
given to growing lambs (Thompson et al.,
1988). The higher values, obtained with the
most nutritious species, were considered to
indicate how much calcium was absorbable if
needed. Timothy hay supplemented with lime-
stone has a similar A., to that of alfalfa
(Freeden, 1989). Citrus pulp had a lower A,
coefficient (0.12) than alfalfa hay (0.21) in
Roque et al.’s (2006) study, but basal diets
differed in composition (Fig. 2.6).

There are no unequivocal measurements of
calcium absorption in any forage that support
the low A, coefficient used by the NRC (2001)
in calculating calcium requirements for dairy
COws.

Absorbability of Forage
Calcium for Horses

Horses were thought to be particularly vul-
nerable to the calcium-depleting effects of
oxalate-rich roughages, but similar high
AA., coefficients of 0.80 and 0.76 were
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reported for ponies given alfalfa meals that
were low or high in oxalate, respectively. The
valuation of the alfalfas was valid because the
ponies were fed, as the main source of calcium,
with oats (1:2) in diets low in calcium (1.5g
kg! DM) to maximize calcium absorption
(Hintz et al., 1984). In a recent study of grass-
fed weanling Thoroughbred foals AA., was
relatively high (0.60), but did not decrease
when calcium supplements raised dietary cal-
cium from 3.5 to 12.2g kg'! DM (Grace
et al., 2002a). This suggests that horses might
not absorb calcium according to need, but
there may be another explanation. The body
of the foal is relatively rich in calcium (Table
1.2), probably reflecting the relatively high pro-
portion of bone in the equine carcass. The
weanling foal may have an enhanced capacity
to deposit calcium in under-mineralized bone,
and the presence of this physiological ‘sponge’,
soaking up the apparent excess calcium
absorbed, may have pre-empted the down-
regulation of calcium absorption. A high AA.,
of 0.75 was found in Thoroughbred mares
given a similar pasture to that fed to foals
(Grace et al., 2002b), probably reflecting the
higher calcium requirements associated with
lactation. In calves reared on milk replacers
and likely to have relatively ‘soft’ bones, a dou-
bling of dietary calcium from 6.4 to 11.5g kg™
DM produced a relatively small decrease in
AA., from 0.90 to 0.75 (Yuangklang et al.,
2004).

Absorbability of Calcium in
Poultry and Pig Feeds

Cereals and vegetable proteins contain cal-
cium that is highly absorbable, but the phytate
they contain can lower the absorbability of
inorganic calcium (necessarily added to meet
requirements) through the formation of unab-
sorbable complexes in the gut. Increases in
dietary calcium in the young chick (Driver
et al., 2005b) and pig (Vipperman et al.,
1974) can have a far smaller effect on calcium
absorption than in the ruminant. This may
indicate a considerable capacity of rapidly
growing ‘soft’ bones to accumulate calcium, as
in the horse.

Poultry

The complex effects of interactions between
calcium and phytate on calcium absorption are
illustrated by the wide range in fractional reten-
tion (or AAc,) found in broilers fed diets with
various calcium, phytase and vitamin D supple-
ments (Fig. 4.4) (Qian et al., 1997). Whether or
not phytase and vitamin D, were added to allevi-
ate a marginal phosphorus deficiency, retention
fell as dietary calcium increased, the absorptive
mechanism was down-regulated and calcium
was precipitated as insoluble phytate complexes.
The principal difference between groups lies in
the AA, attained at low calcium intakes. With
the basal diet, the first increment in dietary cal-
cium had a small effect on AA.,, indicating that
the chicks were absorbing almost as much cal-
cium as the corn/SBM diet allowed and giving
maximum attainable retention equivalent to a
mxAA., of 0.58 when vitamin D and available
phosphorus were lacking. When vitamin D, was
added to the diet (at 660pgkg™), values
increased to ™*AA_, 0.62; removing the second
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Fig. 4.4. Fractional retention? of dietary calcium

in broiler chicks declines as dietary calcium
exceeds the need for calcium. However, need
depends upon the supply of available phosphorus
and vitamin D from the diet. Supplementation

with vitamin D increases the retention of Ca.
Supplementation with phytase lifts the restriction
imposed by a marginal P deficiency, but only
raises the retention of Ca when vitamin D is

also given (data from Qian et al., 1997, using

the highest of four levels of phytase and vitamin
supplementation). 2Retention is roughly equivalent
to apparent absorption in all species because little
calcium is excreted via the urine.
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Fig. 4.5. The apparent (ileal) retention of calcium
and phosphorus by broiler chicks increases
markedly during the first 3 weeks of life. The
addition of phytase to the diet increases both

Ca and P retention, suggesting that — unaided —
the newly hatched chick has a low capacity to
degrade phytate and that Ca and phytate P are
co-precipitated (data from Olukosi et al., 2007).

constraint with phytase (900U kg™!) increased
that value to 0.67. The range in ™*AA, is
much less than that in AA,, although still suf-
ficiently wide for vitamin D and phytase to
lower the calcium requirement by 13%. Similar
results have been reported by Driver et al.
(2005b). The ability of the newly hatched
chick to extract calcium (and phosphorus)
from a corn/SBM diet can be poor (Fig. 4.5),
with only 36% (and 16%) being apparently
retained. However, retention increased to
63% (and 35%) during the second week. The
early constraint was partially alleviated by add-
ing phytase to the diet and was presumed to
be caused by the co-precipitation of calcium
(largely from limestone) and phytate. By week
3 phytase had no effect on calcium retention.
The impact of these interactions on calcium
requirements and the efficacy of phytase sup-
plements will be discussed later. Saturated fat
supplements probably lower the retention
of calcium from limestone in newly hatched
broilers (Atteh and Leeson, 1983).

Pigs

The effect of phytate on AA, is also evident in
the literature for pigs. The main objective has

been to improve the utilization of phytate
phosphorus in corn/SBM diets, but there are
associated improvements in A, (see Figs 6.3
(p. 130) and 6.7 (p. 134)).

e  Phytase: improvements in AA_, have been
reported in 10 out of 11 studies in which
phytase was added to rations for growing
pigs. The mean improvement was 0.06 +
0.02 on a basal AA, coefficient of 0.61 +
0.02 with dietary calcium of 5-6g kg!
DM.

e Dietary calcium: increasing concentrations
from 3.2t0 4.1 and 5.0 g kg~! DM reduced
AA., from 0.73 t0 0.62 and 0.61, respec-
tively, in finisher pigs when all diets con-
tained added phytase (Liu
et al., 1998). Corrected A, coefficients
(Fig. 4.3) were 1.04, 0.86 and 0.81,
respectively.

e  Phytate: in three comparisons of low
phytate and normal (high phytate) corn
(Spencer et al., 2000) or barley (Veum
et al., 2001, 2007) the average improve-
ment in the AA, coefficient was 0.10 on
a mean value of 0.57 for normal corn. In
a ration virtually free of calcium, AA., was
0.70 in low-phytate and 0.47 in high-
phytate corn or SBM (Bohlke et al.,
2005).

The enhanced utilization of phytate phos-
phorus in corn/SBM rations fed as gruels is
likely to be matched by an increase in AA,, but
it may not be detected if the diet provides excess
calcium or endogenous phytase. In a study by
Larsen et al. (1999), the corrected A, coeffi-
cient for a low-calcium ration in which all the
calcium came from organic sources (barley,
peas and rapeseed cake) was close to unity, but
was decreased to 0.77 by pelleting the ration.

Calcium Requirements

The principal factors affecting the mineral
requirements of farm animals, including cal-
cium, are described in Chapter 1. Several
developments in livestock husbandry have
combined to steadily raise dietary calcium
requirements, including: (i) genetic improve-
ments, resulting in faster growth and higher
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vields; (ii) increasing use of energy-dense
diets; (iii) early weaning on to solid diets, from
which calcium is relatively poorly absorbed;
(iv) breeding immature animals while they are
still growing; and (v) the use of antibiotics,
hormones and other feed additives as growth
stimulants.

Although improved performance
obtained through higher feed consumption
does not increase the required dietary cal-
cium concentration, improved feed conver-
sion efficiency increases such requirements
proportionately and the above factors prob-
ably contributed to the 50% increase in esti-
mated calcium requirements of growing pigs
between 1964 and 1976 (ARC, 1981). The
net calcium requirement for growth is almost
entirely for bone growth, but is particularly
hard to define. Liberal supplies of vitamin D,
are required to make the best use of dietary
calcium in livestock housed for long
periods.

Sheep and cattle

There have been no rigorous attempts to
define the calcium requirements of sheep or
cattle by means of feeding trials and it is still
necessary to rely on factorial estimates of
requirement. Unfortunately, these have varied
considerably between authorities, largely due
to disagreements on a realistic calcium absorp-
tion coefficient. The Agriculture and Food
Research Council (AFRC, 1991) found further
evidence to support the use of a maximal cal-
cium absorption of 0.68 (Fig. 4.2) and their
estimates for sheep and cattle are presented in
Tables 4.1 and 4.2, respectively. The require-
ments for lambs (Table 4.1) were tested by
feeding at 75%, 100% and 125% of the rec-
ommended level, and there is every indication
that they still err on the generous side (Wan
Zahari et al., 1990). The important features
of these estimated requirements are as
follows:

Table 4.1. Dietary calcium requirements of sheep at the given DMI (AFRC, 1991).

Live weight Production DMI Ca
(kg) level/stage Diet quality? (kg day™") (g kg™ DM)
Growing 20 100g day’ L 0.67 3.7
lambs H 0.40 5.7
200g day™ L - U
H 0.57 7.0
40 1009 day™ L 1.11 2.4
H 0.66 3.4
200g day! L 1.77 2.6
H 0.93 4.0
Pregnant ewe 75 9 weeks L 1.10 1.4°
carrying H 0.71 1.6°
twins® 13 weeks L 1.28 2.0
H 0.85 2.6
17 weeks L 1.68 2.9
H 1.13 3.9
Term L 2.37 3.2
H 1.62 4.3
Lactating ewe 75 2-3 kg milk L 2.8-3.7 2.8 (m)¢
nursing day™ L 2.3-3.2 3.1 (bm)
twins H 1.8-2.4 3.8 (m)
H 1.5-2.1 4.3 (bm)

aL, a poorly digestible diet with a ‘g’ value of 0.5; H, a highly digestible diet with a ‘q’ value of 0.7.; U, unattainable

performance.

"The requirements for small ewes carrying single lambs are similar, assuming they will eat proportionately less DM.

cSufficient for a dry ewe.

9Requirements are influenced by the ability of the diet to meet energy needs and prevent loss of body weight (m); diets
that allow loss of body weight at 0.1kg day~' (bm) are associated with higher requirements.
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Table 4.2. Dietary calcium requirements of cattle at the given DMI (from AFRC, 1991).

Live weight Production DMI Ca
(kg) level/stage Diet quality (kg day™") (g kg™ DM)
Growing 100 0.5kg day! L 2.8 5.2
cattle H 1.7 8.0
1.0kg day™ L 4.5 6.3
H 2.4 10.8
300 0.5kg day™' L 5.7 3.0
H 3.4 4.4
1.0kg day™ L 8.3 3.5
H 4.7 55
500 0.5kg day L 10.9 2.6
H 6.1 3.6
1.0kg day™ L 11.6 2.8
H 6.5 43
Pregnant cow 600 23 weeks L 6.3 2.1
calf weight H 4.0 2.7
40kg at birth 31 weeks L 7.2 2.3
H 4.7 3.0
39 weeks L 9.1 2.7
H 6.1 3.5
Term L 11.2 2.8
H 7.5 3.6
Lactating cow 600 10kg day™' L 12.0 2.9 (m)
L 9.9 3.3 (bm)
20kg day~’ H 11.4 4.6 (m)
H 10.1 5.1 (bm)
30kg day~’ H 15.3 4.8 (m)
H 13.8 5.2 (bm)

L, low and H, high ratio of metabolizable to gross energy; m, fed to maintain body weight; bm, fed below maintenance.

®  requirements for lambs and calves decrease
with age, but increase with growth rate;

e  requirements for ewes rise rapidly in late
pregnancy to a level equal to that for
lactation;

®  requirements for cows increase slowly dur-
ing pregnancy and abruptly at calving;

o when cows ‘milk off their backs’ (i.e. lose
body weight to sustain production),
requirements in concentration terms
increase (by 8.0% in the example given);
and

e no figures need be met on a day-to-day
basis.

Sheep performance is unlikely to suffer if
the diet provides an average of 3g Ca kg!
DM throughout the year. Because there is less
time for cows to replenish lost calcium reserves
between lactations, average annual dietary
calcium concentrations should be about 25%
higher than for ewes and 15% higher in late

pregnancy for dairy heifers preparing to
deliver a first calf than for subsequent calv-
ings. Higher requirements were derived for
dairy cows by the NRC (2001) on the ques-
tionable assumption that calcium absorption
is much lower. If adhered to, their require-
ments might paradoxically increase the risk of
milk fever.

Horses

The mineral requirements of horses have
been reviewed by NRC (2007) and there are
new factorial estimates of the calcium require-
ments of grazing foals (Grace et al., 1999a)
and lactating mares (Grace et al., 1999b)
from New Zealand, based on new data for
the mineral compositions of the carcass
(Table 1.2) and milk (Table 2.3). Assuming
faecal endogenous losses (FE.,) the same as
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Table 4.3. New factorial estimates of calcium requirements for growing pigs on corn/
soybean meal diets. These are lower than previous published estimates (see Fig. 4.6
and Underwood and Suttle, 1999) and will lower the need for added inorganic

phosphorus. Diets based on other cereals, including fibrous by-products, can provide

10% less calcium.

Live weight DMI LWG Net need? Gross need®
(kg) (kg day™) (kg day™) (g day™) (g kg’ DM)

20 1.0 0.4 5.0 6.3

40 1.6 0.6 6.8 5.3

80 25 0.8 9.9 4.2

100 3.0 1.0 10.5 4.2

aUsing ARC (1981) requirements for growth: from birth to 40kg LW, 12.5-0.1g Ca kg~' LWG; for
80-100kg LW, 7.5g Ca day'; and 1g Ca kg~' DMI for maintenance (see Fig. 4.3).

*Absorption coefficients: 0.80.

those estimated for sheep (16 mg kg! LW)
(ARC, 1980), a milk yield of 20kg day~!, and
A, coefficients of 0.7 or 0.5 from grass in
the weaned Thoroughbred foal or lactating
mare, the calcium needs for the weanling
and mare were thus placed at 4.6 and 4.9g
kg! DM, respectively, but these may be
overestimates. Young Thoroughbreds on
grass containing 3.5 Ca kg~! DM have shown
no benefit from calcium supplementation
(Grace et al., 2003) and a similar pasture
was considered adequate for mares (Grace
et al., 2002b). There is no evidence that
mares absorb calcium less efficiently than
weaned foals.

Pigs

Empirical feeding trials have been extensively
used to define the calcium requirements of
growing pigs (ARC, 1981), but may have
overestimated need (Underwood and Suttle,
1999). Factorially derived calcium require-
ments depend greatly on the choice of cal-
cium absorption coefficient: ARC (1981)
assumed that A, declined from 0.67 to 0.47
as pigs grew from 25 to 90Kkg, but the cal-
cium requirement declines markedly over
that weight range and the decline in A,
probably reflected an increasingly generous
calcium supply. Heavier pigs can absorb
most of the required calcium from their diet
(e.g. Liuet al., 1998). Pigs probably main-
tain a high absorptive efficiency for predomi-

nantly inorganic calcium if fed to requirements
for calcium and phosphorus.

New requirements have been derived
(Table 4.3) using an A, coefficient of 0.8
and the maintenance (M) value derived from
Fig. 4.3. The comparison in Fig. 4.6 shows
that the new estimates are lower than current
national standards, but they are supported by
the results of feeding trials. Many studies have
shown that the availability of phytate phos-
phorus is improved by reducing the amount of
calcium added to pig rations due to the
reduced formation of calcium—phytate com-

plexes, and it is becoming increasingly
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Fig. 4.6. The current recommended provision

of calcium to growing pigs (Suttle, 2009; data
from Table 4.3) is lower than that advocated in
Europe by the British Society of Animal Science
(Whittemore et al., 2003) and in the USA by the
NRC (1998). In several studies (e.g. Reinhard
and Mahan, 1986; Adeola et al., 2006), the
performance of young pigs improved if dietary Ca
was lowered to 5-6g kg™' DM.
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Fig. 4.7. Calcium requirements for live-weight
gain (LWG) and bone mineralization (tibia ash) in
broiler chicks at starter (S, 0-16 day) and grower
(G, 19-42 day) stages (from Driver et al., 2005a).
The penultimate dietary concentration (6.25g Ca
kg~' DM) was optimal for growth in starters and for
bone mineralization in growers; supraoptimal for
growth in growers (average LWG was unaffected
by Ca and is not shown); and suboptimal for bone
mineralization in starters. (A basal corn/soybean
meal diet provided 4.59 ‘available’ P kg~' DM and
food intake was 40g and 113g day~" in starters
and growers, respectively).

important to define and feed to minimum cal-
cium requirements to make the most efficient
use of phytate phosphorus (see Chapter 6).
Requirements should be lower for pigs on diets
containing plant phytases from sources such as
wheat, rye and bran than for those on corn/
SBM diets.

Poultry: meat production

Recent research suggests that requirements of
growing birds for both calcium and phosphorus
are much lower than the latest NRC (1994)
standards (Driver et al., 2005a; Fritts and
Waldroup, 2006). A change of emphasis to
how little inorganic phosphorus might be
needed for growth has drawn attention to the
advantage of lowering dietary calcium, where-
upon the availability of calcium simultaneously
improves, as in the pig. Newly hatched broiler
chicks can grow unconstrained for 16-21 days
with dietary calcium at 5-7g kg! DM with
‘available phosphorus’ at (Henry and Pesti,
2002) or below (Driver et al., 2005b) the NRC
standard: for growers, 3.5g Ca kg=! DM can
suffice (Fig. 4.7), reflecting the more efficient
absorption by older chicks (Fig. 4.5), but
requirements for maximal bone ash were
slightly higher. The widespread use of the 0-16
or 18-day chick growth model may have exag-
gerated the overall need for calcium. New
standards based on the above experiments are
given in Table 4.4. Feeding excess calcium
leads to the formation of insoluble soaps in fat-
supplemented diets. Inclusion of plant phytases
will lower calcium requirements.

Poultry: egg production

Estimates of the calcium requirements for egg
production and quality have ranged widely

Table 4.4. Dietary requirements (g kg-' DM) of calcium for optimal growth and bone mineralization
in broilers, indicated by recent research, are far lower than the latest NRC (1994) standards and
have been extrapolated to give needs for other birds.

Broiler stage (weeks)

Early (0-3) Middle (3-6) Late (6-8)
Broilers — new proposal 7.0 5.0 4.0
Broilers — NRC (1994) 10.0 9.0 8.0
Leghorn chick® 6.0 4.0 20.0°
Turkey poult 8.0 6.0 3.0

aCorresponding growth stages are 0-6, 6—-18 and >18 weeks for Leghorns and 0—4, 8—12 and 20—-24 weeks for

poults.

Provisional recommendations, based on the degree to which requirements in broilers fell with concurrent

reductions in dietary calcium and phosphorus.
This value is high in preparation for lay.



Calcium 67

5.5 - R A A A
A/A/: Shell wt (g)
451
T>
]
o
2 3.5
c
kel
.’(%’
g 25 Ca/shell (g)
g = = = —]
8
1.5
@/@/% © —O——o0
0.5 Eggs day
T T
0 5 10
Month of lay

Fig. 4.8. Daily calcium deposition in eggs by laying hens (solid circle) peaks after about 3 months of lay
due to the combined effects of increases in rate of egg production, the amount of shell per egg and the
calcium concentration in the shell (data from Roland, 1986).

from 2.9 to 6.2g day~! and from 28 to 48¢g
kg™! DM (Roland, 1986). The variations stem
from differences in: phosphorus, vitamin D
and plant phytases in basal diets; stage of lay;
intake and energy density of food; type and
strain of bird; egg size; temperature; contribu-
tion of calcium from the skeleton; source of
supplemental calcium; and safety margins.
The basis for dietary effects was discussed
earlier and the effect of stage of lay is illus-
trated in Fig. 4.8. Roland (1986) proposed a
gradual increase in dietary calcium provision
from 3.75 to 4.25g kg~! DM throughout lay
and subsequent studies support this: one indi-
cated a need for 3.6g kg~! DM for the first 4
months of lay in birds consuming 113 g food
day! (Fig. 4.9); in another, reduction of cal-
cium provision from 4.0 to 3.7 g kg™! DM for
the entire lay in hens consuming a wheat-
based diet at 100 g day~*had no adverse effects
on performance, but there was a slight reduc-
tion in egg weight at the end of lay (Scott
etal., 2000). NRC (1994) allowed for the effects
of food intake (i.e. decreasing energy density)
over the range of 80 to 120g day! for white-
egg-laying hens about a mean calcium provi-
sion of 3.25 gkg~! DM; their recommendations
were some 10% lower for brown hens, which
consume more food. High environmental
temperatures (>20°C) tend to reduce feed
intake and increase the required dietary

calcium concentration. Calcium requirements
increase from 3.8 to 4.5g kg! DM as egg
size increases from 50 to 60 g (Simons, 1986).
For pullets entering lay, the optimum transi-
tional feeding regimen for calcium is to
increase levels from 10 to 30g kg! DM one
week before the first egg is anticipated
(Roland, 1986). Requirements for peak egg
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Fig. 4.9. Responses of Leghorn hens to
increasing dietary calcium provision: egg laying
days (ELD (%)) and both egg and shell weight
were optimal with about 38g Ca kg~' DM, but bone
strength (not shown) increased linearly as dietary
Ca increased (from Narvaez-Solarte et al., 2006).
(A basal corn/soybean meal diet provided 3.5g
available P kg~ DM.)
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production must sometimes be met on a daily
and even an hourly basis if shell strength is to
be maintained. Indeed, the laying hen will vol-
untarily consume more of a calcium supple-
ment on laying than on non-laying days, and
more of a low- than a high-calcium ration on
any other day (Gilbert, 1983). At the high
dietary calcium level needed for laying hens,
interactions with saturated fat have not been
not found (Atteh and Leeson, 1985).

Biochemical Consequences of
Calcium Deprivation

Calcium-responsive disorders can arise in one
of two ways: as a result of an acute increase in
demand (‘metabolic deprivation’) or of chronic
failure to meet dietary requirements. The bio-
chemical changes that accompany such disor-
ders are illustrated in Fig. 4.10. The model for
chronic deprivation is based on data for pigs

(EKlou-Kalonii et al., 1999).

Blood changes in chronic deprivation

The stimulus to PTH secretion in the margin-
ally hypocalcaemic individual was described
earlier and has been confirmed in growing
pigs that are chronically deprived of calcium
(Fig. 4.11a). The fall in plasma calcium is
barely perceptible, while the increase in PTH
gains momentum over a period of weeks and
is accompanied by a steady rise in calcitriol
((OH),D,). Bone metabolism is altered by the
increased activities of PTH and calcitriol and
the effects can be tracked by markers of bone
growth (osteocalcin) and resorption (hydroxy-
proline), both of which show slight but signifi-
cant increases in chronically deprived pigs
(Fig. 4.11b). There is a tendency for plasma
inorganic phosphorus to rise in chronically
deprived lambs (see Chapter 6) and for plasma
calcium to rise in chronic phosphorus depri-
vation (Fig. 4.12) in sheep, reflecting the
simultaneous release of both elements from
resorbed bone to meet a deficit of only one
element. In lactating ewes confined to a cereal
grain ration, serum calcium declines to <50%

of normal values (2.2-2.9 mmol 1-1) within a
few weeks, but the rates of fall in lambs, wean-
ers and pregnant ewes are progressively
slower due to lower demands for calcium
(Franklin et al., 1948).

Blood changes in acute (‘metabolic’)
deprivation

When a cow calves she can lose 23g of calcium
in 10kg of colostrum within 24 h, yet there is
only 3g of calcium in her entire bloodstream and
she is unlikely to have eaten for several hours. In
response to these sudden changes, several bio-
chemical and physiological responses can be
detected and three are illustrated in Fig. 4.13.
Plasma hydoxyproline (Goff et al., 2004), type
1 collagen metabolites and urinary deoxy-
pyridinoline (Liesegang et al., 1998) and
osteocalcin (Liesegang et al., 2000) concentra-
tions also increase at parturition. Multiparous
cows have lower plasma osteocalcin and PTH
concentrations than primiparous cows after
calving (Kamiya et al., 2005). Even heifers expe-
rience ‘metabolic deprivation” and show a limited
reduction in plasma calcium and a temporary
increase in PTH after their first calving. The
increase in calcitriol after parturition is relatively
small and slow (Fig. 4.13) and all changes can
last for 14 days (Liesegang et al., 2000). Serum
inorganic phosphorus can increase at parturition
in the healthy dairy cow (e.g. Peterson et al.,
2005). Post-parturient hypocalcaemia tends to
be episodic and may recur at roughly 9-day inter-
vals as healthy cows readjust to the increasing
demands of lactation until it peaks (Hove, 1986).
The secretion of PTHrP enhances bone resorp-
tion and may protect the fetus and neonate from
hypocalcaemia (Goff et al., 1991).

In milk fever, these homeostatic mecha-
nisms fail, principally because of target-organ
insensitivity to PTH and calcitriol (Goff et al.,
1989b) and plasma calcium declines to an intol-
erable degree (<1.25mmol I-1). Serum inorganic
phosphorus declines in milk fever to about one-
third of normal (0.5mmol 1), and serum mag-
nesium may also be subnormal (<0.8-1.2mmol
I-1; Fenwick, 1988). In ewes, the corresponding
changes are less acute and begin before lamb-
ing — particularly in twin-bearing ewes — because



Calcium

Chronic dietary deprivation

1.
(a) 4 Storage
(bone mineral)

2. Transport

(Cain plasma
and ECF)

4. Clinical signs
(lameness, fractures)

Calcium pools

3. Function
(bone strength and shape 1)

Months/years
Depletion Deficiency Dysfunction Disorder

Acute metabolic deprivation

(b) 1.
Storage
(bone mineral)

4. Clinical signs
(milk fever, coma)

2. Transport
(plasma Ca)

Ongoing
depletion

Calcium pools

!
3. Function
(transmission of nerve impulses)

Days/
Deficiency Dysfunction Disorder weeks

Fig. 4.10. Sequences of biochemical changes leading to clinical signs in (a) chronic dietary deprivation
(i.e. skeletal disorders) and (b) acute metabolic deprivation of calcium (e.g. milk fever). The ‘acute’ model
also applies to hypomagnesaemic tetany. ECF, extracellular fluid.
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Fig. 4.11. Sequential (a) and terminal (b and c) changes in biochemical or physical measures of calcium
status from a study in which weanling pigs were given diets containing 9.0 (control), 3.0 (low Ca) or 1.1

(very low Ca) g Ca kg~' DM for 32 days (Eklou-Kaloniji et al., 1999). In (a), note that the invocation of
hormonal control (increases in plasma parathyroid hormone (PTH) and calcitriol OH,D,) delays the fall in
plasma Ca. In (b), note that plasma markers indicate increased bone growth (osteocalcin) and resorptive
(hydroxyproline) activities that probably cause a reduction in the failure load of a cortical bone (strength of
metatarsal). In (c), note the greater effects of Ca deprivation on the ash content of spongy than of cortical bone.
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Fig. 4.13. Precipitous increases in the demand for calcium at calving prompt an early rise in plasma
parathyroid hormone (PTH) concentrations and a slower rise in dihydroxylated vitamin D, in an attempt to
curtail life-threatening reductions in plasma Ca (values are given relative to those 3 days before calving,
which were approximately 60 pg ml-' for PTH; 30 pg ml-' for 1,25-(OH),D and 2.4 mmol I-! for Ca (data for

non-relapsing cows; Goff et al., 1989b).

the demand for calcium for the fetus in late preg-
nancy becomes greater than that for lactation
(Field and Suttle, 1967; Sansom et al., 1982).
Low plasma osteocalcin concentrations prior to
parturition indicate suppression of osteoblast
activity and bone growth in the ewe to ‘spare’
calcium (Farrugia et al., 1989).

Bone changes in chronic deprivation
of the young

Chronic calcium deprivation reduces the degree
of bone mineralization, with consequent bio-
chemical, physical, histological and radiological
changes. Some changes seen in baby pigs and



72 Chapter 4

Table 4.5. Effects of dietary calcium concentrations on selected performance, skeletal and blood indices
of calcium status in the baby pig given a synthetic milk diet from 0 to 6 weeks of age (Trial 2) (Miller

etal., 1962).
Dietary Ca (g kg~' DM)
Criterion 4 6 8 10
Performance
Live weight gain (g day") 170 210 180 200
Dry matter intake (g) 230 240 230 250
Feed gain (g g™") 1.33 1.16 1.31 1.27
Serum
Inorganic P (mmol I-") 3.29 3.54 3.43 3.52
Ca (mmol I-") 2.60 2.60 2.72 3.00
Alkaline phosphatase (U I") 9.90 8.58 8.50 9.75
Bone
Humerus ash (%)? 42.2 43.3 46.1 471
Femur specific gravity 1.14 1.15 1.16 1.18
Femur weight (g)® 47.9 - 47.2 -
Eighth rib weight (g)° 3.62 - 3.44 -
Femur breaking load (kg) 57.7 65.9 65.9 84.5

aDry fat-free basis.
Trial 1 data.

Table 4.6. Effects of feeding diets low in calcium and/or phosphorus for 18 weeks on the growth and
mineral content of the lamb skeleton (Field et al., 1975).

Changes in fat-free skeleton Total mineral ratios
Diet Weight (kg) Ca (9) P (g9) Mg (9) Ca:P Ca:Mg
Control +1.44 +197 +67 4.7 214 40.5
Low Ca +1.00 +15 -18 2.4 2.13 25.7
Low P +0.43 +57 -10 0.4 2.44 49.0
Low Ca/P +0.92 +35 -14 0.8 2.30 39.4

lambs are given in Tables 4.5 and 4.6, respec-
tively, and are similar to those seen when phos-
phorus is lacking (compare Tables 4.5 and 6.4)
since mineralization requires both minerals. The
average calcium to phosphorus ratio of 2.1:1
deviates only marginally during calcium or phos-
phorus deprivation (Table 4.6) but changes in
the calcium to magnesium ratio may distin-
guish calcium from phosphorus insufficien-
cies. A marked reduction in the calcium to
magnesium ratio from 40 to 26 has been noted
in lambs depleted of calcium, whereas phospho-
rus depletion tends to raise the ratio in the entire
skeleton to 49 (Table 4.6).

The ‘elegant compromise’ is illustrated by
the substantial increase in skeletal size and

weight that can occur, with little increase in
bone calcium, in lambs on a low-calcium diet
(Table 4.6). Bone growth and remodelling pro-
ceed, allowing the initial mineral reserve to be
redistributed in a larger bone volume and ena-
bling growth to take place without loss of func-
tion. The responses seen in rapidly growing
species can be sharper: studies have seen a
marked loss of bone strength in calcium-
deprived pigs (Fig. 4.11b). In growing chicks,
25% of bone minerals can be lost, chiefly from
the axial skeleton (Common, 1938), but the
effects may be less spectacular in the much-
studied tibia. Reducing dietary calcium from
10.4 to 4.4g kg™! DM reduced tibia ash in
16-day-old broiler chicks from 39.6% to 35.1%
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on diets high in phosphorus (Driver et al.,
2005b). In lambs, calcium deprivation did not
reduce bone growth to the extent that phos-
phorus deprivation does (Table 4.6) because
the formation of bone matrix is less impaired.
Poor mineralization of bone matrix, leading to
a widened and weakened growth plate, is more
prominent when dietary calcium is lacking than
when phosphorus is lacking in the growing ani-
mal. Normally the biochemical, histological,
radiological and physical measures of bone
quality agree well in both young (Eklou-Kalonji
et al., 1999) and adult animals (Keene et al.,
2005). More details are presented in Chapter 6,
since they are most widely used in diagnosing
phosphorus deprivation.

Bone changes in chronic deprivation
of the adult

Since the epiphyseal plate has ‘closed’, changes
are confined to the shafts and ends of bones
where calcium accretion slows and resorption
increases. Net withdrawal of minerals varies
from bone to bone. Those low in ash (‘spongy’),
such as rib, vertebra, sternum and the cancel-
lous end of long bones, are the first to be
affected, while those high in ash (‘compact’),
such as the shafts of long bones and small

1.6

bones of the extremities, are the last. A similar
ranking of bones applies in the calcium-
deprived young animal (Fig. 4.11c). Caudal
vertebrae and metacarpal show no reduction in
mineralization during the anticipated calcium
deprivation of the dairy cow during lactation
(Keene et al., 2005. In the sexually mature
bird, non-physical measures can overestimate
bone strength because medullary bone lacks
the strength of structural bone (Whitehead,
1995). In demineralized adult bone, there is
generally little alteration in the proportions of
minerals present. Periods of bone resorption
can be tolerated if the bones are fully calcified
at the outset; depletion is restricted to some
10-20% of the skeletal reserve and repletion
takes place before the next period of intensive
demand.

Parasitism and bone mineralization

Studies with lambs infected experimentally
with the larvae of nematodes that parasitize the
gastrointestinal tract have revealed species-
and dose-dependent demineralization of the
skeleton of a severity that matches anything
achieved with calcium- (or phosphorus-) defi-
cient diets (Fig. 4.14) (Coop and Sykes, 2002).
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Fig. 4.14. Deposition of calcium in the skeleton of lambs is greatly reduced by parasitic infections
of the abomasum (by Ostertagia circumcincta) or small intestine (by Trichostrongylus vitrinus and
Trichostrongylus colubriformis). Trickle infections of the nematode larvae were used and controls were

pair-fed (from Sykes, 1987). Nil, non-infected
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Table 4.7. Effect of a low-calcium diet, supplemented (+) and unsupplemented (-) with calcium
carbonate (CaCO,), on blood calcium and egg production in hens (from Buckner et al., 1930).

Serum Ca Weight of shell Weight of contents
Weeks on Ca- (mg I") No. of eggs per hen (9) (9)
deficient diet +Ca -Ca +Ca -Ca +Ca -Ca +Ca -Ca
-2-0 213 209 6.3 6.9 5.0 4.8 52.3 53.2
0-2 248 152 6.6 4.7 5.4 3.6 53.9 53.5
2-4 215 161 9.0 1.5 5.7 3.8 56.7 47.4

Since natural nematode infections are com-
monplace in young grazing livestock, they
may affect susceptibility to dietary calcium
(and phosphorus) deprivation in the field. The
demineralization associated with abomasal
parasitism (by Ostertagia circumcincta)
occurs in the presence of normal plasma cal-
cium and phosphorus concentrations and
normal absorption. Loss of appetite contrib-
utes to demineralization, but comparisons
with pair-fed, uninfected controls have shown
an additional loss of bone minerals. Parasitism
of the small intestine has adverse effects on
phosphorus metabolism (see Chapter 6) and
the resultant hypophosphataemia may be
partly responsible for the loss of calcium from
the skeleton. The systemic effects of gut para-
sites on bone demineralization may be trig-
gered by similar factors to those that mobilize
bone matrix during early lactation to furnish
amino acids for the mammary gland and milk
protein synthesis. Parasites of the liver have
far lesser effects on bone mineralization. It
would be surprising if debilitating infections of
the gut by other pathogens (e.g. Coccidia) or
in other hosts (calves, kids, young deer, piglets
and chicks) did not sometimes cause deminer-
alization of the skeleton.

Changes in blood and bone in
laying hens

The entire skeleton of the laying hen only
contains enough calcium to supply 10 eggs
and her daily intake of calcium from unsup-
plemented rations would be less than 0.03g
Ca day~!. During a normal laying year, up to
30 times the hen’s total-body calcium is
deposited in shell (Gilbert, 1983). Skeletal

resorption of calcium cannot make a signifi-
cant contribution over a 12-month period of
lay and is stretched to its limits every day that
an egg is prepared for lay. To promote cal-
cium deposition, laying hens normally have
higher and more variable serum calcium val-
ues (5.0-7.5mmol ') than non-laying hens
or chickens (2.2-3.0mmol 1!) due to the
presence of a calcium phospholipoprotein,
vitellogenin, a precursor of egg-yolk proteins
(Hurwitz, 1996). During the period of shell
calcification serum calcium values decline,
particularly if a low-calcium diet is given,
but mobilization of bone mineral may prevent
serum calcium from falling further
(Table 4.7).

Clinical and Pathological Features
of Acute Calcium Deprivation

Milk fever

Milk fever is principally seen in high-yielding
dairy cows. It is associated with parturition
and the initiation of lactation in older cows
(5-10 years old). Within 48 h of calving, the
cow becomes listless, shows muscular weak-
ness, circulatory failure, muscular twitching,
anorexia and rumen stasis (i.e. a parturient
paresis). The condition develops through a
second stage of drowsiness, staring, dry eyes
with dilated pupils and sternal recumbency
to a final stage of lateral recumbency and
coma. In affected cows, serum calcium is
<1.0-1.25mmol I"! and the severe hypocal-
caemia can be associated with loss of appe-
tite (Huber et al., 1981), decreased blood
flow to peripheral tissues (Barzanji and
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Daniel, 1987), hypoxia (Barzanji and Daniel,
1988), hypothermia (Fenwick, 1994), hyponat-
raemia (Fenwick, 1988), hypomotility of the
rumen, displacement of the abomasum (Oetzel,
1996) and lesions in the myocardium
(Yamagishi et al., 1999). These secondary
consequences may underlie the failure of some
cows to respond to calcium alone. Serum mag-
nesium is also often low and convulsions or
tetany, as described in Chapter 5, may then
accompany the usual signs of milk fever.
Lactating females of all species, including the
nanny, sow and mare, occasionally develop
milk fever.

Hypocalcaemia in ewes

The biochemical term ‘hypocalcaemia’ is used
to describe a clinical condition that develops
with the approach of lambing. It is character-
ized by restlessness, apparent blindness,
rumen stasis and, in the worst cases (55%)
(Mosdol and Wange, 1981), recumbency,
tetany and death. Symptomatically and to
some extent aetiologically, hypocalcaemia
resembles toxaemia of pregnancy (a conse-
quence of energy deficiency), being most
likely to occur in older, twin-bearing ewes
exposed to a change in or shortage of feed
and/or stressed by transportation (Hughes
and Kershaw, 1958) or adverse weather. In a
large UK flock, 43% of lambing ewes present-
ing with ataxia or recumbency were found not
to be hypocalcaemic (Cockcroft and Whitely,
1999). Hypocalcaemia and pregnancy toxae-
mia can be distinguished biochemically by the
presence of low plasma calcium (the former)
or raised B-hydroxybutyrate concentrations
(the latter), but each is likely to develop as a
consequence of the other because loss of
appetite is a feature of both conditions and
calcium and energy supplies are simultane-
ously decreased. To complicate matters fur-
ther, hypomagnesaemia often accompanies
hypocalcaemia and may explain the wide
range of clinical signs associated with
hypocalcaemia, which include convulsions.
The disease rarely affects ewes in their
first pregnancy (Mosdol and Wange, 1981)
and is physiologically similar to milk fever in

cattle in that it is caused by failure of supply to
meet increasing demand for calcium. However,
onset is pre- rather than post-parturient. There
is no clear association with low dietary calcium,
indicating the importance of mobilizing calcium
from the skeleton. Suggestions that excess
dietary phosphorus predisposes to hypocalcae-
mia (Jonson et al., 1971, 1973) might be
explained by retarded bone resorption. There
is disagreement on the role of excess magne-
sium (Pickard et al., 1988), but excess potas-
sium may predispose to the disease (see
Chapter 8). Vaccination with cortisol-inducing
vaccines in late pregnancy may be a risk factor
and vaccination should be initiated as early as
possible before lambing (Suttle and Wadsworth,
1991). Hypocalcaemia may also occur at the
end of a drought when a sudden luxuriant
growth of grass becomes available following a
period of feeding grain low in calcium (Larsen
et al., 1986).

Transport tetany

Clinical disease in the form of paresis associ-
ated with hypocalcaemia is a risk factor associ-
ated with the transfer of weaned ruminants to
feedlots. Lucas et al. (1982) reported such an
incident involving lambs, and the transporta-
tion of horses can give rise to a similar condi-
tion. The problem is probably caused by a
combination of factors including lack of food
and therefore dietary calcium, lack of mobiliza-
tion from a poorly mineralized skeleton and
increased soft-tissue uptake of calcium.

Occurrence of Acute Disorders
Milk fever in grazing herds

Milk fever affects 3-10% of dairy herds in
developed countries and is a common reason
for veterinary call-outs (Heringstad et al.,
2005). A similar proportion of affected ani-
mals fails to respond to treatment (Littledike
et al., 1981). Incidence within herds can be as
high as 25% and Allen and Sansom (1985)
estimated that the disease costs the UK dairy
industry £10 million per annum. Breeds vary
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in susceptibility to milk fever: in collated data
from 37 experiments, mostly from the USA,
the Jersey was 2.25 times more likely to
develop the disease than the Holstein—Friesian
(Lean et al., 2006). A meta-analysis identified
risk factors for the Ruakura herd at year-round
pasture in the North Island of New Zealand
between 1970 and 2000 (Roche and Berry,
2006). The average incidence of milk fever
was 13.1% up to 1979, but it declined to 4.5%
in the next decade and to 3.2% in the last. The
change was attributed to cross-breeding with
the Friesian, begun in the 1970s, and possibly
to the introduction of routine magnesium sup-
plementation (12g cow! day~!) around 1978.
Disease incidence was repeatable and a cow
that had developed milk fever in the previous
lactation was 2.2 times more likely to succumb
in a current lactation than one that had not.
Residual effects of weather conditions were
found, with incidence being increased after
days of high evaporation, large diurnal varia-
tion in air temperature, high rainfall and low
grass minimum temperature, similar conditions
to those associated with an increased risk of
hypomagnesaemic tetany (see Chapter 5).
Older cows and those needing assistance at
calving had an increased risk of developing
milk fever, as did cows of extremely low or high
body-condition score. The susceptibility of
older cows may be due to an age-related decline
in receptors for calcitriol in the intestinal
mucosa (Horst et al.,1990).

An association with body fatness was also
indicated in a Canadian study (Oikawa and
Kato, 2002), in which the same anomalies in
serum lipid profile were shown by cows with
milk fever and those with fatty liver syndrome.
In Norwegian Red dairy cattle, the heritability
of milk fever has been estimated to increase
from 0.09 to 0.13 from the first to third lacta-
tion (Heringstad et al., 2005). High ‘alkalinity’
or dietary cation—anion difference (DCAD,
>300 milli-equivalents (me) kg! DM, see
p.175 et seq.), due largely to high pasture
potassium, may increase the risk of milk fever
(Pehrson et al., 1999; McNeill et al., 2002;
Roche et al., 2003a,b) by reducing the amount
of calcium that can be mobilized from the skel-
eton (Goff, 2007). There is a tendency for
hypocalcaemia to be associated with high
urinary pH (Fig. 4.15).
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Fig. 4.15. Relationship between plasma calcium,
measured within 24 h of calving, and urine pH,
measured within 2 weeks before calving, in 172
dairy cows from 23 commercial herds in eastern
Australia. Individual values were broadly scattered
in the shaded area between the two lines,
indicating a proneness to hypocalcaemia in some
but not all alkalotic individuals (from McNeill et al.,
2002).

Milk fever in housed herds

High potassium concentrations in conserved
forage lead to raised DCAD in rations fed to
housed herds, although natural values are gen-
erally less extreme than those found in pasture
(i.e. <300 me kg~! DM)). The effects of manip-
ulating DCAD in the pre-partum diet on the
incidence of milk fever have been widely stud-
ied under experimental conditions, but there is
controversy over the relative importance of
DCAD and the separate effects of ions. One
study reported a greatly increased incidence of
milk fever when dietary potassium was raised
from 10 to 30g kg! DM (see p. 178) (Goff and
Horst, 1997), but the use of vulnerable cows
(Jersey breed, >4 years old) and potassium
bicarbonate (KHCO;) as the potassium source
may have exaggerated the risk presented by
high pasture potassium. The addition of
sodium bicarbonate (NaHCO,) was just as
potent. Lean et al. (2006), one of several
groups to conduct meta-analyses of the DCAD
literature, found that the prediction of milk-
fever incidence in 37 studies was poorer with
a model including the most popular DCAD
calculation ((sodium + potassium) — (chlorine +
sulfur)) (model 1) than when potassium, sulfur
and other minerals were included as independ-
ent variables (model 2). A quadratic relation-
ship with dietary calcium was evident, with the
lowest risk of milk fever with diets relatively
low (<5g) or very high (>20kg! DM) in
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calcium, confirming the earlier conclusion of
Oertzel (1991). The influences of magnesium
and phosphorus were also evident in model 2,
which predicted a 62% decrease in the risk of
milk fever as magnesium increased from 3 to
4g kg! DM and an 18% increase as phos-
phorus increased by the same amount. Using
a restricted data set (22 studies) containing the
same experiments, Charbonneau et al. (2006)
found that a slightly modified equation (+0.65
sulfur) accounted for 44% of the variation in
milk fever, with the incidence decreasing from
16.4% to 3.2% as DCAD fell from +300 to 0
me kg~! DM. The high incidence of milk fever
in housed dairy herds in the USA is associated
with the widespread use of conserved alfalfa,
rich in calcium and potassium, and the exces-
sive use of phosphorus supplements (for
review, see Goff and Horst, 2003).

Clinical and Pathological Features
of Chronic Calcium Deprivation

Poor growth and survival

Feeding marginally inadequate calcium levels
(5.1 versus 7.8g Ca kg™! DM) during the rear-
ing of chicks for egg laying has been seen to
increase mortality from 1.9% to 10.6% and
reduce body weight at 86 days from 1013 to
962 g (Hamilton and Cipera, 1981). It is note-
worthy that skeletal abnormalities were not
seen. Most deaths were attributed to omphali-
tis, an infection of the umbilical stump. The
first abnormality noted when lambs were
weaned on to a diet very low in calcium (0.68g
kg™ DM) was loss of appetite after 4 weeks
and a subsequent proportional retardation of
growth (Field et al., 1975). However, severe
demineralization can occur in young pigs
deprived of calcium without effects on growth
rate or feed conversion efficiency (Eklou-Kalonji
et al., 1999)

Abnormalities of bones

Prolonged calcium deprivation can eventually
manifest itself in a variety of ways depending

on the species and stage of growth. Examples
are as follows: lameness and abnormal ‘peg-
leg’ gait; enlarged and painful joints; bending,
twisting, deformation or fractures of the pelvis
and long bones; arching of the back, with pos-
terior paralysis in pigs (Miller et al., 1962);
facial enlargements, involving particularly the
submaxillary bones in horses; and malforma-
tions of the teeth and jaws, especially in young
sheep. In prolonged calcium deprivation in
growing chicks the long bones may fracture
(Common, 1938). However, most of these
abnormalities can also arise from causes other
than calcium deprivation. Problems with move-
ment and prehension can hamper the ability of
grazing livestock to secure feed and water and
indirectly result in death. The type of bone dis-
order that develops is partly dependent on the
age at which calcium deprivation develops.

Rickets is a non-specific term used to
denote the skeletal changes and deformities in
young animals. It is characterized by a uniform
widening of the epiphyseal-diaphyseal carti-
lage and an excessive amount of osteoid or
uncalcified tissue, causing enlargement of the
ends of the long bones and of the rib costo-
chondral junction. Rickets is caused by calcium
and phosphorus deprivation in young broilers
(e.g. Driver et al., 2005b), and the two condi-
tions can be distinguished histologically (see
Chapter 6).

Osteomalacia describes the excessive
mobilization of minerals leaving a surfeit of
matrix in bones in which the growth plate has
‘closed’ (i.e. the calcium-deprived adult).

Osteoporosis indicates that bones con-
tain less mineral than normal but proportion-
ately less matrix, so that the degree of
mineralization of matrix remains normal.
Matrix osteoporosis is characteristic of pro-
tein deficiency rather than simple calcium or
phosphorus deficiency (Sykes and Field,
1972; Sykes and Geenty, 1986) and can
occur in young as well as mature animals. In
adult birds, demineralization of the skeleton
takes place normally in response to the
demands of egg-laying, and most hens end lay
in an osteoporotic state (Whitehead, 1995).

Tibial dyschondroplasia is inducible
by feeding broilers a diet low in calcium (Driver
et al., 2005b), but has other causes in com-
mercial flocks. It is histologically distinguishable
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from rickets by the presence of a plug of avas-
cular cartilage that forms beneath the growth
plate (Edwards and Veltmann, 1983).

Teeth

Remarkably little attention has been given to
the effects of calcium nutrition on tooth devel-
opment. The chemical composition and histol-
ogy of the outer regions of the tooth (i.e.
cementum) bear a close similarity with those of
bone. However, calcium in the tooth is not a
metabolically active compartment. Duckworth
et al. (1962) reported marked effects of cal-
cium (and phosphorus) deprivation on minerali-
zation of the mandible in sheep, but made no
comment on tooth abnormalities. The rate of
cementum deposition is probably reduced by
calcium (or phosphorus) deprivation during
tooth development, but not necessarily out of
proportion with skeletal development. Disorders
of the dentition of grazing animals, such as the
premature shedding of incisor teeth in sheep
(broken mouth), have often been linked to inad-
equate mineral nutrition, but careful experi-
mentation has failed to confirm a causal link
(Spence et al., 1985). Other factors, such as
soil ingestion, can cause excessive tooth wear.

Depression of milk yield

When lactating animals have been fed on
roughage and grains low in calcium for long
periods after reaching peak lactation, the skel-
etal reserves can be depleted to the point
where milk yield is impaired throughout lacta-
tion, particularly in the dairy cow (Becker
et al., 1953). An almost complete failure of
milk production has been observed in sows fed
on a calcium-deficient diet during the previous
pregnancy. This reduction in milk yield may
result from the loss of appetite that can occur
after severe calcium depletion.

Reduction in egg yield and quality

Laying hens are often unable to satisfy their
high calcium requirements by demineralizing

bone. Egg vield, egg weight, hatchability and
eggshell thickness are consequently reduced,
with shell strength being the most sensitive
index of dysfunction (Hamilton and Cipera,
1981). In early experiments, egg production
had virtually ceased by the 12th day after
removal of supplementary calcium, and the
ash content of eggshells from some birds was
less than 25% of normal (Deobald et al.,
1936). Gilbert (1983) found that egg produc-
tion increased in direct proportion to dietary
calcium over the range of 1.9-30.9g kg’!,
rising from 10% to 93%.

Occurrence of Chronic Calcium
Deprivation

Calcium responses are predominantly associ-
ated with the feeding of grain-based diets and
are inevitable in pigs and poultry fed predomi-
nantly on low-calcium cereals and in aged,
high-yielding dairy cows given concentrate
diets, unless they are appropriately supple-
mented. Within a population, it is the highest-
yielding individuals that are most at risk because
they have the highest demands for calcium.

Growing birds

The incidence of calcium-responsive rickets in
broiler chicks is increased by feeding excess
phosphorus in low-calcium diets, but was hard
to eliminate in one study (Driver et al., 2005b).
Similarly, the leg weakness or tibial dyschon-
droplasia that commonly affect young broilers
and older turkey poults can be induced by diets
low in calcium (7.5g kg-! DM), yet also occur
when supplies are apparently adequate. Control
can be obtained by dietary supplementation
with calcitriol (Table 4.8), but not with unhy-
droxylated D, (i.e. normal dietary sources).
Modern hybrids may lack the ability to produce
enough endogenous vitamin at the growth plate
in what is the fastest growing bone in the broil-
er’s body and calcium deprivation exposes this
more basic disturbance (Whitehead, 1995).
Inconsistent relationships between the inci-
dences of bone disorders and dietary calcium
may be partly related to concomitant responses
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Table 4.8. Effects of dietary calcium and dihydroxycholecalciferol (1,25-(OH),D,)
on the incidence of tibial dyschondroplasia (TD) in broiler chicks (Whitehead,

1995).
1,25-(0OH),D; (ug kg™)
Ca (g kg™) 0 2.0 3.5 5.0
7.5 50 15 5 0
TD incidence (%) 10 10 202 5 5
12.5 15 15 0 0

aThe complex interactions between Ca and 1,25-(0OH,)D, are due mainly to: (i) useful
enhancement of Ca uptake by the vitamin at the lowest dietary Ca level; (i) a growth-inhibiting
but TD-protective hypercalcaemia at high vitamin levels; and (iii) opposing influences of high

Ca and 1,25-(OH),D, levels on P status.

in growth rate, with alleviation of growth
restraint exacerbating the bone disorder.

Laying hens

Shell quality cannot be maintained for a single
day without calcium supplementation and
poor shell quality is a major source of loss to
the poultry industry (Roland, 1986). The tran-
sitional calcium nutrition around the onset of
lay is also crucial. If low-calcium diets are fed,
the pullet over-consumes in an effort to meet
her burgeoning calcium requirement, increas-
ing the risk of fatty liver haemorrhagic syn-
drome (Roland, 1986). Inadequate calcium
nutrition during lay will contribute to ‘cage
layer fatigue’, but this osteoporotic condition
also occurs when calcium nutrition is adequate
and it is not a specific consequence of calcium
dysfunction (Whitehead, 1995). Bone frac-
tures commonly occur during the transporta-
tion and slaughter of broilers and ‘spent” hens.
As with cage layer fatigue and tibial dyschon-
droplasia, these cannot be attributed specifi-
cally to inadequate calcium nutrition (Wilson,
1991), but it may play a part.

Grain-feeding in other species

Without supplementation, grain-based diets
will cause rickets in growing pigs and leg
weakness in boars, caused by a similar growth
plate lesion to that seen in tibial dyschondro-
plasia. Calcium deprivation may occur also in
horses and sheep fed largely on grain diets

designed as drought rations when little or no
grazing is available (Larsen et al., 1986).
Severe stunting of growth, gross dental abnor-
malities and some deaths have been observed
in lambs and young weaned sheep fed a
wheat-grain-based diet without additional cal-
cium (Franklin et al., 1948). Young horses
have been seen to develop ‘osteofibrosis’ and
to lose weight when fed on cereals

(Groenewald, 1937).

Grazing livestock

Calcium deprivation rarely affects grazing live-
stock (McDonald,1968) and that situation has
not changed. However, it can occur in grazing,
high-producing dairy cows and lead to osteo-
dystrophic diseases and low productivity in
other livestock on acid, sandy or peaty soils in
humid areas where the pastures are composed
mainly of quick-growing grasses that contain
<2g Ca kg DM, as reported from parts of
India, the Philippines and Guyana. The ability
of an animal to absorb and use calcium depends
on its vitamin Dy status, and grazing livestock
are dependent on UV irradiation of the skin to
convert dietary precursors such as 7-dehydro-
cholesterol to D;. Where animals are housed
during the winter, or graze in areas of high lati-
tude, few of the UV rays reach the skin and
clinical abnormalities can develop at relatively
high calcium intakes because metabolism is
impaired. A marked seasonal decline in vitamin
D status can occur in sheep kept outdoors dur-
ing winter (Fig. 4.16) and is believed to have
contributed to the development of rickets in
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Fig. 4.16. Concentrations of vitamin D metab-
olite, 25-hydroxycholecalciferol, in the serum of
pregnant ewes outwintered in Scotland, decline
markedly due to lack of solar irradiation (data from
Smith and Wright, 1981).

young sheep in central Scotland (Bonniwell
et al., 1988).

Diagnosis of Calcium Disorders

Acute disorders

Diagnosis of milk fever is presumptive, being
based heavily on clinical assessment and con-

firmed by a response to urgent treatment.
Subsequent analysis of blood samples taken
prior to treatment for serum calcium will con-
firm diagnosis, and appropriate diagnostic
ranges are given in Table 4.9. Plasma calcium
levels appear to remain equally low (approxi-
mately 1.0 mmol I-1) at successive stages in the
clinical progression of milk fever (Fenwick,
1988). If blood samples are unobtainable,
analysis of calcium in vitreous humour, with-
drawn from the eye of the dead animal, can be
informative because there is a reasonable cor-
relation with concentrations in plasma. The
analysis of ionized calcium is useful as an
experimental tool (Phillippo et al., 1994) but
unhelpful in the diagnostic context. Acute cal-
cium-responsive disorders such as hypocalcae-
mia in ewes and transport tetany are diagnosed
on the same presumptive basis as milk fever.

Chronic disorders

Chronic bone disorders in all species of live-
stock can have various causes, but those spe-
cifically caused by calcium deprivation are
confirmed by the presence of hypocalcaemia.
Assessments of bone quality alone can never
provide a specific diagnosis because calcium
is only one of many factors that influence
bone mineralization. Guidelines for the assess-
ment of bone quality are given in Chapter 6.
Diagnosis of health problems such as weak
eggshells in the laying hen are complicated by

Table 4.9. Marginal bands? for mean total serum calcium in assessing low calcium status in various

classes of livestock.

Mean total serum Ca

Livestock mmol I mg I
Peri-parturient dairy cow 1.3-2.0 50-80
Peri-parturient ewe 1.5-2.25 60-90
Young ruminants 1.8-2.0 70-80
Pigs 1.75-2.0 70-90
Poultry® laying 3.8-5.0° 180-200
Poultry non-laying 2.0-2.5 70-100
Horses 2.25-2.5 60-100

aMean values within bands indicate possible dysfunction and values below bands probable dysfunction in some
individuals. Individual values below bands indicate a need for wider sampling and the possibility of dysfunction.
®Turkeys have slightly higher ranges than those quoted, which are for fowl.

°Hypercalcaemia and risk of tissue damage, particularly to the kidneys, is indicated by values >3.2mmol I in most

stock, but >6.0mmol I in laying hens.
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diurnal fluctuations in serum calcium. The ini-
tial assumption in the case of eggshell prob-
lems should be that calcium nutrition is
inadequate with respect to either the forms
(lack of coarse particles) or daily quantities of
calcium supplied. Diagnosis is again con-
firmed by positive responses to remedial
measures.

Treatment and Prevention of Acute
Disorders

Distinctive approaches are required to control
acute disorders, and those used in the case of
milk fever have been reviewed since the last edi-
tion of this book (Thilsing-Hansen et al., 2002;
Goff, 2007; DeGaris and Lean, 2008). The
treatment of milk fever requires the rapid reversal
of hypocalcaemia and prevention of the post-
parturient decline in plasma calcium to a level of
1.75mmol (70mg) . This is achieved by maxi-
mizing the supply of calcium absorbed from the
gut and that mobilized from the skeleton.

Parenteral treatment of milk fever

A single intravenous calcium infusion, usually
600ml of a 40% solution of calcium borogluco-
nate, together with magnesium hypophosphite,
will bring about 50% of affected animals to their
feet within a few hours. A further 40% will
recover after one or two further treatments.
The need for repeat treatments increases with
the delay in applying the first treatment and
with the severity of the initial hypocalcaemia.
Efficacy is not improved by extending the infu-
sion period from the customary 15 min to 6 h
(Braun et al., 2004). If a veterinary practitioner
is not immediately available then the herdsman
should intervene, warming the infusate before
administration (Fenwick, 1994). About one in
ten affected cows will remain recumbent, even
after rolling the cow from side-to-side to lessen
the risk of abomasal displacement (‘downer’
cows). Prevention is better than cure — the cow
that recovers from milk fever is more prone to
limb injuries and diseases such as mastitis and
ketosis than unaffected cows, and milk yvield
can remain depressed by 1.1-1.7kg day! for

4-6 weeks in Finnish Ayrshire cows (Rajala-
Schulz et al., 1999).

Prevention of milk fever by parenteral
methods

A massive dosage of vitamin D, prior to calving
can be effective, but the prediction of calving
date needed for the timing of treatment is criti-
cal. Parenteral administration of OHD, overrides
the normal absorptive control mechanisms,
enhancing calcium absorption from diets provid-
ing plentiful calcium (Braithwaite, 1983b). Doses
are far lower and timing is less crucial when the
1o analogue of vitamin Dy is used (Sachs et al.,
1987a,b), but this may merely delay the onset of
hypocalcaemia (Hove, 1986) and decrease the
efficacy of subsequent calcium treatments (Horst,
1986). Intramuscular injections of PTH are
effective but impractical (Goff et al., 1989a).

Prevention of milk fever in housed herds

Increases in dietary calcium supply prior to calv-
ing can be counterproductive (Ender et al.,
1956; Goff and Horst, 1997; Lean et al., 2006)
and the efficacy of very high calcium levels
(>20g kg™! DM) may be partly due to a decrease
in demand following appetite suppression and
decreased milk production. One early radical
approach was to feed diets low in calcium prior
to calving, thus priming the homeostatic path-
ways, but the undoubted effectiveness of this
method may have been at least partially attribut-
able to associated changes in other dietary con-
stituents, notably potassium (Horst et al., 1997).
Low-calcium diets are not easily formulated,
unless whole crop silage is available, and at
some point the skeletal calcium deficit has to be
made good. An alternative measure is to feed
‘acidic’ diets (DCAD < 100 me kg~! DM) around
calving (Block, 1994, Lean et al., 2006). This
line of treatment was instigated by Ender et al.
(1971), who noted that milk fever rarely occurred
in cows given silage preserved with acids. The
feeding of silage rather than hay as roughage
would be expected to decrease the incidence of
milk fever. Dietary acidity can easily be moni-
tored via the pH of urine, which should



82 Chapter 4

be below 7.0. Sources of anions vary in their
acidifying capacity, with HCI > NH,Cl > CaCl,>
CaSO, > MgSO, > elemental sulfur (Goff et al.,
2004) when assessed via the effects on urine pH.
The efficacy of acidic diets has been attributed
exclusively to the effects of acid-base balance on
the sensitivity of bone and kidneys to PTH and
consequently on calcium resorption from bone
(Phillippo et al., 1994; Goff and Horst, 1997,
Goff, 2000). Such diets raise calcium ion concen-
trations in plasma prior to calving (Charbonneau
et al., 2006). However, the role of DCAD per se
in the aetiology of milk fever has probably been
exaggerated because anion and cation supple-
ments have many relevant effects that are not
related to DCAD (see Chapter 7). In particular,
anion supplements raise the availability of mag-
nesium (Roche et al., 2003a) while potassium
supplements reduce it, and supplementary mag-
nesium is protective against milk fever. Chloride
increases the flux of calcium across the ovine
rumen epithelium, a response that may explain
the efficacy of calcium chloride (CaCl,) in pre-
venting milk fever (Leonhard-Marek et al., 2007).
Acidic diets have been found to reduce DMI by
11.3% on average (Charbonneau et al., 2006)
and should be gradually discontinued after 21
days because they may depress milk yield (Roche
et al., 2003b).

Prevention of milk fever in grazing herds

Large anion inputs are needed to offset the high
potassium levels in the herbage available to
spring calving herds (Pehrson et al., 1999), but
they can be achieved by mixing anionic salts with
supplementary food (Roche et al., 2003a,b).
Alternatively, large CaCl, supplements (provid-
ing 50-75g calcium) can be given by bolus or
drench (Goff and Horst, 1993, 1994), but not
without hazard. Administration in a large bolus
carries a risk of damaging the throat. In addition,
risks of acidosis, aspiration pneumonia and abo-
masal inflammation attend drenching. Hazards
can be decreased by giving CaCl, in gel or emul-
sion form (in polyethylene glycol rather than oil)
and/or as calcium propionate, but there may still
be some loss of appetite.

Attention has switched to the use of ferti-
lizers to raise pasture chloride (Perhson et al.,

1999). Responses of pasture chloride to ferti-
lizer chloride in pot trials with alfalfa followed
the law of diminishing returns and the effects
on DCAD were relatively small. Ammonium
chloride (NH,CI) and CaCl, were equally effec-
tive, raising levels from 5.2 to 8.7 g Cl kg-! DM
at application rates of 112kg Cl ha™! (Goff
et al., 2007). In field trials, the application of
150kg Cl ha'! to timothy pasture lowered
DCAD in the harvested hays. When fed to cat-
tle, low-DCAD hays (10me kg-! DM) have
been found to significantly reduce urine pH
and increase the amount of calcium mobilized
from the skeleton by an infusion of EDTA; effi-
cacy in preventing milk fever was implied
(Heron et al., 2009).

e In practice, only pasture-based diets (as
grass, hay or silage) intended for spring
calvers need be treated to lower DCAD.

¢ Since the primary source of excess cations
is potassium-rich forage, steps should be
taken to minimize the potassium content
of pastures (see Chapter 7).

Prevention of milk fever by selection

Heritabilities for milk fever within breeds can
be as low as 2.6% (Holstein—Friesian) (Pryce
et al., 1997) and it is therefore not possible to
reduce herd incidence by sire selection within
breeds. Crossing Jerseys with a less susceptible
breed will reduce milk fever (Roche and Berry,
2006) as will culling cows that have had milk
fever, but such a policy will tend to remove the
highest vielders (Pryce et al., 1997; Rajala-
Schulz et al., 1999).

Control of hypocalcaemia in
ewe and goats

Hypocalcaemia in pregnant ewes and nan-
nies is also treated with calcium borogluco-
nate and response to treatment confirms the
diagnosis. The administered dose is 100 ml of
a 20% solution of calcium borogluconate with
added magnesium. Preventive measures have
not been studied in the peri-parturient ani-
mal, but acidic diets produce similar changes
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in bone metabolism in dry dairy goats to
those seen in dairy cows and may prevent
milk fever, provided they are introduced well
before birth. The dairy sheep, however, may
be less amenable to such preventive meas-
ures (Liesegang, 2008). The use of acid-pre-
served silage, 1o OHD; injections and oral
supplementation with CaCl, and/or calcium
propionate have been suggested, with the
last having particular potential where there is
a parallel risk of pregnancy toxaemia
(Leonhard-Marek et al., 2007). The same
treatments are indicated for transport tetany.
Sustained protection requires adequate syn-
thesis of 1,25-(OH),D, from the unhydroxy-
lated vitamin, and this may be in short supply
in outdoor flocks in early spring (Smith and
Wright, 1981) and housed dairy flocks. Both
may require simultaneous supplementation
with vitamin D,.

Control and Prevention of Chronic
Calcium Deprivation

Prevention in newly hatched chicks

Instead of feeding high dietary calcium levels to
counteract the poor capacity of the hatchling
to digest phytate, why not feed diets with less
phytate and/or more phytase? If starter diets
use less corn and more wheat, calcium depri-
vation should be less of a problem.

Prevention in non-ruminants

The skeletal defects caused by calcium depriva-
tion are mostly irreversible and weak eggshells
are irreparable. Preventive measures must
therefore be adopted early in development.
There is little to choose between the common
mineral sources of calcium (Soares, 1995). The
exceptions are dolomitic limestone and soft-
rock phosphate, which have relatively low
availabilities (0.65 and 0.70, respectively) com-
pared with dibasic calcium phosphate (CaHPO,)
in pigs or poultry (Dilworth et al., 1964; Reid
and Weber, 1976). All calcium sources are likely
to have a lower availability when fed in high-

phytate, low-phytase diets. Claims that the cal-
cium from CaCQO; is far more available to pigs
than that from CaHPO, (Eeckhout
et al., 1995) may reflect saturation of the inhib-
itory effect of phytate at high calcium levels,
achieved only with CaCO,, thus confounding
the effect of source and level.

Particle size can be important in the
choice of calcium supplements. The high cal-
cium needs of laying hens are commonly met
by supplementation with 4% calcium as lime-
stone, a relatively cheap and plentiful source.
However, replacing one-half to two-thirds with
granular sources such as oyster shell has a
sparing effect so that 3% calcium can be suf-
ficient with respect to shell quality (Roland
et al., 1974). Large particles of calcium may
remain in the gizzard longer and provide more
retainable calcium than finely ground sources
(Scott et al., 1971), possibly by achieving syn-
chrony with diurnal fluctuations in the calcium
requirement for shell calcification (Whitehead,
1995). Particle size of CaCOj; influences the
phosphorus requirement of broilers. Monobasic
calcium phosphate (CaH,PO,) is unsuitable for
laying hens because it results in acidosis and
poor shell quality. In the poultry industry, cal-
cium formate is advocated for reducing the
contamination of carcasses and eggs with
pathogenic bacteria. A soluble calcium source,
calcium citrate malate, was found to be of sim-
ilar value to CaCOj in broiler chicks (Henry
and Pesti, 2002).

Prevention in housed ruminants

With housed ruminants receiving regular con-
centrate supplements, additional calcium is
either incorporated into the whole mixed diet
or into the concentrate portion of the ration,
usually as CaCO; or CaHPO,. The same salts
are routinely added to free-access mineral mix-
tures for housed and grazing livestock, although
they are rarely needed continuously as far as
the grazing animal is concerned. There is again
little to choose between sources of calcium,
with dicalcium phosphate (DCP) being margin-
ally superior to CaCO, when averaged over
five studies in cattle (Soares, 1995). According
to Roque et al. (2007), calcium absorption
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from DCP was only two-thirds that of CaCO,
and indistinguishable from oyster meal.
However, the lambs were retaining large
amounts of calcium (around 2g day~?!) from
DCP vyet not gaining weight, suggesting differ-
ential retention of dense particles of mineral in
the gut.

The acidotic salts, CaCl, or calcium sulfate
(CaS0O,), may be useful for manipulating acid—
base balance in dairy cows to avoid milk fever.
When calcium and other minerals are mixed
with the feed it is important to ensure that they
are evenly distributed. Inadequate mixing of
limestone with cereals may contribute to
hypocalcaemia after drought feeding (Larsen
et al., 1986) and can be avoided by using
molasses to stick such supplements to the grain
(see Chapter 9 for details). Phosphorus-free
calcium sources are best in grain-based diets
for ruminants. Increased use is being made of
calcium complexes with organic acids (‘calcium
soaps’) as energy sources in ruminant nutri-
tion, although not as improved sources of
calcium.

Calcium Toxicity

Calcium is not generally regarded as a toxic
element because homeostatic mechanisms
ensure that excess dietary calcium is exten-
sively excreted in faeces. However, doubling
the dietary calcium concentration of chicks to
20.5g kg! DM causes hypercalcaemia and
growth retardation, with fast-growing strains
being more vulnerable than slow-growing
strains (Hurwitz et al., 1995). The adverse
nutritional consequences of feeding excess cal-
cium are generally indirect and arise from
impairments in the absorption of other ele-
ments; thus, deficiencies of phosphorus and

zinc are readily induced in non-ruminants.
Dietary provision of calcium soaps of fatty
acids (CSFA) represents a convenient way of
increasing the fat (i.e. energy) content of the
diet without depressing fibre digestibility in the
rumen; significant improvements in milk yield
can be obtained in dairy cows and ewes, but
not without feeding gross excesses of calcium
(about 10g kg™! DM) and sometimes matching
excesses of phosphorus (6g kg! DM)
(Underwood and Suttle, 1999). Whether these
excesses are related to the adverse effects of
CSFA on conception rate in primiparous cows
remains to be investigated.

Hypercalcaemia can cause life-threaten-
ing tissue calcification, but usually occurs as a
secondary consequence of phosphorus depri-
vation or over-exposure to vitamin D, (Payne
and Manston, 1967) and its analogues
(Whitehead, 1995), some of which occur natu-
rally. Ingestion of 1o OHD; in Solanum mala-
coxylon can cause tissue calcification in cattle.
The first sign of trouble is the development of
osteophagia, and there may be no alternative
but to temporarily destock pastures infested
with the water-loving plant. Factors that safely
maximize the deposition of calcium in bone
(heavily boned breeds: ample dietary phos-
phorus; alkaline mineral supplements) or lower
calcium intake (grain feeding) are worth explor-
ing as preventive measures where S. mala-
coxylon is a problem. Trisetum flavescens
also contains 1o0 OHD, and can cause calcifi-
cation of the cardiovascular system and kid-
neys when fed as silage to cattle or sheep
(Franz et al., 2007). Cattle were the more
severely affected, moving unnaturally and
exhibiting low body temperatures and erect
hair. In addition, calcification of the aorta was
detectable by ultrasonography. In exposed
sheep, cardiac arrhythmia and kidney calcifi-
cation were found.
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5 Magnesium

Introduction

Around 1930, lack of magnesium in the diet
was found to cause hyperirritability and convul-
sions in laboratory rats, while similar abnor-
malities in grazing cows were being associated
with subnormal serum magnesium and termed
‘grass tetany’ (Sjollema and Seekles, 1930).
Studies of magnesium metabolism in ruminants
were keenly pursued, and interest was sus-
tained by the fact that intensification of grass-
land production through the increased use of
fertilizers seemed to increase the incidence of a
disorder that remains a problem to this day. By
contrast, there has, until recently, been little
research on the magnesium metabolism of pigs
and poultry because common feedstuffs con-
tain sufficient magnesium to meet their require-
ments and natural deficiencies are unheard of.
The discovery that magnesium supplementa-
tion prior to slaughter can improve meat qual-
ity in stressed pigs has led to an upsurge of
research activity, but the focus of this chapter
remains with the magnesium nutrition of
ruminants.

Functions

Although most of the body’s magnesium (60—
70%) is present in the skeleton (Underwood
and Suttle, 1999), magnesium is second only

to potassium in abundance in the soft tissues,
which contain 0.1-0.2g Mg kg~! fresh weight.
Unlike potassium, however, magnesium is
largely (80%) protein bound. Magnesium is
associated predominantly with the microsomes,
where it functions as a catalyst of a wide array
of enzymes, facilitating the union of substrate
and enzyme by first binding to one or the other
(Ebel and Giinther, 1980). Magnesium is thus
required for oxidative phosphorylation leading
to ATP formation, sustaining processes such as
the sodium ion/potassium ion pump; pyruvate
oxidation and conversion of a-oxoglutarate to
succinyl coenzyme A; phosphate transfers,
including those effected by alkaline phos-
phatase, hexokinase and deoxyribonuclease;
the B oxidation of fatty acids; and the
transketolase reaction of the pentose mono-
phosphate shunt (Shils, 1997).

Magnesium also performs non-enzymic
functions: the binding of magnesium to phos-
phate groups on ribonucleotide chains influ-
ences their folding; exchanges with calcium
influence muscle contraction (Ebel and
Giinther, 1980; Shils, 1997); and cell mem-
brane integrity is partly dependent on the
binding of magnesium to phospholipids.
Magnesium is present in erythrocytes and dep-
rivation changes the fluidity of red cell mem-
branes (Tongyai et al., 1989). Rumen
microorganisms require magnesium to cata-
lyse many of the enzymes essential to cellular
function in mammals, and feeding sheep on a
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semi-purified diet virtually devoid of magne-
sium rapidly impairs cellulolytic activity by the
rumen microflora. Magnesium also occurs in
relatively low but life-sustaining concentrations
in the extracellular fluids, including the cere-
brospinal fluid (CSF), where it governs the
neuromuscular transmission of nerve impulses.
Magnesium also antagonizes calcium-modu-
lated transmitter release at the synapses and
affects autonomic control in the heart.

Sources of Magnesium
Milk and milk replacers

Milks are relatively low in magnesium (0.1-
0.2g 1Y), but colostrums are three times richer
(Table 2.4). Magnesium is absorbed very effi-
ciently from milk by the young lamb and calf,
with absorption from the large intestine mak-
ing a large contribution to that high efficiency
(Dillon and Scott, 1979). However, magnesium
absorption (Ay,) coefficients fall in calves from
0.87 at 2-3 weeks to 0.32 at 7-8 weeks of
age (ARC, 1980). Prolonged rearing of calves
on a simulated milk diet will induce hypomag-
nesaemic tetany (Blaxter et al., 1954), as will
the artificial maintenance of adult ruminants on
a similar diet (Baker et al., 1979). The magne-
sium concentration of milk cannot be raised by
dietary magnesium supplementation.

4.0 q

Forages

The magnesium concentration in forages
depends chiefly on the plant species and the sea-
sonal and climatic conditions during plant growth,
with soil origin being of little importance (Jumba
et al., 1995). Grasses in temperate and tropical
pastures contain on average 1.8 and 3.6g Mg
kg™! dry matter (DM), respectively, and legumes
2.6 and 2.8g kg! DM, respectively (results for
930 forage samples) (Minson, 1990). In temper-
ate grasses 65% of samples contain <2g Mg kg!
DM, a statistic that has a bearing on the preva-
lence of magnesium disorders of livestock. There
are species and varietal differences amongst
grasses, with Ajax and S24 perennial ryegrass
containing 30% less magnesium than Augusta
(hybrid ryegrass), Melle (perennial ryegrass) and
the average UK pasture (Underwood and Suttle,
1999). Seasonal variations within species are
relatively small (Minson, 1990), but are larger in
mixed swards and can assume nutritional signifi-
cance when concurrent changes in potassium,
an antagonist of magnesium, are considered
(Fig. 5.1). Magnesium concentrations are low in
spring when potassium concentrations are high,
legume contribution is small and risk of grass
tetany is maximal. The relatively high magnesium
concentrations shown in Fig. 5.1, from a New
Zealand study, compared with those from UK
pastures (Table 5.1), probably reflect a high leg-
ume contribution (@about 20%) in New Zealand
pastures. The UK data show higher magnesium
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Fig. 5.1. Effect of season on mean magnesium and potassium concentrations in mixed (Lolium perenne
and Trifolium repens) pastures on seven farms in Manawatu, New Zealand (from Stevenson et al., 2003).

Fertilizer was applied in autumn.
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Table 5.1.
commonly used in the UK (MAFF, 1990).

Mean magnesium (+ standard deviation) concentrations (mg kg=' DM) in livestock feeds

Roughages Mg Concentrates Mg By-products Mg
Barley straw 0.7 (0.31) Barley 1.2 (0.20) Wheat bran 6.2 (2.70)
Oat straw 0.9 (0.31) Cassava 1.1 (0.57) Brewers’ grains 1.7 (0.36)
Grass 1.6 (0.56) Maize 1.3 (0.13) Distillers’ grains® 3.3(0.34)
Kale 1.6 (0.18) Oats, winter 1.0 (0.06) Citrus pulp 1.7 (0.50)
White clover 2.2 (0.50) Wheat 1.1 (0.13) Sugarbeet pulp 1.1 (0.19)
Grass silage 1.7 (0.54) Maize gluten 4.1 (0.70)
Grass hay 1.4 (0.52) Cottonseed meal 5.8 (0.43)
Clover silage 2.3 (0.75) Fish meal, white 2.3(0.31)
Lucerne hay 1.7 (0.27) Groundnut meal 3.5 (0.21)
Lucerne silage 1.8 (0.23) Linseed meal 5.4 (0.09)
Maize silage 2.2 (0.69) Maize-germ meal 2.1 (0.65)
Fodder beet 1.6 (0.30) Palm-kernel meal 3.0 (0.41)
Swedes 1.1 (0.07) Rapeseed meal 4.4 (0.53)

Soybean meal 3.0 (0.23)

Sunflower meal 5.8 (0.49)
aBarley-based.
concentrations in legume (alfalfa) than grass hays  1977) and cattle (Greene et al., 1983b;

and in legume (clover) than grass silages, while
conserved grass generally contains more magne-
sium than fresh grass (Table 5.1). As far as other
roughages are concerned, straws are low in mag-
nesium, while root and leafy brassica crops are
similar to grasses (Table 5.1).

Concentrates

The common components of concentrates used
in animal feeding vary widely in magnesium con-
tent. Generally, cereal grains are low (1.1-1.3g
kg! DM), oilseed meals high (3.0-5.8g kg™
DM) and fish meals intermediate (1.7-2.5g kg™
DM) in magnesium concentration (MAFF, 1990).
Animal products vary greatly in magnesium con-
tent, with the level increasing in proportion to
bone content from 0.4g kg™! DM in pure meat
meal to 2g kg~! DM in the average meat-and-
bone meal. However, these are no longer used
in Europe as protein supplements.

Absorption of Magnesium
from the Rumen

The rumen is an important site for Ay, in sheep
(Tomas and Potter, 1976b; Field and Munro,

Khorasani et al., 1997), and metabolic events
in the rumen largely determine the ‘magne-
sium value’ of feeds. Magnesium is absorbed by
a combination of passive and active transport
processes. The primary process is normally
passive and begins at the apical membrane of
the rumen mucosa, where magnesium uptake
is driven by the negative potential difference
(PD,) and inhibited by high lumenal potassium
concentrations. An active carrier-mediated
process — possibly involving a magnesium and
hydrogen ion exchanger and insensitive to
potassium — becomes the dominant process at
high luminal magnesium concentrations
(Martens and Schweigel, 2000). A, is com-
pleted by a secondary active process, located
in the basolateral membrane, that is saturable
and controls efflux to the bloodstream (Dua
and Care, 1995). Within a given species, the
main influences on Ay, are factors that affect
the soluble magnesium concentration in the
rumen and the PD across the whole rumen
mucosa (PD,).

Soluble magnesium and pH

In sheep, magnesium uptake from the rumen
increases as rumen magnesium concentrations
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increase. At high luminal concentrations
(>3-4 mmol I!) (Martens and Schweigel, 2000)
magnesium is passively absorbed and does not
affect PD, (Jittakhot et al., 2004b). Rumen pH
markedly influences the solubility of magne-
sium. Ultrafilterable magnesium in rumen lig-
uor decreases from around 6.0 to <0.5 mmol
I"! in cows as rumen pH increase from 5.6
to 7.2 (Johnson et al., 1988), with values
1.0-1.5mmol I-! lower on grass than on hay
with concentrate diets for a given pH. In sheep,
rumen solubility of magnesium decreases from
80% to 20%, approximately, when pH is
increased in vitro from 5 to 7 (Dalley et al.,
1997b). However, rumen pH can fall to
remarkably low levels (about pH 5) in animals
grazing spring pasture (A. Sykes, personal
communication, 2008).

Antagonism from potassium

Infusions of potassium into the rumen or per-
fusions of the isolated rumen mucosa decrease
PD, (i.e. depolarize the surface) but increase
PD,. These relationships between lumenal
potassium and PD are logarithmic, and uptake
of magnesium from the rumen also decreases
logarithmically as potassium concentrations
increase (Care et al., 1984; Martens and
Schweigel, 2000). Dietary potassium supple-
ments thus decrease apparent Ay, (AAy,)
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Fig. 5.2. Increasing the potassium concentration

in rumen liquor by adding potassium bicarbonate
(KHCO,) to the concentrate diet of sheep causes

the potential difference across the rumen mucosa
(PD) to increase and the apparent absorption of
magnesium (AA,,,) to decrease. The curvilinear
relationships are mirror images of each other and
reflect the negative relationship between PD, and Ay,
from the rumen (data from Jittakhot et al., 2004b).

(Fig. 5.2) unless magnesium intakes are very
high and the potassium-independent pathway
becomes dominant (Fig. 5.3). Potassium-rich
diets may also reduce Ay, by increasing the
rumen volume and rate of outflow of digesta
from the rumen (Dalley et al., 1997a; Ram
et al., 1998). Increasing the proportion of
roughage in the diet has similar effects that are
not wholly attributable to the associated change
in dietary potassium (Schonewille et al., 2002).
Significant amounts of potassium normally
enter the rumen in saliva (see Chapter 7).
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Fig. 5.3. Contrasting effects of potassium on magnesium absorption from the basal diet and an inorganic
magnesium source in sheep (from Ram et al., 1998). The coefficient is calculated from the increments in
Mg absorption expressed as a fraction of the increments in Mg intake from magnesium oxide (MgO) at
each of two levels: (1) approximately 2.6g day~' and (2) 3.4g day".
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Effects of dietary sodium
and salivary flow

Salivary and rumen potassium concentrations
increase in sheep deprived of sodium in an aldos-
terone-mediated response (see Chapter 7), and
magnesium absorption is decreased by inhibition
of the potassium-sensitive passive absorption
pathway (Martens et al., 1987). An independent
effect of sodium on magnesium uptake has been
ruled out by in vitro studies that showed that the
substitution of lithium for sodium did not affect
magnesium transport (Martens and Blume,
1986). The AA,, from dried grass can be
markedly increased (from 0.02 to 0.35) by
continuously infusing water into the ovine rumen
(10 1 day?) (Suttle and Field, 1966) and there are
parallel increases in the urinary excretion of
potassium and magnesium. It is tempting to con-
clude that the copious salivation normally induced
during the consumption of dried grass is reduced
by water infusion, lowering the amounts of potas-
sium recycled to the rumen and enhancing AAy,.
Succulent forages induce post-prandial salivary
flow and the effect of feed type on the diurnal
pattern of salivary potassium flow might influ-
ence magnesium absorption.

Effects of anions

Adding potassium as the acetate rather than
the chloride to the diet of sheep appears to
decrease AA,, (Suttle and Field, 1967) and
the addition of anions to the diet of cows
increases AAy, (Roche et al., 2003). In vitro,
sulfate is a more potent inhibitor of magne-
sium uptake across the rumen epithelium than
chloride, due possibly to a rise in lumenal pH
(Martens and Blume, 1986). Potassium given
as the bicarbonate can raise the rumen pH by
15% (Wylie et al., 1985; Ram et al., 1998)
and inhibits AAy,, more than potassium given
as potassium chloride (KCl) (Schonewille
et al., 1997a), but to the same extent as potas-
sium in dried grass (Schonewille et al., 1999a)
or given as citrate (Schonewille et al., 1999b).
Studies of the antagonism between potassium
and magnesium that used KCl may have
underestimated the antagonism from herbage
potassium.

Effects of dietary protein
and higher fatty acids

Early Dutch studies suggested specific inhibi-
tory effects of high crude protein and fatty acid
concentrations in spring pasture on magnesium
absorption. Transfer of ruminants from diets of
hay plus concentrates to grass or grass prod-
ucts can raise rumen ammonia concentrations
as well as pH (Johnson et al., 1988; Johnson
and Aubrey Jones, 1989) and infusion of
ammonium chloride (NH,Cl) into the rumen
can lower A, without affecting PD, (Care
et al., 1984). However, the effects are incon-
sistent (Gabel and Martens, 1986) and transient
(Martens and Schweigel, 2000). High levels of
fatty acids were thought to lower the Ay, by
forming insoluble magnesium soaps in the
rumen, which were excreted in the faeces, and
Ay, from the rumen can be decreased by add-
ing fat to the diet (Kemp et al., 1966; Rahnema
et al., 1994), but it is calcium rather than mag-
nesium soaps that form at high mineral intakes
(Ferlay and Doreau, 1995). Soaps are partially
broken down in the intestine, which would
release some of the magnesium that might have
bypassed the rumen as magnesium soaps.
Crude protein and higher levels of fatty acids
are but two of many correlated abnormalities in
spring pasture, the effects of which are impos-
sible to separate from those of potassium.

Secretion and Absorption
of Magnesium Beyond the Rumen

Fine contrasts in magnesium fluxes across the
hind gut mucosa are found between cattle and
sheep, adding to the weight of evidence that
results for one species can no longer be assumed
to apply to others. There is usually some net Ay,
from the hind gut of sheep (Tomas and Potter,
1976a; Dalley et al., 1997a, 1989; Bell et al.,
2008), but the contribution to total A, is small
when the AAy, coefficient is high (0.83) (Field
and Munro, 1977). If potassium has decreased
A, from the rumen, there can be a substantial
compensatory increase in Ay, from the hind gut
on magnesium-rich diets (2.5 or 3.4g kg~! DM)
(Dalley et al., 1997a), but not on diets with less
magnesium (1 or 2g kg! DM) (Greene et al.,
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1983a). Post-ruminal Ay, is higher from for-
ages fed once daily rather than continuously
(Grace and MacRae, 1972) and this may reflect
a constraining effect of the rate of A, from the
rumen. Hind-gut Ay, allows a source of low
solubility in the rumen (magnesium-mica) to
equal rumen-soluble sources such as magne-
sium hydroxide (Mg(OH),) in terms of total tract
Ayg in sheep (Hurley et al., 1990), but the lat-
ter may be influenced by the pH of the caecal
digesta (Dalley et al., 1997b). By contrast,
there is a net loss of magnesium from the hind
gut in forage-fed cattle (Bell et al., 2008).
Losses via secretions into the hind gut may be
greater and Ay, may be lower in cattle than in
sheep because concentrations of soluble mag-
nesium in the hind gut are lower, with a higher
proportion of ingested magnesium having been
absorbed from the rumen. Infusion of potas-
sium into the abomasum or ileum has no effect
on Ay, in sheep (Wylie et al., 1985) or cattle
(Greene et al., 1983b).

The low AAy, coefficients from forages
high in potassium and from artificially dried
grass in both sheep and cattle (0.02-0.12) indi-
cate either limited scope for compensatory hind
gut absorption from forage or exceptionally
high faecal endogenous losses (FEyg). However,
models of magnesium metabolism that allow
for hindgut absorption improve the prediction
of results from balance studies in potassium-
supplemented sheep (Robson et al., 1997) and
the rate of development of hypomagnesaemia
in cattle on an artificial low-magnesium diet
(Robson et al., 2004). Absorption can occur
from the bovine hind gut because the rectal
perfusion of magnesium prevents hypomagne-
saemia in cattle (Bacon et al., 1990).

Techniques for Measuring
Magnesium Availability
The nutritive value of magnesium in feeds can
be assessed in various ways.
Apparent and true absorption

AAy, from feeds varies widely (ARC, 1980;
Henry and Benz, 1995), but is an attribute of

the feed rather than the animal and is conven-
tionally expressed as a fraction of intake. That
convention has been questioned following a
study in which AAy, varied with supplemen-
tary magnesium intake (Fig. 5.3), but intakes
were taken to levels never found in natural
feeds. Although rarely measured, Ay, can be
estimated indirectly from balance data by cor-
recting for a constant FE,,, because the faeces
is not a major route of excretion for magne-
sium absorbed in excess of need.

Urinary magnesium excretion

Magnesium is less readily filtered at the
glomerulus than most macro-minerals, but suf-
ficient amounts are filtered and escape tubular
reabsorption — once the renal threshold of
0.92mmol I is exceeded — to allow urine to
be the major route of excretion (Ebel and
Giinther, 1980). The renal processes have
been reviewed by Martens and Schweigel
(2000), who confirmed the linear relationship
between magnesium intake above requirement
and urinary excretion in sheep, a relationship
that has been taken to indicate Ay, in mature
ruminants (Fig. 5.4).
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Fig. 5.4. The slope of relationships between

the intake and urinary excretion of magnesium
gives an approximate measure of the efficiency
with which magnesium is absorbed (A,,): in this
instance involving identical twin dairy heifers
given diets high (broken line) or low in potassium
(K; solid line; 20 or 40g K kg~' DM), addition of K
reduces A,,, from 20.8 to 9.3% (data from Field
and Suttle, 1978).
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Individual variation

Wide, repeatable individual variation in magne-
sium metabolism has often been reported
within small groups and must be minimized by
appropriate experimental designs (e.g. Latin
square) (Schonewille et al., 1999) to obtain
significant treatment effects. Rates of magne-
sium transport across the isolated rumen epi-
thelium differ between breeds (Martens and
Schweigel, 2000), but individuality is seen in
sheep fed by abomasal infusion (Baker et al.,
1979). Mean estimates of ‘magnesium value’
obtained with small groups of animals are
unlikely to be representative of those for wider
populations.

Availability of Magnesium
in Feeds for Ruminants

Effects of potassium

Important effects of feed type and ruminant
species on the antagonism between potassium
and magnesium have been revealed by adher-
ing to convention and comparing the linear
relationships between fractional AA,; and die-
tary potassium using pooled data from the lit-
erature (Fig. 5.5) (Adediji and Suttle, 1999). As
potassium concentrations increase, AAy,
decreases in cattle and sheep, whether forage
or mixed diets are fed. However, the magni-
tude of the effect varied: for each increase of
1% in forage potassium, the decrease in AA,,
was maximal in sheep given forage (—0.112)
and minimal in cattle given forage (-0.016).
Subsequent studies have generally supported
the strength of antagonism shown in Fig. 5.5.
When dried grasses relatively low or high in
potassium (26 or 43g kg~! DM) were fed to
cattle, AAy, was 0.11 and 0.02, respectively,
and the addition of extrinsic potassium (as
bicarbonate (HCO,)) to the low-potassium for-
age mimicked the effect of intrinsic potassium
(Schonewille et al., 1999). Although AAy, was
not correlated with potassium in six silages
given to dry cows, all were relatively high in
potassium (31-47g kg! DM) (Schonewille
et al., 1997a) and the range of AAy,, (0.07-0.19)
did not deviate markedly from the relationship

shown for the forage-fed bovine (Fig. 5.5d).
The low range of AA,, values recorded
for dried grasses given to sheep (0.02-0.12)
(Suttle and Field, 1966; Adam et al., 1996;
Schonewille et al., 2002) is similar to that
found in cattle. In Fig. 5.3, potassium (as
HCO,) reduced AA,, in the mixed, dry basal
diet by 50%. Although dietary potassium is not
the only determinant, AAy, is low in all types
of forage at potassium concentrations com-
monly encountered by ruminants.

Interactions of potassium
with animal species

When potassium is low (10g kg™! DM), sheep
generally absorb forage magnesium three times
more efficiently than cattle (compare Fig. 5.5a
with 5.5¢). When concentrations are high (50g
kg™ DM), however, the average AAy, for sheep
and cattle is equally low (about 0.10). The con-
trasting slopes suggest that AA,,, is more sensi-
tive to antagonism from potassium in sheep than
in cattle. However, the lower intercept for the
cattle regression might be attributable to a strong
antagonism at low potassium concentrations.

The differences in AA,, between cattle
and sheep, evident in Fig. 5.5, probably ema-
nate from the rumen. The magnesium concen-
tration required to saturate absorption from
the rumen is three times greater in cattle than
in sheep (12.5 versus 4mmol 1-!) (Martens,
1983) and this may affect the relative impor-
tance of the rumen and hence the antagonism
between potassium and magnesium in the two
species. The decrease in AAy, from 0.30 to
0.22 recorded in goats when dietary potassium
was increased from 7.8 to 34g kg! DM
(Schonewille et al., 1997b) sits more comfort-
ably among data for sheep than for cattle data
on mixed diets (Fig. 5.5b versus 5.5d).

Interactions of potassium and diet type

When mixed, dry (R/C) rations low in potas-
sium were fed to sheep in the study shown in
Fig. 5.5, AAy, was lower than in sheep fed
forages that were equally low in potassium. In
cattle, however AA,, was higher from R/C
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Fig. 5.5. Magnesium absorbability is inversely related to dietary potassium concentrations, but the
interaction is species- and diet-dependent (from Adediji and Suttle, 1999). (a) Sheep given fresh grasses;
(b) sheep given roughage plus concentrates; (c) cattle given hays or grasses; and (d) cattle given hay

plus concentrates.

diets. The inclusion of concentrates attenuated
the potassium antagonism in sheep but exacer-
bated it in cattle, leaving AA,, equally sensitive
to increases in potassium in the two species on
R/C diets (compare Figs 5.5b and d). Two
similar regressions for cattle have since been
reported, using pooled data wholly (Weiss
2004) and largely (Schonewille et al., 2008)
for animals fed R/C diets at a single laboratory.
The implied interactions between feed type
and potassium are confirmed by other studies.
When the potassium concentration in a cattle
ration based on dried grass was reduced by

increasing the proportion of concentrate from
0% to 60% (Schonewille et al., 2002), the
change in AAy, (per 10g K kg™! DM) was
0.0695, 30% higher than in Fig. 5.5d. In
goats, the substitution of starch-rich concen-
trate for roughage enhanced AAy, independ-
ently, to some degree, of its potassium-lowering
effect (Schonewille et al., 1997b). The AA,,
of whole-crop cereal silages (i.e. a mixed
although succulent diet) tended to be lower
(0.17-0.21) than that of alfalfa silage (0.24) in
50:50 mixtures with a concentrate that was
relatively low in potassium (<16g kg™! DM)
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(Khorasani et al., 1997). Variability in
Fig. 5.5b and Fig. 5.5d may therefore be partly
due to differences in the proportion of concen-
trate as well as magnesium concentration in
the mixed ration (Ram et al., 1998).

Other dietary influences
on ‘magnesium value’

High intakes of calcium and phosphorus may
suppress Ay, (Littledike and Goff, 1987) and a
daily supplement of 150g calcium carbonate
(CaCQ,) for 4 days post-calving has been found
to have a hypomagnesaemic effect in cows
(Roche et al., 2002), but Weiss (2004) found
no evidence for antagonism from calcium in
his cattle studies. In sheep, the effects of both
calcium and phosphorus additions on AAy,
were small (Chicco et al., 1973). The addition
of the ionophore monensin to concentrate-
based rations for sheep and cattle usually
increases Ay, chiefly from the rumen, by about
10% (Kirk et al., 1994).

Genetic variation

Studies with identical twin cows have shown
that variation in Ay, is partly heritable (Field
and Suttle, 1979). Repeatable differences in
milk magnesium concentrations have been
reported between individual cows and these
may reflect genetic differences and affect indi-
vidual susceptibility to grass tetany (Thielen
et al., 2001). In a comparison of beef breeds
on a common diet, Aberdeen Angus were
found to have relatively low serum magnesium
concentrations (Littledike et al., 1995). Marked
bovine breed differences in magnesium metab-
olism have been linked to differences in suscep-
tibility to grass tetany (Greene et al., 1986), but
the finding requires confirmation in view of the
small numbers representing each breed or cross
(n = 5) and inconsistent rankings for crosses.
Rates of magnesium transport across the iso-
lated ovine rumen epithelium differ between
breeds (Martens and Schweiger, 2000), but
individuality is also seen in sheep fed by aboma-
sal infusion (Baker et al., 1979). The effects of
sire on urinary magnesium excretion in lambs

provide confirmation of the genetic control of
magnesium metabolism (Field et al., 1986).

Magnesium Availability
in Other Species

Knowledge of Ay, is meagre for pigs and poul-
try, but values are much higher than those for
ruminants. Employing a combination of com-
parative balance and isotope dilution tech-
niques, Giienter and Sell (1974) estimated that
Ay, in chickens was 0.55-0.58 from barley,
maize and wheat, 0.83 from oats, 0.60 from
soybean meal, 0.62 from dried skimmed milk
and 0.43 from rice. In monogastric species
magnesium is absorbed mostly from the small
and large intestine (Giienter and Sell, 1973;
Partridge, 1978). Guinea pigs can absorb mag-
nesium from grass and alfalfa hays more than
twice as efficiently as lambs given the same
hays (Reid et al., 1978). The horse, another
hind-gut fermenter, also absorbs magnesium
well from grass. The mean (standard error)
AAyy, values from cut grass given to Thorough-
bred yearlings and lactating mares were 0.50
(0.035) and 0.63 (0.04), respectively, three to
four times higher than in cattle. These values
were significantly reduced in yearlings to 0.38
(0.04) by large CaCOj; supplements (Grace
et al., 2003).

Magnesium Requirements
Net requirement for maintenance

The faeces is not a major route of excretion for
magnesium absorbed in excess of need, but the
average FEy, of 3mg kg™ live weight (LW) esti-
mated by ARC (1980) is relatively high in pro-
portion to the total body content of magnesium
when compared to the respective numbers for
calcium or minimum phosphorus loss. Reanalysis
of published data has revealed a linear relation-
ship between FE,,, and plasma magnesium con-
centration, with values declining to approximately
1mg kg™ LW in the severely hypomagnesaemic
individual (Bell et al., 2008). Allowing for the
reduction in FE,, during magnesium deprivation



Magnesium 101

improved a model for predicting the final out-
come of experimental magnesium depletion in
cattle (Bell et al., 2008). The amounts of mag-
nesium secreted in saliva in sheep given fresh
ryegrass or lucerne hay (0.85 and 0.30mg kg™
LW, respectively) (Grace et al., 1985) are too
small to allow potassium to increase FEy, by
inhibiting reabsorption from the rumen. Urinary
magnesium losses are negligible at marginal
magnesium intakes and relationships between
urinary magnesium excretion and magnesium
intake in mature cattle give no indication that
more magnesium is required to initiate urinary
magnesium excretion in diets high in potassium
(Fig. 5.4). Indeed, FEy,, at maintenance is esti-
mated to be 2.8 and 3.6mg kg™! LW, respec-
tively, and lower in the high-potassium group
that became slightly hypomagnesaemic.

Net requirement for milk production

The magnesium concentration in milk is low
(4mmol IY) and only one-tenth that of calcium,
but it is maintained during depletion and repre-
sents a continuous drain on maternal reserves.
Furthermore, colostrum contains two to three
times more magnesium than main mik and
increases the maternal demand for magnesium
around calving (Goff and Horst, 1997). Recent
studies from New Zealand suggest that milk mag-
nesium may be lower than the historic values
used in factorial models (Theilin et al., 2001).

Gross requirements for sheep and cattle

The daily amounts of magnesium required vary
with species, age and rate of growth or produc-
tion, but the relatively low and variable effi-
ciency with which magnesium is absorbed from
foods makes A, the primary determinant of
gross need. Appropriate mean Ay, values
derived from Fig. 5.5 have been used to gener-
ate requirements as dietary magnesium con-
centrations for two levels of potassium and two
different types of diet: forage or a roughage/
concentrate mixture (1:1) for sheep and cattle
(Tables 5.2 and 5.3, respectively). Noteworthy
features of the estimates of magnesium require-
ment are as follows:

cattle have higher requirements than sheep;
cows relying on grass (e.g. in New Zealand)
as opposed to housed herds (e.g. in the
USA) have higher requirements;

e lactating animals have higher require-
ments than non-lactating animals;

e there is no increase in the required dietary
magnesium concentration with increased
levels of performance;

e sheep given mixed rations as opposed to
forage need 50% less magnesium; and

e the average magnesium levels in UK (Table
5.1) and New Zealand pastures (Fig. 5.1)
are marginal in spring.

Support for the cattle requirements is given
by the fact that hypomagnesaemia can be
induced with mixed diets containing 1.7g Mg
and 40g K kg™! DM (van de Braak et al., 1987).
An additional 18g Mg day! for every increase
of 10g K kg™! DM has been advocated for dairy
cows on mixed diets (Weiss, 2004). The require-
ments for the average grazing bovine in Table
5.3 cover the worst-case scenario predicted by
the Dutch guidelines for potassium-rich pastures
(Underwood and Suttle, 1999). It has, however
been argued that an allowance is needed to pro-
tect the most vulnerable individuals in a herd or
flock (see ARC, 1980). The requirement for cel-
lulose digestion and food intake for a semi-puri-
fied diet (30% cellulose) is 8-10mg Mg kg™! LW
(Ammerman et al., 1971), equivalent to 0.5—
0.8g Mg kg! DM and high enough not to be
met by some low-quality roughages.

Gross requirements for goats

The strength of a potassium—magnesium
antagonism study in goats given a semi-purified
diet suggests that requirements of goats may
be closer to those given for sheep than those
for cattle (Schonewille et al., 1997b).

Gross requirements for horses

A 200-kg horse gaining 1kg day! has been esti-
mated by factorial modelling to require only 0.7 g
Mg kg™! DM in its pasture (Grace et al., 2002b),
while lactating mares require 1.7g Mg kg™! DM
(Grace et al., 2002a). The models used an FEy,
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Table 5.2. Factorially derived estimates of the magnesium requirements of grazing sheep.?

Dietary requirement

, . . (g kg™ DM)

Live weight Growth/production - - DMIP
(kg) (kg day™") High K° Low K¢ (kg day")

Growth 20 0.1 1.0 0.50 0.50

0.2 0.9 0.45 0.76

30 0.1 1.0 0.50 0.67

0.2 0.9 0.45 1.00

0.3 0.8 0.40 UA

40 0.1 1.0 0.50 0.83

0.2 0.9 0.45 1.23

0.3 0.7 0.35 1.80

Fetuses (-12 weeks to term)
Pregnancy 40 1 0.9 0.45 0.64-0.96
2 0.9 0.45 0.74-1.25
75 1 1.1 0.55 1.03-1.51
2 0.9 0.45 1.17-1.93
Milk (kg day~")

Lactation 40 1 1.2 0.60 1.18

2 1.2 0.60 1.90

75 1 1.4 0.70 1.48

2 1.3 0.65 2.18

3 1.3 0.65 2.90

UA, unattainable performance on such diets.

a For housed sheep on mixed rations, requirements fall between those shown for high- and low-K diets.

°Dry matter intakes for diets of intermediate nutritive value, q = 0.6 (see ARC, 1980, which also gives the net require-
ments for maintenance (3mg kg~' LW), growth (450mg kg~' LWG) and milk production (170mg kg)).

cAbsorption coefficients were 0.20 for sheep grazing pasture high in K (40g kg~' DM) and 0.40 for pastures low in K
(20g kg™ DM).

Table 5.3. Factorially derived estimates of the magnesium requirements of grazing cattle.

Dietary requirement
(g kg™' DM)

Live weight Growth/production - = DMI=
(kg) (kg day™) High K® Low KP (kg day")
Growth 100 0.5 1.5 1.1 21
1.0 1.4 1.1 3.2
200 0.5 1.6 1.2 3.3
1.0 1.4 1.1 4.7
400 0.5 1.7 1.3 5.2
1.0 1.4 1.1 7.3
Fetuses (weeks to term)
Pregnancy 600 12 21 1.6 5.8
4 1.8 1.4 7.3
Milk (kg day~")
Lactation 600 10 2.4 1.8 9.4
20 21 1.7 14.0
30 2.0 1.6 18.8

aAssuming a diet of moderate digestibility, with a ‘q’ value of 0.6 (see ARC, 1980, which also gives the net requirements
for maintenance (3mg kg~ LW), growth (450mg kg-' LWG) and milk production (125mg kg™")).

"Based on absorption coefficients of 0.14 and 0.18 for grass high (40g kg~' DM) and low (20g kg-' DM) in K. Dutch
authorities make a similar distinction between grass products and corn silage (Schonewille et al., 2008).
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of 6mg kg LW — twice that of the ruminant —
and an Ay, of 0.4, less than the AA,,, observed
in the group’s balance studies (0.5-0.6), and are
likely to have overestimated needs that are closer
to those of pigs and poultry (reported next).
Natural diets should invariably meet the low mag-
nesium needs of the weanling or mature equine.
If there is a problem it might lie with the suckling
foal, as mare’s milk is relatively low in magne-
sium (2mmol 11) (Table 2.3).

Gross requirements for pigs

The minimum magnesium requirement of baby
pigs receiving a purified diet is 325mg kg~ DM
(Miller et al., 1965) and the NRC (1998) recom-
mends 400mg Mg kg! DM. Higher require-
ments have been reported for optimum growth
in weaner pigs (400-500mg kg! DM) (Mayo
et al., 1959). Little is known of the precise
requirements of sows during pregnancy and lac-
tation, except that the recommended level for
baby pigs is adequate for pregnancy and 130mg
kg! DM is seriously inadequate for lactation
(Harmon et al., 1976). These empirical findings
can be compared with factorial estimates derived
by the ARC (1981). Assuming an endogenous
loss of 0.4mg Mg kg~! LW, tissue accretion rates
declining from 460 to 380mg Mg kg™! LW gain
(LWG) and an Ay, of 0.8 derived from studies
with baby pigs, dietary requirement fell from
410 to 160mg Mg kg! DM as pigs grew from
5 to 90kg LW. The figure for older, fattening
pigs that probably absorb magnesium with lower
efficiency (perhaps Ay, 0.6) may be nearer to
210mg kg! DM.

Gross requirements for poultry

In growing birds, the growth rate probably affects
requirements. In one study, 0.2g Mg kg! DM
sufficed for early growth in White Leghorn chicks,
whereas faster growing broiler chicks needed
0.5g kg! DM (McGillivray and Smidt, 1975).
Calcium and phosphorus have small effects on
the requirements of chicks (Nugara and Edwards,
1963): increasing dietary phosphorus from 3 to
9g kg! DM and dietary calcium from 6 to 12g
kg™ DM raised the requirement from 0.46 to
0.59g Mg kg! DM, but 0.25g Mg kg! DM was

sufficient for survival and maximum growth with
6g P kg! DM (Wu and Britton, 1974). A signifi-
cant increase in weight gain to 3 weeks of age,
but not to market weight, has been observed
when magnesium is added to high-energy diets
(McGillivray and Smidt, 1977).

The requirements of laying hens depend on
the criteria of adequacy employed and the type
of diet (Sell, 1979). The hierarchy of magnesium
requirements is as follows: to maintain normal
serum magnesium, 0.16g kg=! DM; to support
maximal egg production, 0.26g kg! DM; to
obtain a normal magnesium concentration in the
egg, egg weight and hatchability of chicks, 0.36g
kg! DM (Hajj and Sell, 1969). Supplemental
magnesium sulfate (MgSO,) at 0.05% has
increased shell weight and the thickness of eggs
produced by hens on a practical ration (Bastien
et al., 1978), but no such benefit has been
observed by others (Underwood and Suttle,
1999). The recommendations of the NRC (1994)
for uniformly high concentrations of 0.5g Mg
kg™! DM for broilers, turkey poults and laying
hens (with a food intake of 100g day) contain a
generous safety margin. It would be unusual for
poultry fed on commercial diets to need continu-
ous supplementation with magnesium.

Biochemical Changes Associated
with Magnesium Deprivation

It is helpful to consider the factors that govern
plasma magnesium in the normal animal
before considering the consequences of mag-
nesium deprivation.

Plasma magnesium and its control

Plasma normally contains about 1mmol (23mg)
Mg I partitioned between two forms: one is
tightly bound to protein (32%), the other free and
ionized (68%). The concentrations are influenced
principally by the Ay, unavoidable losses in
secreted milk (and digestive juices) and equilibria
attained with intracellular soft tissue and skeletal
pools of magnesium (Martens and Schweigel,
2000). Most of the magnesium in bone is present
in a 1:50 ratio with calcium in the hydration shell
of hydroxyapatite crystals, is partly exchangeable
and mobilized during experimental haemodialysis
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(Gardner, 1973) or intravenous infusion of the
calcium chelator EDTA (Robson et al., 2004).

There is pronounced seasonal cycling of
bone magnesium in association with bovine lac-
tation (Fig. 5.9), but this probably reflects bone
turnover rather than magnesium depletion since
plasma magnesium remains normal (Engels,
1981). The feeding of gross excesses of magne-
sium (24 g kg~! DM) to lambs and steers has been
found to increase rib magnesium from 3.6-4.1
to 5.8-6.4g kg™! DM, and there were linear rela-
tionships between plasma magnesium and mag-
nesium intakes (Chester-Jones et al., 1989,
1990). Plasma magnesium is clearly not rigidly
controlled and fasting causes a rapid fall in serum
magnesium while cessation of milking causes
abrupt increases (Littledike and Goff, 1987).
Plasma magnesium is briefly increased by about
25% after parturition (e.g. Goff and Horst, 1997),
the pattern being the mirror image of that seen in
plasma calcium (Fig. 4.13), but the ionized pro-
portion remains unchanged (Riond et al., 1995).
Plasma magnesium may be influenced indirectly
by the calcium-regulating hormones calcitonin
and PTH, by the sodium/potassium-regulating
hormone aldosterone (Littledike and Goff, 1987,
Charlton and Armstrong, 1989) and by thyrox-
ine and insulin (Ebel and Giinther, 1980). The
general model for biochemical responses to min-
eral deprivation, presented in Chapter 3, requires
modification to fit the acute course of events in
magnesium deprivation, but the picture is similar
to that described for acute calcium deprivation
(see Fig. 4.10, p. 69).

1.0

Depletion

In chronic magnesium deprivation in calves,
calcium to magnesium ratios in bone increase
from the normal 50:1 to 150:1, but this may
be due mainly to decreased magnesium deposi-
tion in new bone (Underwood and Suttle,
1999). Modelling studies suggest that mobiliza-
tion of magnesium from the bovine skeleton is
so slow in the adult that it cannot significantly
affect the rate at which hypomagnesaemia
develops (Robson et al., 2004) and bone mag-
nesium is not low in cases of grass tetany (Rook
and Storry, 1962). Of the soft tissues exam-
ined, only kidney magnesium was reduced in
sheep experimentally deprived of magnesium
(McCoy et al., 2001a). However, skeletal mag-
nesium can be mobilized by experimental pro-
cedures and inhibition of bone resorption
lowers plasma magnesium (Matsui et al.,
1994). In one field study, the oldest cows in a
herd had the lowest plasma magnesium values
(Fig. 5.6) and it was postulated that slower
bone (and hence magnesium) turnover in older
animals might be partly responsible. Further
modelling studies have shown that small reduc-
tions in magnesium ‘outflow’, reducing FE,,
from 3 to 1mg kg LW-!, improve the fit to
experimental data, but still leave the model
cow in a more hypomagnesaemic state than
that observed (Bell et al., 2006). Equally small
increases in magnesium ‘inflow’ from the skel-
eton may influence the onset of hypomagne-
saemia and tetany.

0.9+

0.7 +

0.6 +

Plasma Mg (mmol I-")

0.5

0 2 4

6 8 10

Age (years)

Fig. 5.6. Plasma magnesium concentrations can decrease markedly with age in a beef suckler
herd, but cumulative nutritional deficits may contribute to the apparent ‘age’ effect (from Suttle

et al., 1980).



Magnesium

105

Deficiency

Adult sheep and cattle, whether non-lactating or
lactating (Suttle and Field, 1969; McCoy et al.,
2001a,b), show a rapid fall in plasma magne-
sium when they are fed low diets low in magne-
sium, with the rate of fall reflecting the dietary
magnesium concentration (Fig. 5.7). Urinary
magnesium losses fall close to zero and losses
via secretions into the gut (FE,,) follow the
decline in plasma magnesium (Bell et al., 2008).
Magnesium concentrations in the CSF also
decline, but at a much slower rate (Pauli and
Allsop, 1974), suggesting an active transport
mechanism at the blood-brain barrier. There
are probably gradual reductions in magnesium
concentrations in other body fluids, such as vit-
reous humour in sheep (McCoy et al., 2001a)
and cattle (McCoy et al., 2001b), but not in milk
(Rook and Storry, 1962; McCoy et al., 2001c).
In the early stages of magnesium deprivation,
hypomagnesaemia is not accompanied by
hypocalcaemia in sheep, whether dry or lactat-
ing ewes (Suttle and Field, 1969; McCoy et al.,
2001a).

Dysfunction

Mild behavioural changes in the severely
hypomagnesaemic individual indicate that neu-
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Fig. 5.7. Effect of magnesium intake (providing

0.5, 1.0 or 1.5g Mg day~") on plasma Mg in dry
ewes given a semi-purified diet, high in potassium
(providing 47 g K day-'; Suttle and Field, 1967): note
the tendency for plasma Mg to increase after day 5,
due possibly to mobilization of skeletal Mg reserves.

romuscular activity begins to increase when
magnesium concentrations in the CSF fall
below 0.6mmol |1, but the transition from
deficiency to disorder is often so rapid in the
adult that a period of dysfunction is never seen.
Severe hypomagnesaemia can delay rumen
contractions in response to feeding and impair
motility in the lower intestinal region (Bueno
et al., 1980), and this may explain the loss of
appetite seen in some ewes (Suttle and Field,
1969) and cows (van de Braak et al., 1987;
McCoy et al., 2001c) during magnesium dep-
rivation. Loss of appetite lowers magnesium
intake further, thus exacerbating hypomagne-
saemia (Herd, 1967). Adult sheep given a
grossly deficient diet showed an immediate,
marked loss of appetite due to rumen dysfunc-
tion, but the effect was delayed and less pro-
nounced in young lambs (Chicco et al., 1972).
In parallel studies with non-lactating and lactat-
ing ewes, those individuals that subsequently
developed tetany when deprived of magnesium
showed a more rapid fall in plasma magnesium
than those that did not succumb, and they
became hypocalcaemic (McCoy et al., 2001a).
Tetanic individuals were distinguished more by
the rapid development of hypocalcaemia,
48 h before the onset of disorder, rather
than the severity of hypomagnesaemia. Severe
hypomagnesaemia inhibits the customary PTH
response to mild hypocalcaemia, but the inap-
petence associated with severe hypomagne-
saemia may also reduce responsiveness to
PTH secretion (Littledike and Goff, 1987). In
experimentally depleted cattle, haematocrit,
white cell and platelet counts increased between
11 and 26 days, but red cell fragility was not
compromised (McCoy et al., 2002). Decreases
in plasma triglycerides and increases in tissue
iron (in bovine heart and ovine liver) were also
reported, but dietary effects — other than mag-
nesium deprivation — and inappetence may
have been partly responsible.

Changes in non-ruminants

Magnesium deprivation causes a number of
biochemical changes in laboratory animals,
including a decline in hepatic oxidative phos-
phorylation, increased prostanoid synthesis,
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reduction in blood pressure and body tempera-
ture and decreased thiamine concentrations in
the tissues (Shils, 1997). Severe, prolonged
magnesium deprivation causes an acute inflam-
matory response, hypertriglyceridaemia, hyper-
cholesterolaemia and lipid peroxidation in rats,
none of which has been evident in severely
deprived cows (McCoy et al., 2002).

Clinical Signs of Magnesium
Deprivation

Non-ruminants chronically deprived of magne-
sium eventually develop a wide range of clinical
disorders, including retarded growth, periph-
eral vasodilatation, calcification of the kidneys
and anorexia, that reflect the diverse functions
of the element. These abnormalities are rarely
seen in ruminants because they are pre-empted
by an acute disorder.

Tetany in cattle and sheep

The initial signs of hypomagnesaemic tetany in
cattle are those of nervous apprehension with
the head held high, ears pricked and flicked,
eyes staring and a readiness to kick out.
Movements are stiff and stilted. Animals stag-
ger when walking and there is a twitching of the
muscles, especially of the face and ears. Within
a few hours or days, extreme excitement and
violent convulsions may develop, leaving the
animal flat on its side and ‘pedalling’ its fore-
legs. Death usually occurs during one of the
convulsions or after the animal has passed into
a coma. The presence of a scuffed arc of pas-
ture by the feet of a dead animal is an important
diagnostic feature. Treatment with magnesium
results in prompt recovery and confirms the
diagnosis, but mortality among untreated clini-
cal cases is high (30%). Pre-convulsive clinical
signs in sheep are less clearly defined than in
cattle and can be confounded with those of
hypocalcaemia or pregnancy toxaemia.
Affected ewes breathe rapidly and their facial
muscles tremble. Some ewes cannot move,
while others move with a stiff, awkward gait.
Eventually they collapse and show repeated
tetanic spasms with the legs rigidly extended.

Subclinical disorder

Magnesium deprivation may cause loss of
production and signs of ‘irritability’ in a herd
without causing overt clinical disease
(Whittaker and Kelly, 1982). Moderate
hypomagnesaemia is present in affected herds
and the annual cost to the small dairy industry
in Northern Ireland was once estimated to be
£4 million (McCoy et al., 1993). Small
improvements in milk-fat yield occurred in
some grazing herds given magnesium supple-
ments of 10g day~!. Improvements were most
noticeable in early lactation in underfed herds
(Young et al., 1981) and may have been
partly attributable to improved digestibility of
low-quality forage (Wilson, 1980). No compa-
rable subclinical disorder has been reported in
sheep. Dairy cows on grain-based diets often
produce milk with unacceptably low fat con-
centrations and supplements of calcined (c)
magnesium oxide (cMgO) can remedy the
problem (Xin et al., 1989). However, other
minerals — some with buffering capacity (e.g.
sodium bicarbonate, NaHCO,) and others
with none (e.g. sodium chloride, NaCl) — can
be equally effective and ‘low milk fat’ syn-
drome is not a specific consequence of mag-
nesium deprivation.

Occurrence of Hypomagnesaemia
and Tetany

The overall incidence of hypomagnesaemic
tetany in dairy cows in New Zealand, the USA
and Europe is 1-4% (Cairney, 1964; Grunes
et al., 1970; Whittaker and Kelly, 1982), but
the incidence can be as high as 20-30% in
individual herds and the mortality rate amongst
clinical cases can be high (25% in beef cows,
55% in dairy cows) (Harris et al., 1983). The
incidence of both clinical and subclinical disor-
der varies between breeds (Greene et al.,
1985), seasons (Fig. 5.8) (McCoy et al., 1993,
1996) and years (Whittaker and Kelly, 1982),
and may have declined in the 1990s in the UK
(Fig. 5.8). Incidence of hypomagnesaemia was
far higher in beef than dairy herds in North
ern Ireland (McCoy et al., 1993) and in non-
lactating than lactating cows in the UK
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Fig. 5.8. Annual relative (a) or actual monthly incidence (b) of ‘hypomagnesaemia’ (H/Mg) and
‘hypocalcaemia’ (H/Ca) in UK cattle, between 1995 and 2007 (a) or in 2007 (b). In (a), results are
expressed relative the total number of submissions for diseases of all types in an attempt to minimize
confounded effects such as major disease outbreaks (e.g. foot-and-mouth disease in 1998) and structural
changes in national disease surveillance; in (b), total monthly submissions (x) are given in thousands and
show hypomagnesemia to reach a peak in autumn and early winter.

(Whittaker and Kelly, 1982) because beef cows
and dry cows receive less concentrates and
magnesium supplements. In New Zealand,
where cows are pastured throughout the year,
the disease occurs most frequently in late win-
ter and early spring when almost half the herds
in some areas can be hypomagnesaemic
(Young et al., 1981). Outwintered beef cattle,
often given low-magnesium diets containing a
large proportion of straw, can develop
hypomagnesaemic tetany (Menzies et al.,

1994). The disease can occur when early
growths of cereals are grazed (e.g. ‘wheat’ stag-
gers; Littledike and Goff, 1987), and can occa-
sionally affect stall-fed animals. In sheep, the
disorder is most likely to develop following the
onset of lactation, ewes bearing twins being
particularly vulnerable (Sansom et al., 1982)
and currently 20-40 outbreaks are reported
annually in the UK. The following factors that
predispose cattle to clinical disease also apply
to sheep and to subclinical disorder in cattle.
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Potassium fertilizers

Numerous studies have associated the inci-
dence of tetany with heavy use of fertilizers. In
an early large Dutch study, the incidence of
tetany was 0.5% on pastures low in potassium
and 4.3-6.5% on pastures treated with excess
potassium, nitrogen (50kg ha™') or both
('t Hart and Kemp, 1956). Such treatments
may decrease herbage magnesium, especially
if the legume content of the sward is sup-
pressed, and will increase pasture potassium,
thus lowering Ay, (Fig. 5.5). Dutch workers
predicted the risk of hypomagnesaemia from a
relationship between plasma magnesium and
the product of potassium and crude protein in
pasture, but the basis for the relationship was
unclear (Underwood and Suttle, 1999). High
dietary potassium and nitrogen have also been
implicated in ‘wheat staggers’ (Mayland et al.,
1976). However, the two factors are usually
confounded and potassium is probably the
more influential. There is no evidence that
nitrogen-rich diets per se are a risk factor,
whereas hypomagnesaemia and tetany have
been induced by simply increasing potassium
intakes in sheep (Suttle and Field, 1969) and
cattle (Bohman et al., 1969). High rates of
potassium fertilizer application (150 or 225kg
ha™! as KCIl) have decreased urinary magne-
sium excretion in cows (Roche et al., 2002).
Furthermore, potassium lowers the responsive-
ness of bone to PTH and hence the rate of
release of magnesium from the skeleton.

Weather

A sudden rise in grass temperature in spring is
a risk factor for grass tetany because pasture
potassium can rise rapidly as soil temperature
rises (Dijkshoorn and 't Hart, 1957; cited by
Kemp et al., 1961) and allows rapid grass
growth. Outbreaks can be precipitated in
outwintered beef cattle when adverse weather
conditions disrupt grazing and feeding (Menzies
et al., 1994; see Fig. 5.8). In Australia, out-
breaks in breeding ewes have been associated
with periods of rapid winter growth of pastures
(Blumer et al., 1939). In the UK, extreme
spring weather conditions — either mild and

wet or cold, with snowfall — have caused out-
breaks of hypomagnesaemic tetany.

Dietary change to pasturage

There is a tendency for seasonal increase in the
incidence of grass tetany herds in spring (Fig.
5.8) associated with the transition from winter
housing to spring pastures. The change of diet
is accompanied by many marked changes in
dietary composition and rumen characteristics,
of which potassium is but one, and most of the
factors that change have been proposed as risk
factors at some time (Underwood and Suttle,
1999). For example, pH and ammonia ion
(NH3) concentrations rise and the solubility of
magnesium decreases in the rumen (Martens
and Schweigel, 2000). Rumen composition
gradually returns towards normal (Johnson et
al., 1988, 1989) as both the rumen microflora
and host adjust to the new diet, and there is
usually gradual recovery in plasma magnesium
in the weeks following turnout. However, there
are several points to note:

e Changes in composition between winter
and spring diets are usually confounded
with abrupt increases in potassium intake
and its manifold effects, including those
on sodium (see Chapter 8).

e Higher intakes of digestible organic mat-
ter can increase milk yield and hence the
demand for magnesium.

e  Spring pasture may be carrying newly
hatched nematode larvae that invade the
gut of the immunosuppressed lactating
ewe, causing sudden increases in salivary
potassium.

Thus, many factors may contribute to the
risk associated with dietary change, but specific
contributions are hard to define in the face of
the large influence of potassium.

Dietary change at parturition

The housed dairy cow experiences a dietary
change at calving and transition diets (i.e. cov-
ering the pre- to post-calving period) with a low
DCAD, fed for the primary purpose of
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Table 5.4. Close similarity between the causative or associated factors in hypomagnesaemic tetany
(HMT) and hypocalcaemia (HC) in cows and ewes suggests a common aetiology with poor mobilization
of calcium and magnesium from the skeleton playing a unifying role. Proximity to parturition promotes HC
in cows but not in twin-bearing ewes, whose demand for both minerals is already high. Preventive

measures for one disease should work for both.

Plasma Ca Plasma Mg Dietary K Air temperature Parturition
HMT \2 l T { l
HC 2 2 T 2 T

preventing milk fever, raise plasma magnesium
in early lactation (Roche et al., 2005).
However, the effect is once again confounded
with potassium, the major contributor of cati-
ons. Conditions that increase the risk of milk
fever in herds at pasture (Roche and Berry,
2006) also increase the risk of grass tetany and
the incidences of the two disorders may be
related (Table 5.4; Fig. 5.8a).

Transport

Outbreaks occur when cattle and sheep are
subjected to intense excitement, as in transit or
sale-yard conditions, giving rise to the term
‘transit tetany’. Lack of food and the effect of
stressors on the distribution of magnesium
between extracellular and intracellular pools
(Martens and Schweigel, 2000) may com-
pound the problem.

Diagnosis

Diagnoses of hypomagnesaemic tetany are
made instantaneously on the basis of presenting
signs and are confirmed initially by response to
magnesium treatment and later by hypomagne-
saemia in samples taken prior to treatment.
Although tetany can occur when serum magne-
sium falls below 0.5mmol (12mg) I, individual
ewes and cows can survive with wvalues
<0.2mmol 17 (McCoy et al., 2001a,b).
Subclinical disease in cattle has been associated
with mean serum magnesium <0.6mmol 1!
and values of 0.6—-0.8mmol 1! are regarded as
marginal (Sutherland et al., 1986; McCoy
et al., 1996); slightly lower marginal ranges are
used for sheep (Table 5.2). In CSF, diagnostic

thresholds of 0.5 and 0.6 mmol Mg I-! are indi-
cated for cattle (McCoy et al., 2001b) and sheep
(McCoy et al., 2001a), respectively; correla-
tions with plasma magnesium were relatively
weak (McCoy et al., 2001a, 2001b). In the
dead animal, magnesium in the fresh vitreous
humour from the eye correlates well with that in
plasma in sheep and cattle; values of <0.6 and
<0.5mmol Mg I}, respectively, in fresh sam-
ples are indicative of hypomagnesaemic tetany.
Tetanic and non-tetanic cows were most clearly
differentiated by lower calcium concentrations
in aqueous humour (mean 0.89 wversus
1.33mmol 1Y) (McCoy et al., 2001c), but the
distinction was less evident in ewes (McCoy
et al., 2001a). Values in vitreous humour
increase within 24 h of death, but the addition
of a small volume (3% v/v) of 4% formaldehyde
can reduce anomalies caused by bacterial growth
during sample storage for 72 h (McCoy et al.,
2001b). The presence of calcium to magnesium
ratios of >50:1 in the rib bone indicate a prob-
ability of hypomagnesaemic tetany in sucking or
milk-fed calves and lambs, but are unreliable in
the lactating animal because values fluctuate in

synchrony with other minerals, including
phosphorus (Fig. 5.9).
Treatment

Subcutaneous injection of a single dose of
200-300ml of a 20% solution of MgSO,, or
intravenous injection of a similar dose of mag-
nesium lactate, restores the serum magnesium
of an affected cow to near normal within about
10 min and is almost always followed by
improvement or disappearance of the signs of
tetany. Equally rapid responses have been
found in artificially depleted calves given 51 mg
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Fig. 5.9. Effects of lactation and phosphorus status on (a) rib magnesium and (b) rib calcium to
magnesium ratio. Samples taken from two groups of beef cows, one receiving supplementary
phosphorus (@) and the other not (O), grazing phosphorus-deficient pasture (data from Engels, 1981).

PH or PC, pregnant heifer or cow; EL, early lactation.

Mg kg™ LW per rectum as magnesium chloride
(MgCl,) (Bacon et al., 1990). Serum magne-
sium is likely to fall again unless the diet is
immediately changed to hay and magnesium-
rich concentrates, or the animal is given oral
doses of magnesium. The affected ewe will
respond quickly to intravenous magnesium but
it is invariably given with calcium, usually as
50ml of a 250g I! solution of calcium boro-
gluconate containing 25 g of magnesium hypo-
phosphite. Calcium should also be given to the
recovering cow using a dose of 500ml to cor-
rect any hypocalcaemia.

Prevention by Direct Intervention

Prevention is far better than cure for an acute
disorder that requires immediate skilful treat-
ment. Magnesium supplies can be improved
via the pasture or feed.

Magnesium fertilizers

The use of fertilizers is popular on large dairy
farms in Northern Ireland (McCoy et al.,
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1996), but efficacy is dependent upon soil
type. When cMgO, kieserite (MgSO,.H,0) and
dolomitic limestone (CaCO;.MgCO,) were
compared in early studies, the last of these was
found to be the least effective. The two other
sources increased pasture magnesium from 2
to about 3g kg~! DM and recommended appli-
cation rates were much lower than for dolom-
itic limestone (1125 and 5600kg ha™,
respectively) (Underwood and Suttle, 1999).
Foliar dusting of pastures with fine cMgO
before or during tetany-prone periods increases
pasture magnesium, but the effects are short-
lived regardless of the amount applied (Fig.
5.10) (Kemp, 1971). Dustings with at least
17kg ha™!, repeated after heawy rainfall and at
10-day intervals, have been recommended
(Rogers, 1979). Adhesion to the leaf can be
improved by applying cMgO in a slurry with
bentonite. Pasture dusting is more reliable
when integrated with a ‘strip-grazing’ system
and is now the most popular preventive method
in New Zealand. Spray application of Mg(OH),
in a fine suspension can produce short-term
increases in herbage and serum magnesium
from low application rates (5kg Mg ha™?)
(Parkins and Fishwick, 1998). Foliar dusting

10
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Fig. 5.10. Control of hypomagnesaemic tetany
by dusting pastures with magnesite (MgO) is
short-lived because the method relies on surface
adherence (Kemp, 1971). Repeated applications
are necessary and a single treatment with a
suspension of magnesium hydroxide may be
more effective.

and spraying use the pasture as a short-term
carrier for the dietary magnesium supplement.

Dietary magnesium supplements

Supplementation with magnesium via concen-
trates is preferred by many small dairy farmers,
but the historic prophylactic doses of ¢cMgO
(50-60g (25-30g Mg) day for adult dairy cat-
tle, 7-15g day for calves and 7 g day! for lac-
tating ewes) were over-generous (Underwood
and Suttle, 1999), being sufficient to raise urine
pH (Xin et al., 1989) and possibly increase the
risk of milk fever. Smaller doses (12g Mg day!
for cows) are routinely used in New Zealand and
are believed to have reduced the incidence of
milk fever (Roche and Berry, 2006), but chlo-
ride or sulfate salts are now preferred.
Commercial sources of cMgO vary widely in ori-
gin, particle size and processing (e.g. calcination
temperature) and hence in nutritive value (Xin
etal., 1989; Adams et al., 1996). Coarse particle
sizes (>500um) and low calcination tempera-
tures (<800°C) are associated with low AAy,.
Magnesium compounds have also been
incorporated into mineral mixes, drenches,
salt- and molasses-based free-choice licks, and
sprinkled on to feeds such as cereals, chopped
roots or silage, to varying effect. The provision
of magnesium-containing blocks was common
amongst beef suckler herds in Northern Ireland
(McCoy et al., 1996), but did not reduce the
incidence of hypomagnesaemia (McCoy et al.,
1996). The addition of a soluble magnesium
salt to the drinking water is generally effective
(see Rogers and Poole, 1976), although water
intake varies widely between individuals and
with  weather and pasture conditions.
Magnesium salts are metered into the water
supply during milking in New Zealand
(Dosatron, Florida, USA) during the tetany sea-
son, but this is a time of low drinking activity
because of the high water intake from spring
pasture. Another practice that ensures uniform
individual treatment is to add magnesium
(10-20g as chloride or sulfate) to bloat control
drenches, given daily from the milking plat-
form. This method is costly in labour terms if
magnesium is given to the whole herd (or flock)
continuously during the tetany season.
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Magnesium alloy bullets that lodge in the rumen
provide insufficient daily magnesium to prevent
hypomagnesaemia in dairy cows but may be
more effective in the beef cow, which requires
less magnesium (Stuedemann et al., 1984).

Merits of different mineral sources

Many comparisons have been made of the
relative availability of different magnesium
sources in ruminants. The oxide and hydrox-
ide have been given low average values of
0.75 (n = 18) and 0.60 (n = 3) relative to
MgSO, for sheep (Henry and Benz, 1995),
but the hydroxide can be superior to MgO
(Hurley et al., 1990). Rankings in individual
studies may depend on the rumen solubility of
a particular magnesium source. Absolute Ay,
values are influenced by attributes of the diet
being supplemented. For example, the A, for
MgCl, is four times higher when infused into
the rumen of sheep on a pelleted semi-purified
diet than when chopped hay is offered (0.55
versus 0.13) (Field and Munro, 1977), and
cMgO is a consistently better magnesium
source for sheep when added to a maize-based
rather than a dried-grass diet (Adams et al.,
1996). The AA,, from a supplement such as
cMgO can exceed that of a basal diet, although
the advantage as well as the antagonism from
potassium can be masked at high magnesium
intakes in sheep (Fig. 5.3). In cattle, cMgO
halves in ‘magnesium value’ when potassium
is added to the diet (Jittakhot et al., 2004a). A
source such as magnesium-mica that releases
its magnesium post-ruminally may escape
antagonism from potassium (Hurley et al.,
1990). Magnesium phosphates can be effec-
tive, despite being rumoured as a possible
source of antagonism between magnesium
and phosphorus through the formation of
insoluble phosphates in the gut (Underwood
and Suttle, 1999). The oxide, carbonate and
sulfate are all sources of highly available mag-
nesium for broiler chickens (McGillivray and
Smidt, 1975). The A, value for reagent grade
MgSO, was 0.57 in a
semi-purified diet for chickens (Giienter and
Sell, 1974), confirming the contrast with
ruminants.

Prevention by Indirect Methods

The risk of disorder can be reduced by pre-
empting the risk factors listed earlier.

Predictors

Reliable predictors of hypomagnesaemic
tetany are needed and focus was initially
placed on the chemical composition of pas-
ture. Kemp and ’t Hart (1957) used the ratio
of potassium to calcium plus magnesium in
forage as a prognostic threshold: when the
ratio was >2.2, the risk of grass tetany in the
Netherlands was high at 6.7%. The general
predictive value of this ratio has been con-
firmed in many countries, but the relationship
with disease incidence is linear rather than
threshold in nature, imprecise and rarely used.
The relationship between plasma magnesium,
pasture potassium and crude protein, devised
in the Netherlands (Underwood and Suttle,
1999), has never been routinely used else-
where and emphasis has shifted to the indices
of magnesium status of the animal. There is a
curvilinear relationship between plasma and
urinary magnesium (Fig. 5.11), and individual
urinary magnesium to creatinine ratios (molar)
of <0.4 are considered to be ‘critical’ by some
European workers (van de Braak et al., 1987).
In New Zealand, herds with mean values of
<1.0 may benefit from supplementary mag-
nesium (Sutherland et al., 1986). The mar-
ginal bands given in Table 5.5 are based on
the above findings. A modelling approach to
the prediction of hypomagnesaemia is being
developed in New Zealand using, among
other things, easily recorded variables such as
an individual cow’s milk magnesium output
(Bell et al., 2008). This model has yet to be
tested.

Restricting use of potassium fertilizers

Conservative use of potassium-containing ferti-
lizers, including dairy slurry (Soder and Stout,
2003), is recommended, but there is a limit to
the extent to which herbage potassium can be
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Fig. 5.11. Curvilinear relationships between two
diagnostic parameters — in this case urine and
plasma magnesium — will mean that each will have
a different contribution to make. Urine Mg reflects
the dietary supply of Mg in excess of need, while
plasma Mg reflects the degree to which need is
not met (data from Sutherland et al., 1986).

reduced without restricting pasture yield. The
need to dispose of slurry is a constraint, but
harmful effects can be restricted by limiting dis-
persal to fields intended for conservation or
avoiding slurry-treated pastures at times of high
risk. Potassic fertilizers can be similarly
restricted, and potassium-rich feeds such as
molasses and molassed beet pulp should not be
used at vulnerable times. The requirements
presented (Tables 5.2 and 5.3) suggest that the
ratio of potassium to magnesium in herbage
should be kept below 16 for cattle and 30 for
sheep. It is interesting to note that with ferti-
lizer applied in autumn, the potassium to mag-
nesium ratio in the average Manitoa (New

Zealand) pasture stays just above the cattle

threshold (Fig. 5.2).

Managing turnout

Management of dietary change at turnout is
important. The policy of gradually extending
the daily grazing period to save money on sup-
plementary feeds should reduce the rate of
dietary change and hence the risk of hypomag-
nesaemia. If weather forecasts indicate an
imminent abrupt change in temperature, wind
chill or heavy rainfall, turnout should be
delayed. Carbohydrate supplements lower
rumen pH and improve magnesium absorp-
tion (Schonewille et al., 1997b) and may con-
tribute to the efficacy of liquid mixtures of
molasses and magnesium. The feeding of grain
as a preventive measure for milk fever should
also improve magnesium status, and a short
period of grain feeding at times of risk in an
otherwise pasture-based system may save lives
and inconvenient treatments. Reductions in
sodium intake at turnout should be avoided.

Transport stress

The introduction of stricter regulations gov-
erning animal transportation and lairage on
welfare grounds may reduce the incidence of
transport tetany in sheep and cattle. Protection
may also be afforded by allowing stock access
to magnesium-supplemented drinking water

Table 5.5. Marginal bands for assessing the magnesium status of ruminant livestock.

Urine?
Serum? CSFe° Vitreous humour (fresh)°  (mg creatinine™, Rib
(mmol I-)*  (mmol I-')° (mmol I-1)° molar ratio) (mg g ' ash)®
Cattle 0.5-0.75 0.4-0.6 0.5-0.75 0.4-0.8 <12 (6—12 months)
<7 (>36 months)
Sheep 0.6-0.75 0.6-0.8 0.4-0.8 0.4-0.8 -

CSF, cerebrospinal fluid.

aWhen mean values for sampled populations fall below these ranges, the flock or herd will probably benefit from
supplementation. Values within bands indicate a possibility of current or future responses in some individuals that
increases with proximity to the lower limit.

®Multiply values by 24.3 to convert units from mmol to mg and divide rib data by 24.3 to convert mg to mmol.

‘When the mean post-mortem value is below the ranges given, hypomagnesaemic tetany is a probable cause of death.



114

Chapter 5

for 24 h prior to transportation. This sugges-
tion is made on the basis of evidence that pigs
given access to magnesium prior to transporta-
tion exhibit attenuated stress responses, but, to
the author’s knowledge, comparable responses
in ruminants have yet to be tested.

Genetic selection

Since magnesium metabolism and susceptibility
to grass tetany are subject to genetic variation,
the possibility of selecting for resistance to the
disease via indices that indicate high efficiencies
of magnesium utilization should be explored.
(Note that a selection strategy targets the vulner-
able minority of any population, whereas pre-
ventive supplementation methods involve the
treatment of the whole herd or flock in perpetu-
ity and ensures the survival of the vulnerable.)
Sire effects on urinary magnesium have been
found in sheep (Field et al., 1986) and ratios of
magnesium to creatinine in the urine of bulls
held at artificial insemination centres on a stand-
ard ration might allow the selection of resistant
sires. Progress can also be made by selecting for
plants rich in magnesium, and hypomagnesae-
mia may be controlled in sheep by grazing them
on a grass cultivar high in magnesium (Moseley
and Baker, 1991). The quest for low potassium
genotypes that decrease the risk of milk fever
should vield cultivars with a lower likelihood of
causing hypomagnesaemic tetany.

Magnesium and Meat Quality

Dietary magnesium supplementation prior to
slaughter can moderate some biochemical
changes in pigs associated with transport stress
(Apple et al., 2005) and reduce post-mortem
changes in pork, associated with muscle glyco-
lysis, that cause the meat to become pale, soft
and exudative (PSE pork) (D’'Souza et al.,
1999). The incidence of PSE pork is a major
concern amongst meat retailers and research
on the efficacy of different sources of magne-
sium for controlling PSE has received massive
support from manufacturers of ‘organic’ min-
eral supplements. A bewildering array of
responses to magnesium, given in one of ten

or more forms, has been reported and citation
lists to papers get ever longer (e.g. Apple
et al., 2005). The variability of magnesium
responses is partly due to other factors that
increase the incidence of PSE, such as geno-
type (halothane sensitivity), lengthy transporta-
tion, lack of lairage and goading. When stress
between departure from the piggery and the
moment of slaughter is minimal, a positive
response to magnesium is unlikely.

Experimental protocols have measured so
many indices of quality (or putative determi-
nants of quality) that at least one was likely to
register as ‘improved’, allowing a claim of effi-
cacy (or potential efficacy) to be made for the
particular magnesium source used. There is no
physiological evidence to indicate that the form
or route of magnesium supplementation has
any effect on the glycolytic changes in muscle
that cause PSE. Magnesium supplementation
is only needed for a short period prior to
slaughter (with 1.6g for 1 day being as effec-
tive as 3.2g for 5 days) regardless of source
(sulfate, propionate or proteinate) (Hamilton et
al., 2003) and may be most conveniently pro-
vided via the drinking water (Frederick et al.,
2004). Supplementation with mica improved
feed conversion efficiency during the early fin-
ishing phase in one pig study (Apple et al.,
2005) but effects on performance have been
rarely seen in other studies.

Magnesium and Heat Stress

Magnesium supplementation has decreased
the effect of heat stress on 10-day-old quail,
whether it was given as MgO or magnesium
proteinate (Sahin et al., 2005). The authors
claimed superior protection for the organic
source, but there was no verification that the
intended supplementation rates (1 or 2g Mg
kg~! DM) were attained or that the MgO was of
high purity and fine particle size.

Magnesium Toxicity

The lack of homeostatic mechanisms for the
control of metabolism for a given mineral is
usually associated with tolerance of extreme
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intakes, but this is barely true of magnesium.
The NRC (2005) has placed the tolerable limits
of magnesium for pigs, poultry, ruminants and
horses at 2.4, 5.0-7.5, 6 and 8g kg™! DM,
respectively. In laying hens, 8-12g kg~ DM
has reduced egg production and eggshell
strength (Hess and Britton, 1997), and chicks
develop diarrhoea with >30g Mg (as MgO)
kg~! DM (Lee and Britton, 1987).

Ruminants

Tolerance is of most practical importance in
forage-fed ruminants because they are often
given large magnesium supplements to prevent
deprivation. In sheep and steers given rough-
age/concentrate mixtures, 14g Mg kg~! DM
has been found to be mildly toxic (Chester-
Jones et al., 1989, 1990). The first abnormal-
ities were loosening of the surface (stratum
corneum) of rumen papillae. Higher levels (25
and 47 g kg~! DM) caused severe diarrhoea and
drowsiness and severe degeneration of the
stratified squamous epithelium of the rumen in
the steers. Early loss of appetite can occur with
>13g Mg kg! DM (Gentry et al., 1978), but
this may be partly attributable to the unpalata-
bility of the MgO used to raise magnesium
intakes. Linear increases in serum magnesium

with increasing magnesium intakes can take
serum Mg to >3mmol I! after 71 days’ sup-
plementation at 47g kg! DM in steers
(Chester-dones et al., 1990). At such levels
there is likely to be loss of muscle tone, deep
tendon reflexes and muscle paralysis (Ebel and
Giinther, 1980). Increases in soft tissue mag-
nesium were, however, small and mostly non-
significant. The significance of such studies
relates to the practice of providing grazing ani-
mals with free access to magnesium-rich min-
eral mixtures. In one instance, a mixture
containing 130g Mg kg! DM exacerbated
diarrhoea in lambs (Suttle and Brebner, 1995).
Presumably, high intakes of potassium will
increase the laxative effects of magnesium in
ruminants by increasing the concentrations of
magnesium in digesta reaching the large intes-
tine. Given the variable individual and day-to-
day intakes of such mixtures, some members
of a flock or herd may ingest enough magnesi-
um-rich mineral to disturb gut function.
Excessive magnesium intakes increase the risks
of urolithiasis in goats (James and Chandron,
1975), sheep (Chester-Jones et al., 1989) and
calves (Chester-Jones et al., 1990), but inci-
dence may partly depend on the phosphorus
concentration in the urine (see Chapter 6). The
addition of magnesium-mica to feeds as a pel-
leting agent may increase the risk of
urolithiasis.
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6 Phosphorus

An early indication that a shortage of phos-
phorus could seriously impair livestock produc-
tion came from the pioneering work of Sir
Arnold Theiler (1912) as he investigated two
debilitating diseases (‘styfziekte’ and ‘lamziekte’)
of cattle and sheep grazing veldt pastures at
Armoedsvlakte in South Africa’s Northern
Cape. The diseases were characterized by high
mortality, poor growth and fertility, fragile
bones and periodic osteophagia. Phosphorus
deprivation emerged as a possible cause and
details of successful preventive measures were
eventually published (Theiler and Green, 1932;
DuToit et al., 1940). Other pastoral areas lack-
ing in phosphorus were identified on many
continents, including Australia and North
America. In Florida, precise requirements for
phosphorus were soon being estimated for
lambs (Beeson et al., 1944). However, remark-
able improvements in production obtained in
South Africa with supplements of blood meal,
providing both phosphorus and protein, exag-
gerated the impact of phosphorus deprivation
per se and the optimal phosphorus supple-
mentation for cattle is still under investigation
on veldt pastures (De Waal et al., 1996; de
Brouwer et al., 2000) and elsewhere (Karn,
2001). It is now apparent that phosphorus has
equally important roles to play in soft and hard
tissues and that exchanges of phosphorus
between them can protect the grazing animal
from phosphorus deprivation.
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Ruminants differ markedly from non-
ruminants, in that the presence of microbial
phytase in the rumen allows them to utilize
much of the abundant phosphorus present as
phytates (Py) in grains. Early success in sup-
plementing pig and poultry rations with mix-
tures of calcium and phosphorus (e.g. bone
meal) masked an underlying dietary antago-
nism whereby calcium supplements reduce
the availability of Py phosphorus (PyP). The
discovery that phosphorus could be liberated
from PyP by adding phytase to the chick diet
(Nelson et al., 1971) began a fruitful line of
research that continues to this day.
Nevertheless, profligate use of inorganic
phosphorus (P) supplements in feeds and fer-
tilizers for all classes of livestock has so
enriched soils and watercourses with phos-
phorus in intensively farmed areas that it has
contributed to the eutrophication of surface
waters and led to mandatory restrictions on
farm ‘inputs’ of phosphorus (Jongbloed
and Hitchens, 1996). This problem will be
partly solved as a better understanding of
phosphorus metabolism lowers estimates of
phosphorus requirement. The application
of biotechnology that allows better utilization
of plant sources of phosphorus by pigs and
poultry has been hailed as a breakthrough,
but does not overcome the basic problem —
cereals and vegetable proteins contain more
phosphorus than livestock need.

©N. Suttle 2010. Mineral Nutrition of Livestock, 4th Edition (N. Suttle)
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Functions of Phosphorus

Phosphorus is the second most abundant min-
eral in the animal body and about 80% is found
in the bones and teeth. The formation and
maintenance of bone are quantitatively the
most important functions of phosphorus, and
the changes in bone structure and composition
that result from phosphorus deprivation are
in most respects the same as those described
for calcium deprivation (see Chapter 4).
Phosphorus is, however, required for the for-
mation of the organic bone matrix as well as
the mineralization of that matrix. The remain-
ing 20% of body phosphorus is widely distrib-
uted in the fluids and soft tissues of the body
where it serves a range of essential functions.
Phosphorus is a component of deoxy- and
ribonucleic acids, which are essential for cell
growth and differentiation. As phospholipid it
contributes to cell membrane fluidity and integ-
rity and to the myelination of nerves; and as
phosphate (PO,) helps to maintain osmotic
and acid-base balance. Phosphorus also plays
a vital role in a host of metabolic functions,
including energy utilization and transfer via
AMP, ADP and ATP, with implications for
gluconeogenesis, fatty acid transport, amino
acid and protein synthesis and activity of the
sodium/potassium ion pump.

Disturbances of glycolytic metabolism have
been noted in the erythrocytes from phospho-
rus-deficient cattle (Wang et al., 1985). In rumi-
nants, the requirements of the rumen and
caeco-colonic microflora are also important, and
microbial protein synthesis may be impaired on
low-phosphorus diets (Petri et al., 1989;
Ternouth and Sevilla, 1990b). Phosphorus is
further involved in the control of appetite (in a
manner not yet fully understood) and in the effi-
ciency of feed utilization (Ternouth, 1990). In a
fascinating twist, it now appears that Py is an
important constituent of mammalian tissues as
well as a dietary antagonist of phosphorus
absorption (Ap), being present in the basolateral
membrane of cells where it ‘anchors’ alkaline
phosphatases (Vucenik et al., 2004). Synthesis
of Py can take place in the tissues, where its
strong affinity for ferric ions provides antioxidant
capacity and affinity for calcium ions allows par-
ticipation in gene regulation, RNA export, DNA
repair and cell signalling (Bohn et al., 2008).

Dietary Sources of Phosphorus

The concentrations of phosphorus in feeds vary
more widely than those of most macro-minerals
as the data for the UK show (Table 6.1).

Table 6.1. Mean (standard deviation) phosphorus concentrations (g kg=' DM) in livestock feeds

commonly used in the UK (MAFF, 1990).

Roughages P Concentrates P By-products P
Barley straw 1.1 (1.10) Barley 4.0 (0.46) Wheat bran 12.6 (3.00)
Oat straw 0.9 (0.24) Maize 3.0 (0.32) Rice bran 17.4 (1.70)
Grass 3.0 (0.68) Oats 3.4 (0.46) Brewers’ grains 5.1 (1.00)
Kale 4.2 (0.71) Wheat 3.3(0.42) Distillers’ grains® 9.6 (0.80)
White clover 3.8 (0.28) Maize gluten 2.8 (1.20) Citrus pulp 1.1 (0.09)
Grass silage 3.2 (0.62) Cottonseed meal 8.9 (1.1) Sugarbeet pulp 0.8 (0.15)
Clover silage 2.3(0.75) Fish meal, white 38.0 (14.5) Cassava meal 0.9 (0.14)
Lucerne silage 3.3 (0.35) Groundnut meal 6.0 (0.20) Feather meal 3.1 (0.60)
Maize silage 2.6 (1.20) Linseed meal 8.7 (0.80)
Fodder beet 1.8 (0.27) Maize-gluten meal 2.8 (1.20)
Swedes 2.6 (0.28) Palm-kernel meal 6.2 (0.61)
Grass hay 2.6 (0.77) Rapeseed meal 11.3 (1.50)

Soybean meal (ext.) 7.9 (0.15)

Sunflower-seed meal  10.8 (1.90)

aBarley-based.
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Milk and animal by-products

Milk is an important source of phosphorus for the
young of all species and contains 1.0-1.6g
P I-1. Concentrations are more uniform on a dry
weight basis at around 8g kg™ dry matter (DM),
but main milk from mares is relatively low in phos-
phorus (0.54g I?) (see Table 2.1). In all species,
colostrum is much richer in phosphorus than
main milk. Milk phosphorus is mostly present in
casein, and products derived from bovine milk
vary in phosphorus according to the manufactur-
ing process: by-products of cheese-making such
as whey are much lower in phosphorus than
those from butter-making such as dried skim-milk,
but liquid whey can still provide useful amounts of
phosphorus for pigs. Rendered animal by-products
such as meat and bone meal are valuable as
sources of phosphorus and must not contain <4%
phosphorus in the USA. Although their use in the
European Community is currently prohibited,
these constraints may be lifted.

Cereals

Cereals are rich in phosphorus (Table 6.1),
most of which is stored in the seed coat in the
form of Py complexes with calcium, magne-
sium and potassium, with Py taking the form
of inositol tetra-, penta- and hexaphosphates,
respectively. The extensive literature on feed
Py has been reviewed by Reddy and Sathe
(2001). The polydentate Py molecule has been
likened to a turtle to help memorize the nomen-
clature: the inositol ring is the ‘body’ with four
esterified PO, at the corners, represented by
four ‘paws’, and one at either end pointing up
(‘head’) or down (‘tail’) (Fig. 6.1). Each PO, is
capable of binding minerals with varying affin-
ity in vitro (copper > zinc > nickel > cobalt >
manganese > iron > calcium) (Bohn et al.,
2008). Of the total phosphorus in cereals, PyP
usually contributes 70-80% (Selle et al., 2003;
Jendreville et al., 2007).

Plant protein sources and by-products

Vegetable protein sources are richer in phos-
phorus than cereals (Table 6.1) but the pro-

portion reported to be present as PyP,
50-60%, is generally lower (e.g. 55% in 25
samples of soybean meal (SBM) obtained
from across the USA) (Manangi and Coon,
2006). However, a comparison across leg-
ume and oilseed types indicates that they
contain a higher proportion of PyP than
cereals (Viveros et al., 2000). In the Manangi
and Coon (2006) study, mean (standard devi-
ation) PyP and non-PyP concentrations were
3.87 (0.23) and 3.16 (0.64) g kg™! DM,
respectively. Attention has focused on the
more variable Py component of grains, but
non-PyP in SBM may be predictable from the
total phosphorus (Fig. 6.2) (Gao et al., 2007).
The widely used sugarbeet pulp, whether
molassed or not, is notoriously low in phos-
phorus (Table 6.1), but cereal-based by-prod-
ucts such as brewers’ and distillers’ grains

Fig. 6.1. Structure of the fully deprotonated form
of phytic acid (myo-inositol hexakis phosphate)

(from Bedford and Partridge, 2001).

y = 0.81x —2.48
R2 = 0.7985 ¢

Non-phytate P (g kg~ DM)
w
()]

Total P (g kg™' DM)

Fig. 6.2. Soybean meals vary widely in total
phosphorus and non-phytate P concentration,
but non-phytate P is a predictable fraction of
total P, increasing from 0.40 to 0.53 across the
range of total P values (from Manangi and Coon,
2006).
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retain most of the phosphorus present in the
grain and are high in phosphorus (Table 6.1).
Little attention has been given to the concen-
tration of PyP in other feeds, but analytical
technique is important.

The ‘standard’ ferric chloride (FeCl,)
extraction method for measuring Py does not
extract all of the PyP from certain feeds,
including the seeds of lupins and field
beans (Selle et al., 2003). Recent modifica-
tions of the assay methods for Py have been
reviewed by Gao et al. (2007). Nevertheless,
substantial concentrations of PyP have been
detected in alfalfa hay, bagasse and citrus
pulp (0.82, 0.32 and 0.54 g kg™! DM, respec-
tively, equivalent to 21%, 64% and 45% of
total phosphorus) (Dias et al., 2006). The
use of genetic engineering to produce crop
varieties with less PyP (e.g. Bretziger and
Roboy, 2006) is discussed in more detail in
Chapter 20.

Plant sources of phytase
and phosphatase

Cereals contain phytases and acid phos-
phatases to release PO, from stored Py dur-
ing germination. These enzymes can perform
a similar service in the gut and are an impor-
tant determinant of ‘phosphorus value’.
Wheat, triticale, rye and barley are relatively
rich in both enzymes, while maize, millet and
sorghum contain little (Selle et al., 2003;
Bohn et al., 2008). Phytase activity is associ-
ated with outer layer of the grain and brans
from rye and wheat are much richer in
phytase than the respective grains (7339 ver-
sus 5147U kg! and 4624 versus 1637U
kg™1). Acid phosphatase is similarly parti-
tioned (Viveros et al., 2000). Legumes and
oilseeds contain negligible phytase but mod-
erate acid phosphatase activity (Viveros
et al., 2000). Phytases vary in where they
begin to hydrolyse the Py molecule, generally
preferring to hydrolyse ‘equatorial (‘paw’)
rather than axial (‘head’ or ‘tail’) PO, groups:
they also vary in pH optima and stability in
the stomach (Bohn et al., 2008) and there-
fore in their ability to improve phosphorus
utilization.

Herbage

On a worldwide scale, herbage phosphorus
varies more widely than is shown by the UK
data in Table 6.1, being influenced primarily by
the phosphorus status of the soil, stage of plant
maturity and climate. On average, herbage
phosphorus increases by 0.03-0.05g kg! DM
mg~! extractable soil phosphorus (Minson,
1990; Jumba et al., 1995). Temperate forages
generally contain more phosphorus than tropi-
cal forages (3.5 versus 2.3g kg-! DM), but this
may be due to the greater use of fertilizer phos-
phorus. Alfalfa is generally richer in phospho-
rus than grasses and tropical legumes generally
contain more phosphorus than tropical grasses
(3.2 versus 2.7 g kg! DM) (Minson, 1990), but
there are exceptions.

Table 6.2 presents hitherto unpublished
data for grasses and legumes from Costa Rica.
These data show that phosphorus is consist-
ently low in four contrasting legume species.
Some Stylosanthes species are renowned for
a capacity to grow vigorously on soils that are
low in phosphorus, but their phosphorus status
remains low (often <1.0g kg~! DM). This toler-
ance of low soil phosphorus may be shared by
other legumes. Note that legumes are much
richer in calcium than grasses, giving calcium
to phosphorus ratios that are almost fivefold
higher than those in the grasses sampled.
There is a marked reduction in whole-plant
phosphorus concentrations as most forages
mature, particularly during any dry season.

Selective grazing

Grazing animals prefer phosphorus-fertilized
pasture when given a choice (Jones and
Betteridge, 1994) and select pasture compo-
nents that are richer in phosphorus than the
whole sward. Workers at Armoedsvlakte noted
two- to threefold higher phosphorus levels in
herbage selected by cattle (i.e. in samples from
oesophageal fistulae) than in hand-plucked
samples (Engels, 1981) and ceased using herb-
age samples as an index of phosphorus supply
(Read et al., 1986a,b; De Waal et al., 1996),
as have others (Karn, 1997). Selectivity is most
important when the sward contains a mixture
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Table 6.2. Mean (standard deviation) concentrations of phosphorus and calcium (g kg™
DM) and Ca:P ratios in some tropical grasses and legumes from Costa Rica.?

n P Ca Ca:P
Grass species
Kikuyu (Pennisetum clandestinum) 5 3.1 (0.41) 2.5 (0.25) 0.8
Ratana (Ischaemum ciliare) 5 1.8 (0.70) 3.0 (0.57) 1.7
Signal grass (Brachiaria decumbens) 5 1.4 (0.27) 3.8 (0.72) 2.7
Star grass (Cynodon nlemfuensis) 4 1.5 (0.72) 2.4 (0.09) 1.6
Guinea (Panicum maximum) 3 2.4 (1.35) 3.1 (0.40) 1.3
Jaragua (Hyparrhenia rufa) 4 1.2 (0.55) 2.4 (0.20) 2.0
Legume species
Stylo (Stylosanthes guianensis) 4 1.4 (0.19) 9.0 (0.39) 6.4
Centro (Centrosema pubescens) 3 1.3 (0.19) 9.1 (2.96) 7.0
Arachis (Arachis glabrata) 4 1.5(0.16) 11.2 (0.77) 7.5
Naked Indian (Bursera simaruba) 5 1.1 (0.30) 10.4 (2.68) 9.5

20. Adedeji and N.F. Suttle, unpublished data.

of young, mature and senescent material and/
or a mixture of species that vary in phosphorus
concentration and palatability (McClean et al.,
1990). The selection of particular parts of a
plant at a given stage of maturity is unimpor-
tant because distribution within a plant is rela-
tively uniform. Cohort, oesophageally fistulated
animals yield more reliable measures of phos-
phorus intake when parenteral doses of 3?P
allow correction for contamination by salivary
phosphorus (Coates et al., 1987; Langlands,
1987; Coates and Ternouth, 1992). If the
entire stand is virtually removed during a graz-
ing period, the early selection of phosphorus-
rich herbage may have little effect on cumulative
phosphorus intake. Hand-plucked samples can
be standardized to give samples of known
maturity for particular species (Kerridge et al.,
1990) and herbage phosphorus concentrations
should thus be measured whenever possible to
record changes in the available phosphorus
supply from the soil from year to year.

Roughages and forage crops

The higher phosphorus levels reported for
grass silages than grass hays in Table 6.1 pro-
bably reflect the earlier growth stage at which
silage is harvested. Immature, whole-crop
cereal silages are now widely used as feeds for
ruminants in autumn and winter, but often
have relatively low phosphorus concentra-

tions. In the UK, corn silage usually contains
30-50% less phosphorus than grass silage.
Although ensilage of the whole crop raises
phosphorus concentrations slightly, the imma-
ture grain lacks a phosphorus-rich seedcoat.
Brans are rich in phosphorus, straws low in
phosphorus (1-2g kg™! DM) and root crops
generally of intermediate content (Table 6.1).
Selection between constituents that vary widely
in phosphorus content can affect phosphorus
intakes from ‘complete’ diets offered to cows.

Assessing the Value of
Phosphorus Sources

Certain aspects of phosphorus metabolism
must be covered before proceeding to assess
the ‘phosphorus value’ of feeds.

Absorption

The absorption of phosphorus (A;) takes place
principally in the proximal small intestine
(Bown et al., 1989; Yano et al., 1991) and is
largely unregulated in all species. Specific,
sodium-dependent transporters for phosphate
(PO,) have been identified in the jejunal
mucosa and kidneys of poultry, but phospho-
rus deprivation only affects transporter expres-
sion in the kidneys (Huber et al., 2006). There
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is measurable absorption of phosphorus from
the large intestine in pigs (Liu et al., 2000).

Absorption in ruminants

In weaned sheep (Braithwaite, 1986; Portilho
et al., 2006), calves (Challa et al., 1989) and
goats (Vitti et al., 2000), Ay is linearly related
to P, intake over wide ranges, with high coeffi-
cients of 0.68-0.80. Dephosphorylation and
hydrolysis of Py in ingested grains and seeds by
microbial phytases and phosphatases releases
PO, in the rumen (Reid et al., 1947; Nelson
et al., 1976; Morse et al., 1992) and this is
largely incorporated into microbial protein but
the degradation of PyP can be far from com-
plete. Microbial phosphorus is marginally less
well absorbed than PO,, which is — like other
anions — readily absorbed.

Absorption in non-ruminants

Inyoung pigs Ap, is even higher than in ruminants,
with absorption coefficients of 0.89-0.97 being
reported (Peterson and Stein, 2006; Pettey
et al., 2006), but there are wide differences
between species in the ability to absorb organic
phosphorus. While non-ruminants can free most
of the Py from organic complexes in the feed
during its digestion (dephosphorylation), they
remain heavily dependent on the limited pres-
ence of phytases in grains to free phosphorus
from Py (conversion) (Zyla et al., 2004). Phytase
activity is very low in the intestinal mucosa of
pigs and has not been detected in the lumen
(Pointillart et al., 1987), but the enzyme is
expressed in poultry (Cho et al.,, 2006).
Conversion produces a family of partially
degraded Py molecules whose spectrum changes
during passage through acid and alkaline regions
of the gut, allowing different phytases to act
synergistically (Zyla et al., 2004).

Recycling and excretion in ruminants

The measurement of A in ruminants is compli-
cated by the copious secretion of phosphorus in
saliva, which adds greatly to the flow of phos-

phorus into the rumen (Tomas et al., 1973).
Salivary phosphorus is absorbed as efficiently as
P, (Challa et al., 1989; AFRC, 1991), allowing
considerable recycling to take place, but some
escapes and the faeces provides the primary
route for excreting surplus absorbed phosphorus
on forage-based diets. The faeces thus contains
unabsorbed phosphorus from saliva, as well as
the diet and rumen microbes, and the widely
measured apparent absorption of phosphorus
(AAp) underestimates ‘phosphorus value’.
Salivary phosphorus secretion is largely
determined by the concentration of phospho-
rus in saliva, which is highly correlated with
plasma phosphorus (Challa et al., 1989; Valk
et al., 2002). Low phosphorus intakes cause
plasma and salivary phosphorus to fall, but
irreducible faecal endogenous losses (IFEp)
remain the predominant source of faecal phos-
phorus (e.g. 70-90%) (Breves et al., 1985).

Excretion in pigs and poultry

Comparatively little saliva is secreted by pigs
and the urine is normally the major route for
excreting excess absorbed phosphorus. The dif-
ference between intake and faecal excretion (or
AA;) is a valid indicator of ‘phosphorus value’ in
pigs. However, estimates of IFE, in pigs vary
10-fold between studies (Petersen and Stein,
2006), probably due to artefacts of the tech-
niques employed, and the conversion of AA; to
A, by deducting IFE; is unreliable in pigs (see
p. 29). The urine is also the route for excreting
surplus absorbed phosphorus in poultry, but the
measurement of AA, is complicated by the
entry of urinary phosphorus into the gut, distal
to the ileum, so that uncorrected AA; provides
no useful information on the phosphorus value
of feeds for poultry. A combination of indigesti-
ble markers and ileal cannulae must be used to
determine phosphorus flows leaving the ileum,
but they have shown that P, is again absorbed
almost completely (Rodehutscord et al., 2002).

Excretion in the horse

Mature trotters given a diet of hay and concen-
trate in equal measure and containing 2.9g
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P kg! DM had a low AA; coefficient of 0.024
and excreted no phosphorus in their urine (van
Doorn et al., 2004). The addition of monocal-
cium phosphate or bran to the diet raised
phosphorus intake by 23-25g day!, urinary
phosphorus by only 2g day~! and AA, to 0.15
or 0.11. These findings indicate that the horse
excretes excess absorbed phosphorus via the
faecal rather than the urinary route, probably
by virtue of a high salivary output. Studies with
rabbits indicate that hind-gut fermenters can
degrade Py in the caecum (Marounek et al.,
2003), but this will not be detected by measur-
ing AA; until the capacity to excrete phospho-
rus via the saliva and faeces has been saturated.
The ‘phosphorus value’ of feeds for equines is
therefore largely unknown because the widely
measured AA, reflects animal rather than feed
attributes.

If lactating mares are given similar for-
age to foals, they appear to absorb phospho-
rus far more efficiently (AA, coefficient 0.47
versus 0.07-0.14) (Grace et al., 2002,
2003), but this will merely reflect the diver-
sion of absorbed phosphorus from salivary to
mammary secretion. The lack of effect of cal-
cium (Grace et al., 2003) or phytase (van
Doorn et al., 2004) supplements on AAp
does not rule out possible changes in A
Similarly the lack of effect of replacing a P,
supplement with bran, with or without
phytase (1000U kg=! DM), on urinary phos-
phorus excretion or AA; does not rule out
the occurrence of an antagonism between
calcium and Py in the gut.

Retention and relative availability

Most attempts to assess the ‘phosphorus
value’ of feeds for pigs and poultry have tried
to avoid the difficulties of measuring A, by
comparing repletion rates on a low-phospho-
rus basal diet supplemented with ‘unknown’
(test) sources of phosphorus or an inorganic
source of known, high availability phospho-
rus such as monosodium phosphate (MSP).
Such comparisons yields values for relative
absorption (RA;), but the technique presents
further problems, notably the effect of per-
formance index on the RA;, value (see Chapter 2)

and the fact that it is relative retention that
is measured, thus ignoring the urinary excre-
tion of excess absorbed phosphorus. In a
recent attempt to measure the RA; of bone
meal (Traylor et al., 2005), the slopes ratio
test gave a value of 87% or 95%, depending
on whether a linear regression was forced
through the origin. Markedly curvilinear
responses in live-weight gain (LWG) with
bone meal appear identical to those for
MSP.

Phosphorus Availability
Milk and milk replacers

All animals that are suckled or reared on milk
substitutes (e.g. Challa and Braithwaite, 1989)
absorb phosphorus with almost complete effi-
ciency. Data from Petty et al., (2006) indicate
that the phosphorus in casein is absorbed by
pigs as efficiently as P,. With the introduction
of solid feeds into the diet, wide differences in
‘phosphorus  value’ emerge in different
species.

Feeds for ruminants

A high proportion of the phosphorus in fresh
or dry forages is absorbed by both sheep and
cattle (AFRC, 1991; NRC, 2001) regardless
of forage type, with a mean A, coefficient of
0.74+0.09 (standard deviation) (AFRC,
1991). The phosphorus in wheat straw
(Ternouth, 1989) and brans (Knowlton et al.,
2001) is also relatively well absorbed,
although only one A, coefficient has been
published (0.63 for rice bran) (Field et al.,
1984). Feeds may vary in A, according to
the extent to which they promote microbial
protein synthesis (Bravo et al., 2003b), but
well-formulated diets will vary little in this
respect and uniformly high A, values of
0.78-0.81 have been reported for two cere-
als (wheat and barley), three vegetable pro-
tein sources (rapeseed meal, maize gluten
and SBM) and a fish meal for sheep (Field
et al., 1984).
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Three recent observations suggest that
the long-held view that PyP is always com-
pletely degraded in the rumen may no longer
be valid. First, dairy cows given diets contain-
ing 38% grain in processed forms showed
increases in plasma P, when phytase was
added to the diet (Kincaid et al., 2005).
Second, a survey of the form of phosphorus
in faeces from US dairy cows found that 18%
was present as PyP (Toor et al., 2005).
Third, specific measurement of the digestibil-
ity of PyP (mostly from corn and SBM)
showed that 53% escaped degradation and
was excreted in the faeces of lambs (Dias
et al., 2006). The treatment of vegetable
proteins with formaldehyde to reduce the
degradability of protein in the rumen also
restricts the degradability of Py (Park et al.,
1999), and the provision of high-yielding lac-
tating ewes and cows with bypass protein
may reduce the A of vegetable proteins such
as SBM that are otherwise rapidly degraded.
With the more slowly degradable rapeseed
meal, formaldehyde treatment did not affect
the repletion rate in phosphorus-depleted
sheep (Bravo et al., 2003a).

High dietary calcium (>8g kg~! DM) exac-
erbates phosphorus deprivation in sheep
(Young et al., 1966; Field et al., 1975; Wan
Zahari et al., 1990). Increases in dietary calcium

(from 3.4 to 5.4g kg! DM) decreased Ay, in
sheep by 18%, but had no such effect with the
low-phosphorus basal diet (1.5g P kg™! DM)
(Field et al., 1983). In a survey of faecal phos-
phorus in commercial dairy herds, a positive
correlation with dietary calcium was noted
(Chapuis-Hardy et al., 2004). The possibility
that excess calcium can sometimes form insol-
uble complexes with PyP in the rumen, par-
tially protecting it from degradation, requires
urgent investigation.

Feeds for pigs

Feeds are conventionally given values relative
to MSP (RA;) and values for cereals and
vegetable proteins are generally low, with
large differences between sources, particu-
larly cereals (Soares, 1995). Coefficients for
AA, can be a more useful statistic, although
still variable, and the published data for com-
mon feeds and blends are summarized in
Table 6.3. The low AA; values for maize
compared with wheat (Jongbloed and
Kemme, 1990) have been confirmed by Rapp
et al. (2001). Studies with low-Py cereals
show that Py is a major determinant of AA,
in a given cereal and that AA; is marginally
higher from normal barley than normal maize.

Table 6.3. Coefficients for the apparent absorption of phosphorus (AA.) from common feeds and blends
fed to pigs in 11 studies, selecting data for treatments in which no inorganic P supplements were used.
The ‘P availability’ values, which are commonly used in USA to predict the need for P, supplementation
(NRC, 1998), are also shown. These underestimate AA;, particularly for feed blends, the single exception

being a pelleted maize/soybean meal blend.

NRC (1998)
Food AA. available P® References
Barley, normal 0.39, 0.40 0.28 Jongloed and Kemme (1990); Veum et al. (2002)
Maize, normal 0.17,0.37 0.13 Jongloed and Kemme (1990); Veum et al. (2001)
Wheat 0.41 0.45 Jongloed and Kemme (1990)
SBM, normal 0.38 0.23 Jongbloed and Henkens (1996)
Blends
Maize/SBM? (74:20 0.32, 0.43, 0.15 Spencer et al. (2000); Adeola et al. (2004);
on average) 0.37,0.16 0.15 Brana et al. (2006)
Maize/barley/SBM 0.34 0.15 Kies et al. (2006)
(32:30:11)
Barley/SBM (54:23) 0.54 0.20 Veum et al. (2007)

aSBM, soybean meal.

®Using measures for the relative availability of the feed when compared to monosodium phosphate, normally given a
value of 1.0 (or 100%), adjusted to a probable AA, of 0.9 (90%).
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Fig. 6.3. Genetic modification of barley and maize to produce varieties low in phytate (Lpy) greatly
increases the apparent absorption (AA) of phosphorus; there is a corresponding though smaller increase
in apparent absorption of calcium, and barley is marginally superior to maize as a source of both minerals

(Veum et al., 2001, 2002). N, normal.

Blending maize with phytase-rich cereals such
as triticale (Pointillart et al., 1987) or by-
products such as rice bran (Pointillart, 1991)
and wheat middlings (Han et al., 1998) sig-
nificantly increases AA;, partly because of
increased degradation of PyP from maize.
The AA; values for blends (e.g. Kies et al.,
2006) are nearly twice those calculated by
summating standard RA, values for individual
feeds, as is the common practice (Table 6.3).
This convention is impractical for blends
other than corn/SBM because it does not
allow for interactions with phytase-rich feeds.
Indeed, it may not be sufficiently precise even
for corn/SBM blends because the NRC
(1998) relies heavily on briefly reported RA,
values (e.g. 0.14 in corn and 0.31 in extracted
SBM obtained in single trials) (Cromwell,
1992).

Asdietary calcium increases, AA, decreases
in low-phosphorus diets, even those supple-
mented with phytase (Fig. 6.4). Soaking the
diet can increase AA; (Liu et al., 1997), while
pelleting reduces it (Table 6.3) (Larsen et al.,
1998). High-moisture corn contains phospho-
rus of high RA, (approximately 0.5) (Soares,
1995). Recent evaluations of meat and bone
meal (Traylor et al., 2005) placed RA, above
the top of the range in the literature (50-80%),
and a high protein content (around 50% crude
protein) allows the partial replacement of
sources of low RA, such as SBM.

Feeds for poultry

It is still common practice to consider PyP to
be totally unavailable to poultry, following
NRC (1994), but this assumption may only
be close to the truth for laying hens and
newly hatched chicks on corn-based diets.
The chick’s ability to retain PyP increases
dramatically in the second week of life (see
Fig. 4.5, p. 62) and many studies have shown
significant pre-caecal disappearance of Py

Hﬂul

5.7 6.7 55 7 8.9
Dietary Ca (g kg~' DM)

0.6 1

0.55 A

0.5 1
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AA,, coefficient

0.4

T
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Fig. 6.4. Raising dietary calcium concentrations
lowers the apparent absorption of phosphorus
(AAp) from phytase-supplemented diets in
weanling pigs given diets of low (3.6g P kg™
DM, open columns) or normal (4.5g P kg~' DM,
solid columns) phosphorus concentration. The
effect is attenuated by the increase in inorganic
P supplementation (from 0.7 to 1.6g P kg~' DM)
(data from Qian et al., 1996, pooling the results
from two levels of phytase supplementation).
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from the gut in older chicks. With corn/SBM
diets, 0.19-0.25 of Py is degraded by 2-3-
week-old broiler chicks, whether the diet is
high (Camden et al., 2001; Tamin et al.,
2004) or low (Mangani and Coon, 2006) in
calcium. In diets with no added P, laying
hens absorb less phosphorus from maize
than barley (AA,0.25 vs 0.34 at the ileum),
reflecting the higher Py content of maize
(Francesch et al., 2005). However, maize
still provides substantial amounts of AA,.
With exogenous phytase added, AA; rises to
0.51 and 0.58, respectively, clearly indicat-
ing the constraint imposed upon absorption
by undegraded Py. In hens given a diet rela-
tively low in calcium (30g kg™ DM), only
10-21% of PyP in a corn/SBM diet is degraded
(Van der Klis et al., 1997).

Cereal type and blend is again important.
Blending triticale rather than corn with SBM
(45:30) in phosphorus-deficient diets for chicks
is equivalent to adding up to 0.81g P, kg~! DM
to the diet (Jondreville et al., 2007). Turkeys
may utilize Py much more efficiently: in an
early study, an RA, of 80% was found for
maize and cottonseed meal (Andrews et al.,
1972). Phosphorus retention was relatively
high (50%) in newly hatched poults given a
corn/SBM diet that provided only one-fifth of
the total phosphorus as P, (Applegate et al.,
2003).

Effects of calcium in poultry

Dietary calcium has a major effect on the utili-
zation of PyP in poultry. In one study with
chicks, reducing dietary calcium from 10 to
5g kg! DM by removing limestone supple-
ments increased the fraction of Py degraded
from 0.51 to 0.65 (Mohammed et al., 1991).
In a similar study, the fraction of Py degraded
was increased from 0.25 to 0.69 (Tamin
et al., 2004). Lowering both calcium and P; in
the diet of chicks increased Py degradation
from 0.12 to 0.37 at 18 days (Yan et al.,
2005). The impact of excess dietary calcium
on phosphorus retention in broiler chicks
given a corn/SBM diet is demonstrated in
Fig. 6.5. Similar results have been reported by
Driver et al. (2005), who stressed that they

P retention (%)
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Fig. 6.5. The effects of dietary calcium alone (¢)
and with added phytase; without (m) or with vitamin
D (2) on phosphorus retention in chicks (data from
Qian et al., 1997).

are effects of calcium per se and not of the
calcium to phosphorus ratio. In both studies,
the effect of calcium excess was far less severe
when exogenous phytase was added. Maximal
phosphorus retention was achieved when
phytase and vitamin D was added to diets ‘low’
in calcium, giving three distinct ‘plateau’ val-
ues representing the maximal AA; or potential
‘phosphorus value’ of the corn/SBM diet:
0.54 for the basal diet; 0.60 with phytase
added to the low-calcium diet; and 0.62 with
vitamin D also added. Supplementary calcium
reduced all measures of phosphorus status in
phytase-supplemented broiler chicks and
reduced the amount of dialysable phosphorus
released in vitro by each of three phytases by
up to 10% (Zyla et al., 2004). At the much
higher dietary calcium levels fed to laying hens
(e.g. 40g kg ! DM), a 25% reduction in dietary
calcium increased Py degradation from 36 to
48% (Van der Kilis et al., 1997). However,
shell strength would probably be weakened by
the end of lay by such a sustained reduction in
calcium provision.

Effects of calcium in pigs

Excess dietary calcium can exacerbate phos-
phorus deprivation in pigs (Lei et al., 1994,
Eekhout et al., 1995; Liu et al., 1998). The
dominant effect of calcium over calcium to
phosphorus ratio on phosphorus metabolism is
as marked in pigs as it is in poultry. Effects on
AA, (Fig. 6.4) translate into effects on per-
formance, as Fig. 6.6 shows with data for



132

Chapter 6

700

600

Growth rate (g day™)

500 -

Diet P: 0.6 g kg~' DM

Diet P: 0.4 g kg~' DM

3.3
3.2+
3.1 4
3.0
2.9
2.8

FCE (g feed g ADG™)

2.7

2.6

Diet P: 0.4 g kg™' DM

Diet P: 0.6 g kg™' DM

0.5

3.0

2.5

Serum P; (mmol I"")

Diet P: 0.6 g kg~' DM

Diet P: 0.4 g kg™' DM

0.5

1.5 2.5

Dietary Ca (g kg™' DM)

Fig. 6.6. The effects of dietary phosphorus and calcium concentrations on growth, feed conversion efficiency
(FCE) and serum inorganic phosphorus (P,) in ‘grower’ pigs (data from Reinhart and Mahan, 1986).

newly weaned pigs that were given diets 5%
below or 10% above the 1979 NRC require-
ments for phosphorus and with stepped
increases in dietary calcium. The steep gradi-

ents for each criterion of phosphorus status,
plotted against dietary calcium, indicate large
calcium effects, but the similarity of gradients
for the two dietary phosphorus levels indicates
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small calcium—phosphorus interactions. The
lower phosphorus level failed to meet require-
ments, but the smallest addition of calcium
increased the deficit.

Phosphorus availability as
an attribute of the experiment

From the foregoing review, it is clear that sin-
gle experiments with pigs and poultry generate
coefficients for A, AA, or RA; that are deter-
mined by the following:

e the chosen dietary calcium, P, and vitamin
D, levels;

e any inclusion of plant phytases in the
chosen cereals or by-products;

o the effects of processing (pelleting) and
presentation (wet or dry) on phytase
activity; and

e the age of the animal.

Estimates of phosphorus availability are
thus characteristic of the experiment as much
as the feed, yet have profound effects on esti-
mates of phosphorus requirements and the
efficacy of phytase supplements, as described
later. High estimated availabilities for phos-
phorus in corn and SBM in pigs and chicks on
calcium-deficient diets overestimate the ‘phos-
phorus value’ and are of no practical use (see
p- 29). One possible explanation for the low
‘NRC available P’ values for corn/SBM blends,
shown in Table 6.3, is that relatively high die-
tary calcium levels were used in the relevant
trials (Cromwell, 2002). Since calcium is also
rendered unavailable by the interaction with
Py, the same criticisms can be made of meas-
urements of A, and derived estimates of cal-
cium requirements (see Chapter 4).

New approaches to assessing
‘phosphorus value’

Assessments must be based on a meta-analysis
to be representative and take into account all
known variables. If a simple linear regression
technique is applied to data for pigs on diets
varying in PyP contribution to total phosphorus
(Fig. 6.7), several interesting facts emerge:

e non-PyP in barley/SBM blends has a simi-
lar AA to that reported for P,(0.82);
PyP has an average AA of 0.29; and
Applying both coefficients to the data
in Fig. 6.2 suggests that AA, in SBM
increases from 0.49 to 0.58 as their total
P content increases.

While these results are still characteristic
of the experiments, notably the chosen dietary
calcium level (5.0-5.5g kg™! DM), extension of
the approach to a larger database could gener-
ate reliable AA coefficients for factorial esti-
mates of phosphorus requirements.

Requirements for Pigs and Poultry

The phosphorus requirements of pigs and
chicks decline as they grow, as do those for cal-
cium, but vary according to the chosen meas-
ure of phosphorus status. An early feeding trial
generated phosphorus requirements for baby
pigs of 4.0g kg™! DM for normal growth and
feed utilization; 5.0g kg! DM to maintain nor-
mal serum P, and alkaline phosphatase values
and for bone development; and 6.0g kg~! DM
for maximum bone density and breaking
strength (Table 6.4). Similar results were
obtained by Combs et al. (1991a,c), but such
requirements only apply under the particular
trial conditions. Responses to added phospho-
rus in a more recent trial (Traylor et al., 2005)
suggest that the corn/SBM diet requires phos-
phorus additions (as MSP) of about 0.7g kg™
DM for optimum growth, 1.3g kg-! DM for
optimum feed conversion efficiency (FCE) and
at least 2.5g kg! DM for optimum femur
strength. Traditionally, bone density has set the
standard, but environmental considerations
demand that it should only be used on welfare
or survival (e.g. poultry) grounds, as discussed
in Chapter 20. The view that calcium to phos-
phorus ratios have little independent influence
on phosphorus requirements (Underwood and
Suttle, 1999) has been endorsed by recent
experiments with broiler chicks (Driver et al.,
2005) and the foregoing review. Emphasis
should be placed on maintaining minimal cal-
cium to Py ratios while meeting calcium and
phosphorus requirements, since there are no
‘ideal’ calcium to phosphorus ratios.
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Fig. 6.7. The effect of phytate (Py) content of barley/soybean meal diets on apparent absorption

(AA) coefficients for phosphorus and calcium in young pigs (data from Veum et al., 2002, 2007). Py
contribution to total P was varied by either genetic manipulation or dehulling the barley and adding
inorganic P to some blends. The intercepts denote a fractional AA of 0.82 for non-PyP and virtually
complete absorption of Ca from diets low in Py. The downward slopes indicate: (i) inhibitory effects of Py
on the availability of total P and Ca, the effect on Ca being slightly the greater; (ii) an AA for PyP of 0.29;
and (iii) a value relative to non-PyP of 0.32.

Table 6.4. Effects of dietary phosphorus concentrations on selected performance, skeletal and blood
indices of P status in the baby pig given a synthetic milk diet from 0-6 weeks of age (trial 1) (Miller et al.,
1964).

Dietary P (g kg~' DM)

Criterion 2 4 6 Index of P status
Live-weight gain (g day~") 130 290 290

Dry matter intake (g) 240 380 370 Performance
Feed/gain (g g7') 1.85 1.31 1.28

Serum inorganic P (mmol ") 1.03 2.71 3.038

Serum Ca (mmol I-") 3.20 3.05 2.58 Blood

Serum alkaline phosphatase (U I) 20.5 8.3 4.5

Humerus ash (%) 334 441 47.5

Femur (specific gravity) 1.11 1.15 1.17 Bone

Eighth rib weight (g) 3.30 4.49 4.67

Femur breaking load (kg) 24 61 81
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Gross requirements for growing pigs

Factorial estimates of phosphorus requirement
have a broader application than estimates from
feeding trials and criterion of requirement may
be of lesser importance in the weaned animal
(Fig. 6.8). However, the choice of values for

maintenance requirements (M) and A in the fac-
torial model (see Chapter 1) is crucial and the
use of a single value to cover diets varying in Py
and calcium is unrealistic. Table 6.5 gives phos-
phorus requirements for diets with AA, values
of 0.33 or 0.50, ignoring M, as a separate
model component because of the difficulties
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Fig. 6.8. A test of new phosphorus requirements of growing pigs (Table 6.5) by feeding trial. Pigs of 34kg
LW were given a corn/soybean basal diet containing 4.5g P and 5.3g Ca kg-' DM. The addition of 1.5g
inorganic P (P,), as monocalcium phosphate, was optimal for LW gain (LWG), feed conversion efficiency
(FCE) and bending moment of the femur after 26 days (Hastad et al., 2004). Thus, providing 69 total P
kg~' DM satisfied all needs: the 7.5g recommended in Table 6.5 for such high PyP diets appears to be

generous.

Table 6.5. Factorial estimates?® of the dietary phosphorus requirements of growing pigs, illustrating the
impact of dietary phytate (Py) and stage of growth on the need for P. The estimates should be used in
conjunction with those for calcium given in Table 4.3 for optimum use of PyP.

P needed (g kg~' DM)

Live weight Growth rate Assumed DMI

(kg) (kg day") (kg day™) High PyP Low PyP
5 0.1 0.3 9.2 9.2

25 0.3 1.05 9.5 6.3

45 0.6 1.8 7.5 5

90 0.9 2.8 4.5 3.0

aThe simplified factorial model assumes net P requirements for growth of 10.0g kg~' LWG up to 25kg, 7.5g kg~ LWG up
to 50kg and 5.0g kg™' LWG up to 90kg LW (ARC, 1981) and the following apparent absorption coefficients for P AA:
baby pigs, 0.8; weaned pigs, 0.33 for high-phytate corn/SBM diets and 0.5 for low-phytate diets that provide phytin P

AA:; 0.2) and non-phytin P (AA; 0.8) in equal proportions.
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mentioned earlier (p.127), and with the minimum
necessary calcium provision (see Chapter 4).
Requirements derived with the higher AA;
value apply to diets with cereals other than
corn, animal protein components or added
phytase, while the higher requirements derived
with the lower AA, apply to corn/SBM diets
with no added phytase. The validity of these
estimates is hard to assess from feeding trials
based on the old practice of measuring
responses to P, added to a diet (e.g. Fig. 6.8)
containing an unreliably determined concentra-
tion of ‘NRC available phosphorus’, but are sup-
ported by feeding trials with corn/SBM (Fig. 6.6)
and wheat/SBM diets (Eeckhout et al., 1995).
The withdrawal of supplementary phosphorus
from rations for finishing pigs may not impair
performance (O’'Quinn et al., 1997). While
some studies appear to disagree with this find-
ing (e.g. Hastad et al., 2004; Shelton et al.,
2004; Jendza et al., 2005), the advantage
associated with the addition of P, may have
been attributable to the unnecessarily high or
low calcium levels used.

Requirements for boars, gilts and sows

Although the supply of sufficient phosphorus
to obtain maximum bone strength may appear

extravagant, bone strength is important in
boars (ARC, 1990) and they should ideally be
fed phosphorus (and calcium) at the higher
level of 7.5g P kg™! DM from Table 6.5. Gilts
should be fed similar generous amounts of
phosphorus (and calcium) during the first
reproductive cycle. Nimmo et al. (1981a)
found that a high proportion of gilts (30%)
became lame when fed 5.5g P (and 7.2g Ca)
kg DM during gestation, whereas those
given 8.3g P (and 10.7g Ca) kg™! DM did
not. There were associated differences in
bone strength, but no residual effects on off-
spring at the lower levels of supplementation
(Nimmo et al., 1981b).

Gross requirements for poultry: growth

NRC recommendations for growing chicks
and hens have declined over the years, but are
still too generous. Keshavarz (2000a) slashed
the NRC (1994) sliding scale for Leghorn
chicks by 50% or more and found no reduc-
tion in performance or bone quality (Table 6.6).
Response curves to added P, in broiler chicks
(Augsburger and Baker, 2004) indicate that
2g P, kg™! DM is close to an optimal dietary
supply. The NRC provision for growing tur-
keys has increased over the years, and the

Table 6.6. Dietary requirements of non-phytate phosphorus (NPyP) for growth in Leghorn or broiler
chicks and turkey poults, as recommended by the NRC (1994). In the case of Leghorn chicks, far less
NPyP can be fed without impairing performance or bone quality, according to the results of Keshavarz
(2000a), given in parentheses, and the lower, bold estimates should be used in current practice.

Growth stage*

Early Middle Late
Leghorn chick 4.0 (2.0) 3.5 (1.5) 3.2 (1.0)
NPyP (g kg~ DM) Broiler chick 4.5 3.5 3.0
Poult 6.0 4.2 2.8
Dietary energy density
Age (weeks) (kcal me kg™' DM)
Leghorn Broiler Poult Leghorn Broiler Poult
*Early 0-6 0-3 0-4 2850 3200 2800
Middle 6-18 3-6 8-12 2850 3200 3000
Late >18 6-8 20-24 2900 3200 3300
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contrast with chicks cannot be linked to
changes in the type of bird, its rate of growth
or efficiency of feed use because similar
changes have occurred in the different spe-
cies. The sliding scale (i.e. phase feeding) for
turkey poults given in Table 6.6 has been sup-
ported by subsequent studies with turkey poults
up to 21 days of age (Applegate et al., 2003),
in which 5.5g non-PyP kg~! DM was sufficient
for growth, but did not allow maximal bone
mineralization. Temporary underfeeding may
not be a major concern because the 18-day-
old broiler chick can compensate for previous
phosphorus (and calcium) deprivation (Yan
et al., 2005).

Gross requirements for poultry:
egg production

The onset of lay increases the need for phos-
phorus more than would be expected from the
small amount of phosphorus in the egg (about
120mg) because the increase in phosphorus
catabolism associated with egg production
increases endogenous losses. Early studies sug-
gested that 50% more P, was needed to pre-
vent ‘cage layer fatigue’ than to maintain egg
production (equivalent to 3 versus 2g P, kg!
DM) (Owings et al., 1977) but the NRC (1994)
reduced its recommendation to the equivalent
of 2.5gP, kg ' DM for all stages of lay. Assuming
that phosphorus requirements decrease as lay
progresses, Keshavarz (2000b) reduced the
phased provision of P, in a corn/SBM diet
from 3.0-2.5-2.0 to 1.5-1.0-0.5g kg~! DM
for weeks 30-42, 42-54 and 54-66 of age,
respectively, without detriment to health or
performance. A further decrement (-0.5g at
each stage) impaired production (Fig. 6.9).
Adding a uniform 0.5g P, kg~! DM throughout
lay to a similar diet sustained egg production
and quality, although LW and tibia ash were
suboptimal by the end of lay (Boling et al.,
2000a). Calcium was provided in both studies
at a constant level (3.8g kg~! DM) throughout
lay rather than allowing for a steady increase in
requirement from 3.5 to 4.2g kg! DM (see
Chapter 4).

With phased increases in calcium provision,
the uniform addition of 1g P, kg™ DM is advo-

Egg weight ()
o o o
= N @

[0]
o
L

59
Low

High Medium
Fig. 6.9. The effects of phosphorus nutrition (high,
medium or low) and the addition of phytase (solid
columns) on mean egg weight in the final phase
(age 54-66 weeks) of a study with laying hens
(Keshavarz, 2000b). Inorganic phosphorus (P)
was added to a corn/soybean meal diet to provide
3 (high), 1.5 (medium) or 1.0 (low) g P, kg~' DM,
having been stepped down by 1.0 in each of two
preceding 2-week phases for each group. Only the
low level reduced egg weight, whereas the benefit
from adding phytase was evident at all phosphorus
levels, suggesting that this benefit comes partly
from factors other than enhanced phosphorus
availability.

cated, far less than the latest NRC (1994) guide-
line of 2.5 g P.kg"! DM.

Requirements are affected by environ-
mental conditions. High temperatures reduce
feed consumption and hence raise the required
dietary phosphorus concentration (NRC,
1994). Floor-housed birds recycle phosphorus
through coprophagy and their requirements
are therefore lower than those of caged hens
(Singsen et al., 1962).

An alternative framework for estimating
phosphorus requirements

More precise allowances should be made for
the available phosphorus from cereal/protein
concentrate blends than the widely used con-
vention of calculating ‘available phosphorus’
from average NRC (1994) feed composition
values. For poultry, the common assumption is
that corn/SBM diets yield 1g non-PyP kg!
DM. However, the analysed non-PyP can be
30% greater than the calculated value (e.g.
Applegate et al., 2003) and the variation in
non-PyP in SBM is so wide (Fig. 6.2) that, at a
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25% inclusion rate, the richest samples should
meet the total requirement for non-PyP.
Furthermore, roughly one-third of the PyP con-
sumed was not excreted in Kesharvarz’s (2000b)
study, and presumably contributed about 0.7 g
Ap kg! DM. Corn/SBM diets for laying hens
may not always need additions of P..

Phosphorus Requirements
for Ruminants

The literature has been reviewed for all cattle
by Underwood and Suttle (1999) and separately
for beef and dairy cows by NRC (1996 and
2001, respectively). Estimates of phosphorus
requirements from different authorities vary,
even when the same method (i.e. factorial
modelling) is used, because different values for
M and A are used in the models (AFRC,
1991).

Net requirement for maintenance: sheep

A marginal improvement in A, reduces IFE,
slightly when the phosphorus supply is inade-
quate (Ternouth, 1989; AFRC, 1991, Coates
and Ternouth, 1992), but IFE, at a marginal
phosphorus intake should determine M;. The
AFRC (1991) used a ‘roughage factor’ to
increase M, by 60% for diets consisting princi-
pally of roughage on the assumption that
roughages would stimulate salivary phosphorus
output and cause more absorbed phosphorus
to be lost in faeces. The precise value of 1.6
was based on the difference in FE, between
sheep fed entirely on loose dry roughage and
those given a pelleted concentrate, providing
similar ‘loads’ of absorbed phosphorus at least
30% above their basal requirement. This was
probably an overestimate.

A single new estimate of M, has been
published: 0.61g P day~! for growing goats on
a hay/concentrate (60/40) diet (Vitti et al.,
2000). This is equivalent to only 0.43g P kg!
DMI, less than the AFRC’s (1991) calculation
for highly digestible diets (0.6g P kg-! DM).
Since Ap is subject to genetic variation in
sheep, marked hereditable differences in IFE,
are found both within and between breeds

(Field et al., 1984, 1986) and some appropri-
ate allowance might be needed in providing
adequate phosphorus to all sheep. On pelleted,
energy-dense diets that stimulate little salivary
secretion, significant urinary phosphorus excre-
tion may occur at relatively lower phosphorus
intakes that fail to allow complete mineraliza-
tion of bone, despite normal plasma P,, and
the amounts should be added to M, (Braithwaite,
1984a). However, the majority of sheep and
cattle fed roughage diets excrete very little
phosphorus in their urine, even at plasma P,

levels as high as 2mmol 1! (AFRC, 1991).

Net requirement for maintenance: cattle

In the absence of data, the AFRC (1991) used its
‘roughage adjusted’ value for M, (1g P kg
DMI™) for cattle fed on diets consisting mostly
of roughage, whereas the NRC (2001) used the
roughage factor for all dietary circumstances.
There is now tentative indirect evidence for a
‘long, dry roughage effect’ in cattle. A low AA,
coefficient (0.08) recorded during the dry period
with cows given a low-phosphorus diet consist-
ing mostly of wheat straw (Valk et al., 2002) is
compatible with an M}, of 1g kg=! DMI, but the
higher AAp; (0.49-0.63) during lactation on
corn silage suggests a much lower value for M.
Replacing unchopped alfalfa hay (3%) with
ground soy hulls (10%) in a dairy ration consist-
ing mainly of silage and providing 3.3g P kg!
DM, increased AA; from 0.34 to 0.44 (Wu,
2005), despite the small increase in total dietary
fibre intake. The effect may be smaller in ani-
mals fed closer to their phosphorus require-
ment. The ‘roughage effect’ may not apply to
grazing beef cattle, in which far lower estimates
of M, have been recorded (Ternouth et al.,
1996; Ternouth and Coates, 1997). Although
increases in the alfalfa silage content of a diet
(from 48 to 58%) of lactating cows tend to
reduce the mean AA; (from 37 to 31%) (Wu
et al., 2003), this would partly reflect the asso-
ciated reduction in milk yield and loss of phos-
phorus in milk rather than a ‘succulent forage’
effect, surplus phosphorus having been lost via
the faeces. The AFRC (1991) roughage factor
(1.6) should only be used for sheep and cattle
fed exclusively on dry roughages.
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Absorption coefficients

The NRC (2001) modified the AFRC (1991)
model by using higher A, coefficients of 0.7
for concentrates and 0.64 for roughages
instead of 0.58 for all feeds, but gave no sup-
porting evidence for these modifications.
Underwood and Suttle (1999) used an Ap
coefficient of 0.74 for all feeds, giving lower
estimates of phosphorus requirement than
the NRC. The literature reviewed above
would support a small differentiation between
feeds with an A value of 0.74 for dry rough-
ages and 0.80 for grass, succulent forages
and concentrates.

New estimates of requirements
for ruminants

Two different models are proposed for diets
known or likely to stimulate low (grass, silage
or roughage-free diets) or high (dry rough-
ages) salivation rates with respective values
for M;, of 0.6 and 1.0g P kg~! DMI and slight
differences in the respective A, of 0.8 and
0.7. The resultant requirements for cattle are
given in Table 6.7. The requirements esti-
mated with the ‘low roughage’ model for beef
cattle match findings in grazing animals in
Queensland (Hendricksen et al., 1994;
Ternouth et al., 1996; Ternouth and Coates,
1997) and ‘finishing’ steers, gaining 1.7kg
day~! on a roughage-free diet (Erickson et al.,
1999). The latter showed no response in
either growth rate or bone quality to phos-
phorus additions to a diet containing only
1.4g P kg! DM, even when dietary calcium
was raised from 3.5 to 7.0 g kg~! DM. Feeding
trials with dairy cows with a mixed diet (Valk
and Sebek, 1999), probably falling between
‘low’ and ‘high’ in terms of the models, con-
cluded that 2.4g P kg~! DM was inadequate
for lactating dairy cows, while 2.8g P kg™
DM sustained both health and vield (30kg
day~?!). Several trials have merely shown no
adverse effects when a generous level of phos-
phorus provision for the dairy cow was
reduced. In the most demanding study, feed-
ing 3.1g P kg! DM for 2-3 years to cows
vielding 40 kg milk day! (throughout two lac-

tations for most cows) had no adverse effects
on health or milk yield compared with 3.9 or
4.7g P kg™! DM (Wu et al., 2001). Rib bone
ash fell from 56.2% to 53.9% DM, but with-
out affecting bone strength.

The vast majority of mixed diets for
high-yielding cows will not need phosphorus
supplementation. Similar distinctions between
diet types are made in the recommendations
for sheep (Table 6.8) on the two different diet
types, following the arguments made by Scott
etal. (1984, 1985). Feeding to minimum requi-
rements rather than exceeding generously the
NRC recommendations, a common practice,
will greatly reduce environmental phosphorus
pollution (see Chapter 20).

Phased phosphorus feeding
for ruminants

Feeding trials have usually employed con-
stant dietary phosphorus concentrations, yet
phosphorus requirements clearly decline dur-
ing growth and lactation. In the study of Wu
et al. (2001), faecal phosphorus increased
steadily throughout lactation from approxi-
mately 5 to 6.5g kg! faecal DM at the low-
est phosphorus level (3.1g kg! DM),
indicating an increasing excess of supply
over need. In the study by Valk et al. (2002),
a ‘deficient’ phosphorus level (2.4 g kg~! DM)
allowed the retention of up to 3.2g P day™!
as lactation progressed and milk yield
declined. However, the answer is not to feed
more phosphorus in early lactation because
this does not correct a negative balance in
either cows (Knowlton and Herbein, 2002)
or ewes (Braithwaite, 1983) when phospho-
rus is being unavoidably mobilized from the
skeleton. Requirements for phosphorus need
not be met on a day-to-day basis. Instead,
phosphorus should be briefly and moderately
overfed, along with calcium, during late lac-
tation and/or the early dry period to provide
a sufficient skeletal reserve for late gestation
and early lactation. In practice, decreases
in the amount of concentrates fed to cows
as lactation progresses will normally allow
the pattern of phosphorus supply to follow
need.
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Table 6.7. Requirements of cattle for dietary phosphorus at the given DMI. Modified from
the AFRC (1991)2 by using two different factorial models for diets that promote low (L) or
high (H) salivary flow rates (e.g. fresh pasture and hay, respectively).

Need for P
DMI (kg day~") (g kg™' DM)
Live weight

(kg) Production level L-H H L
Growing cattle 100 0.5kg day~’ 1.7-2.8 3.8 3.3
1.0kg day’ 2.4-45 4.3 4.4

300 0.5kg day~’ 3.4-5.7 2.4 1.7

1.0kg day™’ 4.7-8.3 2.7 23

500 0.5kg day' 6.1-10.9 1.6 1.0

1.0kg day~’ 6.5-11.6 23 1.8

Pregnant cow 600 23 weeks 4.0-6.3 1.7 0.8
(dairy/beef) 31 weeks 4.7-7.2 1.9 1.0
39 weeks 6.1-9.1 2.1 1.3

Calf 40kg at birth Term 7.5-11.2 2.2 1.5
Lactating cow 600 10kg day-' 12.0 (m) 2.6 -
9.9 (bm) 2.8 -

20kg day’ 11.4 (m) n.a. 2.3

10.1 (bm) n.a. 25

40kg day’ 19.3 (m) n.a. 2.6

17.8 (bm) n.a. 2.8

bm, fed below maintenance; m, fed to maintain body weight; n.a., unattainable performance.
aIn the AFRC (1991) factorial model (see Chapter 1), where need = (M + P) / A, the absorption
coefficient (A) is increased to 0.8 for L and 0.7 for H diets.

Table 6.8. Requirements of sheep for dietary phosphorus at the given DMI. Modified from the AFRC
(1991)2 by using two different factorial models for diets that promote low (L) or high (H) salivary flow
rates (e.g. fresh pasture and hay, respectively).

Need for P
DMI (kg day™") (g kg™ DM)
Live weight  Production
(kg) level/stage L-H H L
Growing lambs 20 100g day’ 0.40-0.67 2.4 3.0
200g day! 0.57 n.a 4.1
40 1009 day™ 0.66—1.11 1.9 21
2009 day™' 0.93-1.77 2.1 25
Pregnant ewe 75 9 weeks 0.71-1.10 1.5¢ 1.19
carrying twins® 13 weeks 0.85-1.28 1.9 1.7
17 weeks 1.13-1.68 21 21
Term 1.62-2.37 2.0 1.9
Lactating ewe 75 2-3kg milk day’ 1.8 (m)° n.a. 2.8
1.5 (bm) n.a. 3.2

bm, fed below maintenance; m, fed to maintain body weight; n.a., unattainable performance.

aPredictions from two models, as described in Table 6.7.

®Requirements for small ewes carrying single lambs are similar, assuming that they will eat proportionately less DM.
°Requirements are influenced by the ability of the diet to meet energy need and prevent loss in body weight (m); diets
that allow loss of body weight at 0.1 kg day~' (bm) are associated with higher requirements.

dSufficient for dry ewes.
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Phosphorus requirements for horses

Experiments with young growing ponies
(Schryver et al., 1974) and with mature
horses (Schryver et al., 1970, 1971) indicate
relatively high requirements for the younger
animals. The net requirement for growth has
increased over the years because of an
increased rate of growth (Underwood and
Suttle, 1999). An estimated phosphorus need
of 0.7g kg! DM for grazing Thoroughbred
foals (200kg LW and gaining 1kg day~!) has
been derived factorially from the mineral com-
position of the growth increment (8.3g kg™
LWG), an M, of 10mg kg™! LW (ARC, 1980)
and an A coefficient of 0.5 (Grace et al.,
1999). Although use of the higher AFRC
(1991) value for M, would increase the esti-
mated requirement from 6.0 to 8.7 g day~! for
foals consuming 6kg DM day~?!, Ap may well
be proportionately higher, giving a similar
factorial estimate. Either way, growing horses
are unlikely to receive less phosphorus
than they need from natural feeds, including
grains.

Nutrient pool

Biochemical Consequences
of Phosphorus Deprivation

When phosphorus requirements are not met
by the feeds and forages on offer, the sequence
of events (Fig. 6.10) differs markedly from the
general scheme for most minerals. Relative
rates of change in different compartments vary
with the circumstances, and this can be better
understood if the norm is sketched out first.

Normal fluctuations in
plasma phosphorus

It is arguable whether there is any specific
hormonal regulation of plasma phosphorus
(Underwood and Suttle, 1999). Concentrations
can fluctuate widely in healthy animals since
they simply reflect the equilibrium between
inflows and outflows of phosphorus. Serum P,
rises after feeding and is lowered by handling
stress and the approach of parturition. In dairy
cows, large increases in phosphorus supply

A
100 | 1. Transport 2. Function Impaired
phosphorylation
Plasma Pl
4. Storage
Bone demineralization
3. Clinical signs
Poor growth
Loss of appetite
Marginal supply
\g
0 >
Deficiency Dysfunction Disease Depletion

Time

Fig. 6.10. The sequence of pathophysiological changes that occurs when livestock are given an
inadequate dietary phosphorus supply. Unlike with most minerals, the transport pool shows an early
decline and appetite is lost long before the skeleton becomes clinically affected.
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Fig. 6.11. Raising the dietary phosphorus
concentration (from 2.1 to 3.1 or 4.4g kg~' DM)
prior to calving does not prevent a rapid peri-
parturient decline in serum P to ‘subnormal’ levels
in the dairy cow (from Peterson et al., 2005).

prior to parturition cannot prevent a decline
in serum phosphorus to levels that might be
classed as ‘subnormal’ (Fig. 6.11). Serum
phosphorus rose to about 70mg 1! in all
groups on a common regimen (4.4g P kg!
DM) within 4 days of calving, presumably sup-
plied partly from bone resorption (see Chapter 4),
but then declined (Peterson et al., 2005).The
supply of phosphorus relative to calcium for milk
production from bone is imbalanced, with a cal-
cium to phosphorus mass ratio in milk of only
1.3:1 as opposed to 2:1 in bone.

There are clear relationships between
growth rate or bone ash and serum P, in the
pig and chick and the optimum serum P, is
around 2.5mmol 1! (Underwood and Suttle,
1999), nearly twice that considered optimal for
the lamb. Plasma parathyroid hormone falls
during phosphorus deprivation in the pig, pre-
sumably in response to a rise in plasma calcium
(Somerville et al., 1985).

For ruminants in particular, different ranges
are required for different stages of development
and levels of production. The suckling lamb has
a higher serum P, than its dam until it is weaned
and should be accorded a high normal range
(>1.7mmol I) (Sharifi et al., 2005), as should
the milk-fed calf. With little ‘drain’ of phosphorus
into saliva, higher plasma P, can probably be
sustained at a given phosphorus intake, prior to
weaning. If this is the case, the ‘drain’ of phos-
phorus into the milk might lower what is con-
sidered to be a ‘normal’ serum P, for the cow
and lower M}, by reducing losses via saliva.

Normal bone mineralization

Bone mineralization is also largely free from
phosphorus-specific hormonal regulation,
but varies between species and with the stage
of development. In the pig, bone mineraliza-
tion increases substantially after weaning
even while growth is being retarded by low
phosphorus intakes (Fig. 6.12). In broiler
chicks, the ash content of the tibia can
increase by 25% between 16 and 32 days in
the face of phosphorus deprivation (Driver
et al., 2005). In cows, the phosphorus con-
centration in rib biopsy samples can change
markedly in early lactation (Fig. 6.13) with-
out necessarily indicating the onset of phos-
phorus deprivation. The effects of phosphorus
deprivation on bone density will depend on
the stage of development or reproduction at
the outset.

Depletion

In ruminants, the pool of phosphorus in the
rumen constitutes a store. Rumen phospho-
rus concentrations decline on diets low in
phosphorus partly because of a reduction in
the flow of salivary phosphorus into the
rumen (Wright et al., 1984; Challa et al.,
1989; Valk et al., 2001). However, the die-
tary and physiological factors that influence
salivary flow and plasma P, affect the rumen
phosphorus concentration attained on a
given phosphorus intake. For example,
rumen P, concentrations in lambs are 66%
lower if their diet, marginal in phosphorus
(1.9g kg! DM), contains 6.8 rather than
3.5g Ca kg! DM (Wan Zahari et al., 1990).
All growing animals adapt to phosphorus
deprivation through changes in bone growth
and mineralization, with the adaptation occur-
ring sooner in non-ruminants than ruminants.
Net demineralization (Table 6.9) involves
decreases in the amount of bone matrix in
the limb bones and in the degree of matrix
mineralization in cancellous bones (Koch and
Mahan, 1985). Weanling lambs deprived of
phosphorus can increase their skeletal
size without requiring more phosphorus
(Table 4.6, p. 72), but the ash and organic
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Fig. 6.12. The effects of dietary phosphorus and age on the mineralization of limb bones in young pigs.
Note the large increases in bone ash from the starter to the finisher stage, regardless of whether diets low
(open symbols: 0.5, 0.4 and 0.3g P kg-' DM) or high in phosphorus (closed symbols: 0.7, 0.6 and 0.5g P
kg~' DM for successive stages) were fed (data from Reinhart and Mahan, 1986).

matter content of bones is again reduced
(Field et al., 1975). In ruminants, most
reports of demineralization are for final
slaughter groups, with the first coming from a
study of prolonged phosphorus deprivation in
sheep (Stewart, 1934-5). These studies show
that long bones are depleted more rapidly
than the more widely studied metacarpals or
metatarsals (Little, 1984). In young calves
depleted of phosphorus, the ends of the long
bones show greater reductions than the shaft,
while the ribs show no change after short-
term (6 week) depletion (Fig. 6.14) (Miller
et al., 1987).

Deficiency

In young lambs given diets low in phosphorus
(1.2g kg! DM), onset of deficiency (hypo-
phosphataemia) is delayed from 5 to 10 weeks
when the diet is also low in calcium (0.66 ver-
sus 4.3g kg™! DM) (Fig. 6.15). This may be
partly due to a decrease in phosphorus reten-
tion by the skeleton in animals also deprived of
calcium (Braithwaite, 1984b; Field et al.,
1985; Rajaratne et al., 1994). Other abnor-

malities in serum composition can occur at

this stage, including a rise in alkaline phos-
phatase (Table 6.4), a small rise in serum cal-
cium (Fig. 4.12, p. 71) due to bone resorption
and a fall in osteocalcin reflecting impaired
bone formation. The last may be an effect
rather than a cause and can occur without an
increase in bone resorption (Scott et al.,
1994). Increases in renal 1a hydroxylase activ-
ity, plasma 1,25-dihydroxyvitamin D, (1,25-
(OH),D;) and intestinal calbindin have been
reported in the phosphorus-depleted pig or
chick (for review, see Littledike and Goff,
1987, Pointillart et al., 1989), but there is no
such response in sheep (Breves et al., 1985).
There may be teleological explanations for
species contrasts because the risk of phospho-
rus deprivation is endemic in seed-eating
monogastric animals that are left without
phosphorus supplements, but not in rumi-
nants. However, species differences may be
secondary consequences of aberrations in cal-
cium metabolism, such as other hormonal
changes and the responses to vitamin D in
pigs (Pointillart et al., 1986; Lei et al., 1994)
and poultry (Mohammed et al., 1991; Biehl
et al., 1995). The demineralization of bone
continues during the deficiency phase (e.g. in
dairy cows) (Wu et al., 2001).
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Fig. 6.13. The effects of lactation and phosphorus status on (a) P concentrations in rib biopsy;

(b) plasma inorganic P(P;). Samples were taken from two groups of beef cows, one receiving
supplementary phosphorus (®) and one not (O), grazing phosphorus-deficient pasture. Note that
consistently low plasma P, from month 6 did not reflect the skeletal changes (data from Engels, 1981).
PH or PC, pregnant heifer or cow; EL, ML and LL, early, mid- or late lactations.

Dysfunction

There are limits to the extent to which growth
and bone strength and shape can be sustained
by a demineralizing skeleton, particularly in
species with high relative growth rates such as
the pig. Growth is probably limited by a reduc-
tion in appetite, which then becomes a sign of
dysfunction (Fig. 6.10). Eventually the break-
ing and shear strength of bone weakens

(Combs et al., 1991c¢). Histological examina-
tion of the epiphyseal growth plate in young
animals reveals other signs of dysfunction. In
comparisons of the rachitic long bones from
phosphorus- and calcium-deprived chicks, the
former could be distinguished by elongated
metaphyseal vessels within the physis and by
hypertrophic chondrocytes (Lacey and Huffer,
1982) and a less widened growth plate
(Edwards and Veltman, 1983). Similar changes
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Fig. 6.14. The effects of sample site on the degree
of bone demineralization recorded after short-term
phosphorus depletion in calves (Miller et al., 1987).

are seen in lambs deprived of phosphorus,
particularly in the rib (Field et al., 1975).

Clinical Manifestations
of Phosphorus Deprivation

Poor appetite

Loss of appetite can cause weight loss, an early
characteristic of phosphorus deprivation in both
growing and mature animals of all species. This is
illustrated by data for yearling cattle in Table 6.9
(Little, 1968) and for young pigs in Table 6.4.

Anorexia usually takes several weeks or months
to develop in lambs (Wan Zahari et al., 1990),
beef cattle (Call et al., 1978, 1986; Gartner
et al., 1982) and dairy cows (Call et al., 1986).
Appetite can be closely related to serum P,, but
may be governed by gut-based as well as sys-
temic mechanisms (Ternouth and Sevilla,
1990a,b), including changes in rumen microbial
activity. In one study (Wan Zahari et al., 1990),
rumen phosphorus fell to <3mmol I-!, the mini-
mum required by rumen microbes. Early reduc-
tions in appetite in ruminants have been
reported when semi-purified diets very low in
phosphorus have been fed (Field et al., 1975;
Miller et al., 1987; Ternouth and Sevilla,
1990a). These diets stimulate little or no rumi-
nation — depriving the rumen microflora of sali-
vary as well as dietary phosphorus — and cause
relatively severe anorexia. Reduced egg produc-
tion in phosphorus-deprived hens has been
attributed to a reduction in food intake (Bar and
Hurwitz, 1984). However, growth can be
retarded before appetite is impaired in newly
weaned pigs deprived of phosphorus (Fig. 6.12)
(Underwood and Suttle, 1999).

Pica

Loss of appetite is often paralleled by a craving
for and a consumption of abnormal materials
such as soil, wood, flesh and bones. The

Plasma Pj (mmol I")

10 15
Weeks

20

Fig. 6.15. The effects of diets low in phosphorus and/or calcium on plasma inorganic phosphorus (P))

in lambs. Note that feeding a diet low in both minerals (A) delays the fall in P, compared to a diet low only
in phosphorus (m); feeding a diet low in calcium but adequate in phosphorus (#) raises P, when compared
with a diet adequate in both minerals (x) (from Field et al., 1975).
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Table 6.9. The effect of phosphorus supplementation on growth and feed consumption of yearling
cattle fed on Townsville lucerne (Stylosanthes humilis) containing 10% crude protein and 0.07%
phosphorus for 8 weeks (mean values + standard error) (from Little, 1968).

Rate of supplementation P intake Weight gain DMI Blood P
with P (g day™) (kg week™") (kg day") (mg I-1)2
Nil 3.3+0.1 0.9+0.2 5.2+0.1 33+1.0
Low 74+0.1 1.7+£0.2 5.8+04 60+1.0
Medium 11.4+0.1 1.7+0.2 6.0£0.2 63+3.0
High 155+0.3 2.7+0.7 6.0+ 0.5 67+0.4

aDivide by 3 | to give mmol I-.

depraved appetite (pica) may be general (allot-
riophagia) or specific (osteophagia, a craving
for bones; sarcophagia, a craving for flesh).
Pica is not a specific sign of phosphorus
deprivation and has been observed in animals
suffering from lack of sodium, potassium,
energy and protein (Underwood et al., 1940).
However, bone-chewing in cows has been
induced by exteriorizing the parotid salivary
duct and feeding a low-phosphorus diet, thus
preventing the recycling of phosphorus, and
stopped within an hour of intravenously infus-
ing sodium phosphate (Na,PO,) (D. Denton,
personal communication, 1980). Pica has
been disastrous in areas such as South Africa,
where carcasses were infected with Clostridium
botulinum because toxin formation during the
process of putrefaction caused botulism (toxic
paralysis) and death. This stimulated investiga-
tions that led to the discovery of phosphorus
deprivation (Theiler, 1912). Losses of sheep
and cattle from botulism have been reported
from several parts of the world due to the wide-
spread occurrence of C. botulinum and of
phosphorus deprivation (Underwood et al.,
1939), but animals can now be vaccinated
against the disease.

Reproductive disturbances

Poor lamb and calf crops were recurring
features of early studies on the severely
phosphorus-deficient veldt, but spectacular
responses to supplementary phosphorus
given as bone meal may have been attributa-
ble to the additional protein thus given.
Subnormal fertility, depressed or irregular

oestrus and delayed conception, responsive
to phosphorus alone, have subsequently been
reported in cattle in the same area, but sheep
have not been affected (Read et al., 1986a,b).
In long-term experiments, no adverse effects
on age of puberty or pregnancy have occurred
in Hereford heifers fed on a low-phosphorus
(1.4g kg™' DM) diet for 2 years (Call et al.,
1978), or on conception rate during rebreed-
ing (Call et al., 1986). Infertility did not
develop until the seventh year and by that
time other symptoms of deprivation had
developed. In dairy cows, appetite and milk
yield can be reduced by phosphorus depriva-
tion while fertility remains normal (Call et al.,
1987). Improvements in reproduction rate
have rarely been recorded under Australian
conditions, and where they occur they are
probably secondary to improved body weight
and condition at conception (Winks, 1990).
However, delayed conception causing tempo-
rary infertility has been observed in dairy
cows in Australia mated during full lactation
with marginal hypophosphataemia (Snook,
1958). Improved fertility in dairy cows, also
with slightly subnormal serum P,, has been
reported after defluorinated superphosphate
was added to the drinking water (Scharp,
1979). The lucerne (alfalfa) pasture being
grazed was apparently adequate in phospho-
rus (3.9 g kg~! DM) but high in calcium (15.5¢g
kg~! DM). Following phosphorus supplemen-
tation, the first-service pregnancy rate
increased from 36.5% to 63.2%, the mean
calving to conception interval decreased from
109 to 85 days and the number of cows
culled each year for infertility decreased from
15 to five. Similar ‘before and after’ responses
to phosphorus supplements have been
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reported in cows on red-clover-dominant pas-
tures containing 2.9g P kg! DM, but again
rich in calcium (7.0-14.5g kg=! DM) (Brooks
et al., 1984).

Abnormalities of bones

The skeletal abnormalities associated with
phosphorus deprivation are almost identical
to those described for calcium deprivation (see
Chapter 4) because bone mineral cannot be
produced if either mineral is lacking. This has
been illustrated by parallel studies of phos-
phorus and calcium requirements in baby pigs
(Table 6.4 versus Table 4.5) (Miller et al.,
1964), which revealed similar rachitic lesions
whichever element was lacking. In broiler
chicks, it is possible to distinguish ‘phospho-
rus rickets’ from ‘calcium rickets’ by the
abnormalities in and immediately distal to the
growth plate. In ‘phosphorus rickets’, the
growth plate is normal but the primary spon-
giosa is elongated — the opposite of the
description for ‘calcium rickets’ (Edwards and
Veltman, 1983).

Hens given insufficient phosphorus can
become lethargic, unwilling to stand and even-
tually die. The symptoms occur 5 weeks earlier
in hens that are relatively old at the onset of
phosphorus deprivation (70-76 versus 20-70
weeks) (Boling et al., 2000a). The condition
fits the description of ‘cage layer fatigue’, but
phosphorus deprivation is probably not the
only cause.

Subclinical Manifestations of
Phosphorus Deprivation

Impaired feed utilization

FCE is invariably poor in phosphorus-
deprived pigs (Fig. 6.6) (Koch and Mahan,
1985; Reinhart and Mahan, 1986) and poul-
try (Qian et al., 1997; Driver et al., 2005),
but in the absence of pair-fed controls it is
impossible to say to what extent this is due to
a reduction in food intake. Reductions in FCE

in ruminants are rare (Ternouth, 1990), but
were evident in the calves deprived of phos-
phorus by Challa and Braithwaite (1988).
Their study was unusual in that all of the
groups were continuously offered a restricted
amount of food each day that was totally con-
sumed irrespective of its phosphorus content,
showing that FCE can be reduced independ-
ently of food intake in the phosphorus-
deprived animal. Reductions in FCE have
been reported in phosphorus-deprived steers
(Long et al., 1957), lactating beef cows
(Fishwick et al., 1977) and goats (Muschen
et al., 1988), but in all cases there was an
accompanying reduction in appetite.

Depression of milk yield

A lactating animal can respond to phosphorus
deprivation by reducing its food intake and
milk vield without changing the concentra-
tions of phosphorus in the milk produced
(Muschen et al., 1988; Valk et al., 2002).
Severe experimental phosphorus deprivation
imposed during late pregnancy and early lac-
tation lowered milk yield in beef cows (Fishwick
et al., 1977). In lactating goats, transfer to a
low-phosphorus diet after 6 weeks’ lactation
was sufficient to suppress milk yield (Muschen
et al., 1988). Dairy cows, pregnant with their
second calf and given diets low in phosphorus
(2.4 g kgt DM) but high in calcium (7.2 g kg™!
DM) from the seventh month of gestation,
showed maximum depression of milk yield
(32-35%) between 18 and 34 weeks of lacta-
tion and proportionate reductions in food
intake (Call et al., 1987). A similar low phos-
phorus supply throughout 1.3 lactations
reduced milk vield, body weight and appetite
during the second lactation (Valk and Sebek
1999). In both studies, wheat straw was fed
during the dry period to exacerbate phospho-
rus deprivation. In the study by Valk and
Sebek (1999), the transitional diet consisted
mostly (63%) of wheat straw, containing only
1.6gP kg! DM and 1.3g Ca kg ! DM, and it
allowed only slight retention of phosphorus
(0.8g day') despite recovery of plasma P, to
2.0mmol I-1. Had that diet provided the dry
cow with sufficient calcium to replenish its
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skeletal reserves it is possible that milk yield
would have been sustained in the second lac-
tation. After several successive lactations on
phosphorus-deficient veldt pastures, improve-
ments of up to 27.5% in weaning weight were
obtained in beef herds given phosphorus sup-
plements (Read et al., 1986a,b), and these
probably reflected improved milk yields.
Improvements in milk yield or weaning
weight are rare consequences of phosphorus
deprivation in either dairy or beef herds and are
most likely to occur during the first lactation
when animals are still growing (Winks, 1990;
Karn, 1997, 2001). Reductions in milk yield
may be entirely due to loss of appetite and/or
reduced synthesis of rumen microbial protein.

Bone demineralization in nematodiasis

The remarkable demineralization of the skele-
ton induced by parasitic nematode infections
of the sheep’s gut was outlined in Chapter 4;
the specific effects on phosphorus metabolism
are dealt with here. Infections of the small
intestine (e.g. by Trichostrongylus colubri-
formis) can reduce the absorption of dietary
and salivary phosphorus by about 40% and
induce hypophosphataemia, but infections of
the abomasum (e.g. by Ostertagia circum-
cincta) have little or no effect (Wilson and
Field, 1983). Combined infections have simi-
lar phosphorus-depleting effects — which last
up to 17 weeks, depending on the acquisition
of immunity — that are not merely secondary
consequences of reduced food intake (Bown
et al., 1989). While the sustained dual-
infectious challenge in Bown et al.’s study was
severe (generally 12,000 infectious larvae kg=!
herbage DM) by comparison with intensively
grazed temperate pastures, seasonal nema-
tode infections may increase the severity of
phosphorus deprivation (Suttle, 1994).

Reduction in egg yield and quality

In hens, phosphorus deprivation is manifested
by a decline in egg vield, hatchability and shell
thickness, but this is much less likely to occur
than calcium deprivation because of the far

smaller requirement for phosphorus. A study
found that the egg production and the hatcha-
bility of fertile eggs from caged hens decreased
rapidly on diets containing 3.4-5.4g phos-
phorus, all of plant origin, until 0.9g P, kg!
DM was added, but the same amount of
organic phosphorus (as hominy) was ineffec-
tive (Waldroup et al., 1967). In later studies,
the addition of 1.0g P, kg™! DM was insuffi-
cient to sustain performance (Boling et al.,
2000a). Egg weight and body weight were
improved by adding phytase to a diet providing
a similar level of organic phosphorus (Barkley
et al., 2004). Supplementation of commercial,
grain-based diets with P, or a Py-degrading
additive is necessary for maximum egg vield
and quality, but the benefits can be exagger-
ated by a prior failure to build up the skeletal
reserves of calcium needed to sustain egg pro-
duction. Calcium intakes may decline as a
result of reduced voluntary intake of limestone
on a diet low in available phosphorus, where
the calcium source is offered separately and ad
libitum (Barkley et al., 2004).

Occurrence of
Phosphorus Deprivation

Natural shortages of phosphorus in livestock
usually develop in different circumstances from
those of calcium. Situations in which the two
minerals are both limiting are rare.

Grazing cattle

Phosphorus deprivation is predominantly a
chronic condition of grazing cattle, arising from
a combination of soil and climatic factors that
reduce herbage phosphorus. Soils low in plant-
available phosphorus (<10mg kg-! DM) yield
herbage low in phosphorus (Kerridge et al.,
1990). As pasture productivity and milk yield
rise with high-nitrogen fertilizer use, the critical
soil phosphorus value can rise to 30mg kg!
DM (Davison et al., 1997). Acid, iron-rich soils
are particularly likely to provide insufficient
phosphorus. The occurrence of a dry period
when plants mature and seed is shed
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accentuates any soil effect, unless the foraging
animal can recover the seed (as it does from
subterranean clover). In the South African
veldt, herbage phosphorus concentrations typi-
cally fall from 1.3-1.8 to 0.5-0.7g kg-! DM
between the wet summer and the dry winter
and remain low for 6-8 months (Underwood,
1981). Similarly, in the Mitchell grass (Astrebla
species) pastures of Northern Australia, phos-
phorus values fall from 2.5 to as low as 0.5g
kg™ DM (Davies et al., 1938). Forages from
the northern Great Plains of the USA are mar-
ginal in phosphorus (Karn, 1997).

Protein, digestible energy and sulfur con-
centrations in herbage also fall with maturity
(for sulfur, see Chapter 9) (Grant et al., 1996;
Karn, 1997) so that other deficiencies often
contribute to the malnutrition of livestock in
phosphorus-deficient areas. This is apparent
from early studies of Zebu cattle in East Africa
(Lampkin et al., 1961), of the savannah pas-
tures during the dry winter season in South
Africa (Van Niekerk and Jacobs, 1985) and in
subtropical Australia (Cohen, 1979). Responses
to phosphorus supplements are unlikely to be
obtained while other nutritional deficits exist
(Miller et al., 1990). In beef cattle, improve-
ments in food intake and growth rate usually
occur if dietary nitrogen is >15g kg=! DM and
phosphorus <1.5g kg™ DM (Winks, 1990).
The introduction of tropical legumes (e.g.
Stylosanthes species), tolerant of low available
soil phosphorus, lifted the constraint on herb-
age DM production in northern Queensland
(Jones, 1990), but merely exacerbated deficien-
cies in livestock by producing highly digestible
forage that was exceedingly low in phosphorus
(often <1g kg™ DM) (Miller et al., 1990).

The treatment of low-quality roughages
with urea to improve their digestibility will often
produce a phosphorus-deficient diet and addi-
tional phosphorus should be included in the
treatment.

Dairy cattle are more vulnerable than beef
cattle to phosphorus deprivation because of their
longer lactation and earlier conception. The
higher prevalence of aphosphorosis in beef cat-
tle in South Africa than in Australian has been
attributed to an adverse influence of calcareous
soils in South Africa (Cohen, 1979). It is worth
noting that tropical legumes often have extremely
high calcium concentrations (Table 6.2).

Other grazing livestock

Phosphorus deprivation is less common and
usually less severe in grazing sheep than in
grazing cattle. There are several possible expla-
nations for this. Sheep (and also goats) have a
higher feed consumption per unit LW, but the
maintenance requirements for phosphorus
increases with DMI (AFRC, 1991), putting
smaller ruminants at a disadvantage. They also
have a smaller proportion of bone to LW than
cattle and therefore smaller growth require-
ments. In addition, because of their different
methods of prehension, sheep are probably
more able to select plants that are less phos-
phorus deficient from mixed herbage. The
most important species difference is, however,
the much shorter period of the annual repro-
ductive cycle during which sheep are lactating
(Read et al., 1986a,b). This allows time for
depleted skeletal reserves to be replenished.
Early Australian studies found no benefit from
phosphorus supplements for sheep in areas
where aphosphorosis existed in cattle
(Underwood et al., 1940), and this has been
confirmed in South Africa (Read et al.,
1986a,b).

Poultry and pigs

Phosphorus deprivation would be endemic
in poultry and pigs (due to the over-feeding
of calcium and consequently poor availabil-
ity of PyP) if P, were not routinely added to
commercial rations. For example, mortality
is high in broiler chicks given a corn/mixed-
vegetable protein diet containing 4.5g P
kg~! DM unless it is supplemented with phos-
phorus (Simons et al., 1990). Phosphorus-
responsive bone deformities (rickets) and
fragilities will eventually develop, but they
are usually preceded by life-threatening
reductions in food intake. Nevertheless, a
histological study of the proximal tibiotarsus
from lame 35-day-old broiler chicks from
Holland, where there is great pressure to
reduce phosphorus levels in feeds, revealed
a high (44%) incidence of hypophosphatae-
mic rickets, which may increase susceptibil-
ity to tibial dyschrondroplasia and bacterial
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chondronecrosis (Thorp and Waddington,
1997). Growing pigs are less vulnerable than
poultry because they are normally fed rations
containing less calcium and need less
phosphorus.

Diagnosis of Phosphorus
Deprivation in Grazing Animals

The only definite evidence that lack of
phosphorus has critically restricted livestock
performance comes from improvements, par-
ticularly a recovery of appetite, seen when
specific phosphorus supplements have been
given. The following biochemical indices pro-
vide only a rough assessment of phosphorus
status.

Plasma inorganic phosphorus

Although plasma (or serum) P, can fall spec-
tacularly in animals deprived of phosphorus
(Fig. 6.15) and is used in ‘metabolic profiles’
to indicate phosphorus status, it is of ques-
tionable diagnostic value because of the many
factors that affect it (p.141). Inconsistent
responses to supplementation in beef herds
with serum P; in the range of 1.2-1.5mmol
I-! (e.g. Wadsworth et al., 1990; Coates and
Ternouth, 1992) suggest this is an appropri-
ate band between the normal and deprived
state in such herds and may be applicable to
dairy herds, judging from the findings of Valk
et al. (2001). Marginal serum P, concentra-
tions are most likely to precede clinical aphos-
phorosis in young, rapidly growing stock or
high-yielding lactating animals. Older beef
cattle on dry-season pastures of low nutritive
value can have mean serum P, values around
1.0mmol I-! and not benefit from phosphorus
supplementation (Engels, 1981; Wadsworth
et al., 1990), but this may indicate other
nutritional constraints such as protein or sulfur
deficiency.

The equivalent marginal range for young
pigs is higher (Fig. 6.7) and probably narrower
than for ruminants: 2.2-2.8 mmol I'! is sug-
gested because growth retardation can occur
with mean serum P, as high as 1.9mmol 1!

(Koch and Mahan, 1985). Sampling and ana-
Iytical procedures must be standardized because
plasma P, values vary with the site of sampling
(coccygeal and mammary vein > jugular vein)
and are increased by delays in removing serum
after formation of the blood clot (Teleni et al.,
1976; Forar et al., 1982). The use of buffered
trichloroacetic acid as a protein precipitant can
reduce post-sampling differences, but plasma
P, cannot realistically be interpreted using a
single threshold and marginal bands are neces-
sary (Table 6.10).

Bone criteria in general

Deprivation of phosphorus and calcium is
reflected by demineralization of the skeleton
in sheep (Table 4.6), cattle (Little, 1984;
Williams et al., 1991a), pigs (Table 6.4 and
Fig. 6.12) and turkeys (Fig. 1.4), but one ele-
ment cannot be removed without the other
and abnormalities are only indicative of a
phosphorus deficit if calcium is non-limiting
(compare Table 6.4 with Table 4.2). Protein
depletion can also lead to poor mineralization
of bones through the resorption of bone
matrix or failure to form that matrix.
Furthermore, phosphorus deprivation can
cause loss of production without significant
reductions in bone quality (Wan Zahari et al.,
1990; Coates and Ternouth, 1992). The
inconsistency is to be expected given that the
primary determinant of health and perform-
ance is appetite rather than bone strength
and that the bone sample is a minute portion
of a large heterogeneous reserve. Having
noted the limitations of bone indices, it is
important to choose the most informative
from a bewildering array of possibilities.

In vivo bone assessment methods

Rib biopsy was first used in cattle (Little and
Minson, 1977) and later applied to pigs
(Combs et al., 1991b), and is particularly
useful in experimental studies of serial
changes in skeletal mineralization, provided
that the site is consistent (Beighle et al.,
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Table 6.10. Marginal bands? for interpreting diagnostically useful indices of phosphorus or calcium status
in the skeleton and blood (P only). Where bone growth is restricted by mineral deprivation, ash and other
indicators of bone mineral density underestimate the degree of deprivation.

Bone ash® Plasma inorganic P°
(% dry weight) (mmol I-7)
Cattle Calf — milk-fed 60 (R,d)° 2.0-25
Calf — weaned 48-56 (R,c) 1.3-1.9
Cow 50-60 (R,c) 1.0-1.5
Pigs Starter (10-25kg) 45-48 (d) 2.6-3.2
Grower (25-65kg) 52-55 (d) 2.3-2.6
Finisher (65-80kg) 56-58 (d,M) 2.3-2.6
Sheep Lamb — suckling - -
Lamb — weaned 20-30 (V) 1.3-1.9
Ewe — lactating 30-36 (T) 1.0-1.5
Broiler Chick — <4 weeks 40-45 (T,d)® 2224
Chick — >6 weeks 45-50 (T,d) 2.0-2.2
50-55 (T,c,d)
Hen Laying 40-50 (T,d) 1.0-1.6
Turkey Poult 38-40 (T)

@Mean values within bands or individual values below lower limits indicate the possibility of impaired health or

performance if P (or Ca) supplies are not improved.

®Bone ash can be converted approximately to specific mineral concentrations on the assumption that ash contains
0.18g P, 0.36g Ca and 0.09g Mg kg~'. Ash unit~' volume is similar to ash unit™' dry fat-free weight.
°Source and pre-treatment of bone sample: c, cortical bone; d, defatted bone; M, metacarpal/tarsal; R, whole rib; T, tibia;

V, lumbar vertebra.

dIn broiler chicks, the marginal range for the fatty tibia is 39-42% ash. Toes can be sampled in vivo and toe ash <13% is

indicative of P (or Ca) deprivation.
eMultiply by 31 to obtain units in mg I-'.

1993). A disc of bone is obtained by trephine
(1.5cm diameter in cattle) and repeated
biopsies of the same rib are possible, but
they should removed dorsally to earlier biop-
sies after a reasonable interval (>3 months)
(Little and Radcliff, 1979). The analytical
options available are given in the next sec-
tion. Caudal vertebra biopsies can be used,
but samples contain less ash and are proba-
bly less responsive to changes in phosphorus
status than rib samples (Keene et al., 2004).
Toe ash concentrations are significantly
reduced in clippings from the phosphorus-
deprived fowl (e.g. Cheng et al., 2004).
Cortical bone thickness can be monitored by
X-ray, dual-photon absorptiometry and com-
puter-assisted tomography (Grace et al.,
2003). Radiographic photometry and ultra-
sound have also been used to obtain in vivo
measurements of bone mineralization
(Ternouth, 1990; Williams et al., 1991b;
Keene et al., 2004). Biochemical tests on
serum or urine can also indicate the extent to

which bone is being grown or resorbed.
These include assays of osteocalcin, hydrox-
yproline, deoxypyridinoline and type 1 col-
lagen (McLean et al., 1990; Leisegang
et al., 2000; Peterson et al., 2005). These
biochemical tests are subject to large fluctua-
tions at parturition and are under the control
of calcium-regulating hormones (see Chapter
4). They are not specific indicators of phos-
phorus deprivation and have more relevance
to racehorses than commercial livestock
since avoidance of stress injury is crucial to
racing performance (Price et al., 1995).

Post-mortem assessment of
bone mineralization

In dead animals, the X-ray, morphometric or
mineral analysis of bones may be the only
diagnostic option, but interpretation is com-
plicated by considerable variations between
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species, within and between particular bones
at a given age and by age per se, since values
for most indices increase with age irrespec-
tive of mineral nutrition (Fig. 6.12) (Beighle
et al., 1994). Mineral to volume or ash to
volume ratios or specific gravity in the entire
bone are the simplest and best indices of
bone mineralization in all species (e.g. lambs,
Field et al., 1975; cattle, Williams et al.,
1991a; chicks, Chenget al., 2004). Guideline
values are given in Table 6.10, which sum-
marizes the contribution each parameter can
make towards a diagnosis. In the young rap-
idly growing chick or piglet, where growth of
long bones is restricted by phosphorus (or
calcium) deprivation, total bone weight, ash
or mineral content is required to give the full
measure of deprivation. The mineral compo-
sition of bone mass is not greatly changed by
phosphorus (or calcium) deprivation in grow-
ing animals (Williams et al., 1991a; Qian
et al., 1996a), but is more variable in the lay-
ing hen. Fluctuations in the mineralization of
rib biopsy samples in lactating animals can be
marked (Fig. 6.13) (Read et al., 1986¢) and
give a different assessment of phosphorus
deprivation from that given by plasma P,
Phosphorus depletion tends to increase cal-
cium to magnesium ratios in the skeleton of
cattle as well as in lambs (Table 4.6, p. 72).

Faecal and urinary phosphorus

Although faecal phosphorus reflects endog-
enous loss as well as intake of phosphorus, con-
centrations have been used to monitor the
response of grazing cattle to phosphorus sup-
plementation on pastures deficient in both
nitrogen and phosphorus (Holechek et al.,
1985; Grant et al., 1996; Karn, 1997). A ‘crit-
ical threshold’ value of <2g P kg! faecal DM
has been advocated and was a significant but
weak predictor of milk yield in rangeland goats
when tested recently (Mellado et al., 2006). If a
simple qualitative ‘stick’ test for the presence of
phosphorus in urine could be devised, a ‘nega-
tive’ result for ruminants at pasture would raise
the possibility of phosphorus deprivation since
little or no phosphorus is excreted in urine at
marginal intakes of phosphorus.

The Prevention and Control
of Phosphorus Deprivation
in Ruminants

Phosphorus deprivation can be prevented or
overcome by direct treatment of the animal
through supplementing the diet or the water
supply and indirectly by appropriate fertilizer
treatment of the soils. The choice of procedure
depends on the conditions of husbandry.

Use of fertilizers

In climatically favoured and intensively farmed
areas with sown pastures, PO, applications
designed primarily to increase herbage yields
also increase herbage phosphorus (Falade,
1973). Minson (1990) calculated that, on aver-
age, pasture phosphorus was increased from
1.7 to 2.4 g kg™! DM with 47 kg fertilizer P ha-!
applied, but the range of increases was wide
(0.2-3.5t0 0.5-3.9g P kg™! DM from 9-86 kg
fertilizer phosphorus). Phosphorus can be
applied as rock phosphate (RP), single or triple
superphosphate or combined with nitrogen
and potassium in complete fertilizers, but it is
impossible to generalize about recommended
rates (Jones, 1990). For example, milk yields
were increased in dairy cows on tropical grass
pasture when 22.5 and 45.0kg P ha™! was
applied with 300kg N ha!, but not with 100 kg
N ha! or none (Davison et al., 1997). The
responses were attributed to increases in
the amount of green leaf on offer rather than
the twofold increase in herbage phosphorus
(from 0.6 to 1.3g kg™! DM). No benefit was
gained from providing additional dietary phos-
phorus (Walker et al., 1997), although ferti-
lizer treatments that maximize herbage vield do
not necessarily meet the requirements of graz-
ing animals at all times. Fertilization with phos-
phorus is inefficient on acid, iron-rich soils with
a high sorption capacity. On sparse, extensive,
phosphorus-deficient native pastures, other
methods are necessary because transport and
application costs are high and herbage produc-
tivity is usually limited by climatic disadvan-
tages. The continuous use of superphosphate
fertilizers in New Zealand has led to the sub-
stantial accumulation of cadmium in soils due



Phosphorus

153

to its presence as a contaminant of RP (see
Chapter 18). The use of superphosphate was
popular in New Zealand because it provides a
vehicle for the simultaneous distribution of
copper and cobalt for preventing deficiencies
of those elements.

Dietary supplementation

The easiest and cheapest procedure is to pro-
vide a phosphatic lick in troughs or boxes, pro-
tected from rain and situated near watering
places. Typical levels of phosphorus provision
for beef cattle are at least 5ghead! day! for
growing cattle and twice as much for breeding
stock (Miller et al., 1990), but intakes >8g
day! in growing cattle can retard growth
(Grant et al., 1996). Phosphorus can also be
provided directly in salt blocks and a simple 1:1
mixture of dicalcium phosphate (DCP, CaHPO,)
and salt with a small proportion of molasses is
well consumed by most animals. However,
consumption can vary greatly between individ-
ual animals and at different times of the year
(see Chapter 3). Supplementation through the
drinking water is possible where the access to
water is controlled (i.e. there are no natural
water sources), but requires water-soluble phos-
phorus sources such as sodium phosphate or
ammonium polyphosphate (Hemingway and
Fishwick, 1975), which are more expensive
than the relatively insoluble DCP. Furthermore
the amounts ingested fluctuate with water con-
sumption and treatment may limit water con-
sumption, cause toxicity and corrode dispensers
(Miller et al., 1990). Superphosphate has long
been used as a cheap source of water-soluble
PO, (Du Toit et al., 1940; Snook, 1949;
Scharp, 1979). Recent research found a that
soluble phosphorus source, monocalcium
phosphate (MCP, Ca(H,PO,),), stimulated lig-
uid-associated rumen microbes and increased
intake of a low phosphorous diet when com-
pared with DCP (Ramirez-Perez et al., 2008).
Where MCP and DCP are used in free-access
mixtures, supplementary calcium is automati-
cally supplied although it is rarely needed by
grazing livestock and may already be present
at levels sufficiently high to have contributed
to any aphosphorosis. In low-cost production

systems, where reliance is placed on low-
quality roughages, phosphorus is often lacking
and can be cheaply provided by including
20-30% wheat or rice bran in a molasses—urea
block or loose supplement.

Combined methods

Where legume species tolerant of phosphorus-
deficient soils have been sown, the most
efficient procedure is to combine direct and
indirect methods of supplementation. Phos-
phorus given as fertilizer is restricted in amount
to that required to maximize herbage vield
(up to 10kg P ha! year-?!) and any additional
phosphorus required is given directly (Miller
et al., 1990).

Mineral sources

Essentially similar findings with respect to a
variety of mineral PO, supplements have been
reported for sheep, growing beef cattle and
horses (Soares, 1995). Miller et al. (1987)
found that defluorinated phosphate (DFP) and
DCP provided phosphorus of equal availability
to calves. A wider range of mineral supple-
ments, including urea phosphate, monoammo-
nium phosphate (Fishwick and Hemingway,
1973), two magnesium phosphates and trical-
cium phosphate (Fishwick, 1978), have given
similar responses in growth and phosphorus
retention when tested with growing, phospho-
rus-deficient sheep. In sheep given coarsely
ground RP, particles can be trapped in the ali-
mentary tract giving a falsely high estimate
(0.66) of Ap (and presumably A,) (Suttle et al.,
1989): a value two-thirds that of DCP (0.55
versus 0.80) is considered to be more appro-
priate and a similar low value for RP has been
reported by Dayrell and Ivan (1989). Ground
RP is relatively unpalatable and can contain
enough fluoride to cause fluorine toxicity
(see Chapter 18). In vitro solubility in citric
acid differentiated two phosphorus sources,
RP and DCP, as well as an in vivo measure-
ment of A, in sheep (Suttle et al., 1989), and
neutral ammonium citrate can also be used as
an extractant.
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The Prevention and Control
of Phosphorus Deprivation
in Non-ruminants

Inorganic phosphorus
supplementation

Historically, the problem presented by the low
A, from cereals and vegetable protein sources
was overcome by liberal supplementation with
P.. The choice of supplement depended on
chemical composition, biological availability,
cost, accessibility and freedom from toxic
impurities and dust hazards of the P, source.
The RA; from different compounds has been
extensively evaluated against MSP (Soares,
1995) and values of 0.90-0.95 have been
accorded to bone meal, DFP, diammonium
phosphate and DCP given to poultry (Soares,
1995). For pigs, a similarly high RA, was given
to DCP, but bone meal (0.8) and DFP (0.85)
were generally less available. DFP was not infe-
rior to MSP in a separate study with pigs
(Coffey et al., 1994). Contrasts between spe-
cies may depend on the fineness of grinding of
the phosphorus sources used because poultry
have the ability to trap and grind down coarse
particles in the gizzard. The average AAp 0.82
derived for P, in trials with pigs (Fig. 6.7) refers
to DCP, the predominant supplement used,
and is comparable with a value of 0.82 found
for DCP by Peterson and Stein (2006), who
also found that MSP sources of different purity
can vary in AA; from 88% to 98% A, affecting
the assessment of RA, (Peterson and Stein,
2006).

Phytase supplementation

A wide range of exogenous phytases of micro-
bial or fungal origin have been tested for their
P-sparing effect, particularly in pigs (e.g.
Kornegay and Qian, 1996; Murry et al., 1997).
Phytases can be divided into three categories
according to preferred sites for initiation of
dephosphorylation or their pH optimum (acid,
neutral and alkaline), as summarized in Table
6.11. Once the preferred site has been dephos-
phorylated, the enzyme becomes progressively
less effective at removing further PO, groups.
Fungal phytases are less efficacious than micro-
bial phytases (Augspurger and Baker, 2004;
Paditz et al., 2004), but responses to
Escherichia coli 6-phytase in pigs (Brana et al.,
2006) and broiler chicks (Fig. 6.16) given corn/
SBM diets followed the law of diminishing
returns and left almost half of the ingested Py in
the excreta of the birds. The precise amount of
P, spared by ‘first-generation’ phytase supple-
ments varied widely, even after adjusting for vari-
ations in AA; in the basal diet (Knowlton et al.,
2004) and probably for the same reasons that
assessments of ‘phosphorus value’ of feeds vary
(see p. 133). The efficacy of phytase in chicks
decreases sharply with age in the first 3 weeks
of life (Fig. 4.5, p. 62) and with the lowering of
dietary calcium in chicks (Fritts and Waldroup,
2006), hens (Keshavarz, 2000b) and pigs (Lei
et al., 1994). Many commercially biased exper-
iments have exaggerated the efficacy of phytase
by performing experiments with either very
young chicks (<3 weeks old) or excess dietary
calcium.

Table 6.11. Important characteristics of some commercially available phytase supplements, including the
species of origin, vehicle for expression, specific locus of substrate, optimum pH, and degradability by

pepsin.

Origin Vehicle Specificity? Optimum pH Degradability Brand names

Aspergillus niger Fungus 3-phytase 2.5-5.5 High Finase P
Natuphos

Peniophora lycii Fungus 6-phytase 2.5-35 High Ronozyme

Escherichia coli Yeast 6-phytase 2.5-3.5 Low Quantum
OptiPhos
Ecophos

aSee Fig. 6.1 for the numbering of target PO, groups on the phytate molecule.
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Fig. 6.16. The effects of adding an Escherichia
coli 6-phytase on the fractional retention of
phytate phosphorus, relative growth rate and feed
conversion rate of broiler chicks in the first 14 days
of life (data from Cowieson et al., 2006).

LWG, live-weight gain.

Adding 500 U phytase allows the removal
of 0.84g P, kg~! DM from the average ration
(Knowlton et al., 2004), but represents degra-
dation of as little as 20-29% of the PyP
present in corn/SBM diets (e.g. Cromwell
et al., 1995). The ‘P, equivalence’ of phytase
supplements in poultry rations was broadly
similar (e.g. Augspurger et al., 2003). Myo-
inositol, the end product of complete PyP
digestion, also stimulates growth (Zyla et al.,
2004) and could partly explain variations in
‘phosphorus equivalence’ and why benefits in
performance and bone mineralization from
phytase supplementation including those in
Fig. 6.9, sometimes exceed those attributable
to improved Ay alone. Phytase supplements
can increase nutrient digestibility in pigs
(Johnston et al., 2004) and increase transit
rate through the gut, and thus increase food
intake in chicks (Watson et al., 2006).

A second generation of genetically modi-
fied microbial phytases has appeared with
improved heat stability and resistance to diges-
tion (e.g. Augspurger et al., 2003; Gentile
et al., 2003): one derived from an E. coli that
colonizes the porcine colon can obviate the
need to add P, to diets for finishing pigs and
laying hens (Augspurger et al., 2007); others
remain undestroyed by pelleting (Timmons
et al., 2008). Mixtures of phytases with acid
and alkaline pH optima might increase efficacy

(Zyla et al., 2004), but the strategy adds to an
already significant feed cost. The role of
exogenous and endogenous phytases in reduc-
ing pollution of watercourses with phosphorus
is discussed in Chapter 20.

Citrate and vitamin D supplements

Additions of citrate or sodium citrate (up to
6% of the diet) to diets marginally deficient in
phosphorus have produced linear increases
in chick growth rate and tibia ash. This
response was attributed to chelation of cal-
cium and the consequent increased conver-
sion of PyP. An additional response was
found when phytase was also added (Boling
et al., 2000b). Pigs have shown much smaller
responses to citrate, but their basal diet was
lower in calcium (5 versus 6.2g kg! DM).
Supplementation with vitamin D, (Qian et al.,
1997) and synthetic analogues of the vitamin
(Biehl and Baker, 1997a,b; Snow et al.,
2001; Cheng et al., 2004) enhances PyP
utilization, probably by stimulating secretion
of endogenous alkaline phosphatases
(Edwards, 1993). The use of Solanum mala-
coxylon (or glaucophyllum SG) as a natural
source of vitamin D, analogue has been advo-
cated to reduce the cost of supplementation.
This improves the utilization of both phos-
phorus and calcium in broiler chicks (Cheng
et al., 2004). The combination of supple-
ments that (probably) act at different stages of
PyP degradation (e.g. citrate, phytase and
vitamin D;) can optimize the utilization of
PyP and there is possible synergism between
citrate and 1a(OH)D, (Fig. 6.17). A combina-
tion of citrate (15 g), wheat phytase (461U as
middlings) and microbial phytase (300U kg-!
DM) can replace P, in rations for growing pigs
(Han et al., 1998). Inconsistent additive
effects, such as the lack of benefit of adding
S. malacoxylon with phytase (Cheng et al.,
2004), are once again probably due to char-
acteristics of the experiment, such as the high
dose of phytase (1200 FTU as fungal
3-phytase) or a calcium-deficient basal diet.
When S. malacoxylon was used without
reducing dietary calcium, its calcinogenic
activity caused anorexia in broiler chicks.
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Fig. 6.17. Dietary supplements of citrate

(Ci; 30-40g), 3-phytase (300 FTU) and 10(OH)D,
(5ug kg' DM) can each release significant
amounts of available phosphorus from a
P-deficient, corn/soybean meal for use by broiler
chicks. Combining the supplements can produce
synergistic responses when each is used at a
suboptimal level (data from Snow et al., 2004).

Phosphorus Toxicity

The PO, ion is intrinsically well-tolerated and
animals can allow circulating levels of PO, to
fluctuate widely. This, coupled with ready
excretion of excess PO, via the urine, means
that livestock generally tolerate excessive
phosphorus intakes. Problems arise through

adverse interactions or cumulative effects with
other minerals. High phosphorus intakes pre-
dispose animals to urinary calculi, but in rumi-
nants these are only likely to form on diets
consisting predominantly of concentrates.
Diets rich in magnesium predispose to phos-
phatic calculi because magnesium phosphates
are integral to growth of the calculus (Suttle
and Hay, 1986). Sheep with a high inherited
efficiency for phosphorus absorption appear
particularly vulnerable (Field et al., 1984).
Dietary excesses of phosphorus predispose
broilers to tibial dyschrondroplasia (see
Chapter 4) unless excess calcium is also fed
(Edwards and Veltmann, 1983). Linear rela-
tionships between dietary phosphorus and the
incidence of tibial dyschrondroplasia and ‘cal-
cium rickets’ have been reported, with rela-
tively small increments of phosphorus (from
4.8 to 5.9g kg™! DM) sufficient to increase
incidences unless accompanied by an increase
in calcium (from 4.4 to 6.4 g kg~! DM) (Driver
et al., 2005). Excesses of acidogenic sources
such as monobasic phosphate disturb the
acid-base balance in laying hens (Keshavarz,
1994). In the horse, feeding excess phospho-
rus in diets low in calcium can cause secondary
hyperparathyroidism.
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7 Potassium

The essentiality of potassium in animal diets
was demonstrated experimentally early in
the 19th century. The element has been
found to sustain nerve and muscle excitability
as well as water and acid—base balance (Ward,
1966). Naturally occurring potassium defi-
ciency in livestock is, however, rare. The ele-
ment is so abundant in common rations and
pastures that ‘nutritionists have generally
regarded potassium as a useful but non-
critical nutrient’ (Thompson, 1972). That
view has been challenged with respect to cat-
tle (Preston and Linser, 1985), but unequivo-
cal benefits from potassium supplementation
have yet to be shown in the field. The nutri-
tional problems presented by potassium
continue to involve excesses rather than defi-
ciencies, particularly in ruminants whose
natural diet frequently provides a manifold
surplus of potassium that perturbs sodium
and calcium homeostasis.

Functions of Potassium

Potassium is the major intracellular ion in tis-
sues. It is usually present at concentrations of
100-160mmol 1!, which are 25-30 times
greater than those in plasma (Ward, 1966).
The established gradients create an electrical
potential that is essential for the maintenance
of responsiveness to stimuli and muscle tone.
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Potassium inevitably contributes to the regula-
tion of acid-base balance and participates in
respiration via the chloride shift (see Chapter
8). All soft tissues are much richer in potas-
sium than in sodium, making potassium the
third most abundant mineral in the body at
about 3.0g kg™! live weight (LW), ahead of
sodium at 1.2g kg™! LW (Fig. 7.1). The high-
est potassium concentrations are found in
muscle (approximately 4g kg!) (ARC, 1980)
and it is possible to estimate lean body mass
by measuring the activity of the naturally
occurring potassium radioisotope, “°K, in a
whole-body monitor (Ward, 1966). Many
enzymes have specific or facilitative require-
ments for potassium and the element influ-
ences many intracellular reactions involving
phosphate, with effects on enzyme activities
and muscle contraction (Ussing, 1960;
Thompson, 1972).

Dietary Sources of Potassium

Unlike the macro-minerals discussed so far, cal-
cium, magnesium and phosphorus, there is no
difficulty in measuring ‘potassium value’ and lit-
tle systematic variation in availability between
feeds. By and large, the potassium that is
detected by feed analysis is absorbed by the
animal.

©N. Suttle 2010. Mineral Nutrition of Livestock, 4th Edition (N. Suttle)
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Fig. 7.1. Contrasting distributions of sodium and potassium in the unshorn, empty body of young sheep

(data from Grace, 1983). RBC, red blood cell.

Forages

Potassium concentrations in forages are
highly variable. In the UK, a potassium range
of 10-45g kg~ dry matter (DM) about a mean
of 24.3 g kg™! DM has been reported for fresh
herbage (Table 7.1) (MAFF, 1990). Similar
variation has been found in Victoria and
Queensland forages (McNeill et al., 2002)
and in grass silage in the Netherlands
(Schonewille et al., 1997). High pasture
potassium is attributable to large farm inputs
of potassium in organic and artificial fertiliz-
ers. Potassium is recycled via slurry applica-
tion and the relationship between application
rate and pasture potassium in one study is
shown in Fig. 7.2. The effect varied slightly
with soil type (Soder and Stout, 2003). At a
given soil status, herbage potassium is influ-
enced by the plant species, its state of matu-
rity and the way the sward is managed.
Cool-season grass species (e.g. Lolium per-
enne) maintain higher potassium concentra-
tions than warm-season species (e.g.
Robinson, 1985) and temperate legumes
have higher levels than tropical legumes (Table
7.2) (Lanyon and Smith, 1985). For a given
sward, pasture potassium can decrease mark-

edly as the season progresses (Reid et al.,
1984; Pelletier et al., 2006), although the
effect varies between species (Fig. 7.3)
(Perdomo et al., 1977; Cherney and Cherney,
2005).

Other feeds

Most feeds show less variation in potassium
concentration than forage, but there is consider-
able overlap between types (Table 7.1).
Carbohydrate sources are generally low in
potassium (3-5g kg~! DM), but protein sources
generally contain 10-20g kg™ DM and it is
hard to compound a balanced ration from the
ingredients given in Table 7.1 that does not
meet the requirements of any class of livestock.
Over-reliance on cereals and non-protein (also
non-potassium) nitrogen sources might, how-
ever, create a potassium-deficient diet. If alkali-
treated straw is used as the source of roughage,
treatment with ammonia or sodium hydroxide
appears to reduce potassium concentrations by
about 25%. At the other extreme, root crops,
molasses, molassed by-products (beet pulp,
bagasse), cottonseed meal and soybean meal
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Table 7.1.
the UK (data mostly from MAFF, 1990).

Mean (standard deviation) potassium concentrations (g kg-' DM) in pastures and foodstuffs in

Roots and

Forages K Concentrates K by-products K
Herbage 24.3 (6.6) Fish meal 10.2 (1.3) Fodder beet 17.5 (4.8)
Grass silage 25.8 (6.8) Soybean meal 25.0 (1.0) Swedes 28.62
Clover silage 27.4 (7.6) (ext.) Turnips 37.8°

(mixed) Safflower meal 17.1 (1.8) Cassava meal 8.1 (1.5)
Lucerne silage  24.6 (4.0) Palm-kernel cake 6.9 (1.2) Meat and bone meal 5.2 (0.6)
Maize silage 12.3 (4.1) Maize gluten 12.5(2.7) Molasses (beet) 491 (5.4)
Grass hay 20.7 (5.3) Rapeseed meal 14.3 (2.2) Molasses (cane) 38.6 (15.7)
Lucerne hay 27.5(5.0) Cottonseed meal 15.8 (0.8) Molassed beet pulp 18.2 (1.9)
Dried grass 26.0 (8.0) Linseed meal 11.2 (0.13) Beet pulp 11.7 (7.6)
Dried lucerne 25.4 (8.3) Maize 3.5(0.22) Brewers’ grains 0.6 (1.0)
Barley straw 16.0 (6.5) Barley 5.0 (0.7) Wheat feed 13.0 (2.2)
Wheat straw 10.2 (3.7) Wheat 4.6 (0.4) Distillers’ dark grains: 10.2 (0.8)
Alkali-treated 11.6 (5.3) Oats 5.0 (0.9) barley

barley straw Sorghum 3.2(0.1)

aData from New Zealand (Cornforth et al., 1978).

can add significant amounts of potassium to
supplements for dairy cows. These should be
avoided in pre-partum rations and where there
is difficulty in restricting potassium accumulation
in the pasture.

Absorbability

Dietary sources of potassium are highly solu-
ble and almost completely absorbed, regard-
less of the amount ingested (Miller, 1995). In a

0 200 400 600 800
Slurry N (kg ha™ year™)

Fig 7.2. The dispersal of dairy slurry on pasture
as a nitrogen fertilizer recycles potassium, greatly
increasing the pasture K concentrations (from
Soder and Stout, 2003). (Dactylis glomerata
pasture; slurry K:N was 0.75.)

study in sheep, the apparent absorption of
potassium (AAy) from four tropical grasses cut
at three stages of regrowth varied little about a
high mean of 0.86 (Perdomo et al., 1977). In
cattle, AAy increased marginally from 0.95 to
0.98 in steers as dietary potassium increased
from 6 to 48g kg™! DM. Availability can be
measured from urinary responses to dietary
supplements, and one study thus estimated
that 0.9 of potassium, given as the acetate or
bicarbonate, is available to young pigs (Combs
et al., 1985).

Potassium Requirements
Pigs and poultry

A reinvestigation of weanling cross-bred pigs
placed the potassium requirement at 2.6—
3.3g kg! DM, using a purified diet supple-
mented with potassium acetate or bicarbonate
(Combs et al., 1985). This figure is close to
that originally proposed by Meyer et al.
(1950). The potassium requirements for
growth in poultry appear to vary according to
dietary conditions, being increased by dietary
phosphorus (Gillis, 1948, 1950), chloride
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Table 7.2. Critical concentrations for potassium (g kg~' DM) below which plant yield may be reduced in
forage species (from Lanyon and Smith, 1985; Robinson, 1985).

Climate Grass K Legume K
Cool temperate  Poa pratensis 16-20 Trifolium repens 10
Dactylis glomerata 23-35 Medicago sativa 12
Lolium multiflorum 26-30 Trifolium fragiferum 10
Lolium perenne 26-30
Festuca elatior 25-28
Tropical Digitaria decumbens 12-14 Stylosanthes humilis 6.0
Sorghum sudanese 15-18 Centrosema brasilianum 11.22
Cynodon dactylon 15-17 Lotononis bainesii 9.0
Lespedeza capitata 9.8-12.22
Capsicum pubescens 7.52

2ln the dry season critical values are <7g kg~' DM.
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Fig. 7.3. Potassium concentrations in herbage
decline as the sward matures (data for tropical
grasses from Perdomo et al., 1977).

(Nesheim et al., 1964), carbohydrate (Leach
et al., 1959) and protein supplies, but the
effects of carbohydrate and protein probably
reflect the higher growth rate achieved by
feeding such supplements. The potassium
requirement was once put at 4-6g kg-! DM
for chickens (Thompson, 1972) and was simi-
lar to that of turkey poults (Supplee, 1965).
Subsequent recommendations (Table 7.3) dis-
tinguished between different types and ages
of bird, with particularly high potassium needs
for the young turkey poult (7 g kg=! DM) and a
low requirement as pullets approach lay (2.5¢g

kg~! DM). Optimum dietary concentrations
will be influenced by interactions with sodium
and chloride but 1g K kg! DM may not sup-
port optimum shell thickness (Sauveur and
Mongin, 1978).

Cattle

Precise data from feeding trials on the potassium
requirements for growth or milk production are
still not available. Thompson (1972) recom-
mended 6-8g kg~! DM for growing beef cattle
and 8-10g kg™! DM for lactating cows. NRC
(2000, 2001) recommendations are similar. The
increase in potassium need with the onset of lac-
tation reflects the high potassium concentration
in milk (1.5g 1) and confirms the possibility that
lack of potassium might limit milk production in
some management systems. Factorial estimates
have confirmed that while the potassium require-
ment increases with milk yield, needs for beef
and dairy cattle are both lower than previously
recommended, with the requirement for growth
diminishing as the animals mature (Table 7.4)
(ARC, 1980). Feeding trials with calves of 80kg
LW gaining 0.74kg day! have suggested a
potassium requirement of between 3.4 and 5.8g
kg! DM (Weil et al., 1988), while steers of
300kg LW gaining 1.3kg day! did not benefit
when their dietary potassium was increased from
5.5 to 10g kg! DM (Brink et al., 1984). Both
of these studies support the lower ARC (1980)
estimates (Table 7.4). Comparison of ARC
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Table 7.3. Dietary potassium requirements (g kg~' DM) of growing broiler and Leghorn chicks, turkey

poults and laying birds (from NRC, 1994).

Growth stage? Lay stage®
Bird type Early Middle Late High Medium Low
Broiler 3.0 (5.0)¢ 3.0 3.0 - - -
Leghorn 2.5 (4.0)° 25 25 1.9 15 1.3
Poults 7.0 5.0 4.0 - 6.0 -

aFor broilers, Leghorn chicks and poults, respectively: early = 0-3, 0—6 or 0—-8 weeks; middle = 3-6, 6-12, or 8—-12
weeks; late = 6-18, >18 weeks to first lay and 20-24 weeks of age.

®High, medium and low represent declining energy densities and food intakes of 80, 100 and 1209 day-', respectively.
°A factorial model would predict higher potassium requirements for early growth in chicks and suggested values are
given in parentheses, matching a corresponding increase in sodium requirement (Table 8.4).

Table 7.4. Examples of dietary requirements for potassium (g) of cattle and sheep (after ARC, 1980).

Weight ;
gain or Assumed  Faecal Inevitable Production -r[:;ilirdelrer::r?':a
milk yield DM intake loss loss® requirement
Animal (kgday™) (kgday™) (gday™) (g day™) (gday)  (gday”) (gkg'DM)
50kg calf 0.5 0.5 1.3 1.9 1.0 4.2 8.4
250kg 0.5 5 13.0 9.5 1.0 23.5 4.7
bullock
600kg cow, 0.5° 8 20.8 22.7 2.8 46.3 5.8
weeks
30-40 of
pregnancy
600kg cow 10 10 26.0 22.7 15 63.7 6.4
600kg cow 30 14 36.4 22.7 45 104.1 7.4
40kg sheep 0.2 1 1.0 1.6 0.4 3.0 3.0

aEstimates did not incorporate an absorption coefficient, but with almost complete absorption (approximately 90%), this

should not matter.
®Weight gain of fetus.
°In urine and through skin, saliva, etc.

(1980) maintenance requirements with those
calculated by Karn and Clanton (1977) (3g
potassium 100kg~! LW) gives no indication of
underestimation.

Sheep

Thompson (1972) gave 7-8g K kg™! DM as
the requirement for sheep, based on two
experiments with feedlot ‘finishing lambs’ given
diets with graded but widely spaced concentra-
tions of potassium as the carbonate (Telle
et al., 1964; Campbell and Roberts, 1965). In
both studies the best weight gains and feed effi-

ciency were obtained at the highest levels
employed (6.2 and 7g K kg! DM, respec-
tively). However, ARC (1980) concluded from
the same data that growing sheep require only
3-5g K kg™! DM and their factorial estimates
agreed with this lower estimate (Table 7.4).

Metabolism of Potassium

Absorption

Potassium absorption occurs principally in the
small intestine in non-ruminants by unregulated
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Fig 7.4. The effect of dietary potassium intake on duodenal flows of sodium and K in lactating cows
given four different silages (containing 15-26 g K kg~' DM), together with a Na-rich concentrate (data
from Khorasani et al., 1997). Up to 100g ingested K fails to reach the duodenum and, as K intake rises,
the flow of Na to the duodenum decreases. A similar K versus Na antagonism is shown in Fig. 8.4,

Chapter 8.

processes. In the ruminant, however, over 50%
of the potassium entering the rumen is pas-
sively absorbed from it (Fig. 7.4), lowering the
apical potential difference at the mucosal sur-
face in the process (see Chapter 5). Potassium
enters the bloodstream largely via conductance
channels in the basolateral membrane of the
gut mucosa.

Membrane transport

There are more mechanisms for transporting
potassium across membranes than there are
for any other element, reflecting the difficulty
but essentiality of maintaining high intracellular
concentrations of potassium. In addition to the
familiar sodium/potassium ATPase pump and
co-transporters (see Chapter 8), there are
hydrogen/potassium ATPases and six types of
potassium channel, each distinctively regulated
(Peterson, 1997). Short-term adjustments to a
fluctuating potassium supply can be made
through changes in the net flux of potassium
into cells, under the influence of insulin
(Lindeman and Pederson, 1983). A further
need for regulation lies in the cytotoxicity of
high circulatory levels of potassium, with serum

values >6mmol I-! being sufficient to cause
heart failure. The use of ionophores in rumi-
nant nutrition to manipulate rumen metabo-
lism can have disturbing systemic effects
(e.g. lowering erythrocyte potassium) (Spears
and Harvey, 1987), which deserve wider
consideration.

Excretion

The regulation of body potassium status is
principally achieved by the kidneys, where
tubular reabsorption is restricted during over-
load under the influence of aldosterone (see
also Chapter 8) (Kem and Trachewsky, 1983).
However, adaptation to potassium loading
begins in the gut, where splanchnic sensors
provide early warning of the ingestion of
potentially lethal amounts (Rabinowitz, 1988).
Response to the sensors involves an increase
in sodium/potassium ion ATPase activity and
an increase in the number of pumps in the
basolateral membrane of both the distal renal
tubule and colon, leading to increased potas-
sium excretion by both the urinary and faecal
routes (Hayslett and Binder, 1982).
Aldosterone modulates the renal but not the
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colonic response. Michell (1995) has sug-
gested that aldosterone may be more impor-
tant to the grazing ruminant by controlling
potassium excess than in the more widely
studied alleviation of sodium deficiency.
However, the mechanisms are not as effective
as those for sodium, and plasma potassium
rises in response to increases in dietary potas-
sium in animals as diverse as pigs (Combs
et al., 1985) and steers (Greene et al., 1983).
Early suggestions that a rise in plasma potas-
sium increases sodium appetite were later
questioned (Michell, 1978).

Secretion

In ruminants, potassium is the major cation in
sweat, possibly due to the high potassium to
sodium ratio in ruminants’ natural diet of
grass (Bell, 1995). Losses increase with envi-
ronmental temperature and are greater in
Bos indicus than in Bos taurus (Johnson,
1970) at a given temperature, despite a lower
sweating rate. Muzzle secretions in buffalo
heifers can contain twice as much potassium
as sodium (12.6 + 0.5 versus 6.4 + 0.4 mmol
I-1) (Singh and Rani, 1999). Large amounts
of potassium are recycled to the rumen via
the secretion of saliva, which normally con-
tains around 7 mmol K I-!. Regression analy-
sis of data illustrated in the Chapter 8 indicates
that, on diets low in potassium (6 g kg=! DM),
the amounts of potassium entering the abo-
masum of lambs (36kg) and steers (261Kkg)
are 6 and 20g day!, respectively, exceeding

the amounts ingested. Potassium is also the
major cation secreted in milk (36 mmol I-! in
sheep and cattle); concentrations are not
increased at high dietary potassium intake,
but they decline slightly during severe potas-
sium deprivation (Pradhan and Hemken,
1969). The excretory losses of potassium in
calves may be increased by transport stress as
a result of increased aldosterone activity
(Hutcheson and Cole, 1986). Simulation of
stress by the intravenous administration of
cortisol has been seen to lower plasma potas-
sium in steers from 4.7 to 3.3mmol I!
(Parker et al., 2004).

Biochemical Consequences
of Potassium Deprivation

In most species there are most reductions in
serum potassium below the normal range of
5-6mmol I-! when dietary potassium sup-
plies are inadequate (Table 7.5). However, in
dairy calves marginally deprived of potas-
sium, loss of appetite and reduced weight
gain have been seen to occur with plasma
potassium unaffected at 6.1-6.6mmol 1!
(Weil et al., 1988). In beef cattle, urinary cre-
atinine to potassium ratios (molar) below 2.1
indicate the likelihood of a negative potas-
sium balance (Karn and Clanton, 1977).
Depletion of intracellular potassium may be
partially offset by the uptake of hydrogen
ions, but only at the expense of intracellular
acidosis.

Table 7.5. Suggested marginal bands? for potassium in serum, urine and diet as a guide to the
diagnosis of dietary deprivation (D) or excess (E) in livestock.

Serum (mmol I-")

Urine (mmol I") Diet (g kg™ DM)

Cattle D <25
E 6-10
Sheep D 2.4-40
E 5-10
Pigs D 25-35
E 5-10
Poultry D 3.0-5.5
E >10

<19 5-8
>120 3040
- 4-8
- 30-40
3-6
- >18
- 1.0-3.5
- >9

aMean values below (for D) or above (for E) the given bands indicate probability of ill-health from deprivation
or toxicity. Values within bands indicate a possibility of future disorder.
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Clinical Consequences
of Potassium Deprivation

Reduced appetite was one of the first signs
shown when growing pigs (Hughes and Ittner,
1942) and feeder lambs (Campbell and Roberts,
1965) were given semi-purified, low-potassium
diets. Poor growth and muscular weakness,
stiffness and paralysis and intracellular acidosis
have also been reported. The transition to a
state of dysfunction is rapid because the animal
body contains virtually no reserves of potas-
sium. Poor growth derives primarily from inap-
petence and partly from an impairment of
protein metabolism. When lactating dairy cows
were given diets based on beet pulp, brewers’
grains and maize containing only 0.6 or 1.5g
K kg™! DM, severe anorexia developed within
4 weeks (Pradham and Hemken, 1969). Milk
yield fell and pica, loss of coat condition and
decreased pliability of the hide were evident.
Potassium deprivation led to a greater reduc-
tion in milk potassium than in plasma potas-
sium and there was a compensatory rise in
milk sodium. Haematocrit increased from
35.3% to 38.1% on the low-potassium diets.
In a study involving less severe depletion in
dairy cows, improved recovery of body weight
(+92.9 versus +15.7kg) was observed after
peak lactation when the diet contained potas-
sium at 6.6 rather than 4.5g kg! DM (Dennis
et al., 1976). However, there was no accom-
panying improvement in milk yield, despite an
improved appetite.

Natural Occurrence
of Potassium Deprivation

Potassium concentrations decline in dry swards
due to a combination of ageing and leaching
effects so that potassium values of 0.9-5.7g
kg™! DM can occur in winter-range pasture
(Preston and Linser, 1985). Responses to
potassium supplementation have been obtained
under such rangeland conditions when urea
was also given, but they varied from year to
year (Karn and Clanton, 1977). Responses are
more likely to occur if cereal/urea supplements
are deployed to alleviate the more serious con-

straints of digestible energy and degradable
nitrogen in such pastures. Potassium supple-
mentation of corn-based diets has been claimed
to have several benefits, including improved
gains and mortality in finishing beef cattle,
improved milk production in dairy cows and
alleviated stiffness and excessive irritability in
swine (Preston and Linser 1985). However, no
published peer-reviewed papers support such
claims. The inclusion of potassium in supple-
ments fed during droughts may be beneficial.
Unusual conditions such as acidosis, stress and
diarrhoea may lead to potassium depletion
(Preston and Linser, 1985). Raising the potas-
sium concentration in the ‘receiving’ diet of
recently transported calves from 7-9to 13-14g
kg! DM improved weight gain in the first 4-7
weeks and reduced calf mortality (Hutcheson
et al., 1984), but a response to the accompa-
nying anion (chloride) cannot be ruled out.

Potassium and Acid—Base Balance

Optimal production requires the avoidance of
acid-base imbalance (i.e. of acidosis and alka-
losis) and potassium is the major determinant
of equilibrium in forage-based diets (Tremblay
et al., 2006). Imbalance has historically been
measured by estimating dietary cation—anion
differences (DCAD) in milli-equivalents (me) by
a variety of formulae, including only fixed,
monovalent ions ((Na* + K*) - Cl-) (DCAD;) or
divalent and metabolized ions (DCAD,: e.g.
(Na* + K* + Ca** + Mg*) - (CI- + S$*)).
Differences in ion absorption or urine-acidify-
ing capacity have sometimes been allowed for
(for review, see Lean et al., 2006), but the
chosen absorption coefficients for calcium (0.4)
and sulfur (0.65) are questionable. The impor-
tance of DCAD has been considered sufficient
for the NRC (2001) to quote characteristic
values for feeds. Forages were accorded a high
DCAD; (>100 me kg! DM), cereals a low
DCAD,; (<20 me kg™! DM) and protein supple-
ments a high (e.g. soybean meal) or low (e.g.
fish meal) DCAD,. Forages can vary widely in
DCAD,, with values for Swedish pastures rang-
ing from —14 to + 726 me kg~! DM and those
for Australian grasses, hays and silages from

-17 to 480, -13 to 470 and -2 to 390 me
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kg! DM, respectively (McNeill et al., 2002).
However, the effects of manipulating DCAD
on production have been inconsistent, possibly
due to the confounded effects of ions not incor-
porated in the chosen formula (e.g. Ca®* from
CaCl,, NH; from NH,Cl and HCO3 or CO%
from sodium and potassium salts), local buffer-
ing effects in the rumen (Underwood and
Suttle, 1999) and interactions among cations
(magnesium, calcium and chlorine). Species dif-
fer in their response to acidification of the diet,
with dairy goats and cow showing evidence of
increased bone resorption, but dairy sheep
showing no such changes (Liesegang, 2008).

Potassium, DCAD and milk fever

One of the main areas of recent research on
DCAD in ruminant nutrition concerns the posi-
tive correlation between DCAD in transition
diets and the incidence of milk fever (Table 7.6).
The discovery that potassium and sodium sup-
plementation as bicarbonate (HCO,) prior to
calving raises the incidence of milk fever showed
that the effect was attributable to DCAD and
not to potassium per se (Goff and Horst, 1997),
but it may have been amplified by the use of
HCO, salts. Studies with a grazing herd showed
that the hypocalcaemic effect of potassium fer-
tilization occurred without affecting DCAD, in
the sampled pasture (Roche et al., 2002).

Table 7.6. The influence of dietary potassium on
the incidence of milk fever in a dairy herd and on
the success of treatment at two dietary calcium
levels (from Goff and Horst, 1997). The table
shows the incidence of milk fever cases (% C) and
the number of treatments per case (T).

Dietary Ca
(9 kg™ DM)
Dietary K
(g kg~' DM) 5 15
11 C 0 20
T 0 1.0
21 C 36 66
T 2.25 1.5
31 C 80 23
T 2.0 1.25

Furthermore, provision of magnesium as sulfate
or chloride rather than magnesium oxide (MgO)
alleviated the temporary hypocalcaemia with no
accompanying difference in DCAD. It was there-
fore suggested that sulfate and chloride have
independent effects on milk fever. Since subclini-
cal hypocalcaemia can reduce subsequent milk
vield, improved vields following the addition of
these anions to the transition diet may not be
wholly or even partly attributable to changes in
DCAD. A comprehensive meta-analysis of past
DCAD trials showed that potassium, sulfur, mag-
nesium and calcium each had more significant
effects than any of the four DCAD formulae
evaluated (Lean et al., 2006) and potassium was
the least influential of the minerals. Decreases in
DCAD, may be less useful in preventing milk
fever in grazing than housed herds (McNeill
et al., 2002) and may reduce milk yield (Roche
et al., 2003). Meta-analysis of a restricted data
set gave stronger evidence for a positive relation-
ship between DCAD, and milk fever incidence
(Charbonneau et al., 2006). Further discussion
of the effects of acidic diets on bone mineral
metabolism can be found in Chapter 8.

Heat stress

Heat stress can induce respiratory alkalosis
associated with panting and supplementation
with potassium chloride (KCl) or sodium bicar-
bonate (NaHCQO,), but not potassium carbon-
ate (KCO,), can increase milk yield in the
heat-stressed dairy cow (West et al., 1991).
The specific role of potassium is questionable
because renal conservation of potassium allows
plasma potassium to remain stable during heat
stress, even in the relatively susceptible B. tau-
rus (Beatty et al., 2006). Studies with heat-
stressed chicks indicate a protective role for the
anion rather than the cation.

Acid-base balance in pigs and poultry

Acid-base balance is important in monogastric
species, but approaches to regulation have been
less complex than those described for ruminants.
Mongin (1981) suggested the use of dietary
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electrolyte balance (DEB), defined as sodium plus
potassium minus chloride, and diets formulated
to contain 250 me DEB kg~! DM were recom-
mended for optimum growth in chicks. Similar
recommendations were made for pigs (Austin
and Calvert, 1981). In heat-stressed broiler
chicks, the feeding of KCl or ammonium chloride
(NH,C)) in the drinking water (1.5 and 2.0g I,
respectively) with a diet adequate in potassium
(7.3g kg! DM) improved growth and feed
conversion efficiency (Teeter and Smith, 1986).
Higher levels or mixtures of the two salts were,
however, detrimental. Later work confirmed the
benefits of drinking water supplemented with
0.067 mol KCl or NaCl I-! on growth and water
consumption, but there was no restoration of
lowered plasma sodium or potassium and aldos-
terone levels remained high (Deyhim and Teeter,
1994). It was concluded that the osmotic stress of
the heat-stressed broiler had not been alleviated.
Where there is evidence of production responses
to sodium or effective replacement of sodium by
potassium in diets apparently adequate in sodium
(e.g. in poultry), these responses probably reflect
optimization of the acid-base balance, rather than
responses to potassium per se.

Potassium Toxicity: Primary

Potassium is poorly tolerated under acute chal-
lenge (Neathery et al., 1979). Calves discrimi-
nate against diets containing 20g K as KCl kg!
DM when given a choice, but appetite is not
depressed when they are given no choice
(Neathery et al., 1980). However, appetite and
growth have been seen to decline with 60g K
kg™! DM, a level sometimes encountered in
herbage under intensive grassland management
and found in molasses (Table 7.1). The major
direct effects of excess potassium are a distur-
bance of acid—base balance, hyperkalaemia and
cardiac arrest (Neathery et al., 1979).

Potassium Toxicity: Secondary

At exposure levels insufficient to cause toxicity,
potassium can interact with the metabolism of
other minerals in a ‘domino’ effect with poten-
tial or realized adverse effects on animal health.

Subclinical effects
on sodium metabolism

As potassium intakes rise there is a marked reduc-
tion in the duodenal flow of sodium (Fig 7.4),
which probably arises from a reduction in the
flow of unabsorbed salivary sodium. There are
four possible explanations: salivary flow is
reduced; more sodium is absorbed from the
rumen; or the salivary sodium to potassium
ratio decreases under the influence of aldoster-
one, as shown in studies with sheep (Humphery
et al., 1984). A fourth explanation that this a
residual effect of earlier displacement of
sodium by potassium begs the question of how
such a displacement occurred. The range of
dietary potassium over which the ‘aldosterone-
like’ response occurs (10-46g kg DM)
embraces concentrations found in most for-
ages and occurs on diets relatively high in
sodium (>4 g kg~! DM). Furthermore, the same
response is seen in sheep. Suggestions that a
low salivary sodium to potassium ratio may
predispose cattle to bloat have not been con-
firmed in New Zealand (Edmeades and

O’Connor, 2003).

Adverse interactions with magnesium

Potassium inhibits the absorption of magne-
sium from the rumen. Expression of the
antagonism varies with feed type, but often
results in a doubling of magnesium require-
ment over the range of potassium levels
commonly found in herbages (Table 5.2,
p. 102). The potassium/magnesium antago-
nism is exacerbated by sodium deprivation
and the induction of aldosterone, which raises
rumen potassium concentrations (Charlton and
Armstrong, 1989). High potassium intakes
can thus increase the risk for hypomagnesae-
mic tetany through a triple interaction (potas-
sium x sodium X magnesium).

Adverse interactions with calcium

High pre-partum intakes of potassium predis-
pose cows to hypocalcaemia and milk fever
(Table 7.6; also see Chapter 4). While the large
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effect shown in Table 7.6 is arguably a ‘worst-
case scenario’ in that the study used highly vul-
nerable, aged Jersey cows, there are many
reports of potassium supplements inducing
hypocalcaemia. In a recent study in sheep, the
hypocalcaemic effect was accompanied by
increased erythrocyte calcium (Phillips et al.,
2006). The underlying mechanism is a
decreased mobilization of calcium from bone at
a time of increased calcium demand for lacta-
tion, an effect exacerbated by hypomagnesae-
mia (see Chapter 5), giving scope for a
quadruple interaction (potassium x sodium X
magnesium X calcium). The dependence of
aldosterone secretion on calcium-ion-signalling
pathways (Spat and Hunyady, 2004) provides
a possible pathway for interactions with par-
athyroid hormone.

Prevention

Reductions in forage potassium may have a
threefold benefit in reducing incidence of meta-
bolic diseases in ruminants. Although many
pastoral systems require inputs of potassium in
artificial fertilizers to maintain grass vyields,

extensive recycling of potassium via urination
and slurry dispersal reduces the required input.
The best practice is to use, whenever possible,
mixtures of nitrogen and phosphorus without
potassium for the first fertilizer application in
spring, when herbage potassium is maximal,
and to restrict subsequent applications to the
minimum needed to reach the critical concen-
tration for maximum plant yield (Cherney and
Cherney, 2005). Advantage may also be taken
of variation between plant species in potassium
concentration. Replacing alfalfa with timothy
hay in the transition diet will greatly reduce
potassium intakes prior to calving and thus
reduce the risk of milk fever. Agronomists have
belatedly looked for pasture species (Cherney
and Cherney, 2005; Tremblay et al., 2006)
and husbandry practices (Pelletier et al., 2006;
Swift et al., 2007) that give low DCAD forages
as a strategy for improving herd health, and
harvesting low DCAD species such as Phleum
pratense at the flower-heading stage has been
advocated. Selection for strains with a low
potassium requirement would probably be more
effective than selecting for low DCAD while
lessening the risks of hypomagnesaemia and
sodium deprivation as well as hypocalcaemia.
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8 Sodium and Chloride

Sodium and chloride are considered together
because of their related metabolism, functions
and requirements in the animal and their interac-
tions with each other. Although plants use
sodium and potassium interchangeably, the dis-
tinctive metabolism of potassium in animals mer-
its a specific chapter (see Chapter 7) and only
certain interactions with sodium and chloride will
be dealt with here. The need for salt was recog-
nized long before its nature and extent were
established. A craving for salt by grazing animals
was recorded by early settlers and the provision
of salt became synonymous with good stock hus-
bandry. Indeed, the transition from a nomadic to
an agricultural way of life, with dependence on
cereals or vegetables rather than meat and milk,
was only sustainable with dietary supplements of
salt (Denton, 1982). Long after the first experi-
mental induction of salt deprivation in livestock
in the 19th century (see Chapter 1), Australian
workers began to unravel the complex hormonal
control of sodium metabolism by ingenious sur-
gical interventions that prevented the recycling
of sodium via salivary secretion in sheep, some
of which had their adrenal glands removed
(Denton, 1982). A need for supplemental
sodium in pigs and poultry fed on cereal-based
rations was also established (Aines and Smith,
1957). By contrast, chloride deprivation rarely
occurs naturally (Summers et al., 1967),
although it has been induced experimentally in
poultry (Leach and Nesheim, 1963) and calves
(Neathery et al., 1981).
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Attention has now switched to the prob-
lems of salt excess. Approximately one-third of
the Earth’s land surface is affected by salinity,
sodicity and aridity (Chiy and Phillips, 1995)
and the exploitation of halophytic browse spe-
cies and sea water for irrigation in arid coastal
areas are only possible when sodium excesses
are controlled (Pasternak et al., 1985; Masters
et al., 2006). Recently, welfare problems asso-
ciated with dehydration during prolonged trans-
portation have focused attention once more on
the hormonal control of thirst and sodium
metabolism (Hogan et al., 2007) and the find-
ings may have a bearing on the current contro-
versy surrounding sodium requirements of dairy
cows (Edmeades and O’Connor, 2003).

Functions

Sodium and chloride maintain osmotic pres-
sure, regulate acid-base equilibrium and con-
trol water metabolism in the body, with Na*
being the major cation in the extracellular fluid
(ECF) and CI- the major anion, at concentra-
tions of 140 and 105mmol I}, respectively.
Sodium plays a key role, providing an ‘osmotic
skeleton’ that is ‘clothed” with an appropriate
volume of water (Michell, 1995). When ion
intakes increase, water intakes also increase
(Wilson, 1966; Suttle and Field, 1967) to pro-
tect the gut, facilitate excretion and to ‘clothe’

©N. Suttle 2010. Mineral Nutrition of Livestock, 4th Edition (N. Suttle)
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Fig. 8.1. The ‘sodium pump’is vital to the maintenance of electrochemical differences across membranes
and the cellular uptake of glucose through the action of a sodium/potassium ion-dependent ATPase, but

activity is sustained at a significant energy cost.

the enlarged ‘skeleton’. The ‘osmotic skeleton’
is sustained by the Na*/K* ATPase pump in
cell membranes, which actively transports
sodium out of the cell, converting the energy
of ATP into osmotic gradients along which
water can flow (Fig. 8.1) and fuelling other
cation-transporting mechanisms. Thus, trans-
membrane potential differences are estab-
lished, and these influence the uptake of other
cations and are essential for excitability (i.e.
response to stimuli).

Amino acid and glucose uptake are
dependent on sodium and sodium-dependent
phosphate transporters have been isolated
from the avian jejunum and kidneys (Huber
et al., 2006). Exchange of Na* with H* influ-
ences pH regulation, while that with Ca?*
influences vascular tone. The contribution of
sodium to acid-base balance is covered in
more detail in Chapter 7. There are some
marked contrasts between sodium and potas-
sium (Fig. 7.1), with sodium making up over
90% of the bases of the serum, but little is
present in the blood cells. There are signifi-
cant stores of sodium in the skeleton, which
may contain approximately 3-5g kg™ fresh

weight in sheep. Chloride is found both within
the cells, including the gastric goblet cells
where it occurs as hydrochloride (HCI), and in
the body fluids in the form of salts. Respiration
is based on the ‘chloride shift” whereby the
potassium salt of oxyhaemoglobin exchanges
oxygen for carbon dioxide via the bicarbonate
ion (HCO;) in the tissue and reverses that
process in the lung, where reciprocal chloride
exchanges maintain the anion balance (Block,
1994).

Clinical Consequences
of Deprivation

Sodium

The first sign of sodium deprivation in milking
cows is pica or a craving for salt, manifested by
avid licking of wood, soil, urine or sweat. This
can occur within 2—-3 weeks of deprivation.
Water consumption can become excessive
(polydipsia) and urine output greatly increased.
After several weeks, appetite and milk yield
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begin to decline and the animal loses weight
and develops a haggard appearance because
of a rough coat, while milk fat content
decreases. In a high-producing cow, the break-
down can be sudden and death ensues.
However, if supplementary salt is provided
then a dramatic recovery occurs. An impaired
conception rate has been linked to sodium
deprivation in dairy cows in Victoria, where
pastures were rich in potassium and urinary
sodium outputs were low (Harris et al., 1986).
In growing pigs, poultry, sheep and goats,
sodium deprivation is also manifested within a
few weeks by inappetence, growth retardation
and inefficient feed use due to impairment of
protein and energy metabolism, but digestibil-
ity is not affected. Laying hens on low-salt
rations lose weight, are prone to cannibalism
and reduce both egg production and egg size
(Sherwood and Marion, 1975). The feeding of
sodium at levels only marginally below require-
ment induces moult in laying hens, reducing
egg production from 60% to 20% over 15
days (Ross and Herrick, 1981). In sodium-
depleted, lactating sows, the interval between
weaning and oestrus increases from 6.2 to
12.6 days, although the live weight of the sow
and growth rate of her litter remain unaffected
(Seynaeve et al., 1996). The reproductive con-
sequences of sodium deprivation merit further
consideration.

Chloride

When lactating cows were given a diet low in
chloride they developed pica, lowered milk
yield, constipation and cardiovascular depres-
sion (Fettman et al., 1984). Without the
demand of lactation, however, extreme meas-
ures are needed to induce ill-health. Chloride
deprivation has been produced experimentally
by giving young calves a diet low in chloride
while removing their chloride-rich abomasal
contents twice daily (Neathery et al., 1981).
The calves became anorexic and lethargic after
7 days, with mild polydipsia and polyuria.
Severe eye defects developed after 24-46 days
of depletion, but control calves given a diet
with added chloride grew normally despite the

removal of digesta. Chloride-deficient animals
showed a craving for potassium chloride (KCI)
as well as sodium chloride (NaCl). In chicks
given a diet containing only 0.2g ClI- kg™! dry
matter (DM), mortality increased and nervous
symptoms were reported (Leach and Neisheim,

1963).

Dietary Sources of Sodium
and Chloride

There are no problems of low or variable
sodium and chloride availability in feeds, and
sources are easily ranked by their sodium and
chloride concentrations.

Sodium in forages

Forages are generally poor in sodium due to
soil, plant and husbandry factors. Sodium is
readily leached from soils with a low cation
exchange capacity, such as the pumices of
New Zealand (Edmeades and O’Connor,
2003), and such soils support pastures low in
sodium. Soils and pastures within 25km of the
east coast of New Zealand are enriched with
sodium by the deposition of sea spray, and
coastal pastures can be three times richer in
sodium (0.3 versus 0.1g kg~! DM) than those
growing inland (Ledgard and Upsdell, 1991;
Edmeades and O’Connor, 2003). The distribu-
tion of pasture sodium concentrations world-
wide is skewed towards low values, with 50%
of samples containing <1.5g kg™ DM, and
low values are more common in tropical than
in temperate pastures: 50% of tropical legume
samples contain <0.4g Na kg=! DM (Minson,
1990).

There are consistent differences amongst
species and varieties in leaf sodium concentra-
tion. Among the more widely grazed native
range species the order is Holcus lanatus >
Dactylis glomerata > Festuca pratensis >
Phleum pratense. Varietal differences are most
marked in the richest (natrophilic) species such
as Lolium perenne (Chiy and Phillips, 1995).
L. perenne is a natrophilic species and P, pratense
a natrophobic species. The former, whether
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they be grasses (e.g. Phalaris species) or leg-
umes (e.g. white clover, subterranean clover
and Lotus), commonly contain 3-4g Na kg™!
DM, while natrophobic species, including
Pennisetum clandestinum (kikuyu), lucerne
and red clover, commonly contain <0.5g kg~!
DM (Edmeades and O’Connor, 2003). Sodium
concentrations in grasses (but not legumes)
change as they mature, with values decreasing
from 0.5 to 0.1-0.2g kg! DM in Californian
rangeland pasture between spring and
September (Morris et al., 1980). They are also
affected by applications of potassium and nitro-
gen fertilizers: nitrogen increases pasture
sodium in a dose-dependent manner, but the
concurrent application of potassium limits that
response to nitrogen, particularly at high appli-
cation rates (Fig. 8.2) (Kemp, 1971). Maize
silage, like some other cereal silages (Khorasani
et al., 1997), is a poor source of sodium.

Chiloride in forages

Most pastures are appreciably richer in chlo-
ride than in sodium irrespective of species or
state of maturity. For example, respective
mean values for sodium and chloride of 0.8
and 4.0g kg™! DM in legumes and 1.4 and

4.5

5.0g kg! DM in grasses have been reported
(Thomas et al., 1952). Pastures invariably
provide sufficient chloride for grazing ani-
mals, but they can be enriched by fertilizer
application (Chiy and Phillips, 1993a) and
this may have beneficial consequences in
terms of acid-base balance (Goff et al.,
2007), but decreases in DCAD are relatively
small (Fig. 8.3).

Concentrates

A survey in the USA (Berger, 1990) showed that
many foods contain less sodium than expected
from the widely quoted data of NRC; the mean
value for maize (0.07 g kg~! DM) was only 23%
of the listed value. More reliable data for sodium
and chloride in common foodstuffs are given in
Table 8.1. Most grain and plant protein sources
(with the exception of sunflower meal) are poor
in sodium, although values are not normally dis-
tributed, while root crops, root by-products and
animal products are relatively rich in sodium.
Cereal grains, like grasses, generally provide
more chloride than sodium, with maize provid-
ing the least and barley the most (0.5 and 1.8g
Cl-kg! DM, respectively). Cereal straws contain
three- to sixfold more chloride than the grains.
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Fig. 8.2. Herbage sodium concentrations are increased by the application of nitrogenous fertilizers but if
potassium is simultaneously applied the effect can be lost (data from Kemp, 1971).
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Fig. 8.3. Results of an attempt to manipulate the dietary cation—anion difference (DCAD) of pasture
by applying chloride (Cl) as a fertilizer (from Goff et al., 2007). While the increase in pasture Cl was
significant, it varied between sites (Ames and Nashua) and had relatively small effects on DCAD.
The source of Cl (ammonium chloride or calcium chloride) did not affect either Cl or calcium
concentrations in pasture.

Vegetable protein supplements are consistently Drinking water

low in chloride (0.3-0.7g kg! DM) and it is

possible to produce blends with cereals that do  Water sources vary enormously in the concen-
not meet the chloride requirements of pigs and  trations of sodium, chloride and other minerals
poultry. The inclusion of animal by-products and  they contain, from virtually none in some
grass meal would correct any sodium deficit. streams and reticulation sources to highly saline

Table 8.1. Mean (standard deviation) sodium concentrations (g kg-' DM) in pastures and foodstuffs in
the UK (from MAFF, 1990) and chloride (Cl) concentrations for corresponding foodstuffs from the USA
(NRC as quoted by McDowell, 2003).

Roots and
Forages Na Cl Concentrates Na Cl by-products Na Cl
Herbage 2.5(2.1) 4-6 Fish meal 11.2(1.5) — Fodder beet 3.0 (1.6) -
Grass silage 2.6(1.6) — Soybean meal (ext) 0.2 (0.1) 0.4 Swedes 0.72 -
Clover silage (mix) 0.8 (0.5) — Safflower meal 1.0(1.2) 1.3 Turnips 2.02 -
Lucerne silage 1.3(1.0) 4.1 Palm-kernel cake 0.2(0.1) — Cassava meal 0.6 (0.3) -
Maize silage 0.3(0.2) 1.8 Maize gluten 2.6(1.4) 1.0 Meatandbone meal 8.0 (1.0) 8-12
Grass hay 2.1(1.7) 4-5 Rapeseed meal 0.4 (0.3) — Molasses (beet) 25.0(8.2) 16.4
Lucerne hay 0.6 (0.1) 3.0 Cottonseed meal 0.2 (0.2) 0.5 Molasses (cane) 1.2(0.9) 31.0
Dried grass 2.8(1.6) — Linseed meal 0.7 (0.0) 0.4 Molassed beet pulp 4.4 (0.3) -
Dried lucerne 1.3(0.8) 4.8 Maize - 0.5 Beet pulp 32(221) 04
Barley straw 1.3(1.4) 6.7 Barley 0.3(0.4) 1.8 Brewers’ grains 0.3(0.3) 1.7
Wheat straw 0.6 (1.0) 3.2 Wheat 0.1 (0.1) 0.5 Wheat feed 0.1(0.1) 0.5
Alkali-treated 32.0(10.5) — Oats 0.2 (0.1) 1.1 Distillers’ grains
barley straw Sorghum 0.5(0.0) 1.0  Wheat 3139 -
Barley 0.3(0.3) -

aNew Zealand data from Cornforth et al. (1978).
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supplies, usually from deep wells or bores
(Shirley, 1978). Drinking water can therefore
constitute a valuable source of sodium (and of
other minerals, such as sulfates and magnesium
salts). Sodium-deprived animals show a marked
preference for salty water (Blair-West et al.,
1968) and they will even consume bicarbonate
of soda (NaHCO;) which is usually avoided (Bell,
1993). When the diet provides sufficient sodium,
cattle will discriminate against water containing
12.5g NaCl 1! in favour of pure water; pygmy
goats show a similar preference, while both
sheep and normal goats remain indifferent
(Goatcher and Church, 1970). Wide individual
and seasonal variation in water consumption
(see Chapter 2) affects the contribution of drink-
ing water to total intakes of sodium. It has been
calculated that cows yielding 20kg milk and
consuming 50 | water each day would meet
their sodium requirement from drinking water
alone if it contained 1g NaCl 1-1. Supplemen-
tary NaCl can be given to poultry via drinking
water (Ross, 1979).

Metabolism of Sodium and Chloride
Palatability

The presence of salt contributes to the palat-
ability of a feed (Grovum and Chapman,
1988), but the addition of salt to a feed replete
with sodium can lower feed intake (Wilson,
1966; Moseley, 1980) and may be used as a
means of restricting the intake of supplemen-
tary foods in ruminants (De Waal et al., 1989).
However, sodium appetite is relative rather
than absolute and can easily be learned (i.e.
affected by experience).

Absorption

Both sodium and chloride are readily absorbed,
but each element can influence the absorption
of the other (for a review, see Henry, 1995).
Studies with the isolated rumen showed that the
active transports of sodium and chloride are
coupled, with the absorption of one ion requir-
ing the presence of the other (Martens and

Blume, 1987). Ammonium at >8mmol 1! can
inhibit sodium transport while enhancing chlo-
ride transport across the isolated rumen epithe-
lium via separate effects on uncoupled pathways
(Abdoun et al., 2005), but the effects are
dependent on pH and influenced by the dietary
treatment of donor sheep (Abdoun et al., 2003).
However, the rumen is not normally a site of net
sodium absorption. In sheep and cattle the
major site is the large intestine, particularly on
diets high in potassium (Greene et al., 1983a,b;
Khorasani et al., 1997). Sodium uptake from
the intestinal lumen is achieved by coupling to
glucose and amino acid uptake via co-transport-
ers and also by exchange with hydrogen ions
(H*) (Harper et al., 1997). Absorption of chlo-
ride from dietary and endogenous (gastric secre-
tions) sources is also achieved by exchange for
another anion, HCO;.

Membrane transport

Sodium and chloride are highly labile in the
body. At the cellular level, the continuous
exchange of Na* and K* via ATP-dependent
Na*—K* pumps provides the basis for glucose
and amino acid uptake (by co-transport)
(Fig. 8.1), maintaining high intracellular potas-
sium concentrations but requiring about 50%
of the cell’'s maintenance need for energy
(Milligan and Summers, 1986). Production
increases Na*/K* transport and modelling
studies suggest that the associated contribu-
tion to energy expenditure rises from 18% to
23% as lamb growth increases from 90
to 230g day™!, with increased metabolite
transport (e.g. amino acids) across the gut
mucosa being primarily responsible (Gill
et al., 1989). Sodium transport across mem-
branes is also achieved by a wide variety of
complementary mechanisms: by a sodium-—
hydrogen exchanger; by electroneutral
sodium—potassium—2 chloride co-transport-
ers; by sodium—chloride and sodium-magne-
sium exchangers; and by voltage-gated Na*
channels. Chloride transport is almost as
complex, with both electrically and mechani-
cally (‘stretch’) driven calcium-activated chan-
nels and chloride-HCO;  exchangers
contributing to fluxes (Harper et al., 1997,
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Burnier, 2007). Dietary supplements of iono-
phores interact with dietary sodium to affect
ruminal metabolism (Spears and Harvey,
1987), increase magnesium absorption and
decrease sodium retention by increasing uri-
nary sodium loss (Kirk et al., 1994).

Hormonal influences

Sodium metabolism is hormonally regulated
as part of osmotic control. The activation of
renin to form angiotensins (I, II and III), with
vasopressin can modulate responses to aldos-
terone, changing ECF volume and blood
pressure through appropriate adjustments in
thirst and water balance (Bell, 1995; Michell,
1995; Burnier, 2007). The hormonal control
axes are active in the fetus, which responds to
variations in maternal sodium intake (Rouffet
et al., 1990), and in the newborn calf
(Safwate, 1985). Control mechanisms and
outcomes vary between species: for example,
the interaction between aldosterone and angi-
otensin does not affect centrally mediated
sodium appetite in sheep (Shade et al.,
2002). Plasma sodium can vary significantly
through the oestrus cycle in lactating cows
(from 138 to 160 mmol I-?), reaching a peak
between days 5-10 and a trough on day 20.
The pattern is less striking in heifers and is
presumed to reflect the activity of oestrogen,
rather than aldosterone, which shows a
slightly earlier peak during the cycle rather
than a trough (Rouffet et al., 1983). The
cyclic changes in plasma sodium are more
pronounced than those induced by sodium
loading in pregnant cows (Rouffet et al.,
1990).

Secretion

Much of the sodium that enters the gastrointesti-
nal tract comes from saliva. This is particularly so
in ruminants, which secrete about 0.3 1 kg™ live
weight (LW) day!, containing 150mmol Na I}
as the major cation. Experiments with sheep and
cattle show that when potassium is added to a
dry ration marginal in sodium the flow of sodium

into the abomasum is reduced, probably by
reducing salivary sodium secretion (Fig. 8.4).
Similar changes may occur when potassium-rich
silages are mixed with a sodium-rich concentrate
(Fig. 7.4, p. 173). Sodium, chloride and potas-
sium are all lost via skin secretions, but there are
major differences between species. In non-rumi-
nants, including the horse, sodium is the major
cation in sweat and salt concentrations in sweat
can reach 45g I-!. Horses, mules and donkeys
sweat profusely when exercised (p. 6), but the
high loss of sodium balances the loss of water
and provides a defence against hypernatraemia.
Milk normally contains 17 and 27 mmol Na I in
sheep and cattle, respectively, but in mares the
figure is only 5mmol I}, indicating a further pos-
sible line of defence against deprivation.

Excretion

Regulation of sodium status is principally achieved
in the kidneys by control of reabsorption of
sodium, secreted in the proximal tubule, by
changes in active transport and membrane per-
meability. Reabsorption from the distal tubule
can be enhanced by aldosterone so that urinary
losses become negligible when sodium and potas-
sium intakes are low (see Harper et al., 1997
for detail on regulatory processes). Potassium
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Fig. 8.4. High potassium intakes reduce sodium
flow from the rumen in sheep and cattle. Since
respective Na intakes were only 40 and 55 mg kg™’
live weight (LW), respectively, the flow of salivary
Na from the rumen must have been reduced

by K supplementation (data from Greene et al.,
1983a,b).
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supplementation increases the urinary and
decreases the faecal excretion of sodium in sheep
and cattle (Greene et al., 1983a,b). This change
in partition is the expected consequence of the
events just described in the rumen, but contains a
paradox. Potassium (4g day!) enhances the
ovine aldosterone response to sodium depletion
(Humphery et al., 1984), but aldosterone nor-
mally reduces the urinary excretion of sodium.
Somewhere along the line potassium must be
affecting sodium metabolism by pathways that do
not involve aldosterone.

Dietary excesses of chloride are predomi-
nantly excreted through the Kkidneys via a
potassium/chloride co-transporter in the renal
tubules. Although chloride can be reabsorbed,
the process is passive.

Water deprivation

Water deprivation causes a rise in plasma
sodium in steers. The risk of osmotic imbal-
ance is countered by complex physiological
control mechanisms, some mediated by the
central nervous system and influenced by corti-
sol (Parker et al., 2004). In ruminants, the rate
of outflow of digesta from the rumen is
increased. This has adverse consequences for
digestibility (Arieli et al., 1989), but possible
benefits in terms of undegraded protein out-
flow (Hemsley et al., 1975). The effects of
sodium and potassium/sodium imbalance on
magnesium metabolism in ruminants are con-
sidered elsewhere (Chapters 5 and 7).

Heat stress

Sodium losses increase as temperature and
humidity increase. In unacclimatized cattle,
the dribbling of saliva can result in daily
losses of sodium and chloride of up to 14
and 9mg kg! LW, respectively (Aitken,
1976). Plasma sodium and potassium
decrease during exposure to heat and high
humidity in steers that have free access to
water, but changes and residual effects are
less marked in species accustomed to such
conditions (e.g. Bos indicus versus B. taurus)

(Beatty et al., 2006)

Requirements for Sodium
and Chloride

There is no need for a safety factor to allow for
variable availability because absorption is usu-
ally almost complete, but one may be needed
for livestock unsuited to hot, humid environ-
ments and for young, grazing livestock that
have yet to acquire resistance to infectious
nematode larvae on the pasture. However, the
presence of large reserves of sodium in the
rumen and skeleton of ruminants means that
they can tolerate diets low in sodium for long
periods.

Sheep

Merino wethers fed on high-grain diets need
>0.6g sodium (McClymont et al., 1957) and
a minimum requirement of 1.0g kg~! DM has
been derived for growing lambs in feeding tri-
als (Hagsten et al., 1975). Field trials with
grazing lambs and ewes give a similar range of
sodium requirement (0.5-1.0g kg! DM)
(Edmeades and O’Connor, 2003). Morris and
Peterson (1975) used salivary sodium to
potassium ratios to assess the sodium require-
ment for lactating ewes (Fig. 8.5) and con-
cluded that the minimum sodium level needed
to maximize sodium status was 0.80-0.87g

10+ —a— After lambing

51 - ® - Atlambing
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Fig. 8.5. The salivary sodium to potassium ratio
reflects dietary Na supply after but not before
lambing because of the higher Na requirement for
lactation than gestation and possibly because of a
change in the set point for Na:K around parturition
(data from Morris and Peterson, 1975).
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kg DM, only 37.5% of the NRC requirement
at the time. Even this provision was generous
in terms of animal performance because the
unsupplemented diet containing 0.2g kg!
DM did not reduce appetite, ewe body weight
or lamb growth rate. Tolerance of sodium
depletion commencing in ovine pregnancy
has also been demonstrated (Michell et al.,
1988). Factorial estimates of need yielded
high requirements of 0.8-2.7g Na kg-! DM
(ARC, 1980), but allowed for a high faecal
endogenous loss (FEy, 20mg Na kg LW).
Obligatory faecal losses on diets low in potas-
sium are <6mg Na kg! LW (Michell et al.,
1988) and give lower factorial estimates of
sodium requirement (Underwood and Suttle,
1999). However, a moderate increase in die-
tary potassium (from 6 to 24kg! DM)
increased urinary sodium losses from 30 to
40mg kg! LW in wether lambs and induced a
negative sodium balance (Greene et al.,
1983a); dietary sodium, at 1.8g kg™! DM,
had clearly become marginal. Since most for-
age-based diets are relatively rich in potas-
sium, a higher set of requirements than those
given previously (Underwood and Suttle,
1999) is given in Table 8.2. Minimum chlo-
ride requirements have apparently not been
studied experimentally.

Sodium in cattle

Field experiments indicate that 0.6-0.8g Na
kg~! DM is sufficient for growth under climatic
conditions that are not extreme (Morris and
Gartner, 1971; Morris and Murphy, 1972),
but lactating cows need slightly more (1.0g
kg? DM) (Morris, 1980; Edmeades and
O’Connor, 2003). Using the salivary sodium
to potassium ratio as the indicator of need,
the requirement of housed buffalo heifers
would appear to be between 0.6 and 1.0g
kg~! DM (Singh and Rani, 1999). Reductions
in the salivary sodium to potassium ratio after
parturition in grazing beef cows has confirmed
the increased demand associated with lacta-
tion (Morris et al., 1980). However, the pro-
vision of supplemental NaCl in block form
was not found to improve calf weaning weight
on pasture containing only 0.15-0.50g Na

kg~! DM and the drinking water only 10-25mg
Na I-!. Substantially higher sodium require-
ments of 1.8g Na kg=! DM have been given
for lactating dairy cows by the NRC (2001)
than by the ARC (1980), whose factorial esti-
mates make no allowance for obligatory losses
in urine.

The requirements given in Table 8.2 have
been increased to allow for a similar effect of
potassium to that described in sheep: they
confirm that requirement increases slightly
with a rise in milk vield. Applications of NaCl
to grazed pasture in Wales that increased herb-
age sodium from an apparently adequate level
of 2g kg™! DM to 5g kg~! DM also improved
milk fat vield, giving high estimates of the
prevalence of sodium deficiency in dairy cows
(Chiy and Phillips, 1993a), although the effect
was confined to low-yielding cows in a subse-
quent study (Chiy and Phillips, 2000). The
responses may be attributable to short-term
effects on palatability or rumen physiology
that increase grazing and ruminating time and
bite rate rather than alleviation of sodium dep-
rivation (Chiy and Phillips, 1993b, 2000).
Such effects might not be seen in longer-term
studies because of a lack of herbage to graze,
and they have not been found in New Zealand
(Edmeades and O’Connor, 2003). Increased
requirements for sodium (and potassium) at
the onset of lactation have been proposed
(Silanikove et al., 1997) to avoid large nega-
tive balances, but massive amounts of sodium
(and potassium) were being excreted in urine
at the time (1.0-2.6 g day~!), suggesting either
a failure of normal homeostatic mechanisms
or — as seems more likely — unavoidable losses
due to bone catabolism.

Chloride in cattle

The daily chloride requirement of beef cattle
gaining 1.0kg day! estimated by ARC (1980) is
equivalent to a dietary concentration of 0.7g Cl
kg? DM, close to the need for sodium.
Requirements for lactating dairy cows should be
substantially higher because cow’s milk contains
more than twice as much chloride as sodium. In
the experiment of Fettman et al. (1984), a
supplement of 0.6g chloride was sufficient to
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Table 8.2. Estimates of the minimum dietary sodium concentrations required by sheep? and cattle at the

given DMI (after ARC, 1980).

Gross® Na requirement

Live weight ~ Growth or DMI
(kg) product (kg day™) (gday™) (g kg™ DM)
Lamb 20 0.1kg day~’ 0.5 0.35 0.7
0.2kg day™ 0.8 0.47 0.6
40 0.1kg day™ 0.83 0.58 0.7
0.2kg day™ 1.23 0.71 0.6
Ewe 75 0 0.8 1.0 1.25
Ewe, pregnant 75 1 fetus, week 12 1.03 1.0 1.0
Term 1.51 1.0 0.7
Ewe, lactating 75 1kg day™ 1.48 1.2 0.81
2kg day™' 2.18 1.8 0.83
3kg day! 2.90 2.2 0.76
Steer 200 0.5kg day’ 3.3 2.3 0.70
1.0kg day™ 4.7 3.1 0.65
400 0.5kg day™ 5.2 3.9 0.75
1.0kg day™ 7.3 4.7 0.65
Cow, dry 600 0 5.0 4.5 0.9
Cow, pregnant 600 Week 12 5.8 4.3 0.9
Term 9.0 7.2 0.8
Cow, milking 600 10kg day~’ 9.4 10.3 1.1
20kg day~’ 14.0 16.8 1.2
30kg day 18.8 22.6 1.2

aValues for sheep have been reduced by using a lower value for endogenous loss of 5 as opposed to 25mg Na kg~ live

weight.
®Absorption coefficient = 0.91.

prevent the symptoms of deprivation produced
by a basal diet providing 1g Cl kg-! DM, but the
NRC (2001) suggest a generous provision of
2.0g Cl kg™! DM. Milk chloride, in contrast to
most minerals, appears to rise with advancing
lactation. A study in Holstein cows reported val-
ues of 1.16, 1.29 and 1.90g Cl I'! milk in
months 1, 5 and 10 of lactation, respectively
(Lengemann et al., 1952). However, milk may
represent a route of excretion for chloride and
losses of chloride in milk may not need to be
wholly replaced.

Goats

From a study of growth, reproduction and lac-
tation of goats at two dietary concentrations of
sodium (0.3 and 1.7g kg! DM) (Schellner,
1972/1973), the lowest level was severely
inadequate and the higher level appeared to be

sufficient. No report on the chloride require-
ments of goats is available.

Pigs

In experiments with weaner pigs on diets very
low in sodium, potassium and chloride, 0.8-
1.1g Na and 1.2-1.3g Cl kg*! DM were
required for optimum growth (Meyer et al.,
1950). The need for sodium was later
confirmed for conventional maize and soybean
meal diets (Hagsten and Perry, 1976;
Honeyfield et al., 1985). The ARC (1981)
used a factorial model to define requirements
(Table 8.3) and predicted that the need for
sodium falls markedly with age to values well
below the latest recommendation from NRC
(1998) of 1g Na kg! DM from 20 to 120kg
LW. Applying the model to the lactating sow
also gives a far lower need than the 1.9 g Na
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Table 8.3. Sodium requirements of pigs predicted from a factorial model® (after ARC, 1981).

Dietary Na

Live weight Growth rate Net requirement Total requirement DM intake  concentration

(kg) (kg day™) (g day™) (g day™) (kgday™) (g kg™ DM)°
5 0.27 0.416 0.462 0.37 1.25
25 0.55 0.659 0.732 1.04 0.71
45 0.78 0.851 0.946 1.78 0.53
90 0.79 0.833 0.926 2.78 0.33
150 5.5° 2.08 2.14 5.00 0.43

aModel components were 1.0-1.5g Na kg™' live-weight (LW) gain for growth, 56 g Na total need for pregnancy, 0.3-0.4g
Na kg~ for milk yield, 1 mg kg~ LW for maintenance and an absorption coefficient of 0.9.

"Corresponding requirements for NaCl are 2.62-fold greater.

°Milk yield.

kg! DM recommended by NRC (1998).
Generous provision during pregnancy (1.5 g
Na kg™! DM: NRC, 1998) would establish a
store to meet any lactational deficit. The NRC
(1998) requirements for chloride were dou-
bled for the early stages of growth on the
basis of studies with early weaned pigs given
animal protein (Mahan et al., 1996, 1999).
Significant growth responses were obtained
with additions of HCl to diets containing 2.3 g
Cl kg™! DM and the requirement for the first 2
weeks after weaning at 22 days old was 3.8g
Cl kg ! DM (Mahan et al., 1999). The NRC
(1998) recommends a substantial reduction in
chloride provision to 0.8 g kg~! DM by the fat-
tening stage, but feeding trials have suggested
higher needs for finisher than grower pigs and
improved food conversion efficiency with
1.7g Cl kg! DM, particularly if diets are low
in sodium (Honeyfield et al., 1985).

Poultry

The latest NRC requirements are summarized in
Table 8.4 and are considerably greater than those
indicated by early studies with less productive birds
(Underwood and Suttle, 1999), but more sodium
may be needed for very young birds. Broiler
chicks can need 4-5g kg! DM in the first week,
declining by 30% at 3 weeks of age (Edwards,
1984, Britton, 1990). Chloride requirements are
also much higher (4-5g kg™! DM) early in life.
Requirements for sodium, potassium and chloride
probably decline with stage of growth in all types
of bird, as is the case with pigs. The average hen’s

egg contains 73mg sodium, 88mg chloride and
82mg potassium, but the increases in daily
requirement with the onset of lay are more than
met by increases in food intake and requirements
remain low when stated as dietary concentrations,
although they increase with the use of high-energy
diets (Table 8.4). The NRC standards suggest that
supplementation of conventional poultry rations
with sodium is essential, however, turkey poults
have been reared successfully to 35 days of age
on diets containing only 0.9g Na kg! DM, well
below the NRC (1994) requirement (Frame et al.,
2001). The latest chloride requirements for poul-
try (Table 8.4) (NRC, 1994) are of a similar order
to those for sodium.

Biochemical and Physiological Signs
of Sodium Deprivation

Depletion

The existence and physiological significance of
an initial depletion phase, as shown in the gen-
eral model (Chapter 3), is questionable. The
large pools of sodium present in the rumen
and skeleton are not essential for body function
and increase with sodium intake, and therefore
have the characteristics of ‘stores’. However,
their presence may not greatly delay the onset
of far-reaching adaptations in sodium metabo-
lism when sodium deprivation is acute and
severe. Depletion of the rumen pool of sodium
occurs concurrently with the changes about to
be described and the skeletal sodium pool may
also decline, though at a much slower rate.
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Table 8.4. Dietary requirements (g kg~' DM) of growing broiler (B) and Leghorn (L) chicks, turkey poults
(P) and laying birds for sodium and chloride (modified from NRC, 1994).

Growth stage?® Lay stage®

Bird type Early Middle Late High Medium Low

Na B 3.0° 1.5 1.2 - - -
L 3.0° 1.5 1.5 1.9 1.5 1.3

P 1.7 1.2 1.2 - 1.2 -

Cl B 3.0° 1.5 1.2 - - -
L 3.0° 1.2 1.5 1.6 1.3 1.1

P 1.5 1.4 1.2 - 1.2 -

aFor broilers, Leghorn chicks and poults, respectively: early = 0-3, 0-6 or 0—4 weeks; middle = 3-6, 6-12, or 8—12
weeks; late = 6-8, 18 weeks to first lay and 20-24 weeks of age.

®High, medium and low represent declining energy densities and food intakes of 80, 100 and 120g day-', respectively.
°For the first week of life, 8—10g NaCl kg~' DM is indicated by some studies (see text).

Sodium concentrations in the equine body are
almost twice as high as those found in lambs
and almost half is found in the skeleton (Grace
et al., 1999), representing yet another possi-
ble line of defence against deprivation.

Deficiency

Sodium concentrations in plasma must be main-
tained to preserve osmotic balance and do not
decline until the sodium-deprived animal is in
extremis (e.g. Seynaeve et al., 1996). The prin-
cipal mechanism for sodium conservation in
ruminants involves the replacement of salivary
sodium on a molar basis by potassium in an
adaptation modulated by aldosterone (Blair-
West et al., 1963). Sodium deprivation causes a
greater aldosterone response in sheep on a
high-potassium than on a potassium-free diet
(Humphery et al., 1984). The relationship
between plasma aldosterone and the salivary
sodium to potassium ratio is curvilinear, with
rapid increases in hormone concentrations
occurring when the sodium to potassium ratio
falls to <5.0 in sheep and goats (Fig. 8.6). In bul-
locks grazing sodium-deficient pasture, salivary
sodium and potassium values were found to be
40 and 90mmol 1!, respectively, compared
with 145 and 7mmol 1! in normal animals
(Murphy and Plasto, 1972). Qualitatively similar
reciprocal changes occur in sweat, but they are
less marked than those in saliva (Fig. 8.7).

Urinary sodium concentrations rapidly decline
to extremely low values and urinary potassium
excretion also declines (Singh and Rani, 1999).
Faecal sodium is reduced (Jones et al., 1967;
Michell et al., 1988) through reabsorption
against a concentration gradient in the lower
intestine (Bott et al., 1964). The mammary
gland is unresponsive to aldosterone and milk

100,000 =

10,000 =

& Sheep
1,000

B Goats

100 =

Plasma aldosterone (pg mi™")

10 I~ :
0 10 20
Salivary Na:K

Fig. 8.6. Sodium is conserved through the action
of the adrenal hormone aldosterone, which
facilitates the replacement of Na by potassium

in saliva and urine. Low Na:K ratios in saliva are
therefore correlated with plasma aldosterone and
are a useful indicator of sodium deprivation (data
from McSweeney et al., 1988).
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Fig. 8.7. Sodium deprivation of buffalo heifers
decreases the sodium to potassium ratio in muzzle
secretions as well as in saliva (data from Singh
and Rani, 1999). The initial Na:K ratios were

30 and 0.46 for saliva and muzzle secretions,
respectively.

sodium declines only slightly during sodium defi-
ciency, with no compensatory changes in milk
potassium in the cow (Schellner, 1972, 1973)
or ewe (Morris and Petersen, 1975). Sodium
deprivation of young pigs caused plasma potas-
sium to increase from 5.6 to 7.4 + 0.17 (stand-
ard error) mmol ! as dietary sodium decreased
from 1.8 to 0.3g kg™! DM, and disturbances of
amino acid metabolism were indicated by
changes in the plasma lysine to arginine ratio
(Honeyfield et al., 1985).

Dysfunction

Changes in plasma potassium in pigs are
accompanied by evidence of haemoconcen-
tration, with blood haemoglobin increasing
from 124 to 159 + 8g I! in sodium depriva-
tion (Honeyfield et al., 1985). Remarkable
changes have been reported in the lower intes-
tine of hens depleted of sodium (Elbrond et al.,
1991). After 3-4 weeks on a low-sodium diet,
the microvillus surface area more than doubled
due to an increase in epithelial cell number
and the surface area per cell. A greater density
of open sodium channels and an increase in
the short-circuit current contributed to greatly
increased net sodium transport. Morphological
changes are also seen in the adrenals of
sodium-depleted cattle, where the width of the
zona glomerulosa, as a proportion of the

cortex, doubles (Morris, 1980). A dietary defi-
ciency of sodium in laying hens, given 0.5g
Na kg™! DM, was aggravated by restriction of
chloride to 0.8 g kg~! DM, but partly alleviated
by increasing potassium from 7 to 12g kg™!
DM (Sauveur and Mongin, 1978).

Diagnosis of Sodium Deprivation

The earliest and most obvious sign of sodium
deprivation, a craving for salt, does not provide
a definitive diagnosis because some healthy
individuals eat salt avidly (Denton, 1982) and
salt craving is a feature of other disorders such
as phosphorus deprivation. Other manifesta-
tions of sodium deprivation such as polydipsia
and polyuria (Whitlock et al., 1975) are also
non-specific, and reliance must be placed on
biochemical criteria such as the salivary sodium
to potassium ratio. Early reductions in the
salivary sodium to potassium ratio precede
the appearance of disorder, and a band of
marginal sodium to potassium ratios must be
recognized (see Table 8.5). Although ratios
can vary widely within groups and between
frequent samplings from the same animal,
reciprocal movements in plasma aldosterone
indicate extreme physiological sensitivity of
sodium to potassium ratios rather than random
changes (N.F. Suttle, unpublished data).

The median salivary sodium to potas-
sium ratio and the proportion of values <2.0
should be used to assess risk of sodium depri-
vation in a flock or herd, rather than the
mean sodium to potassium ratio.

Parotid saliva can be easily drawn into a
syringe from the hollow between cheek and
teeth using a ‘trombone slide’ gag to open the
mouth (Murphy and Connell, 1970). In
bovines, the sodium to potassium ratio in
muzzle secretions also decreases during sodium
deprivation and droplets procured by syringe
may constitute a more convenient sample than
saliva, but the critical ratio is much lower
(<0.2) than it is for saliva (Singh and Rani,
1999). Faecal sodium values <1g kg-! DM
and a sodium to potassium ratio of <1.0
indicate deprivation (Little, 1987), but their
dependability has been questioned (Morris,
1980) and would be influenced by factors such
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Table 8.5. Suggested marginal bands? for sodium and chloride in serum, urine and diet as a guide to the
diagnosis of dietary deprivation (D) or excess (E) of each element for livestock.

Serum® Urine Diet
(mmol I-") (mmol I (g kg DM)
Na Cattle° D 130-140 <3 0.5-1.0
E 140-145 40-60 30-60
Sheep® D 140-145 - 0.5-1.0
E 150-160 40-60 30-60
Pigs D 137-140 1-3 0.3-1.0
E 150-180 >11 20-40
Poultry D 130-145 - 0.8-1.5
E 150-160 - 50-80
Cl Cattle D 70-85 2-5 1-3
E >150 - -
Sheep D 70-85 - 1-3
E >150 >100 >50
Pigs D 88—-100 - 0.9-2.4
E >110 - 20-49
Poultry D 90-115 - 0.8-2.0
E >174 >100 6.0-12.0

aMean values below (for D) or above (for E) the given bands indicate probability of ill-health from deprivation or toxicity.

Values within bands indicate the possibility of future disorder.

°If serum is unobtainable, similar interpretations can be applied to concentrations in vitreous humour.
°Salivary ratios of Na to K are more useful for diagnosing insufficiency in cattle and sheep. Median values of 4.0-10.0
are regarded as ‘marginal’; the equivalent range for bovine muzzle secretions is 0.2-0.3.

as DM intake and digestibility. Urine analysis is
more dependable, with sodium concentrations
of <3mmol I"! indicating deprivation in B.
taurus (Morris, 1980) and B. indicus (Singh
and Rani, 1999). However, values are influ-
enced by urine output and therefore differ
between animals on lush or dry diets unless
creatinine is used as a marker. Low plasma
sodium concentrations indicate terminal
sodium deprivation and the values given in
Table 8.5 should be carefully interpreted. The
surest indication of sodium deprivation is a
positive response in appetite, appearance and
productivity to salt supplementation.

Occurrence of Sodium Deprivation

Sodium deprivation can be precipitated by
dietary, climatic and disease factors and occurs
in the following conditions:

e rapidly growing animals given cereal-based
diets that are inherently low in sodium
(Table 8.1);

e animals grazing pastures on soils naturally
low in sodium;

e animals grazing pastures heavily fertilized
with potassium;

e lactating animals secreting large amounts
of sodium in milk, particularly cows;

e tropical or hot, semi-arid climates, causing
large losses of water and sodium in sweat;

e heavy or intense physical work that causes
profuse sweating; and

e animals with gut infections that cause
diarrhoea.

When one or more of these conditions
applies continuously for long periods and extra
salt is not provided, sodium deprivation is
inevitable.

Dietary sodium

Extensive areas of sodium deprivation in live-
stock occur in the centres of many continents,
including Saharan (Little, 1987), southern
(Walker, 1957; De Waal et al., 1989) and
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tropical Africa and Latin America (McDowell
et al., 1993). In arid inland areas of Australia
(Murphy and Plasto, 1972; Denton, 1982)
and Africa (Howard et al., 1962) where the
water table is low, grass pastures commonly
contain 0.1-0.8g Na kg' DM and even
grains and seeds are low in sodium
(Chamberlain, 1955; Morris and Gartner,
1971). Temperate continents (Chiy and
Phillips, 1995) and islands such as New
Zealand (Towers and Smith, 1983) can also
be low in sodium. One-third of New Zealand
pasture species have been found to contain
<0.5gNakg™! DM (Edmeades and O’Connor,
2003) and the introduction of legumes such
as alfalfa, also low in sodium (Table 8.1), to
New Zealand has been implicated in sodium
deprivation in dairy cows (Joyce and
Brunswick, 1975).

Pasture potassium

Potassic fertilizer applications may accentuate
sodium deprivation in two ways: by reducing
pasture sodium and by impairing sodium
metabolism in the animal. Applications of KClI
(80kg ha™!) reduce sodium concentrations to
0.4g kg! DM in natrophilic pasture species
such as Dactylis glomerata (McNaught, 1959)
and a similar problem was identified in Dutch
pastures (Lehr et al., 1963). A moderate pas-
tures in dietary potassium (from 6 to 24 g kg™!
DM) can greatly reduce the flow of sodium
from the rumen, particularly in cattle (Fig. 8.4).
The reduction in flow may exceed dietary
sodium intakes and can be attributable to either
reduced salivary secretion of sodium or
increased absorption of salivary sodium from
the rumen. Exposure to excess potassium
causes an immediate reduction in rumen
sodium concentration (Scott, 1974) and an
immediate large increase in urinary sodium
excretion (Suttle and Field, 1967). Natriuresis
is still evident 10-17 days after potassium
exposure (Greene et al., 1983a,b) and may be
attributable to the diversion of sodium from the
rumen and a consequent increase in renal
tubular load, possibly involving an aldosterone
response and reduction in salivary sodium
secretion (see Chapter 7).

Climatic factors

There are risks of sodium deprivation amongst
working animals in hot, humid environments —
particularly in equine species, which secrete
sweat rich in sodium. The increased use of the
lactating cow for draught purposes in develop-
ing countries will increase the risk of sodium
deprivation. With mature, non-lactating, non-
working animals or with younger ruminants
whose diets permit little growth, sodium home-
ostasis is so effective that deprivation is likely
only in hot environments with exceedingly low
sodium intakes from herbage.

Transport

Supplementation with sea water has improved
the health of sheep that became starved and
diarrhoeic during prolonged transportation
by sea (Black, 1997). Lack of sodium was
believed to have hindered water absorption
from the gut.

Disease factors

Infections of the small and large intestine per-
turb mechanisms that normally contribute to
sodium homeostasis. Acute bacterial infec-
tions of the gut that cause severe diarrhoea in
calves require the provision of sodium,
together with glucose, bicarbonate and even
potassium in a carefully balanced rehydration
therapy (Michell, 1989). Parasitic infections
of the abomasum in lambs cause sodium efflux
into the lumen, but losses can be reabsorbed
at uninfected distal sites since faecal sodium
excretion is not increased, and the salivary
sodium to potassium ratio is unaffected in
infected lambs on a diet marginal in sodium
(E. Ortolani, personal communication, 2000).
When the small intestine is also parasitized, as
is often the case in young lambs and calves at
pasture, sodium deficiency and salt appetite
may be induced on occasions despite mineral
supplementation (Suttle et al., 1996) and
adequate pasture sodium levels (Suttle and

Brebner, 1995).
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Prevention of Sodium Deprivation

Supplementary sodium is invariably supplied
commercially as common salt because of its
palatability and ready availability. In the past,
plentiful, cheap supplies coupled with low
toxicity encouraged the extravagant use of
salt, but practices have changed as require-
ments have become more closely defined
and costs to the environment, to the animal’s
energy metabolism (Arieli et al., 1989) and
to small farmers in tropical countries become
apparent. In pig and poultry feeding it was
common to add 5g NaCl kg~! DM to rations,
but 2.5 g should be sufficient even for the
youngest pigs with the highest requirements
(see Table 8.3), especially if the ration con-
tains animal protein. For growing or fatten-
ing beef cattle, hand- or mechanically fed,
salt supplements need not add >0.5g Na
kg! DM to the total ration, but the level
should be doubled for housed lactating dairy
COws.

With milking cows and ewes at pasture,
it is customary to rely on the voluntary con-
sumption of loose or block salt made continu-
ously available: this is usually sufficient,
although individual consumption can be
highly variable and is sometimes greatly in
excess of need (Fig. 3.4, p. 49) (Suttle and
Brebner, 1995). The physical form of the salt
affects voluntary consumption. Lactating
cows and heifers at pasture consume signifi-
cantly more loose than block salt, but intakes
of block salt are still sufficient to meet the
sodium needs of lactation (Smith et al.,
1953). Sheep show a similar preference for
loose salt. Applications of salt as a grassland
fertilizer rarely influence pasture yields in
New Zealand, even on soils low in sodium
and high in potassium. The relationship
between application rate and herbage sodium
is linear, but 50kg NaCl ha! is sufficient to
raise herbage sodium in natrophobic species
to the level required by the grazing animal
(Edmeades and O’Connor, 2003). Where the
problem is one of potassium-induced sodium
deficiency, potassium inputs to the farm
should be restricted and seasonal applications
delayed (see Chapter 7). The use of a low-
grade kainite (KCl), containing 22% subsidiary

sodium, should maintain herbage sodium
concentrations.

Biochemical Consequences of
Chloride Deprivation

In experimental deprivation of calves, plasma
chloride fell from 96 to 31 mmol I}, salivary
chloride fell from 25 to 16 mmol I-! and there
was secondary alkalosis, with reductions in
plasma sodium and potassium (Neathery et al.,
1981). Although the technique used to induce
deprivation in lactating cows was less severe
(Fettman et al., 1984) the biochemical conse-
quences were similar.

Abomasal parasitism inhibits the normal
secretion of HCI into the gut lumen (Coop,
1971), but the consequences of this in terms of
acid-base balance and the pathogenesis of
infection have not been explored. Acute chal-
lenge infections with Haemonchus contortus
raise salivary and presumably serum chloride
and perturb salivary sodium to potassium ratios
by increasing salivary potassium, indicating the
possibility of acidosis and loss of intracellular
potassium (N.F. Suttle, unpublished data).
Guidelines for the assessment of chloride status
are given in Table 8.5.

Sodium, Chloride
and Acid-Base Balance

The role of sodium and chloride in determin-
ing acid-base balance has been overshadowed
by that of potassium (Chapter 7), but was
demonstrated in an experiment with lambs in
which diets were supplemented with 2%
NaHCO; or 1% NH,CI to produce alkaline
and acidic diets, respectively. Retention of cal-
cium and phosphorus was reduced on the
acidic diet, and changes in acid and alkaline
phosphatase activities were suggestive of
increased osteoclast and decreased osteoblast
activity in bone (Abu Damir et al., 1981). In a
comparable study with pigs (Budde and
Crenshaw, 2003), no effects of ‘acidic’ diets
on bone mineralization were found despite
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apparent intracellular retention of chloride,
but this may have been attributable to the use
of CaCl, as a source of chloride.

Occurrence of Chloride Deprivation

While chloride deficiency is not believed to
occur naturally, Coppock (1986) has ques-
tioned the assumption that sodium will always
be the more limiting element and identified
diets based on maize (as grain, gluten and
silage) as presenting a risk of chloride defi-
ciency. Chloride depletion might also occur
in hot climates since cattle exposed to 40°C for
7 h are estimated to lose slightly more chloride
than sodium in sweat (1g day™! for a 200-kg
steer and 1.69g7! for a 500-kg cow) (ARC,
1980). Increases in muscle chloride have been
reported in ‘downer cows’ (see Chapter 4) and
may reflect a perturbed ‘chloride shift’.

Spontaneous turkey cardiomyopathy
(round heart)

Sudden deaths in turkeys, associated with
swollen hearts, ascites and hydropericardium
at post-mortem examination, have been linked
to electrolyte imbalance (Frame et al., 2001).
The disease occurs at a young age (11-21
days), particularly in females, with an increased
frequency in birds kept at high altitude. It is
thought that the relatively high potassium
intakes provided by high-protein diets can
raise an already high haematocrit and that
increased blood viscosity increases cardiac
workload. The incidence of spontaneous tur-
key cardiomyopathy (STC) is usually low
(<3%), but has been increased by raising die-
tary sodium (from 1.4 to 2.4g kg~! DM) and
decreased by raising chloride (from 1.6 to
4.0g kg! DM) in experiments conducted at
the high altitude of Utah (Frame et al., 2001).
Chloride supplementation was thought to have
increased potassium excretion. In two experi-
ments in which mean 35-day body weights dif-
fered (950 versus 850g), STC incidence was
significantly lower in slower-growing poults
(1.15 versus 0.50). The disease can be con-
trolled by restricting growth rate.

Heat stress

Heat stress can induce respiratory alkalosis
associated with panting, and supplementation
with sodium or potassium salts can increase
milk vield in heat-stressed cows (West et al.,
1991). In heat-stressed broiler chicks, the feed-
ing of KCl or ammonium chloride (NH,Cl) in
the drinking water (1.5 and 2g I}, respectively)
with a diet adequate in potassium improved
growth rate and food conversion efficacy
(Teeter and Smith, 1986); higher levels or
mixtures of the two salts were, however, detri-
mental. Later work confirmed the benefits of
supplementing drinking water with KCl or NaCl
(0.067 mmol 1Y), but there was no restoration
of lowered plasma sodium or potassium and
aldosterone levels remained high (Dayhim and
Teeter, 1994). It would appear that the critical
disturbance in electrolyte metabolism involves
chloride rather than sodium or potassium.

Sodium, Chloride and
Salt Toxicities

Dietary excesses of osmotically active elements
such as sodium and chloride can disturb body
functions (e.g. induce oedema), are usually
concurrent and occur under natural circum-
stances through the consumption of saline
drinking water or plants growing on saline
soils. Excesses can also arise from accidental or
intentional human interventions (e.g. access to
NaCl-containing fertilizers or mineral mixtures,
failed irrigation schemes or alkali treatment of
grain and roughage). In many respects chloride
toxicity is synonymous with salt toxicity, but
excess chloride has been specifically incrimi-
nated as a factor contributing to tibial dyschon-
droplasia (Shirley et al., 2003). Guidelines for
the assessment of excesses in the diet and
animal are given in Table 8.5.

Salt supplements

Tolerance of dietary salt is largely dependent
on the availability of salt-free drinking water.
Daily bolus doses of 10.5g NaCl kg~! LW given
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via rumen cannulae to grazing lambs depressed
growth within 4 weeks and after 9 months
reductions of 26% in weight gain and 14% in
clean wool yield were recorded (De Waal et al.,
1989). Protein supplementation reduced the
adverse effects of NaCl dosage, raising the
possibility that the mineral reduces microbial
synthesis of protein in the rumen. With con-
tinuous dietary supplementation in calves,
1.83g NaCl kg~! LW day! has been tolerated
with no disturbance of electrolyte status or
growth (Wamberg et al., 1985). It seems
unlikely that the individual intake of salt from
free-access mixtures would ever be sufficient to
impair production, provided there is access to
drinking water.

Excess sodium in the diet increases water
consumption in all species, including poultry
(Mongin, 1981), increasing the volume and
moisture content of excreta. Feeding to lower
sodium requirements will reduce water and salt
accumulation in excreta and associated envi-
ronmental problems.

Saline drinking water

Water containing up to 5g NaCl I-! is safe for
lactating cattle and up to 7 g 1! is safe for non-
lactating cattle and sheep (Shirley, 1978).
Stock can adapt to concentrations considerably
higher than these, at least in temperate cli-
mates. In a climate where the winters were
cool to mild and the pasture lush, sheep toler-
ated water containing 13g NaCl I-! (Peirce,
1957, 1965). However, with 20g NaCl [!
feed consumption and body weight declined
and some animals became weak and emaci-
ated. In high environmental temperatures and
dry grazing conditions, the tolerable salt con-
centration is reduced because of increased
water consumption. Toxicity varies with the
constituent salts in saline water: sodium chlo-
ride appears to be the least harmful compo-
nent, while magnesium sulfates and carbonates
are much more toxic than the corresponding
sodium salts. Both young and old pigs have
been found to tolerate drinking water contain-
ing 10g NaCl I, but 15g I! was toxic (Heller,
1932). An increase in dietary sodium from
1 (low) to 4 (modest excess) g kg~! DM increased

the water intake of lactating sows from 12.4 to
13.9 1 day! (Seynaeve et al., 1996). Laying
hens are much less tolerant of saline water
than pigs and adverse effects are of particular
concern because of the speed with which egg-
shell quality is reduced by relatively low con-
centrations (2 days exposure to 0.2g NaCl I-})
and the residual effects of prolonged exposure
(at least 15 weeks) (Balnave and Yoselewitz,
1985; Balnave and Zhang, 1998). The per-
centage of damaged shells increased linearly to
a maximum of 8.9% as sodium concentrations
increased up to 0.6g 1!, a level found in some
of the local (New South Wales, Australia)
underground sources.

Salt-tolerant plants

Saline soils support an unusual flora made up
of species that tolerate sodium by various
means involving avoidance (deep roots),
exclusion (salt glands) and dilution (bladder
cells, succulence) (Gorham, 1995). There is
therefore no simple correlation between soil
salinity and plant sodium concentrations.
Species such as the bladder saltbush (Atriplex
vesicaria) are essential to livestock produc-
tion in many arid regions, but ash concentra-
tions (200-300g kg'! DM, mostly as salt)
depress digestibility and lead to energy losses
associated with low digestibility and greatly
increased sodium turnover (Arieli et al.,
1989). Tolerance of salt-rich plants is highly
dependent on free access to water low in salt
but high relative to the suggested limits for
NaCl in the diet (15g kg~! DM for pigs and
up to 25g NaCl kg! DM for cattle) under
favourable conditions (for review, see Marai
et al., 1995). Toxicity is indicated clinically
by anorexia and water retention and physio-
logically by intracellular dehydration due to
hypertonicity of the ECF, with sodium and
chloride both contributing to disturbances.
Control is only likely to be achieved by a
variety of approaches including the encour-
agement of deep-rooted (saline-soil-avoiding)
species, irrigation systems that limit the
upward migration of salt and the use of com-
plementary feeds low in sodium (e.g. maize
and lucerne) (Masters et al., 2006).



200 Chapter 8

Sodium hydroxide-treated feeds of lactation. Calves can tolerate 1.2g NaOH

kg™ LW day~'and show no benefits in terms of

The treatment of grains’ straws and mature or acid-base status from neutralization Of the alkali
whole crop silages with sodium hydroxide ~Wwith HCl (Wamberg et al., 1985). However,
(NaOH) can improve nutrient utilization by the preferred alkali is ammonium hydroxide
ruminants (e.g. Leaver and Hil, 1995; (NH,OH) because it provides nitrogen and may
Chaudhry et al., 2001) and the amounts of be less likely than NaOH to cause kidney lesions

sodium added are substantial. In the former (nephritis) (D. Rice, personal communication,
Study7 Wheat and Wheat straw Containing 18g 1985) Alkali'treated feeds ShOuld not be Used

Na kg! were fed with silage (40:60) to dairy ~for transition cows because they may increase
cows without mishap for 12 weeks from day 54  the incidence of milk fever (see Chapter 4).

References

Abdoun, K., Wolf, K., Arndt, G. and Martens, H. (2003) Effect of ammonia on Na* transport across isolated
rumen epithelium of sheep is diet dependent. British Journal of Nutrition 90, 751-758.

Abdoun, K., Stumpff, F., Wolf, K. and Martens, H. (2005) Modulation of electroneutral Na transport in sheep
rumen epithelium by luminal ammonia. American Journal of Physiology — Gastrointestinal and Liver
Physiology 289, G508—G520.

Abu Damir, H., Scott, D., Loveridge, N., Buchan, W. and Milne, J. (1991) The effects of feeding diets con-
taining either NaHCQO, or NH,CI on indices of bone formation and resorption and on mineral balance
in the lamb. Journal of Experimental Physiology 76, 725-732.

Aines, PD. and Smith, S.E. (1957) Sodium versus chloride for the therapy of salt-deficient dairy cows.
Journal of Dairy Science 40, 682—688.

Aitken, F.C. (1976) Technical communication of the Commonwealth Bureau of Nutrition No. 26.

ARC (1980) The Nutrient Requirements of Ruminants. Commonwealth Agricultural Bureaux, Farnham
Royal, UK, pp. 213-216.

ARC (1981) The Nutrient Requirements of Pigs. Commonwealth Agricultural Bureaux, Farnham Royal,
UK.

Avrieli, A., Naim, E., Benjamin, R.W. and Pasternak, D. (1989) The effect of feeding saltbush and sodium
chloride on energy metabolism in sheep. Animal Production 49, 451-457.

Balnave, D. and Yoselewitz, |. (1985) The relation between sodium chloride concentration in drinking water
and egg-shell damage. British Journal of Nutrition 58, 503—-509.

Balnave, D. and Zhang, D. (1998) Adverse responses in egg shell quality in late-lay resulting from short-term
use of saline drinking water in early- or mid-lay. Australian Journal of Agricultural Research 49,
1161-1165.

Beatty, D.T., Barnes, A., Taylor, E., Pethick, D., McCarthy, M. and Maloney, S.K. (2006) Physiological
responses of Bos taurus and Bos indicus to prolonged continuous heat and humidity. Journal of
Animal Science 84, 972-985.

Bell, F.R. (1995) Perception of sodium and sodium appetite in farm animals. In: Phillips, C.J.C. and Chiy,
P.C. (eds) Sodium in Agriculture. Chalcombe Publications, Canterbury, UK, pp. 82-90.

Berger, L.L. (1990) Comparison of National Research Council feedstuff mineral composition data with
values from commercial laboratories. In: Proceedings of Georgia Nutrition Conference, Atlanta, 1990.
University of Georgia, Atlanta, Georgia, pp. 54-62.

Black, H. (1997) Sea water in the treatment of inanition in sheep. New Zealand Veterinary Journal 45,
122.

Blair-West, J.R., Coghlan, J.P., Denton, D.A., Goding, J.R., Wintour, M. and Wright, R.D. (1963) The control
of aldosterone secretion. In: Plincus, S. (ed.) Recent Progress in Hormone Research. Academic
Press, New York. pp. 311-383.

Blair-West, J.R., Coghlan, J.P., Denton, D.A., Nelson, J.F., Orchard, E., Scoggins, B.A., Wright, R.D., Myers,
K. and Junqueira, C.L. (1968) Physiological, morphological and behavioural adaptation to a sodium
deficient environment by wild native Australian and introduced species of animals. Nature UK 217,
922-928.



Sodium and Chloride 201

Block, E. (1994) Manipulation of cation-difference on nutritionally related production diseases, productivity
and metabolic responses in dairy cows. Journal of Dairy Science 77, 1437—1450.

Bott, E., Denton. D.A., Goding, J.R. and Sabine, J.R. (1964) Sodium deficiency and corticosteroid secretion
in cattle. Nature UK 202, 461-463.

Britton, W.M. (1990) Dietary sodium and chlorine for maximum broiler growth. In: Proceedings of Georgia
Nutrition Conference, Atlanta, 1990. University of Georgia, Atlanta, Georgia, pp. 152—157.

Budde, R.A. and Crenshaw, T.D. (2003) Chronic metabolic acid load induced by changes in dietary electro-
lyte balance increased chloride retention but did not compromise bone in growing swine. Journal of
Animal Science 81, 197-208.

Burnier, M. (2007) Sodium in Health and Disease. CRC Press, Boca Raton, Florida.

Chamberlain, G.T. (1955) The major and trace element composition of some East African feeding stuffs.
East African Agricultural Journal 21, 103—107.

Chaudhry, A.S., Cowan, R.T., Granzan, B.C. and Klieve, A.V. (2001) The nutritive value of Rhodes grass
(Chloris guyana) when treated with CaO, NaOH or a microbial inoculant and offered to dairy heifers
as big-bale silage. Animal Science 73, 329-340.

Chiy, P.C. and Phillips, C.J.C. (1993) Sodium fertilizer application to pasture. 1. Direct and residual effects
on pasture production and composition. Grass and Forage Science 48, 189-202.

Chiy, P.C. and Phillips, C.J.C. (1995) Sodium in forage crops and Sodium fertilization. In: Phillips, C.J.C. and
Chiy, P.C. (eds) Sodium in Agriculture. Chalcombe Publications, Canterbury, UK, pp. 43-81.

Chiy, P.C. and Phillips, C.J.C. (2000) Sodium fertilizer application to pasture. 10. A comparison of the
responses of dairy cows with high and low milk yield potential. Grass and Forage Science 55,
343-350.

Chiy, P.C., Phillips, C.J.C. and Bello, M.R. (1993a) Sodium fertilizer application to pasture. 2. Effects on
dairy cow production and behaviour. Grass and Forage Science 48, 203-212.

Chiy, P.C., Phillips, C.J.C. and Omed, H.M. (1993b) Sodium fertilizer application to pasture. 3. Rumen
dynamics. Grass and Forage Science 48, 249-259.

Coop, R.L. (1971) The effect of large doses of Haemonchus contortus on the level of plasma pepsinogen
and the concentration of electrolytes in the abomasal fluid of sheep. Journal of Comparative Pathology
81, 213-219.

Coppock, C.E. (1986) Mineral utilisation by the dairy cow — chlorine. Journal of Dairy Science 69,
595-603.

Cornforth, |.S., Stephen, R.C., Barry, T.N. and Baird, G.A. (1978) Mineral content of swedes, turnips and
kale. New Zealand Journal of Experimental Agriculture 6, 151-156.

Dayhim, F. and Teeter, R.G. (1994) Effect of heat stress and drinking water salt supplements on plasma
electrolytes and aldosterone concentrations in broiler chickens. International Journal of Bacteriology
38, 216-217.

Denton, D.A. (1982) The Hunger For Salt: An Anthropological, Physiological and Medical Analysis. Springer-
Verlag, Berlin/Heidelberg.

De Waal, H.O., Baard, M.A. and Engels, E.A.N. (1989) Effects of sodium chloride on sheep. 1. Diet compo-
sition, body mass changes and wool production in young Merino wethers grazing mature pasture.
South African Journal of Animal Science 19, 27—-42.

Edmeades, D.C. and O’Connor, M.B. (2003) Sodium requirements for temperate pastures in New Zealand.
New Zealand Journal of Agricultural Research 46, 37—-47.

Edwards, H.M. (1984) Studies on the aetiology of tibial dyschondroplasia in chickens. Journal of Nutrition
114, 1001-1013.

Elbrond, V.S., Danzer, V., Mayhew, T.M. and Skadhouge, E. (1991) Avian lower intestine adapts to dietary
salt (NaCl) depletion by increasing transepithelial sodium transport and microvillus membrane surface
area. Experimental Physiology 76, 733—-744.

Fettman, M.J., Chase, L.E., Bentinck-Smith, C., Coppock, E. and Zinn, S.A. (1984) Nutritional chloride
deficiency in early lactation Holstein cows. Journal of Dairy Science 67, 2321-2335.

Frame, D.D., Hooge, D.M. and Cutler, R. (2001) Interactive effects of dietary sodium and chloride on the
incidence of spontaneous cardiomyopathy (round heart) in turkeys. Poultry Science 80,
1572-1577.

Gill, M., France, J., Summers, M., McBride, B.W. and Milligan, L.P. (1989) Simulation of the energy costs
associated with protein turnover and Na*K*-transport in growing lambs. Journal of Nutrition 119,
1287-1299.



202 Chapter 8

Goatcher, W.D. and Church, D.C. (1970) Taste responses in ruminants. lll. Reactions of pigmy goats, normal
goats, sheep and cattle to sucrose and sodium chloride. Journal of Animal Science 31, 364-372.
Goff, J.P,, Brummer, E.C., Henning, S.J., Doorenbos, R.K. and Horst, R.L. (2007) Effect of application of
ammonium chloride and calcium chloride on alfalfa cation—anion content and yield. Journal of Dairy

Science 90, 5159-5164.

Gorham, J. (1995) Sodium content of agricultural crops. In: Phillips, C.J.C. and Chiy, P.C. (eds) Sodium in
Agriculture. Chalcombe Publications, Canterbury, UK, pp. 17-32.

Grace, N.D., Pearce, S. G., Firth, E.C. and Fennessy, P.F. (1999) Content and distribution of macro- and
trace-elements in the body of young pasture-fed horses. Australian Veterinary Journal 77, 172-176.

Greene, L.W., Fontenot, J.P. and Webb, K.E. Jr (1983a) Site of magnesium and other macro-mineral
absorption in steers fed high levels of potassium. Journal of Animal Science 57, 503-513.

Greene, L.W., Webb, K.E. and Fontenot, J.P. (1983b) Effect of potassium level on site of absorption of
magnesium and other macroelements in sheep. Journal of Animal Science 56, 1214-1221.

Grovum, W.L. and Chapman, H.W. (1988) Factors affecting the voluntary intake of food by sheep. 4. The
effect of additives representing the primary tastes on sham intakes by oesophageally fistulated sheep.
British Journal of Nutrition 59, 63—72.

Hagsten, |. and Perry, T.W. (1976) Evaluation of dietary salt levels for swine. 1. Effect on gain, water con-
sumption and efficiency of feed conversion. Journal of Animal Science 42, 1187—1190.

Hagsten, I., Perry, TW. and Outhouse, J.B. (1975) Salt requirements of lambs. Journal of Animal Science
42,1187-1190.

Harper, M.-E., Willis, J.S. and Patrick, J. (1997) Sodium and chloride in nutrition. In: O’Dell, B.L. and Sunde,
R.A. (eds) Handbook of Nutritionally Essential Mineral Elements. Marcel Dekker Inc., New York,
pp. 93-116.

Harris, J., Caple, .W. and Moate, P.J. (1986) Relationships between mineral homeostasis and fertility of dairy
cows grazing improved pastures. In: Proceedings of the Sixth International Conference on Production
Disease in Farm Animals, Belfast. Veterinary Research Laboratory, Stormont, UK, pp. 315-318.

Heller, V.G. (1932) Saline and alkaline drinking waters. Journal of Nutrition 5, 421-429.

Hemsley, J.A., Hogan, J.P. and Weston, R.H. (1975) Effect of high intake of sodium chloride on the utilisa-
tion of a protein concentrate by sheep. Australian Journal of Agricultural Research 26, 715-727.
Henry, PR. (1995) Sodium and chlorine bioavailability. In: Ammerman, C.B., Baker, D.H. and Lewis, A.J.

(eds) Bioavailability of Nutrients for Animals. Academic Press, New York, pp. 337-348.

Hogan, J.P., Petherick, J.C. and Phillips, J.C. (2007) The physiological and metabolic impacts on sheep and
cattle of feed and water deprivation before and during transport. Nutrition Research Reviews 20,
17-28.

Honeyfield, D.C., Frosseth, J.A. and Barke, R.J. (1985) Dietary sodium and chloride levels for growing-fin-
ishing pigs. Journal of Animal Science 60, 691-698.

Howard, D.A., Burdin, M.L. and Lampkin G.H. (1962) Variation in the mineral and crude-protein content of
pastures at Muguga in the Kenya Highlands. Journal of Agricultural Science, Cambridge 59, 251-256.

Huber, K., Hempel, R. and Rodehutscord, M. (2006) Adaptation of epithelial sodium-dependent phosphate
transport in jejunum and kidney of hens to variations in dietary phosphorus intake. Poultry Science 85,
1980-1986.

Humphery, T.J., Coghlan, J.P, Denton, D.A., Fan, J.S., Scoggins, B.B., Stewart, K.W. and Whitworth, J.A.
(1984) Effect of potassium, angiotensin Il on blood aldosterone and cortisol in sheep on different
dietary potassium and sodium intakes. Clinical and Experimental Pharmacology and Physiology 11,
97-100.

Jones, D.I.H., Miles, D.G. and Sinclair, K.B. (1967) Some effects of feeding sheep on low-sodium hay with
or without a sodium supplement. British Journal of Nutrition 21, 391-397.

Joyce, J.P. and Brunswick, |.C.F. (1975) Sodium supplementation of sheep and cattle. New Zealand Journal
of Experimental Agriculture 3, 299-304.

Kemp, A. (1971) The Effects of K and N Dressings on the Mineral Supply of Grazing Animals. Proceedings
of the 1st Colloquium of the Potassium Institute. IBS, Wageningen, The Netherlands, pp. 1-14.

Khorasani, G.R., Janzen, R.A., McGill, W.B. and Kenelly, J.J. (1997) Site and extent of mineral absorption
in lactating cows fed whole-crop cereal grain silage or alfalfa silage. Journal of Animal Science 75,
239-248.

Kirk, D.J., Fontenot, J.P. and Rahnema, S. (1994) Effects of lasalocid and monensin on digestive tract flow
and partial absorption on minerals in sheep. Journal of Animal Science 72, 1029-1037.



Sodium and Chloride 203

Leach, R.M. Jr (1974) Studies on the potassium requirement of the laying hen. Journal of Nutrition 104,
684-686.

Leach, R.M. and Nesheim, M.C. (1963) Studies on chloride deficiency in chicks. Journal of Nutrition 81,
193-199.

Leaver. J.D. and Hill, J. (1995) The performance of dairy cows offered ensiled whole-crop wheat, urea-
treated whole-crop wheat or sodium hydroxide-treated wheat grain and wheat straw in a mixture with
silage. Animal Science 61, 481-489.

Ledgard, S.F. and Upsdell, M.P. (1991) Sulfur inputs from rainfall throughout New Zealand. New Zealand
Journal of Agricultural Research 34, 105-111.

Lehr, J.J., Grashuis, J. and Van Koetsveld, E.E. (1963) Effect of fertilization on mineral-element balance in
grassland. Netherlands Journal of Agricultural Science 11, 23-37.

Lengemann, FW., Aines, P.D. and Smith, S.E. (1952) The normal chloride concentration of blood plasma,
milk and urine of dairy cattle. Cornell Veterinarian 42, 28-35.

Little, D.A. (1987) The influence of sodium supplementation on the voluntary intake and digestibility of low-
sodium Setaria sphacelatae cv Nandi by cattle. Journal of Agricultural Science, Cambridge 108,
231-236.

MAFF (1990) UK Tables of the Nutritive Value and Chemical Composition of Foodstuffs. In: Givens, D.I.
(ed.) Rowett Research Services, Aberdeen, UK.

Mahan, D.C., Newton, E.A. and Cera, K.R. (1996) Effect of supplemental sodium chloride, sodium phos-
phate or hydrochloric acid in starter pig diets containing dried whey. Journal of Animal Science 74,
1217-1222.

Mahan, D.C., Wiseman, T.D., Weaver, E. and Russell, L. (1999) Effect of supplemental sodium chloride and
hydrochloric acid added to initial starter diets containing spray-dried blood plasma and lactose on
resulting performance and nitrogen digestibility of 3-week-old weaned pigs. Journal of Animal Science
77, 3016-3021.

Marai, I.F.M., Habeeb, A.A. and Kamal, T.H. (1995) Response of livestock to excess sodium intake. In:
Phillips, C.J.C. and Chiy, P.C. (eds) Sodium in Agriculture. Chalcombe Publications, Canterbury, UK,
pp. 173-180.

Martens, H. and Blume, I. (1987) Studies on the absorption of sodium and chloride from the rumen of
sheep. Comparative Biochemistry and Physiology A — Comparative Physiology 86, 653—-656.

Masters , D.G., Benes, S.E. and Norman, C. (2006) Biosaline agriculture. Agriculture, Ecosystems and
Environment 119, 234—248.

McClymont, G.L., Wynne, K.N., Briggs, P.K. and Franklin, M.C. (1957) Sodium chloride supplementation
of high-grain diets for fattening Merino sheep. Australian Journal of Agricultural Research
8, 83-90.

McDowell, L.R. (2003) Minerals in Animal and Human Nutrition. Elsevier, Amsterdam, p. 688.

McDowell, L.R., Conrad, J.H. and Hembry, F.G. (1993) Minerals for Grazing Ruminants in Tropical Regions,
2nd edn. Animal Science Department, University of Florida, Gainsville, Florida.

McNaught, K.J. (1959) Effect of potassium fertiliser on sodium, calcium and magnesium in plant tissues.
New Zealand Journal of Agriculture 99, 442—-448.

McSweeney, C.S., Cross, R.B., Wholohan, B.T. and Murphy, M.R. (1988) Diagnosis of sodium status in
small ruminants. Australian Journal of Agricultural Research 39, 935-942.

Meyer, J.H., Grummer, R.H., Phillips, R.H. and Bohstedt. G. (1950) Sodium, chlorine, and potassium
requirements of growing pigs. Journal of Animal Science 9, 300-306.

Michell, A.R. (1989) Practice tip: oral and parenteral rehydration therapy. In Practice May, 96—99.

Michell, A.R. (1995) Physiological roles for sodium in mammals. In: Phillips, C.J.C. and Chiy, P.C. (eds)
Sodium in Agriculture. Chalcombe Publications, Canterbury, UK, pp. 91-106.

Michell, A.R., Moss, P., Hill, R., Vincent, |.C. and Noakes, D.E. (1988) The effect of pregnancy and sodium
intake on water and electrolyte balance in sheep. British Veterinary Journal 144, 147-157.

Milligan, L.P. and Summers, M. (1986) The biological basis of maintenance and its relevance to assessing
responses to nutrients. Proceedings of the Nutrition Society 45, 185—193.

Minson, D. J. (1990) Forages in Ruminant Nutrition. Academic Press, San Diego, California, pp. 208—229.

Mongin, P. (1981) Recent advances in dietary anion—cation balance applications in poultry. Proceedings of
the Nutrition Society 40, 285—294.

Morris, J.G. (1980) Assessment of sodium requirements of grazing cattle: a review. Journal of Animal
Science 50, 145-151.



204 Chapter 8

Morris, J.G. and Gartner, R.J.W. (1971) The sodium requirements of growing steers given an all-sorghum
grain ration. British Journal of Nutrition 25, 191-205.

Morris, J.G. and Murphy, G.W. (1972) The sodium requirements of beef calves for growth. Journal of
Agricultural Science, Cambridge 78, 105—108.

Morris. J.G. and Peterson, R.G. (1975) Sodium requirements of lactating ewes. Journal of Nutrition 105,
595-598.

Morris, J.G., Delmas, R.E. and Hull, J.L. (1980) Salt supplementation of range beef cows in California.
Journal of Animal Science 51, 71-73.

Moseley, G. (1980) Effects of variation in herbage sodium levels and salt supplementation on the nutritive
value of perennial ryegrass for sheep. Grass and Forage Science 35, 105-113.

Murphy, G.M. and Connell, J.A. (1970) A simple method of collecting saliva to determine the sodium status
of cattle and sheep. Australian Veterinary Journal 46, 595-598.

Murphy, G.M. and Plasto, A.W. (1972) Sodium deficiency in a beef cattle herd. Australian Veterinary Journal
48, 129.

Neathery, M.W., Blackmon, D.M., Miller, W.J., Heinmiller, S., McGuire, S., Tarabula, J.M., Gentry, R.F. and
Allen, J.C. (1981) Chloride deficiency in Holstein calves from a low chloride diet and removal of abo-
masal contents. Journal of Dairy Science 64, 2220-2233.

NRC (1994) Nutrient Requirements of Poultry, 9th edn. National Academy of Sciences, Washington, DC.

NRC (1998) Nutrient Requirements of Swine, 10th edn. National Academy of Sciences, Washington, DC.

NRC (2001) Nutrient Requirements of Dairy Cows, 5th edn. National Academy of Sciences, Washington, DC.

Parker, A.J., Hamlin, G.P,, Coleman, C.J. and Fitzpatrick, L.A. (2004) Excess cortisol interferes with a prin-
cipal mechanism of resistance to dehydration in Bos indicus steers. Journal of Animal Science 82,
1037-1045.

Pasternak, D., Danon, A., Arouson, J.A. and Benjamin, R.W. (1985) Developing the seawater agriculture
concept. Plant and Soil 89, 337-348.

Peirce, A.W. (1957) Saline content of drinking water for livestock. Veterinary Reviews and Annotations 3,
37-43.

Peirce, A.W. (1965) Studies on salt tolerance of sheep. 5. The tolerance of sheep for mixtures of sodium
chloride, sodium carbonate and sodium bicarbonate in the drinking water. Australian Journal of
Agricultural Research 49, 815-823.

Ross, E. (1979) The effect of water sodium on the chick requirement for dietary sodium. Poultry Science
58, 626-630.

Ross, E. and Herrick, R.B. (1981) Forced rest induced by moult or low-salt diet and subsequent hen per-
formance. Poultry Science 60, 63-67.

Rouffet, J.D., Clement, T.J. and Aranas, T.J. (1983) Changes of aldosterone in blood serum of dairy cattle
during estrous cycle. Journal of Dairy Science 66, 1734-1737.

Rouffet, J.D., Dalle, M., Tournaire, C., Barlet, J.-P. and Delost, P. (1990) Sodium intake by pregnant cows
and plasma aldosterone and cortisol concentrations in the foetus during late pregnancy. Journal of
Dairy Science 73, 1762-1765.

Sauveur, B. and Mongin, P. (1978) Interrelationships between dietary concentrations of sodium, potassium
and chloride in laying hens. British Poultry Science 19, 475-485.

Safwate, A. (1985) Urinary sodium excretion and the renin—aldosterone system in the new-born calf.
Journal of Physiology 362, 261-271.

Schellner, G. (1972/1973) Die Wirkung von Natriummangel und Natriumbeifutterung auf Wachstum, Milch-
und Milchfettleistung und Fruchtbarkeit bei Ziegen. Jahrbuch fur Tierernahrung und Futterung 8,
246-259.

Scott, D. (1974) Changes in water, mineral and acid—base balance associated with feeding and diet. In McDonald,
I.W.andWarner, A.C. (eds) Digestion and Metabolism in the Ruminant. Proceedings of the VlIth International
Symposium on Ruminant Physiology. University of New England Publishing Unit, Armidale, Australia,
pp. 205-215.

Seynaeve, M., de Widle, R., Janssens, G. and de Smet, B. (1996) The influence of dietary salt level on
water consumption, farrowing and reproductive performance of lactating sows. Journal of Animal
Science 74, 1047—-1055.

Shade, R.E., Blair-West, J.R., Carey, K.D., Madden, L.J., Weisunger, R.S. and Denton, D.A. (2002) Synergy
between angiotensin and aldosterone in evoking sodium appetite in baboons. American Journal of
Physiology — Regulatory Integrative and Comparative Physiology 283, R1070-R1078.



Sodium and Chloride 205

Sherwood, D.H. and Marion, J.E. (1975) Salt levels in feed and water for laying chickens. Poultry Science
54, 1816 (abstract).

Shirley, R.L. (1978) Water as a source of minerals. In: Conrad, J.H. and McDowell, L.R. (eds) Latin American
Symposium on Mineral Nutrition Research with Grazing Ruminants. Animal Science Department,
University of Florida, Gainsville, Florida, pp. 40—47.

Shirley, R.B., Davis, A.J., Compton, M.M. and Berry, W.D. (2003) The expression of calbindin in chicks that
are divergently selected for low or high incidence of tibial dyschondroplasia. Poultry Science 82,
1965-1973.

Silanikove, N., Malz, E., Halevi, A. and Shinder, D. (1997) Metabolism of water, sodium, potassium and
chloride by high yielding dairy cows at the onset of lactation. Journal of Dairy Science 80, 949—956.

Singh, S.P. and Rani, D. (1999) Assessment of sodium status in large ruminants by measuring the sodium-
to-potassium ratio in muzzle secretions. American Journal of Veeterinary Research 60, 1074-1081.

Smith, S.E., Lengemann, FW. and Reid, J.T. (1953) Block versus loose salt consumption by dairy cattle.
Journal of Dairy Science 36, 762-765.

Spears, J.W. and Harvey, R.W. (1987) Lasalocid and dietary sodium and potassium effects on rumen min-
eral metabolism, ruminal volatile fatty acids and performance of finishing steers. Journal of Animal
Science 65, 830-840.

Summers, J.D., Moran, E.T. and Pepper, W.F. (1967) A chloride deficiency in a practical diet encountered
as a result of using common sulphate antibiotic potentiating procedure. Poultry Science 46,
1557-1560.

Suttle, N.F. and Brebner, J. (1995) A putative role for larval nematode infection in diarrhoeas which did not
respond to anthelmintic drenches. Veterinary Record 137, 311-316.

Suttle, N.F. and Field, A.C. (1967) Studies on magnesium in ruminant nutrition. 8. Effect of increased
intakes of potassium and water on the metabolism of magnesium, phosphorus, sodium, potassium
and calcium in sheep. British Journal of Nutrition 21, 819-826.

Suttle, N.F,, Brebner, J., McClean, K. and Hoeggel, U. (1996) Failure of mineral supplementation to avert
apparent sodium deficiency in lambs with abomasal parasitism. Animal Science 63, 103—-109.

Teeter, R.G. and Smith, M.O. (1986) High chronic ambient temperature stress effects on acid—base imbal-
ance and their response to supplemental ammonium chloride, potassium chloride and potassium
carbonate. Poultry Science 65, 1777-1781.

Thomas, B., Thompson, A., Oyenuga, V.A. and Armstrong, R.H. (1952) The ash constituents of some herb-
age plants at different stages of maturity. Empire Journal of Experimental Agriculture 20, 10-22.
Towers, N.R. and Smith, G.S. (1983) Sodium (Na). In: Grace, N.D. (ed) The Mineral Requirements of
Grazing Ruminants. Occasional Publication No. 9, New Zealand Society of Animal Production,

Palmerston North, New Zealand, pp. 115-124.

Underwood, E.J. and Suttle, F. (1999) The Mineral Nutrition of Livestock, 3rd edn. CAB International,
Wallingford, UK, pp. 200—202.

Walker, C.A. (1957) Studies of the cattle of Northern Rhodesia. 1. The growth of steers under normal veld
grazing and supplemented with salt and protein. Journal of Agricultural Science, Cambridge 49,
394-400.

Wamberg, S., Engel, D. and Stigsen, P. (1985) Acid—base balance in ruminating calves given sodium-hy-
droxide treated straw. British Journal of Nutrition 54, 655-657.

West, J.W., Mullinix, B.G. and Sandifer, T.G. (1991) Changing dietary electrolyte balance for dairy cows in
cool and hot environments. Journal of Dairy Science 74, 1662—-1674.

Whitlock, R.H., Kessler, M.J. and Tasker, J.B. (1975) Salt (sodium) deficiency in dairy cattle: polyuria and
polydypsia as prominent clinical features. Cornell Vieterinarian 65, 512-526.

Wilson, A.D. (1966) The tolerance of sheep to sodium chloride in food or drinking water. Australian Journal
of Agricultural Research 17, 503-514.



9 Sulfur

Introduction

Recognition that sulfur is an important dietary
component stems from the discovery in the
1930s that the essential amino acid, methio-
nine, contains one atom of sulfur per molecule
(McCollum, 1957). Subsequent investigations
showed that sulfur is an integral part of the
majority of tissue proteins, comprising 0.5-
2.0% by weight. Other sulfur amino acids such
as cystine, cysteine, cystathionine and taurine
contribute to protein sulfur, but each can be
derived from methionine and they are not
essential constituents of the diet. Strictly speak-
ing, sulfur is only an essential nutrient for plants
and microbes because only they can synthesize
sulfur amino acids and hence proteins from
degradable inorganic sulfur sources. Mammals
digest plant proteins and recombine the sulfur
amino acids to form their own unique tissue
proteins. Non-ruminants require particular bal-
ances amongst their dietary amino acids, and
methionine is often the second most-limiting
amino acid behind lysine. Since manipulation
of dietary sulfur can make only a slender con-
tribution to sulfur amino acid supply in the
non-ruminant — either by sparing cystine
(Lovett et al., 1986) or via microbial synthesis
of sulfur amino acids in the large intestine —
those interested in this aspect of monogastric
nutrition should consult texts on amino acid
nutrition (D'Mello, 2003) and availability
(Henry and Ammerman, 1995). Ruminants

206

are quite different: they possess a substantial
microbial population in the forestomach or
rumen that incorporates degradable inorganic
sulfur sources into microbial proteins (Kandylis,
1984a). Following digestion in the small intes-
tine, microbial protein provides a balanced
amino acid supply for all purposes except the
growth of wool, hair and mohair. Furthermore,
since sulfur is much cheaper to provide than
dietary protein, efficient production requires
the pragmatic if not essential use of dietary
sulfur in ruminant nutrition.

Functions

The functions of sulfur are as diverse as the
proteins of which it is a part. Sulfur is frequently
present as highly reactive sulfhydryl (SH)
groups or disulfide bonds, maintaining the spa-
tial configuration of elaborate polypeptide
chains and providing the site of attachment for
prosthetic groups and the binding to substrates
that are essential to the activity of many
enzymes. Hormones such as insulin and oxy-
tocin contain sulfur, as do the vitamins thia-
mine and biotin. The conversion between
homocysteine and methionine facilitates many
reactions involving methylation. Cysteine-rich
molecules such as metallothionein play a vital
role in protecting animals from excesses of
copper, cadmium and zinc, while others influ-
ence selenium transport and protect tissues
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from selenium toxicity. Glutathione may facili-
tate the uptake of copper by the liver (see
Chapter 11). Glutathione also protects tissues
from oxidants by interconverting between the
reduced (GSH) and oxidized (GSSG) state, and
may thus protect erythrocytes from lead toxic-
ity. Sulfur is present as sulfate (SO,) in the
chondroitin SO, of connective tissue, in the
natural anticoagulant heparin and is particu-
larly abundant in the keratin-rich appendages
(hoof, horn, hair, feathers, wool fibre and
mohair). However, the primary rate-limiting
function in sulfur-deprived ruminants is related
not to the functions or associations listed
above, but to rumen fermentation and micro-
bial protein synthesis (MPS) (Durand and
Komisarczuk, 1988).

Sulfur Sources for Ruminants
Sulfur in forages

The sulfur concentrations found in pasture and
conserved forages range widely from 0.5 to
>5.0g kg! dry matter (DM) (Table 9.1),
depending mainly on the plant species, availa-
bility of soil sulfur, nitrogen and phosphorus,
and on maturity of the sward. Species vary in
their sulfur requirement: legumes show optimal
growth with around 2g kg DM! in their tis-
sues, while maize tolerates 1.4g kg DM! and
sugarcane <1g kg DM-!. Any area away from
the coast and industrial activity, where the
annual rainfall is moderate (>500 mm) and the
soils derive from weathered volcanic material,
is likely to have leached soils, low in sulfur and
swards that respond to supplementation. In the
UK, the range of sulfur concentrations in fresh
grass is relatively narrow (1.2-4.0g kg DM-})
and the mean (2.2 g kg DM~!) (MAFF, 1990) is
adequate for plant growth. In many other
countries, sulfur deficiency limits forage pro-
duction. Areas of deficiency have been deline-
ated in Australia and in the south-east,
north-east, mid-west, west and north of the
USA (Beaton et al., 1971; Underwood and
Suttle, 1999). Many regions of China are also
deficient in sulfur (Qi et al., 1994), and a need
for regular inputs to maintain the productivity
of clover-based pastures in Australasia (Goh

and Nguyen, 1997) and maize in Nigeria
(Ojeniyi and Kayode, 1993) has been
confirmed.

There is little published information on
seasonal variations in sulfur concentrations,
but sulfur and protein are highly correlated
and protein concentrations decline at a rate of
1-3g kg! DM day!, depending on species
and growth conditions (Minson, 1990) with
the approach of maturity; this is equivalent to
a decline in sulfur of 0.1-0.3g kg-! DM
week!. Sulfur concentrations in a mixed
sward can rise with the approach of summer
due to a rise in the contribution from legumes
such as white clover (see Chapter 2). In the Mt
Elgon region of West Kenya, 25% of dry-
season forages contain <1g S kg~! DM (Jumba
et al., 1996). Sulfur deficiency is rare in arid
regions (<250 mm rainfall per annum) because
of the upward movement of SO, through the
soil profile. Application of SO, fertilizer
increases herbage sulfur even when baseline
levels are high, mostly by increasing the SO,
(i.e. non-protein) component (Spears et al.,
1985). Pastures in coastal or industrial areas
are enriched with sulfur from sea spray (3-5kg
ha™1) (Ledgard and Upsdel, 1991) or emis-
sions (approximately 8kg ha! year?)
(McClaren, 1975) and are unlikely to be
deficient.

Sulfur in other foodstuffs

Cereal grains tend to be low in sulfur (approxi-
mately 1g kg! DM) (Todd, 1972), cereal straws
slightly richer (1.4-4.0g kg™! DM) (Suttle, 1991),
protein supplements rich (2.2-4.9g kg! DM)
(Qi et al., 1994) and brassica crops too rich
(4.8-9.0g kg™! DM) (Cornforth et al., 1978) in
sulfur. Leafy brassicas such as kale and the leaves
of root crops such as swedes and turnips contain
the most sulfur. Among by-products, molasses
contains 3-7g S kg™! DM, while animal by-prod-
ucts are moderate sources.

Sulfur in drinking water

Surface and ground water supplies can contain
SO,-sulfur at as much as 1.5g I-%. In regions
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Table 9.1. Reported values for sulfur and total sulfur to nitrogen ratios in some common feedstuffs

for ruminants.

Replication S (g kg™' DM) S:Ne Reference
Grasses 137 2.2 0.088 MAFF (1990)
Dried grass 8 3.5 0.12 MAFF (1990)
Stylo hay 2 1.25 0.071 Bird (1974)
Alfalfa hay 2 3.6 0.095 Qi et al. (1994)
Spear-grass hay 2 0.5,0.8 0.055, 0.205 Kennedy and Siebert (1972a,b)
Corn silage 1 - - Buttrey et al. (1986)
Sorghum silage 1 1.0 0.067 Ahmad et al. (1995)
Barley straw 4 2.0 0.33 MAFF (1990)
Wheat straw 2 1.0 0.32 Kennedy (1974)
Barley 10 1.5 0.073 MAFF (1990)
Maize 5 1.6 0.10 MAFF (1990)
Distillers’ dried grain 5 3.7 0.084 MAFF (1990)
Swedes - 4.8 0.179 Cornforth et al. (1978)
Turnips - 6.1 0.233 Cornforth et al. (1978)
Kales - 9.0 0.313 Cornforth et al. (1978)
Feather meal 5 18.1 0.127 MAFF (1990)
Rapeseed meal 5 16.9 0.26 MAFF (1990)
Linseed meal 5 4.1 0.065 MAFF (1990)
Cottonseed meal 5 5.0 0.083 MAFF (1990)
Soybean meal 5 4.6 0.058 MAFF (1990)
Safflower meal 1 2.2 0.029 Qi et al. (1994)
Fish meal 1 4.9 0.046 Qi et al. (1994)
Molasses (cane) 1 7.3 0.811 Bogdanovic (1983)

aThis ratio only improves the assessment of nutritive value for ruminants if the S and N have similar rates and

extents of degradability in the rumen.

such as the state of Nevada, 23% of samples in
one early survey contained >250mg SO, 1!
(Miller et al., 1953; cited by Weeth and Hunter,
1971). In Saskatchewan, Canada, water from
deep aquifers contained 500mg S I! as SO,
and was sufficient to induce hypocuprosis (see
also Chapter 11) (Smart et al., 1986). Drinking
water can therefore make a significant contri-
bution to sulfur intake, but not necessarily
enhance the value of the ruminant diet.

Nutritive Value of Sulfur in Feeds

The value of feeds as sources of sulfur for rumi-
nants depends entirely on their availability for
MPS. This in turn depends on the co-availability
of other factors needed for MPS and therefore
presents unique problems. Nutritive value is
regarded by some to be more closely related to
ratios of sulfur to nitrogen than to sulfur
concentration per se, and sulfur and nitrogen

concentrations are well correlated within feeds.
However, there are wide differences in sulfur to
nitrogen ratios between feeds (Table 9.1), with
ratios being sixfold higher in brassicas at the
high extreme (0.2-0.3) than in cereals and
vegetable protein sources at the low extreme
(0.03-0.05), and the range bears no relation
to nutritive value. While plant sulfur is com-
prised mostly of protein sulfur, approximately a
third is in the inorganic form and some in
fibrous foods may be present in acid detergent-
insoluble forms, unavailable to rumen microbes.
The sulfur incorporated into microbial nucleic
acids may not be available to the animal. Plant
tannins have complex effects on the nutritive
value of plant methionine and cysteine. With
tannin-rich species such as Lotus cornicula-
tus, plant sulfur amino acids are protected
from degradation by complexation in the
rumen, but also from the proteolysis necessary
for absorption from the small intestine; the net
effect is an increase the amounts methionine
and cysteine absorbed (Wang et al., 1996).
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Metabolism

Influence of rumen microbiota

All rumen microorganisms require sulfur, but
different species procure sulfur by different
pathways. Some degrade inorganic sources to
sulfide and incorporate it into sulfur amino acids
(dissimilatory) while others utilize only organic
sulfur (assimilatory) (Kandylis, 1984a; Henry
and Ammerman, 1995). Assimilatory microbes
require rumen-degradable protein (RDP)
sources of sulfur. Most of the degradable sulfur
entering the rumen, whether in organic or inor-
ganic form, enters the sulfide pool (Gawthorne
and Nader, 1976); approximately 50% leaves it
as absorbed sulfide when SO, is the major die-
tary source (Fig. 9.1) (Kandylis and Bray 1987),
thus having little or no nutritional value but a
potential for toxicity. The proportion of total
sulfur-flow rumen that is ‘captured’ as rumen
microbial protein varies widely and is deter-
mined by factors such as the sulfur source
(organic versus inorganic; methionine versus
other sulfur amino acids) (Bird, 1972a), dietary
sulfur concentration and the co-availability of
other substrates (chiefly degradable nitrogen).
Approximately 50% of bacterial organic sulfur

is derived from sulfide in sheep given grass or
lucerne hay (Kennedy and Milligan, 1978). The
dietary supply is supplemented slightly by sulfur
secreted in saliva in both inorganic and organic
forms in sheep, and more liberally in cattle
(Kennedy and Siebert, 1972b; Bird, 1974), but
the capacity for recycling is limited (Kandylis
and Bray, 1987).

Optimal MPS and sulfur capture occur
when fermentable energy, degradable sulfur,
nitrogen and phosphorus are supplied at rates
that match the capacity for MPS (i.e. by ‘rumen
synchrony’) (Moir, 1970; Beever, 1996).
Microbial protein is generally assumed to con-
tain sulfur to nitrogen at a ratio of 0.067
(ARC, 1980), but lower ratios have been
reported (0.054 and 0.046 for mixed rumen
bacteria and protozoa, respectively) (Harrison
and McAllan, 1980) and they can be signifi-
cantly increased (from 0.075 to 0.11) by high
SO, intakes (Kandylis and Bray, 1987). The
rumen protozoa feed on rumen bacteria,
returning sulfur to the sulfide pool as they
do so (Kandylis, 1984a) and the efficiency of
MPS can be increased by defaunating the
rumen (i.e. removing the protozoa) (Bird and
Leng, 1985), a process that should lower
rumen sulfide concentrations (Hegarty et al.,
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Fig. 9.1. Primary flows of sulfur in the rumen: metabolizable energy and nitrogen supplies as well as
sulfur determine the most important product, microbial protein, entering the duodenum (amounts of S, g
day~' are from the ‘low’ S treatment of Kandylis and Bray, 1987).
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1994). The considerable involvement of rumen
sulfide in copper metabolism is discussed in
Chapter 11. Anaerobic fungi may play a sig-
nificant role in the structural degradation of
fibre in the rumen: fungal activity is dependent
on the dietary sulfur supply and contributes
significantly to the synthesis of sulfur amino
acids (Weston et al., 1988).

Post-rumenal metabolism

Sulfur in the digesta leaves the rumen in sev-
eral forms, but principally as undegraded die-
tary, microbial and fungal protein (Fig. 9.1).
The proportions are determined by dietary
composition and the efficiency of microbial
capture (Bray and Till, 1975). From that point,
sulfur metabolism in the ruminant is similar to
that of the monogastric animal. Sulfur amino
acids have first to be liberated by proteolytic
digestion, but 80-90% of sulfur amino acids
entering the small intestine are normally
absorbed by sheep (Wang et al., 1996). SO, is
absorbed by active transport. Further degrada-
tion of SOZ- to S~ and incorporation into bac-
terial protein can occur in the hind gut, but
probably makes little contribution to sulfur uti-
lization (Kandylis, 1984a). Methionine is
demethylated in the tissues to provide methyl
groups (CH,) for the elaboration of carbon
chains. This leaves homocysteine, from which
the non-essential sulfur amino acids cystathio-
nine and cysteine are formed by transsulfura-
tion in the liver, viscera and skin (Liu and
Masters, 2000). Tissue protein synthesis can
now proceed and cysteine accumulates at sites
such as muscle and the mammary gland in pro-
teins such as myosin and casein, which contain
sulfur to nitrogen in a ratio of about 0.067.
Wool, hair and mohair are much richer in sul-
fur, containing 2.7-5.4% sulfur, mostly as
cysteine, and with a sulfur to nitrogen ratio of
0.2 (Langlands and Sutherland, 1973).

Excretion

Sulfur is excreted principally via the urine as
SO, derived from the oxidation of sulfide and
sulfur-containing amino acids and catabolism

of other organic molecules in the tissues. SO,
is filtered at the glomerulus at rates that exceed
the tubular reabsorption rate, and is therefore
rapidly excreted in urine. SO, competes with
molybdate for renal tubular reabsorption
(Bishara and Bray, 1978); the macronutrient
(sulfur) can greatly impede the micronutrient
(molybdenum), but molybdate can only slightly
influence the urinary excretion of SO,. Dick
(1956) demonstrated a remarkable enhance-
ment of urinary molybdenum excretion and
decreased retention in molybdenum-loaded
sheep when SO, was subsequently added to
the diet. When sulfur and molybdenum are
simultaneously added to the diet, sulfur can
decrease urinary molybdenum excretion by
decreasing molybdate absorption and increas-
ing retention (Grace and Suttle, 1979) (see also
Chapter 17). The sulfur excreted via faeces is
largely in undegraded organic forms, with the
amount increasing as MPS increases (Kandylis

and Bray 1987).

Homeostasis

Homeostatic regulation of SO, metabolism is
of little significance in the monogastric animal
because conserved SO, cannot be used to syn-
thesize sulfur amino acids. In the ruminant,
conservation might theoretically be effective
because sulfur secreted in saliva can be incor-
porated into microbial protein. However, sali-
vary sulfur secretion decreases as sulfur intakes
and plasma SO, concentrations decline, and
there is no evidence that the capacity of the
salivary glands to extract and secrete sulfur
increases during sulfur deficiency. During sulfur
amino acid or protein deficiency, the catabo-
lism of tissue protein will allow redistribution of
sulfur amino acids from the more expendable
protein pools (e.g. bone matrix in the pregnant
or lactating female) to less expendable sites and
processes (e.g. fetus and mammary gland).
Wool growth is more sensitive to a reduced
protein supply than fetal growth, maternal
weight or milk production (Masters et al.,
1996) and reductions in wool growth during
sulfur deprivation might allow the synthesis of
far more protein elsewhere because other pro-
teins contain far fewer sulfur amino acids.
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Sulfur Requirements of Ruminants

The definition of ruminant requirements for
sulfur poses unique problems that need a
unique solution. Like those of monogastric ani-
mals (D’Mello, 2003), net requirements are
best stated as needs for protein and sulfur
amino acids, but they have only recently been
estimated in this way and then only in sheep
(Fig. 9.2) (Liu and Masters, 2000). Unlike in
non-ruminants, gross sulfur amino acid require-
ments cannot be derived by dividing net
requirements by an absorption coefficient for
sulfur amino acid absorption. The flow of sulfur
amino acids from the rumen exceeds intake
because of MPS (Fig. 9.1), thus reducing the
dietary need for pre-formed sulfur amino acids.
Since microbes themselves need sulfur for the
pivotal role of MPS, their needs must come
first. Traditional statements of requirements as
dietary sulfur concentrations (McDowell, 2003)
and novel estimates of net sulfur amino acid
needs (Fig. 9.2) are unsatisfactory indices of
gross dietary needs.

Needs for hair and wool production

Sheep and goats differ from cattle in that hair
and wool growth adds significantly to their
need for sulfur (Williams et al., 1972). Since
hair and wool growth is inevitable and is related
to body size and growth rate, net sulfur and

sulfur amino acid needs increase with body size
and growth rate (Fig. 9.2) and are considered
part of the maintenance need (ARC, 1980;
AFRC, 1993). In double-coated, cashmere-
producing goats, there is an additional need
during the cashmere-growing season in autumn
(Souri et al., 1998). The closeness of sulfur to
nitrogen ratios in major animal tissues and
products means that the efficiencies of utiliza-
tion of microbial protein sulfur for most types
of production are similar, regardless of species.
However, the efficiency of protein use for
fleece growth is singularly low (only 0.26 com-
pared to 0.68 for milk production and growth)
(AFRC, 1993) because of the high sulfur amino
acid content of wool protein. This amplifies the
difference in sulfur requirements for mainte-
nance between cattle and sheep.

A new system for estimating
sulfur requirement

Sulfur requirements were first linked to MPS by
harnessing estimates to the calculation of pro-
tein requirements (ARC, 1980). It was assumed
that the sulfur and nitrogen naturally present
feed proteins would be appropriately balanced
for MPS, having a similar sulfur to nitrogen
ratio of 0.067 whether degraded (RDP) or
not. If additional non-protein nitrogen was
required, sulfur should be supplied in same
ratio. However, early studies with mature male
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Fig. 9.2. The effects of live weight and wool growth rates on net methionine and cysteine requirements in

a 40-kg sheep (from Liu and Masters, 2000).
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Merino sheep indicated that when low-quality
roughages were supplemented with urea and
SO,, higher total sulfur to nitrogen ratios were
required (approximately 0.10) (Moir, 1970;
Bird, 1974). Using a similar animal model,
Kandylis and Bray (1987) showed that both the
digestibility of the diet and MPS were improved
by supplements that increased the dietary sulfur
to nitrogen ratio from 0.11 to 0.18 (Fig. 9.3). A
major factor contributing to this high sulfur to
nitrogen requirement is the lower efficiency (50
versus 70%) with which sulfur was incorporated
into MPS at both levels of supplementation,
presumably due to the high proportion of
ingested sulfur leaving the rumen as sulfide (Fig.
9.1). The ‘metabolizable protein’ system for
estimating protein requirements (AFRC, 1993)
divided dietary crude protein (nitrogen x 6.25)
into three components — quickly degradable
(forages), slowly degradable and non-rumen-
degradable protein (QDP, SDP and UDP,
respectively) — but made no provision for sulfur.
That gap is filled by the estimates for different
types of production shown in Table 9.2. These
follow the ARC (1980) principle, following the
needs for protein but use an S:N ratio of 0.1
rather than 0.067 to allow for inefficient capture

N as MPS
S as MPS
OMD
m High
wesiovo: NN
\
0 0.2 0.4 0.6 0.8

Fractional efficiency”

Fig. 9.3. The efficiency of organic matter digestion
(OMD) and use of dietary sulfur and nitrogen for
microbial protein synthesis (MPS) is improved

by increasing the amounts (high versus low) of
degradable S (as Na,SO,) and N (as urea) added
to a poor-quality basal diet for sheep, but S is
used less efficiently than N (data from Kandylis
and Bray, 1987). *Results for MPS/OMD are g kg
organic matter digested.

of plant sulfur. The needs for sulfur are generally
higher in sheep than in cattle at a given stage in
development; higher in younger than older
growing animals; and little affected by milk yield
within species (because dry matter intake
increases with vield). Further information on the
degradability of feed and synthetic sources of
sulfur is needed to make full use of the ‘metabo-
lizable protein system’ (AFRC, 1993).

Application and tests of the new system

Where ration formulation models indicate scope
for supplementation with quickly degradable
(QD) protein, ‘QD sulfur’ (e.g. sodium sulfate,
Na,SO,) should be added in a ratio of 0.1 to QD
nitrogen to allow for the relatively inefficient use
of SO,. Feeding trials confirm that cattle need
less sulfur than sheep to digest the same
urea-supplemented, low-quality diet (Kennedy
and Siebert, 1972a; Bird, 1974). Responses to
sulfur supplementation obtained in sheep graz-
ing pastures containing 0.95-1.18g S kg! DM
(total S:N 0.08-0.09) support the new estimates
(Mata et al., 1997). An abomasal infusion of
methionine and casein increased wool growth
by 28% in Merino wethers on a diet containing
1.1g Skg-1 DM (S:N 0.091), as oaten hay and
oat grain, but a 23% increase in food allowance
above maintenance did not (Revell et al., 1999),
suggesting that MPS was being constrained by
lack of sulfur. Studies with Angora goats, in
which responses in production and metabolic
parameters were used to define optimum sulfur
intakes (Qi et al., 1992, 1993) indicated high
optimum total sulfur to nitrogen ratios of
0.1-0.4 and it has been argued that other
ruminants may also benefit from higher sulfur
to nitrogen ratios than those recommended
here (Qi et al., 1994). There is no doubt that
protein and therefore sulfur requirements are
high for rapid mohair growth. However, there
is a limit to the extent to which the higher
requirement can be met by increasing
degradable sulfur to nitrogen ratios unless the
sulfur amino acid concentration in microbial
protein can be increased. In fact, the optimal
supplements in the experiments of Qi et al.
(1992, 1993) provided degradable sulfur to
nitrogen ratios of between 0.047 and 0.088



Sulfur

213

Table 9.2. Theoretical minimum sulfur requirements for microbial protein synthesis (MPS) in ruminants
given balanced diets adequate in metabolizable energy (ME) and metabolizable protein (MP)3.

‘Production’ Required
Ruminant Live (kg day™ MPS Required DMI Dietary S
type weight (kg) orno.) (gday")  S°(gday’) (kgday") (gkg™ DM)
Lamb 20 0.1 61 0.97 0.6 1.6
0.2 88 1.40 1.0 1.3
40 0.1 72 1.15 1.1 1.0
0.2 95 1.52 1.9 0.85
Ewe 40 1e 78 1.24 0.9 1.3
2 90 1.43 1.1 1.3
80 1 116 1.85 1.4 1.3
2 137 2.19 1.8 1.2
40 1 133 2.12 1.2 1.8
2 209 3.34 1.9 1.8
80 2 234 3.70 2.2 21
3 309 4.94 2.9 1.6
Goat (Angora) 30 0.1 95 1.52 0.9 1.6
Steer 100 0.5 220 3.51 21 1.6
1.0 348 5.55 3.2 1.8
300 0.5 299 4.78 43 1.0
1.0 409 6.54 6.1 1.0
500 0.5 373 5.96 7.0 0.9
1.0 477 7.60 10.1 0.8
Cow 600 1e 420 6.70 8.8 0.8
10 762 12.16 11.8 1.0
20 1229 19.63 14.4 1.3
40 2165 34.58 23.9 1.5

aRequirements of ME and MP for MPS are those given by AFRC (1993).
®The formula to obtain S requirements from the MPS required for a given level of production is (MPS / 6.25) x 0.1.
“The number of fetuses at week 20 of ovine pregnancy and week 36 of bovine pregnancy.

9Dry milk yield.

for mature goats and between 0.061 and 0.11
for growing kids. For all production purposes,
sulfur requirements should be calculated on the
basis of common needs for rumen MPS (Table
9.2), rather than on dietary S:N ratios.

Biochemical Abnormalities of
Sulfur Deprivation

Rumen fluid changes in both biochemical
(Whanger, 1972) and microbial (Weston et al.,
1988; Morrison et al., 1990) composition,
associated with a striking fall in rumen sulfide
concentrations.  Sulfur deprivation causes
hypoalbuminaemia in the host, but blood urea
will be high if the intake of degradable dietary

nitrogen is high. SO, concentrations in plasma
generally reflect sulfur intake if sulfur alone is
limiting for MPS, but if another factor (such as
nitrogen) is limiting, serum SO, values for a
given sulfur intake are increased (Kennedy and
Siebert, 1972b). Low plasma SO, levels of
around 10mg S 1! are found on poor, dry-sea-
son pasture, but they rise to 20-40mg 1! with
the onset of rain and the growth of green herb-
age (Kennedy and Siebert, 1972a; White et al.,
1997). Concentrations of methionine in plasma
and liver fall when calves are given a diet suffi-
ciently low in sulfur (0.4g kg~! DM) to retard
growth (Slyter et al., 1988). If dietary sulfur
supply alone is limiting rumen microbial synthe-
sis, the provision of additional sulfur should
lower blood urea levels and urinary nitrogen
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excretion. Diets low in sulfur may enhance the
tissue accumulation of cadmium by reducing
rumen sulfide concentrations and limiting the
formation of insoluble and unabsorbable cad-
mium sulfide (Smith and White, 1997).

Clinical Symptoms
of Sulfur Deprivation

The symptoms of sulfur deprivation in rumi-
nants are not specific, being shared by any
nutritional deficiency or factor that depresses
rumen MPS. On fibrous diets there is often an
early depression of appetite and digestibility
due to a failure to digest cellulose in sheep
(Kennedy and Siebert, 1972a,b; Hegarty et al.,
1994) and cattle (Kennedy, 1974). Sheep
deprived of sulfur spend more time ruminating
and have an increased rumen liquor volume
(Weston et al., 1988). Eventually growth is
retarded, wool or hair is shed, there is profuse
salivation and lacrimation and the eyes become
cloudy; eventually, the emaciated animal dies
(Thomas et al., 1951; Kincaid, 1988).

Occurrence of Sulfur Deprivation
Plant factors

If crop husbandry is ideal, sulfur deficiency will
not occur in livestock grazing legume-rich swards
because rumen microbes need less sulfur than
the plants for protein synthesis. However, live-
stock fed predominantly on sugarcane or maize
by-products (including silage) might need sup-
plementation. Some species of tropical grasses
such as spear grass (Heteropogon contortus)
are often low in sulfur (approximately 0.5g kg
DM) (Kennedy and Siebert, 1972a,b; Morrison
et al., 1990). Sulfur fertilization of ryegrass pas-
ture (Jones et al., 1982) or forage crops (Buttrey
et al., 1986; Ahmad et al., 1995) or direct sup-
plementation of diets based on sulfur-deficient
forages can improve animal production. In all
pastoral systems, risks of sulfur deprivation (but
also nitrogen and phosphorus deficiencies) in
livestock increase with distance from the coast
and with increasing herbage maturity. The
steppes of Inner Mongolia have recently been

identified as a low-sulfur region on the basis of
the sulfur to nitrogen ratio (50% of samples
<0.07) (Wang et al., 1996). Improvements in
wool production and live-weight gain are com-
monly found when sulfur supplements are pro-
vided for sheep grazing dry-season pastures in
Western Australia (Mata et al., 1997; White
et al., 1997). Mature forage is often harvested
for winter use as a maintenance feed and
attempts to improve its nutritive value by sup-
plementation with rumen-degradable energy
and nitrogen sources will only succeed if sulfur is
also added (Leng, 1990; Suttle, 1991). The
converse is also true: responses will only be
obtained with sulfur if the energy, nitrogen and
phosphorus requirements of microbes are met
(Suttle, 1991). Marked improvements in pro-
duction can be obtained by the balanced sup-
plementation of low-quality roughages with
molasses—urea mixtures, but they must contain
added sulfur. Intensive animal production from
cereals and non-protein nitrogen sources
requires sulfur supplements. The nutritive value
of all silages is low for reasons that are not
understood (AFRC, 1993): since silages have
unusually high concentrations of soluble nitro-
gen, it is possible that they lack the equally solu-
ble sulfur necessary for the microbial capture of
ammonia.

Animal factors

The incidence of sulfur deprivation will obvi-
ously depend on the type of stock being reared.
With mixed stocking systems, pastures that are
sufficient for cattle may provide insufficient sul-
fur for sheep. In temperate zones, lambing
coincides with the spring grass growth, rich in
protein at times of maximum need of the ewe
and young lamb (Table 9.2). However, factors
that increase protein requirements, such as
infections by gut nematodes (Coop and Sykes,
2002), will increase sulfur requirements.
Widespread deficiencies of sulfur have been
predicted for cattle on the basis of recom-
mended sulfur to nitrogen ratios of 0.1 for beef
and 0.08 for dairy animals (Qi et al., 1994),
but these have yet to be tested. In tropical areas
of Queensland and Western Australia, it has
been suggested that seasonal supplements of
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sulfur (and nitrogen) will be needed to obtain
full production advantages from the use of
defaunated sheep because of suboptimal rumen
sulfide concentrations (Hegarty et al., 1994).

Diagnosis of Sulfur Deprivation

Since the problem of sulfur deprivation in rumi-
nants relates to the well-being of the rumen
microflora, the best diagnosis may be afforded
by obtaining samples of rumen fluid by stom-
ach tube and determining whether they con-
tain  sufficient sulfide for unrestricted,
dissimilatory MPS. The critical sulfide sulfur
level was thought to be as low as 1 mg I-! (Bray
and Till, 1975; Hegarty et al., 1991), but
other studies suggest that it may be between
1.6 and 3.8 mg I! (Kandylis and Bray, 1987
Weston et al., 1988) and the critical value may
depend on the relative importance of assimila-
tory and dissimilatory pathways. Unlike total
sulfur, sulfide is easily determined by acid dis-
placement of hydrogen sulfide and titration
(Kennedy and Siebert, 1972a). Samples of
rumen fluid can be obtained by means of a sim-
ple vacuum source (a 50ml disposable syringe
fitted with a two-way valve) and interchange-
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able tubes for receiving the samples. Ease of
sampling depends on the consistency of the
digesta and relevance of the result upon the
continuity of feeding since rumen sulfide
increases after a meal. Three samples should
be taken, one pre-prandial, one post-prandial
(1-2 h) and another after about 5 h in discon-
tinuously fed livestock. Low serum SO, sulfur
(«10mg 1Y) is also indicative of sulfur depriva-
tion. Australian workers have recently exam-
ined blood and liver GSH concentrations as
indicators of sulfur status (Mata et al., 1997;
White et al., 1997). Blood GSH showed a
similar marked decline to that of plasma SO,
during the dry season (Fig. 9.4), reaching levels
that would be regarded as subnormal (340 mg
I"1; the norm is >500mg I-!). However, the
decline was not diminished by dietary SO,
supplements (White et al., 1997) and only
partially reduced by ‘protected methionine’,
suggesting that GSH synthesis was restricted
by lack of protein rather than sulfur (Mata
et al., 1997). Blood GSH could be as a useful
complement to serum SO, when nitrogen is
also lacking. The surest diagnosis is provided
by responses in appetite or growth (of wool or
body) to continuous sulfur supplementation,
provided that no other factors are limiting
rumen microbial activity.

Sulfate-S
Sulfate-S
GSH
GSH

Months from 1 Nov

Fig. 9.4. Seasonal fluctuations in two biochemical indices of sulfur status, plasma sulfate (SO,) and
blood glutathione (GSH), in two groups of sheep grazing in Western Australia. One group (M,x) received
a sulfur-rich mineral (M), while the other (®,4) did not (C) (data from White et al., 1997).



216

Chapter 9

Prevention and Control
of Sulfur Deprivation

Fertilizers

Many phosphorus fertilizers used to be relied
upon to provide sufficient adventitious sulfur to
avoid the need for specific sulfur sources, but
the sulfur to phosphorus ratio in phosphorus
fertilizers has steadily and markedly declined
and so has the sulfur status of pastures and
crops. As with phosphorus (see Chapter 6), the
primary goal must be to ensure that shortage of
sulfur does not limit pasture or crop growth.
Sophisticated pasture growth models have been
developed based on two soil tests that measure
available SO#- and the organic sulfur compo-
nent from which SOZ- is ‘mineralized’ (Goh and
Nguyen, 1997). Thus, it has been estimated
that 6.7-13.5kg S ha™! year™! is required to
replace the net loss of sulfur from the soil SO2-
pool, stemming from removal of the element in
animal products, leaching and the ‘export’ of
excreta. Using a simpler yardstick (soil extract-
able SO, <12mg kg™?), biennial sulfur applica-
tions of 10kg ha! were recommended for
maize grown in a rainforest-savannah transi-
tion zone in Nigeria (Ojeniyi and Kayode,
1993). Sulfur in fertilizer form is most usually
distributed as calcium sulfate (CaSO,) or potas-
sium sulfate (K,SO,) and the responses in herb-
age sulfur are dependent on application rate

(Fig. 9.5) (Spears et al., 1995).

Direct supplements

Lack of sulfur in the diet can readily be corrected
by the inclusion of elemental sulfur, Na,SO, or
CaSO,, but only if other constraints upon MPS
are lifted (Kennedy and Siebert, 1972b; Bird,
1974). Poor-quality pasture or roughage is usu-
ally lacking in metabolizable energy, RDP and
possibly phosphorus as well as sulfur. Inclusion
of CaSO, in a molasses—urea-bran block vields
an ideal supplement for such pastures, with the
proportions of CaSO, and urea providing 0.1
rather than 0.067 S:N as previously proposed
(Underwood and Suttle,1998). One procedure
is to heat the molasses to 90°C for 20 min, cool
to 60°C, then thoroughly mix in (kg kg™!): urea,
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Fig. 9.5. Responses in herbage sulfur
concentration to different application rates of
fertilizer sulfur as calcium sulfate (CaSO,) in
south-east Scotland (McLaren et al., 1975).

0.1; CaSO,, 0.022; magnesium oxide (MgO),
0.01; calcium hydroxide (Ca(OH),), 0.1; sodium
chloride (NaCl), 0.05; wheat bran, 0.23; and
trace elements as needed. The mixture is poured
into moulds and allowed to solidify (CaSO,,
modified from Habib et al., 1991). For stall-fed
animals, a loose dry mixture can be spread over
hand-fed fodder or feeds in the trough and
molasses may not be necessary. In a trial, pas-
tured sheep offered 175g head™! day! of a
mineral mixture containing 46g S kg~! while
grazing consumed enough supplement (167g
day~?) to provide 1.15g S day~!. The additional
sulfur probably contributed to the reported
improvement in performance (White et al.,
1997). Where cereals are used for drought feed-
ing the supplement should provide 10g urea
and CaSO, kg~! DM (Bogdanovic, 1983). The
supply of both nitrogen and sulfur in slowly
degradable forms (e.g. biuret and CaSO,) may
improve MPS by up to 25% compared with that
attained with urea and Na,SO, by improving
microbial capture, thus minimizing losses as
ammonia and sulfide.

Nutritive value of inorganic sources

Many comparative assessments of different sul-
fur sources have been reported (Henry and
Ammerman, 1995), but those based on sulfur
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balance give little or no indication of ability to
promote MPS. Techniques based on in vitro
cultures of rumen microbes get closer to true
nutritional value to the extent that they ade-
quately simulate rumenal events in vivo, but
they can give implausible results compared with
animal responses to supplementation. For
example, elemental sulfur is accorded low nutri-
tive values of 0-36% by in vitro methods,
28-69% by balance methods and 73-102% by
sheep growth tests when compared to Na,SO,
or methionine (Henry and Ammerman, 1995).
There is clear evidence that elemental sulfur is a
good source for ruminants (Slyter et al., 1988)
and potentiates the same rumen-based antago-
nisms as other sulfur sources (see Chapter 11
for the copper-molybdenum antagonism). There
is no evidence that inorganic sulfur sources dif-
fer in nutrient value for MPS, but they may do
so. SO%- ions have been accorded metabolic
significance on account of their effects on acid—
base balance and feature in some formulae for
calculating dietary cation—anion difference
(DCAD) and preventive strategies for milk fever
(Chapter 8). However, giving magnesium as
SO, rather than chloride or oxide in the pre-
partum period has alleviated hypocalcaemia by
a greater extent than could be accounted for by
effects on DCAD and significantly improved
milk protein concentration on pastures of high
sulfur content (3.2-3.7g kg™! DM) (see p. 176;
Roche et al., 2002).

‘Protected’ sulfur sources

Where MPS cannot provide sufficient sulfur
amino acids to meet the needs of the ruminant,
it may be more economical to feed sulfur
sources that are ‘protected’ (P'S) from rumen
degradation, such as the analogues malyl and
methyl malyl methionine (Met) than to feed sul-
fur in expensive, SDP sources such as fish
meal. It has been estimated that an additional
100g lupin seeds day~! would be needed to
provide the improvements in wool and body
growth afforded by 3g *"Met day~! (Mata et al.,
1997). However, the first priority must be to
maximize MPS using inorganic sulfur supple-
ments if necessary. The second priority is to
supplement with UDP if the metabolizable pro-

tein requirement exceeds the capacity for MPS
(AFRC 1993). All claims for benefits from
feeding costly 'S supplements should be evalu-
ated against the background of what was or
what might have been achieved with rumen-
degradable sulfur and nitrogen sources and
UDP supplements. If the supply of sulfur per
se is limiting rumen microbial activity, the
provision of ‘protected’ forms might be
disadvantageous.

Methionine analogues have been mostly
used for improving production with high sulfur
amino acid requirements, such as merino wool
(Coetzee et al., 1995) or angora and cash-
mere fibre (Souri et al., 1998), but in the last
case the sulfur content of the diet was unspeci-
fied and responses may have been wholly or
partially obtainable with SO,. Furthermore,
there is far more cysteine than methionine in
wool (Fig. 9.2) and since transsulfuration is far
from complete (Liu and Masters, 2000), it
would be more logical to supply protected
cysteine for such animals. Dietary PMet sup-
plements improve milk fat yield in high-yield-
ing dairy cows (Overton et al., 1996), but not
in low-yielding cows on ryegrass/white clover
pasture (Pacheco-Rois et al., 1999) or in those
on a diet in which methionine supply was
thought to be inadequate (Casper et al.,
1987). When fed at high levels of 12-24g
day! to sheep, PMet reduced appetite
(Kandylis, 1984a). However, PMet may have a
sparing effect on selenium by reducing the
incorporation of the predominant selenium
source in natural diets into body protein and
increasing its availability for the synthesis of
functional selenoproteins.

Sulfur Toxicity
Direct effects

The margin between the desirable and harm-
ful concentration of sulfur in the ruminant diet
is surprisingly small at two- to threefold.
Reductions in appetite and growth rate are
found in cattle and sheep given diets with
3-4g S kg! DM (for review, see Kandylis,
1984b). This low tolerance is most commonly
ascribed to sulfide toxicity (Bird, 1972b). The
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first site to be affected is the rumen, where
sulfide is generated, and motility may be
impaired. The variable tolerances to different
amounts and sources of sulfur in the literature
(Kandylis, 1984b) partly reflect differences in
the rate of ingestion of degradable sulfur, the
rate of sulfide absorption across the rumen
wall (which is pH dependent) and the rate of
sulfide capture by rumen microbes (see Fig.
9.1). The simultaneous addition of urea can
lessen the depression of appetite and digesti-
bility caused by sulfur alone (Bird, 1974).
However, the performance of steers on a con-
centrate diet was adversely affected when
(NH,),SO, was used to raise dietary sulfur from
2.0 to 2.5g kg ! DM, a very modest increase
(Zinn et al., 1997). There is evidence that the
rumen microflora adapt to high SO, intakes
and gradually increase their dissimilatory
capacity, thus increasing rumen sulfide con-
centrations (Cummings et al., 1995b).
Absorbed sulfide may have harmful effects
on the central nervous system, whether from
drinking water (Smart et al., 1986) or dietary
sulfur supplements (Raisbeck, 1982; Cumming
et al., 1995a), contributing to the develop-
ment of polioencephalomalacia (PEM). PEM
developed in calves and lambs when a dietary
acidifier, included to reduce risk of urolithiasis,
was changed from ammonium bicarbonate to
ammonium sulfate (Jeffrey et al., 1994).
Losses from a clinically similar disease in lambs
were associated with a high sulfur concentra-
tion (4.1g kg! DM) in a concentrate fed ad
libitum (Low et al., 1996). The disorders dif-
fered in fine pathological detail and respon-
siveness to vitamin B, from those associated
with PEM caused by thiamine deficiency, the
common cause of the disease. Cattle reduced
both water and food consumption when
offered drinking water containing 2.83g SO,
as Na,SO, 1! for 30 days (Weeth and Hunter,
1971); the treatment was equivalent to an

increase in dietary sulfur to 8.4g kg™! DM.
SO, can be removed from ‘saline’ water sup-
plies by reverse osmosis (Smart et al., 1986).
These adverse effects are in complete contrast
to those found in non-ruminants, in which
undegraded SO, entering the small and large
intestine causes an osmotically driven
diarrhoea.

Indirect effects

Chronic exposure to high sulfur intakes in the
diet or drinking water can have adverse indirect
effects on ruminants, particularly by inducing
copper deficiency, with or without the assist-
ance of molybdenum (see Chapter 11).

Toxic sulfur compounds

Some of the sulfur in crops and forages is
present in potent organic forms. The most
widely studied is S-methylcysteine sulfoxide
(SMCO), a free amino acid resembling methio-
nine, which commonly causes a haemolytic
anaemia in ruminants consuming large quanti-
ties of brassicas such as kale (Barry et al.,
1981; Barry and Manley, 1985) or rape (Suttle
et al., 1987) (for review, see Whittle et al.,
1976). Conversion of SMCO to dimethyl disul-
foxide in the rumen plays a key role in patho-
genesis (Smith, 1978). SMCO levels can be
reduced by plant breeding and limiting the
available sulfur supply from the soil (T. Barry,
personal communication, 1978). Oral dosing
with methionine provides partial protection
from kale anaemia while stimulating live-weight
gain and wool growth. It has been suggested
that methionine reduces the normally rapid
and complete degradation of SMCO in the
rumen (Barry and Manley, 1985).
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Introduction

The essentiality of cobalt in the forages of sheep
and cattle emerged from investigations of two
naturally occurring disorders: ‘coast disease’ of
sheep in South Australia (Lines, 1935; Marston,
1935) and ‘wasting disease’ of cattle in Western
Australia (Underwood and Filmer, 1935). In
both situations the pastures had underlying cal-
careous soils of Aeolian origin. A condition
called ‘cobalt pine’ was being concurrently rec-
ognized in sheep on similar soils in north-west
Scotland (Suttle, 1988). Before long, similar
severe disorders were recognized in other areas:
‘bush-sickness’ in New Zealand, ‘salt sickness’
in Florida, ‘Nakuruitis’ in Kenya, ‘lecksucht’ in
the Netherlands and Germany and ‘Grand
Traverse disease’ in Michigan. All described a
similar wasting disease that was preventable by
cobalt supplementation, although the geologi-
cal associations sometimes differed.

The mode of action of cobalt was not rec-
ognized until 1948, when the anti-pernicious
anaemia factor, subsequently designated vita-
min By,, was found to contain cobalt (Smith,
1948). To be absorbed, vitamin B;, must be
bound to intrinsic factor, secreted by the gastric
mucosa, and partial gastrectomy increased sus-
ceptibility to pernicious anaemia. Cobalt depri-
vation in ruminants is primarily a vitamin B,
deficiency brought about by the inability of the
rumen microorganisms to synthesize sufficient

©N. Suttle 2010. Mineral Nutrition of Livestock, 4th Edition (N. Suttle)

vitamin B, from their cobalt supply. Remission
of all signs of cobalt deprivation in lambs has
been secured within 3 years by parenteral injec-
tions of vitamin B, (Smith et al., 1951). Hind-
gut fermenters such as the horse do not
succumb to cobalt deprivation and may have
the capacity to absorb vitamin synthesized in
the caecum with the help of undegraded intrin-
sic factor (Davies, 1979; Lewis et al., 1995).
Pigs and poultry obtain their vitamin either pre-
formed in food or indirectly by ingesting faeces.
There is no evidence that any species requires
cobalt other than as vitamin B,, and this chapter
will again deal almost exclusively with rumi-
nants, whose symbiotic rumen microbial popu-
lation also needs vitamin B, to produce
propionate, a metabolite that is a major deter-
minant of the host’s cobalt responsiveness.

Structure and Function of Vitamin B,

Vitamin B,;, has the general formula
Ce3HgsN,,0,,PCo, a molecular weight of 1357
daltons and contains 4.4% cobalt. Rumen
microbes incorporate cobalt into a corrin
(tetrapyrrole) ring to form vitamin B,, (cobala-
min, Cbl) and similar, highly complex molecules
(cobinamides). The essentiality of cobalt for
mammals and microbes is linked to two distinct
forms of vitamin B,, formed by attachment of

223
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Fig. 10.1. Vitamin B,, (cobalamin, Cbl) has two distinct yet linked coenzyme functions: facilitating the
build up of carbon skeletons via methyl-cobalamin (MeCbl) (one-carbon pathway) and gluconeogenesis
from propionate via adenosyl-cobalamin (AdoCbl) (propionate pathway). Failure of these respective
pathways is indicated by the accumulation of the abnormal metabolites methylmalonyl acid and
formiminoglutamic acid. Rumen microbes use AdoCbl to convert succinate to propionate and failure is

indicated by the accumulation of succinate.

o ligands that project above the plane of the
ring to produce adenosyl-cobalamin (AdoCbl)
and methyl-cobalamin (MeCbl). A B ligand,
dimethylbenzimidazole, projects below the
plane and distinguishes the molecule from cob-
inamides, which have other B ligands. Further
information on the biochemistry of vitamin B,
is given by Bannerjee (1999).

Succinate—propionate exchange

As AdoCbl, cobalt influences intermediary
energy metabolism, keeping the tricarboxylic
acid cycle turning by assisting methylmalonyl-

coenzyme A (CoA) mutase to form succinate
from propionate, thus facilitating gluconeogen-
esis chiefly in the liver (Fig. 10.1). Microbes are
equally dependent on AdoCbl, but for the reverse
purpose: in the Propioni bacteria, formation of
propionate from succinate is catalysed by the
same mutase. Several aminomutases, including
leucine 2,3 mutase are also AdoCbl-dependent.

Methylation

As MeCbl, vitamin B,, assists methionine syn-
thase to transfer methyl groups from 5-methyltet-
rahydrofolate to homocysteine via S-adenosyl
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methionine for the regeneration of methionine
(and tetrahydrofolate) (Fig. 10.1). MeCbl thus
plays a pivotal role in one-carbon metabolism (i.e.
the build up of carbon ‘skeletons’ and nucleotide
synthesis) (Bassler, 1997), facilitating the synthesis
of a wide range of molecules including formate,
noradrenaline, myelin and phosphatidyl eth-
anolamine. While interest has focused on the
hepatic activity of methionine synthase, enzyme
activity is three times higher in the intestinal
mucosa and spleen than in the liver (Lambert
etal., 2002). MeChbl is also important for microbes
and is needed for methane, acetate and methio-
nine synthesis by rumen bacteria (Poston and
Stadman, 1975).

Clinical Consequences
of Cobalt Deprivation

A number of distinct clinical conditions that
respond to treatment with cobalt or vitamin B,
have now been described in ruminants
(Table 10.1). These occur principally in sheep
and to a lesser extent in goats. The earliest visi-
ble abnormality may be seen below the eye,
where excessive lachrymation mats the fleece:
its precise cause is unknown. The whole fleece
or hair coat usually appears dull, limp and
scruffy. Loss of hair colour has been reported in
the bovine (Judson et al., 1982). In chronic dis-
orders, progressive inappetence leads to marked
weight loss, listlessness, muscular wasting (mar-
asmus) and pica (depraved appetite). The overall

appearance is indistinguishable from that caused
by starvation. It is still possible to find mortality
rates of 30% in groups of unsupplemented
lambs on pastures low in cobalt (Grace and
Sinclair, 1999). Anaemia eventually develops,
causing the visible mucous membranes to
appear blanched and the skin pale and fragile.
Without intervention, death ensues. An internal
examination will reveal a body with little or no
visible fat, heavy haemosiderin deposits in the
spleen and hypoplasia of erythrogenic tissue in
the bone marrow. The anaemia is normocytic
and normochromic in lambs, unlike the mega-
loblastic anaemia seen in humans. Neurological
damage may occur (Fell, 1981).

Fatty liver diseases

White-liver disease (WLD), OWLD in ovines,
was first reported in grazing lambs at times of
prolific pasture growth (Sutherland et al., 1979)
and is often accompanied by clinical signs of
photosensitization and biochemical signs of
liver damage. The disease has been produced
experimentally (Kennedy et al., 1994b) and
progresses from mild fatty infiltration of hepa-
tocytes to a point where bile ducts proliferate,
enzymes leak into the bloodstream from dam-
aged liver cells and plasma bilirubin levels rise
(Kennedy et al., 1997). Affected lambs are
anorexic, anaemic and ill-thriven in appear-
ance. The disease is sometimes accompanied
by polioencephalomalacia and is preventable

Table 10.1. Summary of the principal cobalt-responsive disorders found in sheep and goats, their
causes and distinguishing anomalies. All are associated with but not necessarily distinguished by low

plasma and liver vitamin B,, concentrations.

Underlying Distinguishing

Disorder Time course Principal feature  dysfunction anomaly Vulnerable stock
llI-thrift Semi-chronic ~ Slow growth at AdoCbl MMA T Young lambs
pasture
‘Pine’ Chronic Weight loss MeCbl Homocysteine T Lambs and ewes
Haemoglobin |

White-liver Semi-acute Fatty liver AdoCbland TG T Lambs and
disease MeCbl Liver enzymesT Angora kids

‘Hepatic Semi-acute Fatty liver MeCbl McV | Kids on low-
lipidosis’ MCHC { protein diets

AdoCbl, adenosyl-cobalamin; MeCbl, methyl-cobalamin; MCV, mean (red) cell volume; MCHC, mean (red) cell

haemoglobin concentration; MMA, methylmalonic acid; TG,

triglycerides.
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by cobalt or vitamin B,;, supplementation
(Sutherland et al., 1979; McLoughlin et al.,
1986). A few cases of WLD have been
described in Angora goats in New Zealand
(Black et al., 1988) but caprine WLD is seen
more widely in other breeds in Oman, where
an incidence of 5.3% was reported from an
abattoir survey in the Muscat area (Johnson et
al., 1999). The disorder has been reproduced
experimentally on a diet consisting mostly of
Rhodes grass hay, ‘low’ in cobalt (<0.1 mg kg™
dry matter (DM)), but a vitamin B,,-responsive
anaemia that was microcytic and hypochromic
developed at an early stage (Johnson et al.,
2004). These unusual features may be attribut-
able to inadequate microbial protein synthesis.

Infertility and perinatal mortality

While infertility is always likely to arise as a sec-
ondary consequence of debilitating conditions
such as severe cobalt deprivation, it may also
occur in the absence of ill-thrift. In a study of
beef cows, five out of nine unsupplemented
cows failed to conceive compared to only two
or three in each of three cobalt-supplemented
groups of nine to 11 cows (Judson et al.,
1997). Ewes deprived of cobalt during early
pregnancy may give birth to fewer lambs than
normal (Duncan et al., 1981; Quirk and
Norton, 1987) and those that are born may be
stillborn or slow to suck and have diminished
prospects of survival (Fisher and MacPherson,
1991). Poor reproductive performance is not
attributable to anorexia because ewe live weight
and body condition is not affected but may be
caused by impaired gluconeogenesis at a time
of high glucose need. Depression of milk yield
can reduce the growth rate of surviving lambs
(Quirk and Norton, 1987). Newborn calves are
less affected by cobalt deprivation of their
dams, although their subsequent growth can be
depressed (Quirk and Norton, 1988).

Disease susceptibility

Increased susceptibility to infection by the abo-
masal parasite Ostertagia circumcincta has
been reported in lambs (Ferguson et al., 1989)

and the immune responses of cattle against a
similar parasite (O. ostertagi) are compromised
by cobalt deprivation (MacPherson et al.,
1987). Increased faecal egg counts have been
reported in a natural, mixed nematode infec-
tion in grazing Texel lambs of low plasma B,
status (<100pmol 1Y) (Vellema et al., 1996).
Adverse interactions with infection by abomasal
parasites may be particularly pronounced
because these nematodes also suppress appe-
tite and destroy the glands that produce intrin-
sic factor. However, infection with the intestinal
parasites Trichostrongylus vitrinus and O. cir-
cumcincta did not accelerate a decline in
plasma vitamin B,, in grazing lambs (Suttle et
al., 1986). There is no evidence that suscepti-
bility to microbial infection is increased by
cobalt deprivation. Antibody responses to
Mycobacterium avium subspecies paratuber-
culosis and bovine herpes virus type 1 were not
affected in the Vellema et al. (1996) study.
Although in vitro lymphoproliferative responses
were increased by cobalt supplementation, cul-
tured lymphocytes can show a 10-fold increase
in vitamin B,, turnover under such challenges
(Quadros et al., 1976), calling into question
their physiological significance.

Sources of Cobalt

A regular dietary cobalt supply is clearly essen-
tial for survival, health and efficient production.

Forages

Cobalt concentrations in pastures and forages
vary widely between plant species and with soil
conditions (Minson, 1990). In early Scottish
studies, cobalt concentrations in mixed pasture
ranged from 0.02 to 0.22mg kg™! DM and leg-
umes were richer in cobalt than grasses grown
in the same conditions, with red clover and rye-
grass containing 0.35 and 0.18 mg kg~! DM,
respectively (Underwood and Suttle, 1999).
Lower values were reported for Japanese-
grown legumes and grasses, but the species
difference was proportionately greater (respec-
tive means, 0.12 and 0.03mg kg! DM)
(Hayakawa, 1962). The advantage of legumes
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can be lost if soils are cobalt deficient. Twofold
variation amongst grass species grown under
similar conditions has been reported, with
Phleum pratense and Dactylis glomerata
poor sources compared to Lolium perenne.
Pasture cobalt is reduced as the soil pH rises
(see Chapter 2) and increased by poor soil
drainage, but is largely unaffected by advanc-
ing plant maturity.

Ingested soil

Soil contamination can greatly increase herb-
age cobalt, particularly in unwashed spring and
autumn samples. Washing will often reduce
herbage cobalt concentrations without neces-
sarily improving the assessment of cobalt sup-
ply since ingested soil cobalt is partially available
for ruminal synthesis of vitamin B,, (Brebner
et al., 1987), raises serum vitamin B, (Grace,
2006) and probably alleviates deficiency at
times (Macpherson, 1983; Clark et al., 1989).
Grass species can differ in the degree to which
they are contaminated with soil as well as in
their ability to absorb cobalt from the soil
(Jumba et al., 1995).

Concentrates

Data on cobalt in grains and other concentrates
are meagre, partly because of the difficulty in
measuring low concentrations in silica-rich
samples. Cereal grains are poor cobalt sources
with concentrations usually within the range
0.01-0.06mg kg™! DM, and are used to pro-
duce cobalt-deficient diets (Field et al., 1988;
Kennedy et al., 1991b, 1992). Like most trace
elements, cobalt is highly concentrated in the
outer fibrous layers, so that bran and pollard
are much richer in cobalt than the whole grain.
Feeds of animal origin, other than liver meal,
are mostly poor sources of cobalt.

Milk and milk products

Cow’s milk normally contains 0.5-0.9ug
Co I'1. However, only the cobalt that is present

as vitamin B;, — <10% judging from the range
of values found in fat-free milk (0.3-3.0nmol
1Y) (Judson et al., 1997) - is of nutritional
value. Both milk cobalt and vitamin B,, can be
increased several-fold by large dietary cobalt
supplements. Milk is an important source of
vitamin B,, for the pre-ruminant, although
concentrations are low in all species (typically
<5ug It in the ewe) (Grace et al., 2006).

Cobalt Availability
and the Synthesis of Vitamin B,,

Dietary cobalt is only of use to ruminants if
incorporated into vitamin B;, by rumen
microbes, but they incorporate most of the
supply into physiologically inactive corrinoids
(Gawthorne, 1970). The efficiency of conver-
sion to Cbl is thought to be primarily affected
by dietary cobalt supply, but may also be influ-
enced by the source of cobalt, diet type and
animal species.

Effect of cobalt intake

The efficiency of Cbl synthesis appears to
decrease as cobalt intake increases, with 15%
captured as ‘Cbl’ by sheep given hay low in
cobalt and only 3% captured from a 1 mg daily
supplement given by drench (Smith and
Marston, 1970a). With <0.07mg Co kg-! DM
in a hay diet, cobalt levels in rumen fluid were
<0.5ug I'! and microbial vitamin B;, output
was suboptimal (Smith and Marston, 1970b).
The apparent effect of cobalt intake was
recently confirmed in sheep given a similar
range of cobalt intakes by continuous intraru-
minal infusion (Fig. 10.2). Ruminal synthesis of
vitamin B, increases within hours of cobalt
supplementation. In one study that used an
area under the plasma vitamin B, versus time
after dosing curve as a measure of vitamin syn-
thesis by depleted lambs, synthesis increased in
proportion to the square root of cobalt dose
over the range 1-32mg (Suttle et al., 1989).
With cobalt given daily, 0.1 mg day! increased
rumen vitamin B;, to about 80% of the
response attained with 4.0mg day~! (Wiese
et al., 2007).
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Fig. 10.2. The efficiency of rumen production
of vitamin B,, and subsequent absorption in
sheep continuously fed a mixed, low-cobalt diet
of hay and concentrates (CJ) or given cobalt

by intra-ruminal infusion (l,A). Cannulation of
the abomasum allowed the flow of vitamin B,
from the rumen to be measured. Absorption
was measured by calibrating responses in
plasma vitamin B,, against those obtained with
continuous intravenous infusions of vitamin B,,
(Ludemann, 2007).

Effect of cobalt source

The high efficiencies of vitamin B,, production
on the basal diets used by Smith and Marston
(1970a) and Ludemann (2009) might be partly
attributable to an intrinsically higher utilization of
cobalt inherent in the feed than of extrinsic added
cobalt. The rationale for such an effect is that
those rumen microbes that colonize ingested feed
particles (protozoa and fibre digesters) may make
better use of the local supply of inherent cobalt
than of a soluble source distributed throughout
the rumen fluid. In Fig. 10.2, the efficiencies of
use of added cobalt increase from 0.6% to 1.9%
as less cobalt is added, but there may ‘step-
changes’ to the 6.5% efficiency measured for the
basal diet and the 15% reported for unsupple-
mented hay (Smith and Marston, 1970a).

Effect of energy and protein substrates

The first indication of an effect of diet type on
rumen vitamin B;, synthesis was a decrease in
vitamin B,, production in sheep following the
addition of cereal to the diet (Sutton and Elliot,

1972; Hedrich et al.,, 1973). In the study
described in Fig 10.2, sheep were given a
cereal-supplemented diet (0.6 parts hay to 0.4
barley), low in cobalt, and the efficiencies of vita-
min B,, synthesis were <0.5 of those found pre-
viously with a hay diet at all cobalt intakes (Smith
and Marston, 1970a). Although the manner of
supplementation differed, it seems unlikely that
continuous cobalt infusion of continuously fed
animals would decrease the efficiency of cobalt
capture. In a recent study of vitamin B,, produc-
tion in dairy cows, the efficiency of incorpora-
tion of cobalt into vitamin B,, (Schwab et al.,
2006) (Table 10.2) was reduced from 13% to
7%, on average, by the inclusion of 23% grain
(mostly maize) in the ration. Rumen production
of vitamin By, is linearly related to food intake in
sheep (Hedrich et al., 1973) and cattle (Zinn
et al., 1987), but the efficiency of capture was
unaffected by the maize-based diet used in the
latter study (trial 3: Table 10.2). In the Schwap
et al. (2006) study, increasing the forage (pre-
dominantly maize silage) content of the diet
from 35% to 60% reduced the efficiency of
rumen vitamin B,, production from 12% to 8%
on average. Maize and maize silage are charac-
terized by relatively low rates of energy and pro-
tein degradability (AFRC, 1993) when compared
to barley and grass silage and may therefore sus-
tain relatively low rates of microbial protein and
vitamin B, synthesis.

Effect of species

Vitamin B,, production has been estimated in
three recent cattle studies involving a wide range
of diets but similar generous supplies of cobalt,
of which about 70% came from inorganic
sources. The derived efficiencies of cobalt cap-
ture ranged from 6.3% to 16.2% (Table 10.2),
much higher than those found in sheep given
plentiful supplies of dietary cobalt. This may
explain the lower cobalt requirement of cattle.

In vitro synthesis of vitamin B,,

The study of vitamin B,, (and volatile fatty
acid) production in continuous cultures of
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Table 10.2. Efficiency of ‘capture’ of dietary cobalt as microbial vitamin B,, is affected by the nature of
both the roughage and carbohydrate constituents of cattle diets. Low efficiencies are associated with high
intakes of maize silage (MS) and ground maize (GM) or ground barley (GB).

Capture of Co as

microbial vitamin Roughage
B,,? (%) (%) Forage (%) Carbohydrate (%)  Reference
14.0 45 45 AH 45 FM Zinn et al. (1987)
11.0 20 0 64 DRM
15.4 59 44 GLS, 15 MS 34 HMM Sanschi et al. (2005)
16.2 86° 18 MS, 12 AH, 6 GH 0 Schwab et al. (2006)
8.2 61° 18 MS, 12 AH, 6 GH 16 GM, 8 GB
9.5 88° 30 MS, 20 AH, 19 GH 0
6.3 69 30 MS, 20 AH, 19 GH 15 GM, 7 GB

AH, alfalfa hay; DRM, dried, rolled maize; FM, flaked maize; GH, grass hay; GLS, grass-legume silage; HMM,

high-moisture maize.

agfficiency calculated from the daily flow of vitamin B,, at the duodenum, converted to Co (x0.044) and expressed as a
percentage of daily Co intake, which came predominantly from the mineral supplement (0.7 mg added Co kg-' DM in
each study). Only Schwab et al. (2006) analysed diets for Co and a total Co of 1mg kg~' DM was assumed for the other

studies.

The differences between roughage and total forage percentage were made up by a mixture of soybean hulls and

sugarbeet pulp.

rumen microbes is yielding useful information
on bioavailability (Fig. 10.3) (Kawashima et
al., 1997b; Tiffany et al., 2006) after initial
disappointments (McDonald and Suttle,
1986), but it has only been used to evaluate
sources of supplementary cobalt. Accessibility
of cobalt to the rumen microbes probably var-
ies between culture systems, but the relatively
high vitamin B, output from unsupplemented
cultures in the above studies suggests that the
cobalt in oat hulls (Brebner, 1987), hay
(McDonald and Suttle, 1986) and corn (Tiffany
et al., 2006) is of relatively high availability.
Cobalt can form strong complexes with
methionine (NRC, 2005) and it is conceivable
that some cobalt in feeds is or becomes com-
plexed and escapes rumen degradation.
Availability for vitamin B, synthesis probably
correlates with solubility or extractability of
the cobalt source (Kawashima et al., 1997a,b)
and preliminary work suggests that rumen
vitamin B,, concentrations in sheep correlate
with the acetate-extractable cobalt in ingested
soil in vivo (Brebner et al., 1987) as well as in
vitro (Fig. 10.3). Acetate-extractability of
cobalt can vary from 3% to 13% between soil
types (Suttle et al., 2003).

The extractability of cobalt in feeds could
indicate its bioavailability to ruminants.

N

w
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!

o
|

Vitamin B, production (pmol day™")
N

Hulls Soil A

Soil B

Fig. 10.3. Mean vitamin B,, production from three
pairs of continuous cultures of rumen microbes
‘fed’ on oat hulls and liquid substrates. Soils low
(soil A) or high (soil B) in acetate-extractable
cobalt (0.09 and 0.58 mg kg DM-", respectively)
were added to two pairs (Brebner, 1987).

Metabolism of Vitamin B,,

The absorption, transport and cellular utiliza-
tion of vitamin B, is facilitated by a trio of
structurally related, Cbl-transporting proteins:
haptocorrin, intrinsic factor (IF) and transco-

balamin (TC) I (Wuerges et al., 2006).
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Absorption

Cobalamins leave the rumen as dead microbes
or bound to salivary haptocorrin, but are released
during subsequent digestion and selectively
bound to IF produced by parietal cells in the abo-
masum (McKay and McLery, 1981). In sheep,
some 10,000-24,0001U of IF is secreted in the
gastric juice each day. Bile salts facilitate binding
of the Cbl:IF complex to a multi-purpose recep-
tor, ‘cubilin’, in the ileal mucosal brush border
(Smith, 1997; Seetheram et al., 1999) and
endocytosis of the complex allows selective dis-
crimination against other corrinoids. Only 3-5%
of the vitamin B,;, that leaves the rumen is
thought to be absorbed by cobalt-deprived sheep
(Kercher and Smith, 1955; Marston, 1970).
Higher apparent absorption has been reported
at higher dietary cobalt intakes (Fig. 10.2)
(Hedrich et al., 1973) and absorptive efficien-
cies of 11% have been reported in cattle on gen-
erous cobalt intakes (Zinn et al., 1987; Schwab
et al., 2006). Features of vitamin B,, absorption
that are found in non-ruminant species, such as
an increase in absorptive capacity during preg-
nancy (Nexo and Olesen, 1982) and in the
colostrum-fed neonate (Ford et al., 1975), may
also occur in ruminants.

Mucosal transfer, transport
and cellular uptake

The CblIF complex is bound to TCII in the
mucosal villi and exported into the bloodstream
(Seetheram et al., 1999). Specific receptors
on cell surfaces allow the TCII:Cbl complex to
be taken up and converted to either MeCbl or
AdoCbl. The two pathways coordinate (Riedel
et al., 1999) and recycling of Cbl occurs in the
tissues (Fig. 10.1) and via biliary secretion.
Other Cbl-binding proteins are found in plasma,
and mammalian species show important differ-
ences in the distribution and binding properties
of three proteins, TCO, TCI and TCII. Bovine
plasma contains high concentrations of the
strong, high-molecular-weight binders TCO
and TC1 (Polak et al., 1979; Schulz, 1987a,b;
Price, 1991), which play havoc with some
assays for vitamin B, ,, as described later. There
is usually excess vitamin B, ,-binding capacity in

plasma. TCII is particularly strongly expressed
in the kidneys, for reasons unknown.

Storage

Although it is customary to refer to excess sup-
plies of vitamin B,, as being ‘stored’ in the liver,
the early work of Marston (1970) gave little evi-
dence of this. There was no significant increase
in liver vitamin B,, concentrations after 36
weeks of daily oral treatment with cobalt at ten
and 100 times a level regarded as ‘marginal’
(0.1mg day?). Plasma vitamin B,, was slightly
more responsive (Fig. 10.4), and Marston con-
cluded that the poor capacity of sheep to store
vitamin B, in liver was ‘a limiting factor’ in the
aetiology of cobalt-responsive disorders. Similar
contrasts in patterns of vitamin B,, accretion in
plasma and liver are evident in grain-fed cattle
(Tiffany et al., 2003). Vitamin B;, resembles
the other water-soluble vitamins in being poorly
stored. Placental transfer of vitamin B, is not
marked. Liver vitamin B,, concentrations in the
ovine fetus are less than half of those found in
the mother (Grace et al., 1986) and may not be
increased by supplementing the pregnant ewe
with vitamin B, (Grace et al., 2006).

3.5

—— Serum B,
—a- Liver By,

Vitamin By, (ng mi~! or pg g~' WM)

Logyo Co dose (mg)

Fig. 10.4. When cobalt-deprived sheep are
continuously repleted with diets providing 0.1
to 10mg Co day~', vitamin B,, concentrations
reach an earlier plateau in liver than in serum,
suggesting limits to hepatic storage capacity
(data from Marston, 1970).
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Secretion

Vitamin B, is secreted in milk and administering
cobalt bullets to the depleted pregnant ewe can
increase concentrations in the milk (Hart and
Andrews, 1959), with values increasing from
approximately 0.5nmol I-! by more than two-
fold in a recent study (Gruner et al., 2004a).
Survey data in cows indicate that milk vitamin
B,, concentrations decline exponentially as
serum vitamin B,, falls to subnormal levels
(Judson et al., 1997). However, the transfer of
parenterally administered vitamin B, is ineffi-
cient in dairy cows that are given ample dietary
cobalt. Data for lactating cows given 10mg of
the vitamin by weekly injection (Girard and
Matte, 2005) indicate that only 5.6% of the dose
was secreted in milk. Raising dietary cobalt from
0.14 to 0.27 mg kg™! DM during pregnancy had
no significant effect on milk vitamin B, or serum
B,, in the newborn calf: colostrum levels were
five times higher than those in main milk (19
versus 3.8-4.8ug 1Y), but the ingestion of colos-
trum did not affect serum vitamin B, in the calf

(Stemme et al., 2006).

Excretion

Little is known about the excretion of vitamin
B,, in ruminants. In humans, the primary route
can be via biliary secretion to the faeces with
negligible catabolism or urinary loss. In dairy
cows, high cobalt intakes (17.8-31.0 mg day ™)
increase urinary vitamin B,, to peak values of
around 12pug I"! during lactation, higher than
those found in milk and serum (Walker and
Elliot, 1972). The predominance of urinary
excretion is a characteristic of all water-soluble
vitamins. Urinary losses probably fall to negligi-
ble levels during cobalt deprivation and may be
useful in assessing vitamin B, status.

Biochemical Consequences
of Cobalt Deprivation

Inadequate cobalt intakes cause a sequence of
biochemical changes in the tissues and fluids of
the body that is influenced by the nature of the
dietary carbohydrate (Fig. 10.5).

Depletion

As soon as cobalt intake declines, concentra-
tions of vitamin B, in rumen fluid decline due to
depletion of rumen microbes and total serum
vitamin B, declines because it reflects the
amount of synthesized vitamin being absorbed
(Somers and Gawthorne, 1969). The decline in
liver vitamin B,, occurs after the decline in
serum vitamin B,,, indicating that any liver store
is slowly mobilized for extra-hepatic purposes.

Deficiency

At the cellular or ‘nano’ level, uptake of TCII
by cells is up-regulated and the specific activi-
ties of NADH/NADPH-linked aquaCbl reduct-
ases (aquaCbl is an intermediary transfer
protein, see Fig. 10.1) in the liver increase
(Watanabe et al., 1991). These adaptations
help to explain the lag before vitamin B;, con-
centrations in liver decline. The relationship
between vitamin B,, concentrations in plasma
and liver is generally curvilinear, with concen-
trations in liver showing little decline, relative
to plasma, in the early stages of cobalt depriva-
tion (Marston, 1970; Field et al., 1988). This
pattern contrasts with the relationship between
plasma and liver copper (see Chapter 11).

Dysfunctions in propionate
metabolism — rumen microbes

Cobalt deprivation of the rumen microbes causes
massive increases in succinate levels in the rumen
(to 100mmol I-?) within days of transfer of lambs
to a barley-based diet, low in cobalt (Fig. 10.6).
Rumen succinate also increases in cobalt-
deprived lambs at pasture and the inhibition of
propionate-producing microbial species such as
Selenomonas ruminantium has been impli-
cated (Kennedy et al., 1991b, 1996). Rumen
succinate was increased to a lesser degree
(approximately 10mmol 1) in sheep given a
ground 3:1 blend of an oaten hay/lupin seed
meal diet (Wiese et al., 2007) containing a simi-
lar cobalt concentration to that featured in
Fig. 10.6, and in cattle given low-cobalt barley as
their main feed (Tiffany and Spears, 2005).
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Fig. 10.5. The sequence of biochemical changes p

receding the appearance of clinical symptoms

in ruminants deprived of cobalt (and hence vitamin B,,) differs from the general model (see Fig. 3.1),

in that the earliest change occurs in the transport p

ool and signs of metabolic dysfunction (3a,

below) precede critical losses of enzyme function (3b). The affected pathway (i or ii) is determined

by the load placed upon it by diet (i, propionate) or
and differs between sheep and cattle (see also Fig.
liver disease).

Dysfunctions in propionate
metabolism — ruminants

The main source of energy in ruminants is
volatile fatty acids, including propionic acid.
These are produced by rumen fermentation,
and a breakdown in AdoCbl-dependent
conversion of propionate to succinate occurs
in the tissues of the cobalt-deprived ruminant.
The rate of clearance of propionate from the
blood falls and the intermediary metabolite
methylmalonic acid (MMA) accumulates to lev-
els of 10-100 pmol I-! (Marston et al., 1961,
1972; Gawthorne, 1968). There is a correla-
tion between appetite and propionate clearance
rate (Marston et al., 1972); raised propionate
concentrations in the portal blood flow induce
powerful satiety signals in sheep (Farningham
et al., 1993). By lowering the intake of fer-
mentable carbohydrate, satiety will reduce the
propionate load and equilibrium may be

reproductive cycle (ii, lactation)
10.9; MMA, methylmalonic acid; WLD, white-

attained. Changes in dietary cobalt and/or
food substrate that shift fermentation from
propionate to succinate will weaken the satiety
signal and improve appetite and growth. Thus,
growth was retarded from the outset in lambs
on a barley diet (Fig. 10.7), but took 77 days to
appear on a roughage-based diet that was
equally low in cobalt (Table 10.3) (Wiese
et al., 2007) but that would yield more acetate
and less propionate in the rumen. In this study,
plasma MMA increased before growth was
retarded and, in sheep given low-cobalt hay,
MMA increased before a marker of MeCbl dys-
function (Fig. 10.6). In the grazing flock,
increases in plasma MMA provide an early
warning of disorder, but show little change in
the cobalt-deprived steer (<6 pmol 1), whether
the diet is based on roughage (Stangl et al.,
2000¢) or cereal (Kennedy et al., 1995;
Tiffany et al., 2003; Tiffany and Spears,
2005).
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Fig. 10.6. Lambs given a barley-based diet very low in cobalt show marked early rises in rumen succinate
(a) followed by increases in plasma succinate (b), a glucose precursor. This may partially overcome any
constraint upon glucogenesis due to impaired propionate metabolism in the liver (from Kennedy et al., 1991).
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Fig. 10.7. The live-weight gain in lambs deprived of cobalt on a barley diet is a mirror image of
concurrent changes in plasma homocysteine. The early slowing of growth is accompanied by little or no
change, but homocysteine sharply increases as lambs start losing weight (from Kennedy et al., 1992).

Dysfunction in methylation

Lack of MeCbl has not been reported to
restrict rumen methionine synthesis on low-
cobalt diets, but it eventually impairs methyla-
tion in the tissues, causing a rise in plasma
homocysteine (Fig. 10.7) and final reductions
in methionine synthase activity in certain tis-
sues in cobalt-deprived lambs (Table 10.4).
Similar changes occur in cobalt-deprived cat-
tle (Stangl et al., 2000c). Concurrent
increases in S-adenosyl methionine (SAM)

and an increase in the SAM to S-adenosyl
homocysteine ratio in the liver confirm the
reduction in methylation (see Fig. 10.1).
MeCbl is an important methyl donor in folate
metabolism (Scott, 1992) and liver folate
concentrations decrease in cobalt-deprived
sheep (Gawthorne and Smith, 1974) and
steers (Stangl et al., 2000b,c). In earlier stud-
ies, a rise in formiminoglutamic acid (FIGLU)
excretion in urine in cobalt-deprived sheep
was attributed to reduced methylation of
folate (Gawthorne, 1968). The accumulation
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Table 10.3. In a study by Wiese et al. (2007), prolonged cobalt deprivation was required to reduce live
weight, appetite and wool growth, but eventually the efficiency of converting feed to wool was decreased in
lambs on a ground oaten hay/lupinseed meal diet (<0.026 mg Co kg~' DM; ‘low Co’) compared to those
given a Co-supplemented diet (0.1 mg day~" orally by drench; ‘plus Co’) from day 56.

Live-weight gain?

Food intake® Wool growth rate

Low Co Plus Co Low Co Plus Co Low Co Plus Co
Depletion (days) (k@) (g day™) (mg 100cm™2)
56-77 1 1.5 780A- 7807 58+2.5 59+2.3
78-105 -2 -1 5504- 550°F 53+2.3 74+3.0

aApproximate figures estimated from graph.

®Both groups were fed ad libitum (AL) initially, but the food intake of the ‘plus Co’ group was restricted by pair feeding
(PF) to match the AL intake of the ‘low Co’ group after 78 days.

of phosphatidyl choline in the liver and brain
indicates a functional disturbance of phos-
phatidyl ethanolamine methyltransferase
(Table 10.4), confirming earlier observations
in sheep (Gawthorne and Smith, 1974), but
these changes were not seen in cattle given a
similar barley diet (Kennedy et al., 1995).
Methionine supplementation via intravenous
(Gawthorne and Smith, 1974) or abomasal
infusion (Lambert et al., 2002) lowers hepatic
methionine synthase activity, and it is possi-
ble that a negative balance betwe en methio-
nine supply and demand increases activity
and the risk of MeCbl dysfunction. The dis-
covery of another methionine synthase that is
zinc dependent and uses Dbetaine-homo-
cysteine as a substrate (Millian and Garrow,
1998) raises the possibility of compensatory
increases that attenuate the effects of cobalt
deprivation.

Abnormal lipid metabolism

Major defects in lipid metabolism involving
both Cbl-dependent pathways may explain
the pathogenesis of OWLD on barley diets,
given the biochemical abnormalities recorded
in Table 10.4 (Kennedy et al., 1994b).
Accumulating MMA CoA may inhibit the
B-oxidation of free fatty acids, which the
cobalt-deprived lamb mobilizes from fat
depots to offset loss of appetite, and MMA

becomes misincorporated into branched-
chain fatty acids (Duncan et al., 1981,
Kennedy et al., 1991a). The latter anomaly
is associated with diets that generate high
propionate concentrations in the rumen. It
affects sheep and goats but not cattle or deer,
which may lack the capacity to activate MMA
CoA or metabolize propionate in their adi-
pose tissue (Wahle et al., 1979). Such differ-
ences may explain why sheep and goats
develop WLD but cattle and deer do not
appear to. The intravenous infusion of pro-
pionate increases the expression of most
lipogenic genes in ovine adipose tissue (Lee
and Hossner, 2002). Accumulation of free
fatty acids normally increases the hepatic
synthesis of triglycerides and their export
from the liver as very-low-density lipopro-
tein. However, very-low-density lipoprotein
assembly requires MeCbl and methionine
synthase, the activity of which is reduced by
cobalt deprivation (Table 10.4). Accumulating
triglycerides are peroxidizable and high cir-
culating levels of homocysteine could initiate
a chain of lipid peroxidation, explaining the
presence of the oxidation product lipofuscin,
depletion of the antioxidant vitamin E and
damage to mitochondrial structure in the
liver of lambs with OWLD (Kennedy et al.,
1997). However, homocysteine-induced oxi-
dant stress has not been seen to affect steers
deprived of cobalt on a corn-silage diet
(Stangl et al., 2000b).
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Table 10.4. Biochemical markers of cobalt deprivation and abnormal lipid
and vitamin E metabolism in the livers of lambs with ovine white-liver
disease (OWLD) and in cobalt-sufficient controls (Kennedy et al., 1994b).
Data are mean + standard error of the mean for three (OWLD) or four

(control) lambs.

Marker Control OWLD
Vitamin B,, (pmol g™") 396+9.7 15+4.1
Vitamin E (nmol g-') 13.1+£0.94 5.9+0.56%
MMCoA mutase (U g™") 30.8+2.2 4.4+0.6
Methionine synthase (U g') 869+102 105+26
SAM:SAH 5.4+0.76 2.5+0.68
PC:PE 1.5£0.04 1.1+0.09
Total lipid (g kg™ FW) 50.8+8.0 165+£13.9
Triglyceride fatty acids (mg kg FW) 5.2+1.00 36.8+14.9
Free fatty acids (mg g-' FW) 2.9+0.80 10.5£1.80

MMCoA, methylmalonyl coenzyme A; PC, phosphatidyl choline; PE, phosphatidyl
ethanolamine; SAH, S-adenosyl homocysteine; SAM, S-adenosyl methionine.

aDilution effect of the accumulated fat.

Rate-limiting function in sheep

The critical ‘biochemical lesion’ in cobalt-
deprived lambs on a roughage-based diet (or
grazing) is probably located systemically
rather than in the rumen because appetite
can be rapidly restored by the parenteral
administration of vitamin B;, without reple-
tion of rumen microbes or a reduction in
rumen succinate production in lambs (Wiese
et al., 2007). In Wiese et al.’s study, early
inadequacy along the systemic AdoCbl path-
way, revealed by increases in plasma MMA
(to 30mmol 1Y), did not limit appetite or
growth. Growth cessation coincided with
later rapid increases in plasma homo-
cysteine, indicating failure along the MeCbl
pathway on a roughage diet. A similar
sequence of dysfunction is shown in Fig.10.8.
A different pattern was seen in lambs
depleted on a barley diet, with growth retar-
dation occurring early in association with
increased plasma MMA, but before a signifi-
cant increase in plasma homocysteine (Fig.
10.7). It appears that propionate load upon
the liver can cause early growth retardation
in cobalt-deprived lambs. The association
between weight loss and inefficient wool
growth in the study of Wiese et al. (2007)

(Table 10.3) supports the notion that dysfunc-
tion along the MeCbl pathway eventually
became limiting to performance.

Rate-limiting function in cattle

Fourfold increases in plasma homocysteine
can occur after prolonged (>40 weeks) cobalt
depletion on a barley diet without evidence
of growth retardation (Kennedy et al., 1995).
The time course of the hyperhomocysteinae-
mia has not been reported, but plasma MMA
is only marginally increased, suggesting that
cattle give a lower priority to the MeCbl than
to the AdoCbl pathway. Cereal type affects
the metabolic responses of cattle to cobalt
deprivation, with a low-cobalt barley diet
producing higher rumen succinate and lower
propionate concentrations than a low-cobalt
corn diet, but no growth retardation (Tiffany
and Spears, 2005). Growth retardation and
low liver folate were found in cattle given a
maize silage diet low in cobalt (Schwarz et
al., 2000; Stangl et al., 2000b,c). Anomalies
in lipid metabolism are barely evident in
cobalt-deprived cattle given barley (Kennedy
et al., 1995). Cattle may divert less vitamin
B,, to the MeCbl pathway than sheep
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Fig. 10.8. The onset of biochemical dysfunction can be seen to vary in three cobalt-deprived sheep.
The adenosyl cobalamin pathway is affected first, as shown by earlier rises in plasma methylmalonyl acid
(MMA) than urocanate (UA), indicators of methyl cobalamin dysfunction (Price, 1991).

because they do not require large amounts of
sulfur amino acids for wool synthesis (see
Chapter 9). These contrasts between species
and influence of energy substrates on the
biochemical response to cobalt deprivation
are illustrated in Fig. 10.9. The concept of
linked variations in the two Cbl-dependent
enzymes has been advanced from studies of
cultured human glioma cells (Riedel et al.,

1999).

Cobalt Requirements

The foregoing differences in vitamin B,
energy and sulfur amino acid metabolism
probably cause cobalt requirements to vary
between species, with the type and amount of
cereal in the ration (Table 10.5), stage of the
reproductive cycle and the criterion of ade-
quacy used.

Production from grass

Precise estimates of need are difficult to gauge
from field studies because of seasonal changes in
herbage cobalt and soil contamination. Cobalt
responsiveness is poorly correlated with pasture
cobalt even in washed samples of pasture in
sheep (Gruner et al., 2004a,b). However, it is
clear that grazing cattle have lower needs than
sheep and cattle may not benefit from cobalt or
vitamin B,, supplementation on pastures con-
taining 0.06mg Co kg™! DM that cause clinical
deprivation in lambs (Clark et al., 1986).
Variation in animal need is also important.
Pasture cobalt concentrations of 0.03-0.05mg
kg~! DM may be tolerated by mature ewes, but
requirements increase with the onset of lactation
(Quirk and Norton, 1987, 1988; Gruner et al.,
2004a), possibly because the lactating ewe’s
liver has to process more propionate and body
fat is mobilized to meet energy needs but releases



Cobalt 237

MeCbl |
plasma
homoCys T

Maize-based
diets increase

——, | propionate

AdoCbl T

production
Lactation
increases
demand for AdoCbl { Co
methionine MeCbl T MMA T need

rises

Fig. 10.9. A ‘propionate load hypothesis’ to explain the contrasting metabolic responses of sheep and
cattle to cobalt deprivation. This hypothesis is based on Fig. 10.1 and makes two assumptions: in sheep,
the balance struck between the methyl-cobalamin (MeCbl) and adenosyl-cobalamin (AdoCbl) pathways
may be set to favour MeCbl, whereas in cattle AdoCbl is favoured; dietary or physiological factors that
increase activity along the favoured pathway cause dysfunction along the unfavoured pathway. Thus, a
diet that favours propionate production in the rumen of cattle will raise plasma homocysteine rather than
methylmalonic acid (MMA), while the increased demand for methionine associated with the onset of
lactation in sheep will cause an increase in plasma MMA rather than homocysteine.

Table 10.5. Provisional maximum? cobalt requirements of weaned ruminants at pasture or housed and
fed mixed diets based on grass—legume silage plus barley or maize silage plus maize.

Mixed diets
Grass Grass silage and barley Maize silage and maize
Cattle and deer® 0.06 0.04 0.15
Sheep and goats 0.12 0.08 0.30°

aAll classes can perform well with less Co in situations where the quality of the diet and pasture can only sustain
moderate levels of performance.

®The classification of deer with cattle and the allocation of a high Co need to sheep on maize-based diets are both
speculative.

no additional vitamin B,,. There may be times growth and freedom from OWLD to >0.1mg
when high soluble carbohydrate concentrations kg™ DM; under normal circumstances, such
in fresh pasture raise cobalt requirements for high levels may only be needed to maintain
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maximal liver vitamin B,, (ARC, 1980). Fresh or
conserved herbage cobalt concentrations of
0.05-0.12mg kg™! DM are therefore marginal
for sheep and concentrations of 0.03-0.06mg
kg~! DM are marginal for cattle, deer and goats.

Production from cereals

Studies with housed cattle have suggested that
the cobalt requirement for optimum growth
might be as high as 0.12-0.15mg kg~! DM on
maize-based diets (Schwarz et al., 2000;
Tiffany et al., 2003; Tiffany and Spears,
2005). Schwarz et al. (2000) fed corn silage
with concentrate variously supplemented with
cobalt. Cobalt requirements for ‘optimal’ hae-
moglobin, plasma homocysteine, liver folate,
liver vitamin B,, and plasma vitamin B,, were
estimated to be 0.1, 0.16, 0.19, 0.24 and
0.26 mg kg™! DM, respectively. Higher require-
ments might reflect the inefficient rumen pro-
duction of vitamin B,, from corn and corn
silage (Table 10.2). However, with complete
diets consisting mostly (85%) of ground corn or
barley with monensin, an additive that nor-
mally favours propionate production growth
requirements were met with only 0.02mg Co
kg? DM from the barley diet (Tiffany and
Spears, 2005). When corn comprised only
49% of the ration during the growth phase of
another trial (Tiffany et al., 2003), raising die-
tary cobalt from 0.04 to > 0.09mg kg-! DM
did not improve growth, but with 85% corn in
the finishing ration the cobalt supplements did
increase growth. Plasma vitamin B, in unsup-
plemented steers in the two phases was equally
low (approximately 50pmol 1), but rumen
propionate was 50% higher (46 versus 31
mmol I-?) on the finishing diet.

Cobalt requirements for diets consisting
mostly of maize silage or grain are uniquely
high because such diets enhance propionate
production in the rumen (Fig. 10.9). The use of
monensin to manipulate rumen metabolism in
grazing livestock may increase the cobalt
requirement. Cobalt requirements of lambs on
corn and barley-based diets have not been
accurately defined, but are likely to exceed
those of growing cattle and 0.2-0.3mg kg™
DM should be allowed until appropriate studies
have been conducted (Table 10.5).

Production of milk

A hypothesis has been advanced that cows in
early lactation have high systemic requirements
for vitamin B,, to optimize methylation if the
diet provides insufficient methionine (Girard,
2002). This hypothesis appeared to gain sup-
port when yields of milk and milk protein were
increased by weekly intramuscular injections of
10mg vitamin B,, in cows given diets supple-
mented with rumen-protected methionine and
excess cobalt (0.66mg added Co kg! DM)
(Girard and Matte 2005). The vitamin B,, injec-
tions were believed to have increased the meth-
ylation of folate, but milk yield improved in the
presence of normal concentrations of plasma
MMA and liver vitamin B,,, apparently con-
founding existing ideas about assessing cobalt
status as well as cobalt requirements. When a
diet without protected methionine was
supplemented with folic acid (2.6g day™') and/
or vitamin B, (0.5g day!), only folic acid
increased milk yield (Graulet et al., 2007). It
would appear that ‘supranutritional’ supple-
mentation with vitamin B,, is only necessary
when microbial synthesis of methionine is inad-
equate. The folic acid supplement doubled the
total liver lipid content, 2 weeks after calving,
unless vitamin B;, was also given, raising the
possibility of involvement of these B vitamins in
the aetiology of the fatty liver syndrome. The
large amounts of propionate that high-yielding
cows have to process may increase the priority
given to the AdoCbl pathway and thus expose
the MeCbl pathway. However, milk-yield
responses to parenteral vitamin B,, may be less
pronounced on diets providing adequate sulfur
and optimum conditions for microbial protein
and vitamin B,, synthesis. Feeding supranutri-
tional dietary concentrations of cobalt (up to
1.71mg kg™ DM) does not increase milk yield
(Kincaid and Socha, 2007), but a requirement
similar to that of grain-fed cattle (i.e. 0.12mg
kg~! DM) should be allowed for.

Subclinical Consequences
of Cobalt Deprivation

The primary effect of cobalt deprivation has
always been regarded as one on appetite, with
secondary effects on feed conversion efficiency,
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but it has been claimed that cobalt deprivation can
lower feed digestibility in goats (Kadim et al.,
2003). This digestibility trial was unusual in that
individuals were given a fixed intake of concen-
trate, allowed to express appetite for roughage
(given ad libitum) and fed only once daily. The
finding has yet to be confirmed under ‘steady-
state’ conditions of ration composition and intake.
Wool growth rate declines after prolonged cobalt
deprivation (Table 10.4); when compared with
pair-fed controls, wool growth in the cobalt-de-
prived lamb was eventually reduced by 28%. In
the low-cobalt group, plasma vitamin B,, was
<0.3ug I'! throughout, appetite fell steadily after
77 days and body weight was lost but wool growth
rate maintained. In the pair-fed plus cobalt group,
plasma B,, was >1ug I"! throughout, but an asso-
ciated advantage in wool growth only emerged
when food intake was restricted. Wool growth is
more sensitive to cobalt deprivation than live-
weight gain (Masters and Peter, 1990).

Occurrence of Cobalt
Deprivation in Ruminants

Geographical distribution

Severe cobalt deprivation initially became recog-
nized in localized areas within many countries,
but much larger areas exist in which deprivation
is mild or marginal and the only manifestation is
unsatisfactory growth in ‘tail-end’ lambs. Cobalt
deprivation arises on well-drained soils of diverse
geological origin, including coarse volcanic pum-
ice soils of New Zealand (Suttle, 1988), leached
podzolized sands of Jutland, sandy loams of
Goatland in Sweden (Schwan et al., 1987), soils
derived from granites and ironstone gravels, as
well as on the calcareous, wind-blown shell sands
that were a feature of the earliest studies (p. 223).
High levels of soil manganese depress the avail-
ability of soil cobalt to plants and the risk of
cobalt deprivation may be predicted from equa-
tions that relate soil available cobalt to soil man-
ganese (Suttle et al., 2003; Li et al., 2004).
Cobalt deprivation may be induced by heavy
liming, which also reduces the amount of plant-
available (soil acetate-extractable) cobalt, but
extremely acid soils (e.g. pH 5.0) can also be
low in available cobalt (Suttle et al., 2003).

Geochemical mapping of areas of risk has been
advocated (Suttle, 2000). The particular symp-
toms of WLD have been reported less frequently
than ‘ill-thrift’, but the disease has been identified
in lambs in Northern Ireland, Holland and
Norway (for review see Suttle, 1988) and a vari-
ant occurs in Omani goats (Johnson et al.,

1999, 2004).

Effects of species, breed,
physiological state and husbandry

Young deer (Clark et al., 1986) and goat kids
(Clark et al., 1987) — like calves and steers —
are less likely to be retarded in growth than
lambs confined to the same areas in New
Zealand, and probably fit the cattle model in
Fig. 10.8. In lambs, the incidence can still be
high and in two recent studies 68-72% of
untreated lambs had to be withdrawn from tri-
als because of substantial weight loss (Grace
et al., 2003; Gruner et al., 2004c). The high
vulnerability of sheep and angora goats may be
attributable to the high requirements of sulfur
amino acids for fleece growth (see Chapter 9).
A remarkable feature the ‘low-cobalt’ lambs in
Table 10.4 is that wool growth was sustained
while body weight was lost: wool growth rates
were probably 7-8g day~! and Fig. 9.2 sug-
gests that >2 g sulfur amino acids day~! was still
being deposited in the fleece. A different set of
rules may apply in lactation when increased
energy needs are met partly from endogenous
sources (fat), while the increased need for
methionine must be met largely from the diet.
The model prediction that plasma MMA will be
more responsive than plasma homocysteine to
cobalt deprivation in the lactating dairy cow
(Fig. 10.9) is supported by the responses to
vitamin B, injections reported by Girard and
Matte (2005): only MMA was significantly
reduced.

The incidence of cobalt deprivation in
lambs can vary markedly from year to year on
the same property (Lee, 1951) and, within a
flock, young male lambs can be particularly
vulnerable (Shallow et al., 1989). Variations in
the degree of soil ingestion with weather condi-
tions and grazing pressure may also be impor-
tant (Grace, 2006), and disorders occur less



240

Chapter 10

often in sheep grazing long than short pasture
because less soil is ingested (Andrews et al.,

1958).

Effects of energy substrate

In Norway, the incidence of OWLD has been
reported to vary between groups on adjacent
fields on the same farm and was more closely
related to high pasture concentrations of fruc-
tosan than of cobalt, which was relatively high
(0.10-0.12mg kg'! DM) (Ulvund, 1995).
Pasture fructosan concentrations are increased
by sudden decreases in air temperature and
may raise rumen propionate levels, precipitat-
ing disorder, or escape rumen degradation,
thus limiting rumen synthesis of vitamin B,.
Other diets rich in readily or poorly fermented
carbohydrate (e.g. molasses or maize and
maize silage) may be associated with a rela-

tively high risk of cobalt deprivation, particu-
larly in sheep (according to Fig. 10.9).

Diagnosis of Cobalt-responsive
Disorders

Mild cobalt deprivation is impossible to diagnose
clinically because the unthrifty appearance is
indistinguishable from the effects of nematodia-
sis or lack of dietary protein or digestible organic
matter. A number of biochemical criteria are
used to confirm diagnosis, but the most com-
monly used criterion, serum or plasma vitamin
B,,, remains hard to interpret, particularly in
cattle. Cobalt deprivation is confirmed beyond
doubt by a response in appetite and weight to
cobalt or vitamin B,, supplements. A flexible
framework for the assessment of vitamin B,
status is presented in Table 10.6, based on the
following assessments of individual criteria.

Table 10.6. Marginal bands? for the most common biochemical indices used to assess the mean cobalt
and vitamin B,, status of groups of ruminants when grazing or intensively fed on maize-based diets

indoors.
Ruminant species Grazing Housed Interpretive problems
Serum B,,° Bovine: S 30-60° Unknown Prone to gross
(pmol I-") Bovine: W 40-80¢°¢ 70-150¢ underestimation
Ovine and others:*S ~ 100-200 100-200 and laboratory
variation
Ovine and others: W 200-300 Unknown Propionate load
Liver B,,° Bovine: S 70-100 70-100
(nmol kg=' FW) Bovine: W 110-220 336-500 Propionate load
Ovine and others: S 70-100 Unknown
Ovine and others: W 110-220 Propionate load
Serum homocysteine All species:® S 8-12 8-12 Affected by
(umol I7) All species:®* W Unreliable methionine deficiency
and possibly rate of
transsulfuration in the
gut during
nematodeinfection
Serum MMAP All species: S Unreliable Unreliable No propionate load
(pmol ) Ovine and others: W  5-10 Unknown Propionate load

MMA, methylmalonic acid; S, suckling; W, weaned.

aMean values within a band denote the possibility of sufficient individuals benefiting to justify supplementation for all.
°Individual values close to below the bold limit are suggestive of production-limiting dysfunction. The higher the
proportion in a sampled population, the stronger the case for supplementing with Co or vitamin B,,.

*Values may also be applied to cervines (Wilson and Grace, 2001).

9The apparent contrast between grazing and housed stock may be wholly or partly an artefact, attributable to different
analytical methods.

eLack of discrimination between species reflects lack of species-specific data rather than commonality of vitamin B,,
status.

Furlong et al. (2009).
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Dietary and liver cobalt

Although dietary cobalt concentrations have a
major influence on the rate of microbial vita-
min B,, synthesis and vitamin B, status of the
host reflects microbial vitamin B,, output, the
onset of disorder is affected by other factors,
including the degree and duration of cobalt
depletion and propionate load. Severity of dis-
order in sheep varies between years on the
same low-cobalt pasture (Lee, 1951) and, in
the case of OWLD, between pastures with
equally adequate cobalt concentrations
(>0.1mg kg~! DM) (Ulvund, 1995). With the
added complication of contaminant soil cobalt,
dietary cobalt concentration is of little value in
diagnosis. Liver cobalt concentrations broadly
reflect cobalt intake provided that analytical
interference from high liver iron concentra-
tions is avoided (Kawashima et al., 1997a;
Underwood and Suttle, 1999). Early sugges-
tions were that a liver cobalt level <0.04-0.06
indicated cobalt deprivation and that values
>0.08-0.12mg kg™! DM ruled it out in sheep
and cattle. This has been confirmed in cattle
(Mitsioulis et al., 1995). The relationship
between liver cobalt and liver vitamin B, is
curvilinear with wide scatter at high liver cobalt
concentrations: the two parameters correlate
linearly and well over the lower ranges (Suttle,
1995), but how reliable is the liver vitamin B,
as an index of dysfunction?

Liver vitamin B12

Low liver vitamin B,, concentrations reflect
suboptimal cobalt intakes (Fig. 10.3). Biopsy
samples can be obtained from the live animal,
but considerations of welfare and cost have
limited their use. Early guidelines were that
values of 81-140 nmol kg! fresh weight (FW)
were ‘borderline’ and <74nmol kg! ‘low’ in
sheep (Andrews et al., 1959). These guideline
values are broadly supported by results from
more recent dose-response trials in grazing
sheep (Grace et al., 2003; Gruner et al.,
2004b). On an individual basis, appetite can
be reduced when liver vitamin B, is <74 nmol
kg! FW (Marston, 1970; Millar and Lorentz,
1979). Assessment of mean growth responses

to cobalt supplements in weaned lambs in New
Zealand indicated that, on a flock basis, a
much higher mean threshold value of 375 nmol
kg™! FW was required to avoid growth retarda-
tion in the summer (Clark et al., 1989) and a
similar relationship has been found in housed
cattle (Stangl et al., 2000c). The apparent
contrast has a simple explanation: within all
flocks there is variation in vitamin B;, status
and cobalt responsiveness, and individuals
with below-average vitamin B, status will con-
tribute the most to the mean growth response.
It is important to distinguish between bio-
chemical criteria for individual and flock diag-
nosis of all mineral disorders (see Table 10.3).
The current range of ‘marginal’ liver status for
grazing cattle in New Zealand (75-250nmol
kg! FW) may be too low for cattle on grain-
based diets, but cobalt-responsive groups can-
not be distinguished by reference to liver vitamin
B,, concentrations in the range 250-500 nmol
kg=! FW on such diets (see Tiffany et al., 2003,
Tiffany and Spears, 2005). Any fatty infiltra-
tion will lead to an underestimation of effective
vitamin B;, concentrations in the liver.

Total serum vitamin B,, in sheep

Correlations between the size of the mean
growth response and mean serum or liver vita-
min B,, in lambs in mid-trial were equally good
and indicated that as serum values fell below
300pmol 1! there was an exponential increase
in the size of the response (Fig. 19.5, p. 535).
However, when the growth of individual lambs
was plotted against their average serum vitamin
B,, in one recent trial, values >220 pmol ! indi-
cated a 95% probability of normal growth (Grace
et al., 2003). A need to lower existing diagnostic
guidelines for New Zealand was inferred. That
view was apparently supported by findings in
other trials in which lambs with minimum mean
plasma vitamin B, values <200 pmol I-! showed
no benefit from cobalt supplementation (Gruner
et al., 2004c). However, plasma vitamin B,
values increased during those trials and final liver
vitamin B,, values were normal and the earlier
recommendations have been defended (Clark,
2005). The accuracy of prediction from a sin-
gle sampling will depend on the previous and
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subsequent changes in plasma vitamin B;,. In
Scotland, values generally decline between birth
and weaning (Suttle et al., 1986). Since a small
proportion of lambs benefiting from cobalt sup-
plementation can cover the expense of treating
the whole flock, large numbers of individuals
should be sampled at random (at least ten and
preferably one-tenth of the flock) and the sam-
pling repeated, if possible (Grace et al., 2003).
A note of caution should be attached to extrapo-
lations from cobalt-responsive flocks in the above
trials (Grace et al., 2003; Gruner et al., 2004c).
In these trials, two-thirds of untreated lambs
were removed, leaving highly selected popula-
tions of tolerant lambs. Suckling lambs with a
mean plasma vitamin B;, of 140 pmol I"! do not
respond to supplementation (Grace and Sinclair,
1999; Gruner et al., 2004b) and higher diag-
nostic levels for the very young lamb and calf are
therefore presented (Table 10.6).

Serum vitamin B,, in cattle

Assay results for cattle vary widely between
laboratories and both diagnostic thresholds and
responses to cobalt supplementation are much
lower than those pertaining to sheep, whether
microbiological or radioisotope dilution (RID)
methods are employed (e.g. Givens and
Simpson, 1983; Judson et al.,, 1997,
Underwood and Suttle, 1999). Incomplete
release of vitamin from binders can cause large
underestimates of vitamin B,, (Price et al.,
1993), but extraction at 100°C at a consist-
ently high pH (9-12) overcomes both non-
specific and residual binding problems (Babidge
and Babidge, 1996). Contrasts between graz-
ing sheep and cattle have since been encoun-
tered, as illustrated in Fig. 10.10 by the
responses of grazing lambs and calves to the
same dose (0.23mg kg live weight (LW)) of a
slow-release, injectable formulation of vitamin
B,,, albeit in separate trials. Pasture cobalt was
adequate for lambs (0.07 mg kg=! DM) (Grace
and Lewis, 1999) and generous for calves
(0.16mg kg! DM) (Grace and West, 2000),
yet untreated lambs had serum vitamin B,,
values that were fourfold higher and the injec-
tion produced sustained increases in plasma
vitamin B,;, that were not seen in calves.

Relationships between liver and serum vitamin
B,, levels in lambs and calves can clearly be
quite different, with the high liver vitamin B,
status of calves not being reflected by serum
vitamin B,,, as measured by RID methods.

A variety of immunoassays developed for
human blood samples (e.g. Vogeser and Lorenz,
2007) have been used with bovine samples, but with
conflicting results. Using a radioimmuno assay
with alkaline extraction and an ‘organic
enhancer’, Stangl et al. (2000¢) claimed results
similar to those of Price et al. (1993) when an
increase in dietary cobalt from 0.08 to 0.2mg
kg™! DM increased serum vitamin B,, in steers
from 218 to 905pmol 1! after 43 weeks. With
the same assay kit but no mention of an
‘enhancer’, it took between 112 and 132 days
for an increment in dietary cobalt from 0.04 to
0.14mg kg™! DM to increase serum vitamin B,,
and the response was then small (from 48.7 to
132 pmol I'}) (Tiffany et al., 2003). Results in this
study were more characteristic of earlier, pre-
1990 analyses. Unsupplemented cattle in the
cobalt responsive phase of that study (fattening)
could not be distinguished from those in the non-
responsive phase (growing) in terms of plasma
vitamin B,,, and neither could the cobalt respon-
siveness of steers given corn or barley diets
(Tiffany and Spears, 2005). Chemiluminescent
methods that do not rely on IF-binding may offer
a way forward (Sato et al., 2002).

‘Functional B,,” in serum

The analytical wheel may be turning full circle. In
human clinical medicine, the current focus is on
the ‘metabolically active’ component of plasma
vitamin B,, bound to TCII, holotranscobalamin
(Refsum et al., 2006; Brady et al., 2008). It
could be that the earlier RID methods with acid
extractants were fortuitously measuring only (or
largely) the functional (TCIl) B,;, component in
bovine samples, now regarded as the ‘gold stand-
ard’ for assessing vitamin B,, status in humans!
The outstanding problem may be with ovine
samples, where the use of assays that detect only
TCII may improve specificity. Residual growth
responses were found in lambs weaned off ewes
treated with cobalt bullets during pregnancy, but
these were not accompanied by a response in
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Fig. 10.10. Lambs and calves show contrasting responses in serial serum and final liver vitamin B,,
concentrations to similar parenteral injections of vitamin B,, (0.23mg kg™ live weight), given in slow-

release form (lamb data from Grace and Lewis, 1999;

calf data from Grace and West, 2000). Pastures

were of adequate cobalt content and the same radioisotope dilution method was used for vitamin B,

assays in both trials.

total plasma vitamin B, (Gruner et al., 2004b),
emphasizing the diagnostic limitations of total
serum B,,. RIA methods that are specific for
MeCbl and AdoChl (i.e. the ‘really functional’
Cbl) may prove even more helpful than TCII.

Vitamin B,, in milk

Analysis of vitamin B,, in milk has a particular
advantage in assessing the status of cattle because
there appear to be fewer analytical problems
than for serum. Concentrations of vitamin B,, in
milk can show large responses to supplementa-
tion when none is apparent in the plasma, and

values correlate well with liver vitamin B,,
concentrations. Milk B, levels <300pmol I
indicate low vitamin status (Judson et al., 1997)
and can be measured by optical biosensor meth-
ods (Indyk et al., 2002).

Indicators of impaired
propionate metabolism

Indicators of AdoCbl-related dysfunction such
as raised urine and plasma or serum MMA
provide a more reliable indication of cobalt
responsiveness than vitamin B,, assays in
weaned or adult sheep. However, plasma
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MMA rises before appetite declines (Fisher
and MacPherson, 1991) and can be raised in
unresponsive flocks (Gruner et al., 2004c).
For diagnostic purposes, emphasis should be
placed on individual high MMA values rather
than population means. If some weaned lambs
in a grazing flock have MMA values above a
marginal band of 7-14 umol 1! then growth
retardation is likely (Gruner et al., 2004c).
Relationships between serum MMA and serum
vitamin B;, are curvilinear (Fig. 10.11), but
the point of maximum curvature is influenced
by diet. In a study of barley-fed lambs,
increases in serum MMA occurred in most
individuals with serum vitamin B, levels of
<220 pmol 1! (Rice et al., 1987), but a higher
threshold (375 pmol I}) was indicated in graz-
ing sheep (Gruner et al., 2004c). A similar
progression is seen as lambs age (Underwood
and Suttle, 1999; Gruner et al., 2004c),
reflecting the gradual replacement of milk lac-
tose by propionate as the major energy sub-
strate. Plasma MMA is less useful in suckled
lambs and calves, since growth can be retarded
before MMA increases (Quirk and Norton,
1987, 1988).

The pregnant and lactating ewe may
show no abnormal MMA metabolism yet pro-
vide her offspring with insufficient vitamin
B, for optimal growth (Quirk and Norton,
1987). MMA can increase with the onset of
lactation without accompanying changes in
serum or liver vitamin B,,, possibly induced
by higher propionate turnover (Fig. 10.9)
(Gruner et al., 2004c). MMA is an insensitive
marker in weaned cattle, showing only small
increases in the cobalt-responsive animal
(Tiffany and Spears, 2005). The suggestion
that raised rumen succinate is a useful
diagnostic aid (Wiese et al., 2007) is hard
to fathom in view of the earliness of the
increase (Fig. 10.6) and reciprocal relation-
ship with rumen propionate. The diagnostic
merits of plasma propionate have not been
studied.

Indicators of abnormal methylation

Indicators of MeCbl dysfunction are the
preferred diagnostic criteria in cattle of all ages

MMA (umol I
N () B
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Fig. 10.11. The relationship between vitamin B,
and methylmalonic acid (MMA) concentrations in
lambs grazing low-cobalt pasture is exponential,
with vitamin B,, having to reach very low levels
before MMA accumulates (Rice et al., 1987).

A similar relationship has since been published
(Gruner et al., 2004c).

and in the young suckled lamb. Early work
focused on the increased excretion of another
abnormal metabolite, FIGLU (Russel et al.,
1975). Suckling calves and lambs both show
increases in FIGLU excretion when growth is
retarded by cobalt deprivation, but MeCbl
dysfunction can become less important as they
grow (Quirk and Norton, 1987, 1988). Ewes
and heifers not excreting FIGLU in their urine
can rear lambs that do so (Quirk and Norton,
1987, 1988), indicating that a different bal-
ance is struck between MeCbl- and AdoCbl-
dependent pathways in dam and offspring
(Fig. 10.9). Plasma homocysteine is used as a
convenient marker of impaired methylation and
is far more responsive than MMA in the weaned,
cobalt-deprived calf. However, it may be affected
relatively late in the weaned lamb that is deprived
of cobalt on a barley diet (Fig. 10.7) and com-
pletely unaffected in lambs deprived while graz-
ing (Furlonget al., 2010). Plasma concentrations
of metabolites such as homocysteine may be
influenced by factors other than vitamin B, sta-
tus, including the rate of conversion to methio-
nine by transsulfuration in the gut mucosa, and
transsulfuration rate may be influenced by larval
nematode infection of that mucosa (Furlong et
al., 2009). Reductions in liver folate concentra-
tions are secondary consequences of impaired
methionine synthase activity (e.g. Stangl et al.,
2000c¢).
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Other indicators of dysfunction

Other biochemical abnormalities have been
reported in cobalt-deprived sheep, including
low plasma glucose, ascorbic acid and thiamine
concentrations and high ‘liver enzymes’, bile
acids and pyruvate values, but these are not
consistent or specific features (Table 10.1)
(Ulvund, 1995; Underwood and Suttle, 1999).
No biochemical marker in a suckling lamb or
calf will indicate the full impact of a dietary
cobalt deprivation that is severe enough to
reduce milk yield in the mother.

Prevention and Control
of Cobalt Deprivation

Vitamin B,, deprivation can be cured or pre-
vented by a variety of methods. The choice of
method is dictated by local circumstances and
cost—benefit analysis.

Pasture fertilizers

The inclusion of cobalt salts or oxides in pasture
fertilizers increases pasture cobalt and may also
stimulate legume growth. Application rates and
frequencies vary with the soil type, terrain and
husbandry practice. In New Zealand hill country,
a single application of 1.5kg CoSO,.7H,0 ha™!
every 3—4 years has been found to be effective,
while on more accessible sandy soils where phos-
phatic fertilizers are applied every year or two,
less CoSO, suffices (Sherrell, 1984). Fertilizer
treatment is unreliable on highly alkaline soils,
such as calcareous shell sands and heavily limed
soils, and on soils high in manganese oxides that
fix cobalt in an unavailable form (Adams et al.,
1969). Cobalt fertilizers are expensive and one
way of using them sparingly is to treat strips of
pasture only (MacPherson, 1983), and avoiding
recently limed pastures altogether.

Dietary supplements

Cobalt salts can be added to loose mineral mix-
tures, licks and blocks, and to rations or drink-

ing water for grazing or stall-fed animals. The
former is the simplest and most economical
method of cobalt supplementation and is com-
monly practised, regardless of need. A mineral
mix containing 40mg Co kg™!, included at
25kg t! in a concentrate that constitutes at
least one-tenth of the total ration will provide
sufficient cobalt. The provision of salt licks
containing about 0.1% cobalt is generally
effective under range conditions, but uptake
may be inadequate in some individuals at vital
times of the year. Continuous oral supplemen-
tation is recommended for ewes in late preg-
nancy to avoid loss of appetite and risk of
pregnancy toxaemia, while increasing vitamin
B,, status of the lambs. Cobalt supplementa-
tion of the pregnant heifer can produce mas-
sive increases in milk vitamin B, (Quirk and

Norton, 1988).

Parenteral or oral dosing

Early studies showed that injections of vitamin
B,, rapidly alleviated signs of deprivation, but
the commonly used dose in lambs (0.1 mg
kg~! LW) maintains normal serum vitamin B,
for <6 weeks (Grace et al., 1998; Underwood
and Suttle, 1999) and repeated dosages
become prohibitively expensive. Oral drench-
ing is similarly effective, but the required
frequency of dosing (every 2-4 weeks) makes
it impractical unless combined with other
therapies such as de-worming. Manufacturers
of anthelmintic drenches commonly add
cobalt to their products, but the amounts pro-
vided range widely and give short-lived
increases in plasma vitamin B, (e.g. Field et
al., 1988). Responses have increased by 40%
when doses for lambs are increased from 8 to
32 mg cobalt (Suttleet al., 1989). Conservative
use of anthelmintics to avoid the build up of
‘anthelmintic-resistant’ nematodes on pasture
restricts the efficacy of combining cobalt and
anthelmintic doses.

Slow-release oral supplementation

Supplementary cobalt should be supplied con-
tinuously to maintain rumen liquor cobalt above
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the critical level of 5ug I!, and this can be

achieved by the use of cobalt-containing pellets
or bullets. Early types consisted of cobalt oxide
(60%) and their high specific gravity (4.5-5.0)
facilitated retention in the rumino-reticulum for
months or years, while slow dissolution sup-
plied cobalt to the rumen bacteria (Underwood
and Suttle, 1999). The efficacy of such pellets
has been established under a wide range of
conditions, including changes of formulation
that halved the cobalt content (Judson et al.,
1997) and combined it with zinc oxide for the
prevention of facial eczema (Grace et al.,
1997). In young lambs and calves, in which the
rumen is not fully developed, and in lactating
cows, in which feed intake is large and rumina-
tion frequent, a few animals regurgitate the
pellets. A more serious problem, the develop-
ment of an impervious coat of calcium phos-
phate on the surface of the pellet, was
minimized by introducing a small steel screw
with the pellet or by administering two pellets
together to abrade the coating. A single treat-
ment can supply sufficient cobalt to sheep for
more than 5 years (Lee and Marston, 1969)
and in beef cows for up to 19 months (Judson
et al., 1997). Soluble glass boluses are not sus-
ceptible to coating and also yield a steady sup-
ply of cobalt for many months (Judson et al.,
1988; Zervas, 1988; Masters and Peter, 1990;
Kendall et al., 2001).

Slow-release parenteral supplementation

The slow release of soluble vitamin B,, can be
contrived by incorporating it into biodegrada-
ble microspheres of lactide/glycolide polymer
(Fig. 10.10) (Grace and Lewis, 1999). Single
subcutaneous doses of ‘microencapsulated’
vitamin B,, providing 0.14-0.24 mg kg! LW,
have raised serum vitamin B,, concentrations
for < 187 days in lambs (Grace et al., 2003),
176 days in ewes (Grace et al., 2006) and 110
days in calves (Grace and West, 2000). The
capacity of parenteral vitamin B,, to prevent
cobalt deprivation in the grazing lamb (Grace
et al., 2003) confirms that any changes in
rumen microbial metabolism caused by low
cobalt intakes are not in themselves growth-
limiting.

Cobalt sources

Inorganic cobalt sources must be readily soluble
in the rumen to be of nutritional value to rumi-
nants when used as food supplements. While
successful as a constituent of heavy pellets
because of the large doses given, the relatively
insoluble cobaltous and cobaltic oxides have
lower nutritive value than more soluble inor-
ganic salts (CoCO; and CoSO,) when assessed
by comparative increases in liver cobalt or vita-
min B,, synthesis by cultured rumen microbes
(Kawashima et al., 1997a,b). In an early study,
Co,0, and CoSO, were equally effective in rais-
ing serum and liver vitamin B,, (Andrews et al.,
1966), but the amounts given (300mg) far
exceed the capacity for ruminal vitamin B, syn-
thesis (Fig. 10.4), thus putting the more soluble
CoSO, at a disadvantage. Chelates have been
no more effective in stimulating microbial vita-
min B,, synthesis than simple inorganic salts
whether the comparison was conducted in vitro
between CoCl, and CoEDTA (N.F. Suttle,
unpublished data) or glucoheptonate (Kawashima
et al., 1997b), in vivo between CoEDTA and
CoS0, in grazing lambs (Millar and Albyt, 1984)
or in vivo between cobalt propionate and
CoCQ; in steers (Tiffany et al., 2003).

Protection from toxins

An abnormal substance that appears to affect
cobalt requirements occurs in the perennial grass
Phalaris tuberosa. Consumption of this grass is
responsible, in restricted areas, for the disease in
sheep and cattle known as ‘Phalaris staggers’ or
‘Ranpha staggers’. This disease can be pre-
vented but not cured by regular oral dosing with
cobalt salts (50ug Co twice daily or 28mg
Co week™) (Lee et al., 1957), by the use of
cobalt pellets (Lee and Kuchel, 1953) or by treat-
ment of pastures with a cobalt-containing ferti-
lizer. P tuberosa contains a neurotoxin that is
responsible for the staggers syndrome, but the
neurotoxin is inactivated or its absorption is
reduced at high rumen cobalt concentrations.
The action of cobalt in this respect differs from
its action in controlling deficiency because
administration of vitamin B, is ineffective against
Phalaris staggers. The amount of cobalt required
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for protection rises with increasing toxic poten-
tial of the pastures. In some areas, staggers does
not develop because the cobalt intake from soil
and herbage is sufficient to detoxify the neuro-
toxin. Cobalt supplements have also provided
protection against annual ryegrass toxicity in
sheep. The pathogenic agents are coryne toxins
produced by a bacterium, Clavibacter toxicus,
which is carried into the seed head by an invad-
ing nematode, Anguina agrostis. Cobalt supple-
ments delay but do not prevent the onset of
neurological signs, irrespective of the amount of
toxin (0.15 or 0.30mg kg™! LW day~!) or cobalt
(4 or 16 mg day!) given (Davies et al., 1995).

Non-ruminants

Vitamin B,, performs the same functions in
non-ruminants and ruminants. In pigs, admin-
istration of a methionine synthase inhibitor
(nitrous oxide) induces symptoms of vitamin
B,, deficiency (Kennedy et al., 1991a) and
prolonged feeding of a vitamin B,,-free diet
induces mild hyperhomocysteinaemia and
macrocytic anaemia (Stangl et al., 2000a).
Reduced activity of leucine 2,3 aminomutase
has been implicated in pernicious anaemia in
humans (Poston, 1980) and prolonged vitamin
B,, deprivation of hens impairs the synthesis of
leucine, but does not induce anaemia or signs
of neurological impairment (Ward et al.,
1988). Non-ruminants have low dietary needs
for vitamin B;, and requirements are said to
decline from 20 to 5ug kg' DM as pigs
grow from 5 to 50kg LW (NRC, 1998), and
from 9 to 3ug kg™' DM as Leghorn chicks
progress between 0-6 and 6-12 weeks of age
(NRC,1984). However, there is no evidence to
justify such scaling to body weight or age. Pigs
and poultry rations that are derived entirely
from plant sources contain little or no vitamin
B.,, but they can be fed for long periods of
time without greatly affecting the performance
of laying hens (e.g. Ward et al., 1988) or
growing pigs (Stangl et al., 2000a). Vitamin
B, is synthesized in the colon, but little or
none is absorbed there. Faeces therefore con-
tain vitamin B, and useful amounts of the
vitamin may be obtained via the consumption
of faeces (Stangl et al., 2000a). If access to

non-dietary vitamin B,, is denied, growth
responses can be obtained from supplementary
vitamin B,, or from the provision of feeds of
animal or microbial origin to pigs and poultry.
There are no reports of vitamin B,, deficiency
in horses (Lewis et al., 1995). Clinical signs of
cobalt (as opposed to vitamin B,,) deprivation
have not been demonstrated in any species.

Cobalt Toxicity

Cobalt is commonly stated to be of low toxicity
to all species, but this is only true if toxicity is
assessed as a multiple of minimum requirement
when there is a 100-fold margin of safety. In
terms of dietary concentrations, cobalt is sur-
passed only by copper, selenium and iodine
among the trace elements as a threat to health.
Field cases of suspected cobalt toxicity in rumi-
nants have been reported. There was no distinc-
tive pathology, but liver cobalt was very high
(20-69mg kg™! DM) (Dickson and Bond, 1974).
The ARC (1980) has summarized the available
evidence and — noting that >4mg kg! and
>1mg kg LW are toxic to sheep and young
cattle, respectively — recommends that dietary
cobalt for ruminants should not exceed 30mg
kg~ DM. The NRC (2005) has reduced that fig-
ure to 25mg kg~! DM. Tolerance may be higher
when cobalt is given continuously in the diet,
rather than as a drench. Pigs have been found
to tolerate 200mg kg™! DM, but higher levels
(400 and 600mg kg DM) caused anorexia,
stiffness, incoordination and muscular tremor
(Huck and Clawson, 1976). Symptoms were
alleviated by supplements of methionine or a
combination of iron, manganese and znc.
Anaemia and decreases in tissue iron indicated
a cobalt x iron antagonism. In day-old chicks
given 125, 250 or 500mg Co kg™! DM for 14
days, the lowest level reduced feed intake,
weight gain and gain to feed ratios, while the
two higher levels caused pancreatic fibrosis,
hepatic necrosis and muscle lesions (Diaz et al.,
1994). In the chick embryo, cobalt was the third
most toxic of eight elements examined, sur-
passed only by cadmium and arsenic (Gilani
and Alibhai, 1990). The mechanism of cobalt
toxicity may involve free-radical generation and
consequent tissue damage (NRC, 2005).
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11 Copper

Copper was first shown to be essential for
growth and haemoglobin formation in labora-
tory rats by Hart and Elvejhem in 1928 and
subsequently for the prevention of a wide range
of clinical and pathological disorders in several
monogastric species. A number of naturally
occurring wasting diseases in grazing animals
were soon found to respond to copper ther-
apy, such as ‘salt-sick’ of cattle in Florida (Neal
et al., 1931), ‘lecksucht’ of sheep and cattle in
the Netherlands (Sjollema, 1933) and ‘copper
pine’ in UK calves (Jamieson and Allcroft,
1947). An ataxic disease of newborn lambs
(‘swayback’) in Western Australia was attrib-
uted to copper deficiency in the ewe during
pregnancy (Bennetts and Chapman, 1937). A
similar disease had troubled flocks consuming
seaweed along the coast of Iceland long before
it was recognized as swayback (Palsson and
Grimsson, 1953).

Subsequently, extensive copper-deficient
areas, affecting both crops and livestock, were
discovered throughout the world. The impor-
tance of an interaction between copper and
molybdenum was discovered when a severe
diarrhoea (‘teart’) of cattle, associated with
excessive molybdenum in the herbage in
Somerset, UK, was controlled by massive
doses of copper (Ferguson et al., 1938,
1943). Concurrent investigations of another
‘area’ problem, a chronic poisoning of sheep
and cattle in eastern Australia, found abnor-
mally low molybdenum concentrations in the

©N. Suttle 2010. Mineral Nutrition of Livestock, 4th Edition (N. Suttle)

herbage and a disorder controllable by sup-
plementing with molybdenum (Dick and Bull,
1945). Underlying both problems was a pro-
found effect of molybdenum on copper
metabolism that depended on a further inter-
action with a third element, sulfur, revealed in
a classic series of experiments with sheep that
used sulfate (SO,) as the source (Dick, 1956).
This three-way interaction between copper,
molybdenum and sulfur is involved in most
outbreaks of copper-responsive disorder (RD)
in grazing livestock, even those in Icelandic
sheep that consumed seaweed rich in SO,
(Suttle, 1991). Since the mid-2000s, studies
with laboratory animals have rapidly advanced
our understanding of the complex ways in
which this copper is safely absorbed, trans-
ported and incorporated into functional
enzymes and proteins (Prohaska, 2006).
Ironically, copper-RD rarely occurs naturally
in non-ruminants, and the emphasis through-
out this chapter will be placed on the more
vulnerable ruminant animal.

Functions of Copper

Copper is present in and essential for the
activity of numerous enzymes (Table 11.1),
cofactors and reactive proteins. The essen-
tiality of copper for processes such as repro-
duction and bone development is presumed
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Table 11.1. Some copper-dependent enzymes found in mammalian tissues,? their functions and possible
consequences of a marked reduction in activity (from Bonham et al., 2002; Prohaska, 2006).

Enzyme Functions Abbreviation  Pathognomic significance
Caeruloplasmin® Fe?* — Fe®, hence Fe Cp Anaemia
(ferroxidase) transport; antioxidant
Cytochrome c oxidase Terminal electron-transfer CcCcoO Anoxia (causing neuronal
respiratory chain degeneration, cardiac
hypertrophy)
Diamine oxidase Oxidative deamination of DAO Unknown
diamines and their
derivatives
Dopamine-§3- Catecholamine metabolism DBM Behaviour?
monooxygenase
Hephaestin Export of iron from intestine HEP Anaemia
Ferroxidase I Iron oxidation Anaemia
Lysyl oxidases Desmosine cross-linkagesin ~ LO Aortic rupture, joint disorders,
connective tissues osteoporosis
Monoamine oxidase Oxidative deamination of MAO Cell signalling, leukocyte
monoamines trafficking
Peptidylglycine-o Elaboration of numerous PAM Appetite?
amidating biogenic molecules
monooxygenase (e.g. gastrin)
Superoxide dismutases  Intracellular and extracellular ~ SOD1 Lipid peroxidation, modulation
dismutation of O, to H,0, SOD2 of vascular tone
Thiol oxidase Disulfide bond formation TO Loss of wool and hair strength
Tyrosinase Tyrosine — melanin TY Depigmentation

aThese enzymes are found in varying concentrations and excesses in most tissues. Some are supplied with copper by
specific ‘chaperone’ proteins (e.g. SOD1 and SOD2) and their functions may overlap with each other (e.g. caeruloplasmin
(Cp) and HEP) or with those of copper-independent enzymes (e.g. MnSOD). Reductions in activity are not therefore

synonymous with dysfunction or copper-responsive disorder.

®Multiple forms and/or genes have been identified and may indicate a level of functional importance that is

underestimated by survival in specific gene-deletion studies.

to depend on such functions, but only two
processes have unequivocal dependency on
a specific enzyme: pigmentation (tyrosinase)
and connective tissue development (lysyl
oxidases) (Suttle, 1987a; Prohaska, 2006).
Genes controlling many copper-dependent
enzymes and proteins have been identified
(e.g. the sheep caeruloplasmin gene, sCp)
(Lockhart and Mercer, 1999) and gene-dele-
tion studies with laboratory animals have
shown some to be necessary for embryonic
survival (e.g. dopamine-B-monooxygenase
(DBM) and the transmembrane copper-
transporting protein Ctrl). The links
between functional molecule and physiolog-
ical process may be clarified by new
techniques that follow the sequence in which
the animal tries to avert the consequences

of copper deprivation by ‘switching on’
specific ‘copper genes’. Details of three
enzyme functions involving copper proteins
follow.

Cellular respiration

The ubiquitous haem enzyme complex, cyto-
chrome ¢ oxidase (CCO), is responsible for
the terminal electron transfer in the respira-
tory chain and thus for energy generation in
all tissues. Low CCO activity may cause sev-
eral dysfunctions, including impairment of
the respiratory burst in neutrophils that is
integral to cellular immunity (Jones and
Suttle, 1987). In copper-depleted cattle, a
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breakdown of basement membranes in the
acinar cells of the pancreas is one of the earli-
est pathological lesions, where a reduction of
CCO activity may have secondary effects on
glycosylation or sulfation (Fell et al., 1985).
CCO activity in the liver (Mills et al., 1976),
gut mucosa (Fell et al., 1975; Suttle and
Angus, 1978) and neutrophils is also reduced,
but there is usually a surplus of CCO in all
tissues (Smith et al., 1976) and the respira-
tion rate is not necessarily constrained. Gene-
deletion studies in laboratory mice show
that animals cannot survive without CCO,
but they are equally dependent on DBM
(Prohaska, 2006).

Protection from oxidants

Copper may protect tissues against ‘oxidant
stress’ from free radicals, including those
generated during respiration, and interact
with other nutrients with antioxidant proper-
ties as it does so. Neutrophils rely upon the
‘respiratory burst’ to generate free radicals
such as superoxide (O-3), which Kill engulfed
pathogens and must have fully functional oxi-
dant defences to avoid ‘self-harm’. In vitro
tests show that blastogenesis (Jones and
Suttle, 1987) or phagocytic killing (Boyne
and Arthur, 1981; Jones and Suttle, 1981;
Xin et al., 1991) is compromised in cultured
cells from copper-deprived sheep and cattle.
The superoxide dismutases (SODs) SOD1
and SOD2 dispose of O-; (to H,0,) and their
activities in neutrophils are reduced by cop-
per deprivation. Caeruloplasmin (Cp), the
predominant copper protein in plasma, is
expressed in several tissue types (Prohaska,
2006) and also scavenges free radicals
(Saenko et al., 1994). Impaired responses of
splenic lymphocytes and neutrophils have
been reported in vitro in marginally depleted
male rats showing no reduction in liver cop-
per or plasma Cp concentrations (Bonham
et al., 2002). Hepatic activity of the iron-
containing haem enzyme catalase is reduced
in copper deficiency (Taylor et al., 1988).
Catalase metabolizes H,0,, source of the
dangerous OH- radical and a modulator of
cell signalling.

Iron transport

The historic role of Cp in iron transport has
been overshadowed by recent research into
hephaestin, a copper protein with 50% homol-
ogy to Cp and similar properties, including fer-
roxidase activity. When animals are deprived of
copper, hephaestin concentrations in entero-
cytes decrease and iron concentrations increase,
probably because of a lack of ferroxidase activ-
ity. Deletion of the Cp gene produces only a
mild anaemia, suggesting that hephaestin and
ferroxidase Il may be more important contribu-
tors of ferroxidase activity (Prohaska, 2006).

Functions of copper-binding proteins

There are more copper-binding proteins than
there are cuproenzymes, though not all have
proven functions (Bonham et al., 2002;
Prohaska, 2006). The metallothioneins (MTs),
especially MTII (Lee et al., 1994), bind copper
and may have protective roles during expo-
sure to excess copper. Two clotting agents,
factors 5 and 8, are cuproproteins with cop-
per-dependent activity (Prohaska, 2006) and
their lack in copper deprivation may impair
blood clotting by weakening platelet adhesion
(Lominadze et al., 1997). Factor 8 is structur-
ally similar to Cp (Saenko et al., 1994). Two
copper-transporter proteins, Crtl and 2, are
integral to the transfer of copper across mem-
branes, facilitating uptake by and efflux from
both enterocytes and hepatocytes. Prion pro-
teins may facilitate copper storage in the cen-
tral nervous system (CNS) and they become
deranged in bovine spongiform encephalopa-
thy (Hanlon et al., 2002), but a hypothesis that
the substitution of manganese for copper on
prion proteins was of pathogenic significance
has found no support (Legleiter et al., 2008).

Clinical Signs of Copper
Deprivation in Ruminants

A wide range of copper-RD have been associ-
ated with low copper status (Suttle, 1987a) and
come under the clinical term ‘hypocuprosis’.
Susceptibility depends on the species and the
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stage of development at the time of copper
deprivation.

Ataxia

Following the pioneering field studies of
Bennetts and Chapman (1937), swayback was
eventually reproduced experimentally by feed-
ing pregnant ewes diets low in copper or high
in molybdenum and sulfur (Suttle, 1988a).
Three types of ataxia occur naturally in lambs:

* neonatal (paralysis or ataxia at birth,
followed by death; primary anoxic lesions
in the brain stem and demyelination of
the cerebral cortex);

e delayed (uncoordinated hind-limb move-
ments, stiff and staggering gait, swaying
hind quarters, often triggered by flock dis-
turbances); and

e atypical (older lambs stand transfixed,
head quivering and apparently blind;
primary lesion, cerebral oedema).

The particular vulnerability of the lamb to
neonatal ataxia is related to a phase of rapid
myelination in the fetal CNS in mid-pregnancy.
There is a second phase of spinal cord myeli-
nation a few weeks after birth and copper dep-
rivation from late pregnancy causes delayed
ataxia. Demyelination is caused by myelin apla-
sia rather than myelin degeneration and is
associated with degeneration of the motor neu-
rons of the brain and spinal cord in sheep
(Suttle, 1988a) and goats (Wouda et al., 1986).
The lesions of each type of swayback are irre-
versible, and may commence as early as
6 weeks before birth and continue to develop
afterwards. They are arguably the most sensi-
tive clinical consequence of copper deprivation
in sheep (Suttle et al., 1970) and swayback
may be the only abnormality to develop in a
flock. In the goat kid, the delayed form is pre-
dominant (Hedger et al., 1964) and cerebella
hypoplasia is an additional feature (Wouda
et al., 1986). Calves undergo a slow regular
myelination of the CNS and do not succumb to
neonatal or delayed ataxia (Suttle, 1987a), but
deer can be affected (Grace and Wilson, 2002).
Adult pregnant vyak (Bos grunniens) are
affected by a copper-RD called ‘shakeback dis-
ease’ because of an unsteady gait (Xiao-Yun

et al., 2006a,b). However, no neuropathologi-
cal investigations have been conducted and
there are no reports of abnormalities in their
offspring.

Abnormal wool and hair

When copper deprivation occurs in sheep after
myelination is complete, it is the fleece that
displays abnormality: wool crimp is progres-
sively lost until fibres emerge almost straight,
giving rise to ‘stringy’ and ‘steely’ wool with
diminished tensile strength and elastic proper-
ties. The zonal changes are irreversible, but
copper supplementation quickly restores nor-
mal properties in new wool growth (Underwood,
1977). Abnormalities are most obvious in the
wool of Merino sheep, which is normally heav-
ily crimped, and ‘steely wool” remained a prob-
lem in South Australia long after the initial link
with copper was established (Hannam and
Reuter, 1977). Similar abnormalities have
been induced in experiments by depriving
other breeds of copper (Lee, 1956) and occur
in Scottish Blackface lambs on improved hill
pasture as an early sign of deprivation (Whitelaw
et al., 1979). Changes in the growth and
physical appearance of the hair, giving the coat
a thin, wavy, harsh appearance, have also
been also reported in cattle (Fig. 1.6) and are
again an early sign of copper deprivation
(Suttle and Angus, 1976).

Depigmentation

In breeds of cattle with highly pigmented coats,
loss of coat colour (achromotrichia) is usually
the earliest and sometimes the only clinical
sign of copper deprivation. Greying of black or
bleaching of brown hair is sometimes seen,
especially round the eyes (Fig. 11.1). In the
Aberdeen Angus, a brownish tinge can be
given to the coat and the skin becomes mottled
(Hansen et al., 2009). White wool develops in
normally black-woolled sheep and pigmenta-
tion is so sensitive to changes in copper intake
that unpigmented bands can be produced by
intermittent copper deprivation (Underwood,
1977). Depigmentation can be rapidly induced
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(b)

Fig. 11.1. Clinical symptoms of copper deficiency
in ruminants include (a) loss of hair or fleece
colour, giving a ‘spectacled’ appearance around
the eye; (b) loss of hair or wool strength,

causing loss of crimp in wool; and (c) skeletal
abnormalities, including osteoporosis and
widening of epiphyses.

by dosing sheep with molybdenum and SO,.
Inclusion of a few black-fleeced ‘sentinel’ sheep
in a flock can provide early warning of more
widespread dysfunction. Loss of coat colour is
not a recognizable feature of yak with ‘shake-
back’ (Xiao-Yun et al., 2006a,b).

Anaemia

Anaemia develops after severe or prolonged
copper deprivation. In lambs it is hypochromic
and microcytic in type, similar to the anaemia
of iron deficiency, while in cows and ewes it
may be hypochromic and macrocytic (Suttle,
1987a). Anaemia was induced in Scottish
Blackface ewes but not in Cheviot x Border
Leicester ewes given similar diets (Suttle et al.,
1970), a result that may reflect the greater
severity of copper deprivation inducible in the
former breed. Haemolysis may contribute to
the development of anaemia. Signs of oxida-
tive stress in the form of Heinz bodies in eryth-
rocytes have been reported in the
copper-deficient lamb (Suttle et al., 1987a),
and low activities of erythrocyte SOD1 have
been implicated in the incidence of haemolytic
Heinz-body anaemia in hypocupraemic cattle
given kale (Barry et al., 1981). The pregnant
or lactating yak is unusual in developing
hypochromic microcytic anaemia, which is
responsive to copper supplementation, as an
early consequence of copper deprivation (Xiao-
Yun et al., 2006a,b).

Bone disorders

Abnormalities in bone development vary widely
both within and between species. The distur-
bances of endochondral ossification that give
rise to uneven bone growth (osteochondrosis)
can only affect growing animals and bone mor-
phology will be influenced by the rate of
growth, body-weight distribution, movement
and even by the rate of hoof growth at the time
of copper deprivation. Widening of the epiphy-
ses of the lower-limb bones is a common mani-
festation in growing cattle (Fig. 11.1c). In the
absence of these ‘rickets-like’ lesions, osteitis
fibrosa has been found in the vertebra of cop-
per-deprived calves (Mills et al., 1976).
‘Beading’ of the ribs is seen in sheep and cattle
and may be due to overgrowth of costochon-
dral junctions. A generalized osteoporosis and
low incidence of spontaneous bone fractures
can occur in grazing cattle and sheep with
hypocuprosis (Cunningham, 1950; Whitelaw
et al., 1979).
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Connective tissue disorders

Natural clinical manifestations of connective tis-
sue dysfunction are rare. Osteochondrosis in
young farmed deer has been attributed to cop-
per deprivation (Grace and Wilson, 2002), is
accompanied by gross defects in the articular
cartilages (Thompson et al., 1994) and may
arise through impaired collagen and elastin
development. Subperiosteal haemorrhages and
imperfect tendon attachments are seen in lambs
on molybdenum-rich pastures (Hogan et al.,
1971, Pitt et al., 1980). In cattle, lesions in the
ligamentum nuchae supporting the neck and
scapulae may lead to dislocation of the scapulae,
causing the head to droop and creating a ‘hump’
(B. Ruksan, personal communication, 1989).
The abnormal gait associated with severe bovine
hypocuprosis — variously described as ‘pigeon-
toed’, ‘stiff-legged’ or ‘bunny-hopping’ - is
probably due to a combination of bone and con-
nective tissue disorders.

Cardiovascular disorders

Cardiac lesions were a feature of ‘falling disease’
of cattle in Western Australia and attributed to
copper deprivation (Bennetts and Hall, 1939),
but the condition has not been reported else-
where or in other species. The sudden deaths,
usually after mild exercise or excitement, were
attributed to acute heart failure and the critical
lesion was a slow and progressive degeneration
of the myocardium with replacement fibrosis
and accumulation of iron. Liver and blood cop-
per were extremely low in the affected animals
(32 umol kg! dry matter (DM) and 1.6 umol I
DM, respectively), as was pasture copper (1-3mg
kg! DM). Cardiac enlargement has found in
experimentally deprived calves in one study (Mills
et al., 1976) but not in another (Suttle and
Angus, 1978). The deprivation was quicker to
develop in the latter study due to the use of a
small molybdenum supplement.

Scouring or diarrhoea

The copper-responsive diarrhoea widely
reported in grazing cattle has been induced

experimentally in hypocupraemic Friesian
calves (Mills et al., 1976). Histochemical and
ultrastructural changes were observed in the
small intestine, but no clear relationship
between these changes and diarrhoea was
apparent (Fell et al., 1975) and such changes
were not a feature of other clinically affected
calves (Suttle and Angus, 1978). ‘Teart scours’
occur before liver or blood copper reaches
subnormal levels and they may be caused by
acute, localized, thiomolybdate-induced copper
depletion of the intestinal mucosa (Suttle,
1991). Sheep are less inclined to scour on
‘teart pasture’ than cattle, but diarrhoea can be
induced by molybdenum-rich diets (Suttle and
Field, 1968; Hogan et al., 1971). Scouring
has been observed in goats maintained on
Dutch ‘teart’ pastures.

Susceptibility to infection

Long-term studies of genetic and other causes
of mortality on a Scottish hill farm revealed a
marked increase in mortality when the pastures
were improved by liming and reseeding
(Fig. 11.2a). Losses were higher in breeds with
low efficiencies of copper utilization and
reduced by copper supplementation or genetic
selection for high copper status (Fig. 11.2b).
Microbial infections were major causes of
death, and since there were parallel changes in
the incidence of a proven manifestation of
copper deprivation — swayback — susceptibility
to infection must have been increased by cop-
per deprivation. Subsequent work indicated
that perinatal mortality was increased unless
copper supplements were given in late preg-
nancy, but the precise role of infection was not
established (Suttle et al., 1987b).

Infertility

Low fertility associated with delayed or depre-
ssed oestrus occurs in beef cows grazing
copper-deficient pastures, but the relationship
with low copper status has been inconsistent
(Phillippo et al., 1982). In experiments with
penned heifers given a diet of marginal copper
content (4mg) with molybdenum (5mg) or
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Fig. 11.2. (a) Lamb mortality in two sheep breeds known to absorb copper with low and high efficiency
(Scottish Blackface (SB) and Welsh Mountain (WM), respectively) managed as a single flock before and
after pasture improvement in 1981-1982. (b) Copper supplementation (O versus plus) reduced losses
from both swayback (solid columns) and infectious diseases (open columns) in an inbred cross between
the two breeds, selected for low plasma copper (low versus high). Since swayback is a recognized
consequence of copper deprivation, susceptibility to infections must be similarly recognized as such

(from Woolliams et al., 1986a).

iron (500-800mg kg-! DM), infertility only
occurred in  molybdenum-supplemented
groups, despite the fact that liver and plasma
copper in all treated groups seemed equally
low (Humphries et al., 1983; Phillippo et al.,
1987b). Both improvements and impairments
of fertility have occasionally been reported in
normocupraemic cows given parenteral cop-
per (Suttle and Phillippo, 2005). Infertility and
abortions have been reported in experimental

copper deprivation of ewes (Howell and Hall,
1970).

Growth retardation

Poor growth is a common feature of copper
deprivation in grazing sheep (Whitelaw et al.,

1979, 1983; Woolliams et al., 1986b), cattle
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(Thornton et al., 1972a,b; Whitelaw et al.,
1984) and deer (Grace et al., 2005a). Growth
retardation in the field is usually associated
with mild exposure to molybdenum (Phillippo,
1983) and - like infertility — is mostly a feature
of molybdenum-induced copper depriva-
tion under experimental conditions (Humphries
et al., 1983; Phillippo et al., 1987a;
Gengelbach et al.,, 1994). Furthermore,
growth can be retarded in the absence of any
clinical abnormalities and is accompanied by
poor feed conversion efficiency (FCE) when
molybdenum-induced  copper  deprivation
begins in utero (Legleiter and Spears, 2007).
The possibility that both growth retardation
and infertility are caused by molybdenum
toxicity rather than copper deprivation will be
discussed later. Biochemical explanations for
growth retardation are unclear, but the low
milk vield of beef cows on pastures high in
molybdenum is believed to have been responsi-
ble for the poor growth of their suckled calves
(Wittenberg and Devlin, 1987).

‘Copper Value’ of Feeds
for Ruminants

Faced with such a long list of naturally occur-
ring copper-RDs, the provision of adequate
dietary supplies of copper assumes considera-
ble importance.

Absorption

Studies with laboratory animals show that the
absorption of copper (A.,) is facilitated by both
specific (Crtl) and non-specific divalent metal
transport (DMT) proteins in the intestinal
mucosa, with the former being strongly regu-
lated by need (Prohaska, 2006; Hansen et al.,
2008a). However, in weaned ruminants A, is
determined largely by digestive processes in
the rumen. These degrade organic and inor-
ganic sulfur sources to sulfide (S*) (Suttle,
1974a) while failing to digest 30-50% of the
organic matter. Much of the copper released
during rumen digestion is precipitated as cop-
per sulfide (CuS) and remains unabsorbed
(Bird, 1970), while that released during post-

ruminal digestion may become partially bound
to undigested constituents. Whereas the
A, coefficient in the young milk-fed lamb is
0.70-0.85, in the weaned lamb it is <0.10
(Suttle, 1974b). The rumen protozoa are par-
ticularly important as generators of S?- and
their removal by isolation (lvan, 1988) or the
administration of anti-protozoal ionophores
(Barrowman and van Ryssen, 1987) increases
A, The fractional retention of copper in the
liver can reflect the A,.

Availability of copper in feeds

The ability of a feed to meet copper
requirements or cause chronic copper
poisoning (CCP) depends more on A, than on
the concentration of copper that the feed
contains. Feed sources differ widely in
availability (Table 11.2) for reasons that are not
completely understood. Fresh grass is a poor
copper source while brassicas, cereals and
certain cereal by-products are good sources of
copper for sheep. Little is known about the
forms of copper in feeds, but pot ale syrup, a
by-product from the distillery industry, contains
copper in a poorly absorbable form compared
to copper sulfate (CuSO,) (A, 0.01 and 0.06,
respectively) and distillers’ grains (Suttle et al.,
1996a). In poultry waste, 64% of the copper
can be extracted with EDTA and it has a similar
A, to that of CuSO, in sheep (0.08 versus
0.07) (Suttle and Price, 1976). However, the
A, value of a feed or supplement will depend
on interactions with other ration constituents,
particularly those high in sulfur, molybdenum
and iron (e.g. Suttle and Price, 1976) because
A, is determined largely by the synchronicity
of release of copper and its potential
antagonists in the rumen (Suttle, 1991).
Thus, A¢, can be increased by feeding sheep
once daily rather than every 4 h (Luo et al.,
1996). When the diet is enriched with molyb-
denum as well as sulfur, thiomolybdates (TMs)
are formed. These not only complex copper
but leave it firmly bound to particulate matter
(Allen and Gawthorne, 1987), reducing A,
still further (Price and Chesters, 1985) until
as little as 1% may be absorbed. Little is
known about interactions between feeds and
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Table 11.2. Estimates of the absorbability of copper (A.,, %) in natural foodstuffs of low
molybdenum content (<2mg kg~' DM) in Scottish Blackface ewes.

Ac, (mean = standard deviation)

Number of estimates

Grazed herbage (July)

Grazed herbage (September/October)
Silage

Hay

Root brassicas

Cereals

Distillers’ grains®

Leafy brassicas®

2.5+1.09
1.4+0.86
49+32
7.3+1.8
6.7+£0.9
9.1+£0.97
5.0+£0.70
12.8 £3.20

GWwNhOaNO N

aThe relatively low value for grain-based by-products is attributable to use of a basal diet supplemented with S

(Suttle et al., 1996a).

“The high value for a feed high in S may be attributable to the presence of S in non-degradable forms (see

Chapter 9).

it is assumed that mixtures of forages or blends
of forage with concentrates will have the mean
Ac, of the constituent feeds (Suttle, 1994).
However, allowing lambs access to fresh straw
bedding while they received a ‘coarse concen-
trate’ diet reduced hepatic copper retention by
32 and 39% (Crosby et al., 2005; Day et al.,
2006).

Outcome of copper-molybdenum-sulfur
interactions in forages

The effects of molybdenum and sulfur on Ag,
in grasses, hays and silages, as determined by
plasma copper repletion rates in hypocuprae-
mic Scottish Blackface sheep, have been
described by prediction equations and are
illustrated in Fig. 11.3. Profound effects are
predicted for both antagonists within com-
monly encountered ranges, with the first
increments in herbage molybdenum and sul-
fur having the largest inhibitory effects on A,
(see Chapter 9 for copper and sulfur interac-
tions). Copper-sulfur interactions will rarely
escape molybdenum influence and copper-
molybdenum interactions will usually be influ-
enced by sulfur. However, the inhibition by
sulfur is strongly curvilinear for herbage (Fig.
11.3c¢) and this waning may explain the lack
of effect on liver copper reported when
supplements raised dietary sulfur in grazing
lambs from 2.7 to 6g kg~! DM (Grace et al.,
1998b). The outcome of antagonism varies
between forages, with sulfur per se having an

enhanced influence in silages (Fig. 11.3a)
and both antagonists having reduced influ-
ence in hays (Fig. 11.3b) when compared
with fresh grass (Fig. 11.3c). The magnitude
of the effect of molybdenum on A, from
grazed herbage has been confirmed in sheep
using stable isotope methodology (Knowles
et al., 2000), but not in long-term grazing
studies employing a liver copper repletion
technique (Langlands et al., 1981); the rea-
sons for this discrepancy have been discussed
(Suttle, 1983b). The predictions represented
in Fig. 11.3c help to explain two field prob-
lems: first, hypocuprosis in lambs grazing
improved pastures in which both sulfur and
molybdenum concentrations are raised
(Fig. 11.2) (Whitelaw et al., 1979; Woolliams
et al., 1986b); second, hypocuprosis in cat-
tle transferred from winter feeds to spring
pasture, despite a higher copper intake
(Jarvis and Austin, 1983). Both copper—sul-
fur (Suttle, 1974a; Bremner et al., 1987)
and copper-molybdenum-sulfur  (Suttle,
1977) interactions markedly affect A, in
concentrate-type diets.

The copper—iron interaction

Antagonisms between copper and iron also
influence A.,. Supplements of iron oxide (Fe,Os,
providing 800mg Fe kg! DM) and simulating
the effects of ingesting soil iron have been found
to significantly lower Ag, from 0.06 to 0.04
in sheep (Suttle and Peter, 1985); similar
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inhibitions were obtained with iron as iron sul-
fate (FeSO,) (Fig. 11.4). Both the accelerated
depletion (Humpbhries et al., 1983) and slowed
repletion (Rabiansky et al., 1999) of liver copper
reserves reported in iron-supplemented cattle
probably reflect reductions in A¢,. Copper—iron
interactions in both sheep (Suttle et al., 1984)
and cattle (Bremner et al., 1987) are in part
dependent on sulfur. Scil iron may be capable of
reducing A, by three mechanisms: the trapping
of S$?- as iron sulfide (FeS) by soluble iron in the
rumen (Suttle et al., 1984); the adsorption of
copper by insoluble iron compounds (Suttle and
Peter, 1985); and the down-regulation of the
non-specific carrier DMT1 (Garrick et al., 2003)
by excess soluble iron (Hansen et al., 2008).
Bovine copper status has been lowered by as
little as 250mg Fe kg! DM as saccharated iron
carbonate (FeCO,) (Bremner et al., 1987).
There is no evidence that the copper—iron inter-
action can add to the effect of the copper—

—

c) A =5.7-1.35-2.785 log, Mo+0.227 (Mo X S)

Absorbable Cu (%)

Grass Mo (mg kg™' DM)

Fig. 11.3. The adequacy of fresh and conserved
grass as sources of copper for ruminants is
determined largely by the extent to which

sulfur and molybdenum combine to reduce Cu
absorption (Ag,), but the interactions vary with
forage type: (a) in silages, Mo has a small and
little studied effect on A, but S reduces Ag, in

a logarithmic manner; (b) in hays, the inhibitory
effect of Mo is detectable but less than that of S; it
is not greatly influenced by interactions with S and
Ac, remains relatively high; (c) in fresh grass, A,
starts low and is further greatly reduced by small
increments in Mo and S (data from Suttle, 1983a,b
obtained using the technique outlined by Suttle
and Price, 1976).

molybdenum—sulfur  interaction in  cattle
(Humphries et al., 1983; Phillippo et al.,
1987a,b; Gengelbach et al., 1994) or sheep
(N.F. Suttle, unpublished data) to produce further
reductions in A¢,. The copper—iron interaction is
not manifested in the pre-ruminant calf (Bremner
et al., 1987) or in sheep on concentrate diets
that are low in sulfur (Rosa et al., 1986).

A copper—-manganese interaction

A study with cattle showed that the addition of
manganese (as manganese sulfate, MnSO,,
500mg kg™! DM) to a corn-based finishing diet
for steers exacerbated the hypocupraemia
induced by a diet marginal in copper (5.4 mg) and
high in sulfur (8g added as calcium sulfate), but
supplemented with molybdenum (2mg kg=! DM)
(Legleiter and Spears, 2007). The antagonism
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Fig. 11.4. The absorbability of copper (Ag,) in
diets for weaned ruminants is significantly affected
by interactions between copper and iron, which
are partly dependent on sulfur. The effects on A,
cannot yet be predicted in the manner used for
copper—molybdenum-—sulfur interactions and are
not additive to those of molybdenum-—sulfur, but
with 800 mg added iron kg~' DM the effect is to
roughly halve Ag,.

was stronger in a longer study involving an ini-
tial growing phase on corn silage (Hansen
et al., 2009) and it was suggested that excess
manganese adds to the effect of excess mucosal
iron by suppressing DMT - one of the two
transporters that carry copper across the gut
mucosa — thereby inhibiting A, (Hansen and
Spears, 2008). Alternatively, it is possible that
soluble manganese, like iron, can trap S?- in
the rumen and impair A, at distal sites. While
cattle are not normally exposed to such high
levels of manganese as salts, they are exposed
to manganese in soils (see Chapter 14).
Manganese may be by far the most labile of the
soil-borne elements (Brebner et al., 1985).

Other influences upon availability

The inhibitory effect of large zinc supplements
(200-400mg kg DM) on hepatic copper
retention produced in housed sheep (Bremner
et al., 1976) is unlikely to occur across the
normal range of forage zinc, but may be elic-
ited during the treatment of facial eczema with
large doses of zinc salts (Morris et al., 2006).
Small supplements of cadmium can reduce the

copper in lactating ewes at pasture. Ewes showed
evidence of suppressed immunity to gut parasites,
which may have indirectly increased copper
requirements (Suttle, 1996).

placental transfer of copper in ewes and cows
(p. 497), and this interaction may be important
where herbage cadmium has been increased
by the use of superphosphates high in cad-
mium. Malabsorptive conditions of humans
are associated with poor absorption of copper
(Prohaska, 2006) and a similar association in
sheep could explain why intestinal parasitism
lowers copper status in lactating ewes with
suppressed immunity (Fig. 11.5) (Suttle,
1996). Similarly, the low A, values in autumn
grass (Table 11.2) may partly reflect an autumn
rise in larval nematode infection on the grazed
pasture. Early reports of inhibitory effects of
dietary calcium on A, have not been repeated
(Underwood and Suttle, 1999).

Sources of Copper and
its Antagonists

Copper in pasture

The copper content of pastures and forages
varies with the species, strain and maturity of
the plant, with certain soil conditions (not
pH) and with the fertilizers used (Table 11.3)
(McFarlane et al., 1990). Temperate grasses
tend to contain less copper than legumes
grown in the same conditions (4.7 versus
7.8mg kg DM, respectively), but under
tropical conditions the position is reversed
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(7.8 versus 3.9mg kg™! DM, respectively)
(Minson, 1990). Copper concentrations can
range from 4.5 to 21.1mg kg~! DM among
grass species grown on the same soil
(Underwood and Suttle, 1999). Smaller dif-
ferences between species have been recorded
in West Kenya, with Pennisetum clandesti-
num (kikuyu) having the highest and Chloris
gavana (rhodes grass) the lowest copper con-
centration (Table 11.4) (Jumba et al., 1995).
Copper is unevenly distributed in temperate
grasses: leaves contain 35% higher concen-
trations than stems and values in the whole
plant therefore tend to decline during the
growing season (Minson, 1990), and the fall
can be marked (Jarvis and Austin, 1983).
The low copper levels found in hays and
silages in Alberta (4.3 + 2.45 and 5.0 £ 1.98
(standard deviation) mg kg~! DM, respectively)
may partly reflect their maturity (Suleiman
et al., 1997).

Copper antagonists in pasture

The determinants of A., herbage molybde-
num, sulfur and iron, vary in concentration
between species (Jumba et al., 1995), man-
agements systems (Whitelaw et al., 1983) and
seasons, with molybdenum increasing from
1.5 to 3.3mg kg! DM between the first and
second cuts of pasture in a recent Norwegian
study (Govasmark et al., 2005). Pasture molyb-
denum increases as soil pH increases, and high
concentrations of molybdenum and sulfur can
occur on soils high in organic matter (Table
11.3). Temperate legumes tend to be richer in
molybdenum than grasses in the same sward
and Kincaid et al. (1986) reported a 10-fold
difference on a molybdeniferous soil. In a study
of fodders and grains grown in British
Columbia, the copper to molybdenum ratio
ranged from 0.1 to 52.7 (Miltimore and Mason,
1971)! Low molybdenum concentrations in

Table 11.3. The mean (range) of copper, molybdenum, sulfur and iron concentrations in
subterranean and/or strawberry clover-tops sampled on two to four occasions
from sites of the major soil types in the south east of South Australia (McFarlane et al., 1990).

Soil type No. of sites  Cu (mg kg™') Mo (mg kg™) S (gkg™) Fe (mg kg™')
Sand/clay 24 6.6 (3.0-14.6) 1.4(0.1-4.1) 2.5(1.5-4.0) 160 (45-346)
Red gum 22 9.5% (4.1-15.9) 1.8(0.1-5.4) 2.6 (1.5-4.3) 5202 (81-2300)
Groundwater 20 8.5(4.2-12.8) 1.6(0.2-5.4) 2.5(1.9-5.1) 5102 (200—1000)
rendzina

Deep sand 16 7.3(4.0-14.0) 1.1(0.1-3.8) 2.8(2.1-4.6) 140 (119-154)
Peat 4 7.2(4.4-11.4) 8.32(4.7-16.2) 3.6%(2.8-4.5) 110 (48-320)
Calcareous sand 11 5.3 (1.9-9.5) 10.12 (1.6-21.8) 2.5(1.7-3.4) 100 (70-130)

Mean values followed by 2 differ significantly (P < 0.05) from others. Each is comprised of 5-10 samples.

Table 11.4. Species differences in available copper concentrations in four grasses calculated by
the prediction equations in Fig. 11.3 from copper, molybdenum and sulfur concentrations in the

pastures (from Jumba et al., 1995).

Herbage concentration

Available Cu (mg kg™' DM)

Cu Mo S
(mgkg™ (mgkg’ (g kg™ Grass Hay
Species DM) DM) DM) equation equation
Pennisetum purpureum 4.1 0.85 1.1 0.135 0.303
(napier grass)
Setaria sphacelata (setaria) 3.9 0.66 1.4 0.141 0.308
Chloris gayana (rhodes grass) 35 0.64 2.0 0.107 0.251
Pennisetum clandestinum 5.7 1.50 1.7 0.127 0.383

(kikuyu grass)
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maize silage grown in the molybdeniferous
‘teart’ area of Somerset (A. Adamson, personal
communication, 1980) raise the possibility of
important differences in A, between forage
crops. Herbage sulfur and protein are corre-
lated and both decrease as the sward matures.
‘Improved’ pasture species such as kikuyu are
relatively high in sulfur, and this counters their
relatively high copper content when A, is cal-
culated (Table 11.4). Similarly, the low copper
content of Alberta hays, mentioned above, is
probably offset by increases in A, (Table 11.2,
Fig.11.3). Spring pastures are often rich in
iron from contaminating soil and a waning
iron x copper antagonism has been invoked
to explain the recovery from hypocuprosis in
cattle grazing in summer (Jarvis and Austin,
1983). Herbage iron is high in overgrazed pas-
tures and in those on soils prone to waterlog-
ging (e.g. red gums and rendzinas, Table 11.3).
Values can vary greatly between farms (150-
1345mg Fe kg™! DM) (Nicol et al., 2003) and
incre