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SUMMARY

Copper (Cu) deficiency in ruminants continues to be a common trace
element disorder in Great Britain despite the fact that jts existence
was first recognised over 50 years ago. As the direct treatment of
animals is demanding, the convenience and simplicity of a soil
treatment to raise herbage Cu status is an attractive proposition.
However previous studies have indicated that soil application of Cu
compounds although increasing plant uptake of Cu were seldom
dependable in overcoming long term livestock deficiencies. The
objective of this work was to evaluate a novel slow release trace
element fertiliser (Cu fertiliser) for the prevention of Cu deficiency
in sheep. The Cu fertiliser is an unrefined and unprocessed by-
product of the brass manufacturing industry and is not a specially

formulated fertiliser.

Chemical and physical characterisation of the Cu fertiliser have shown
that it contains approximately 2% Cu which is distributed throughout a
wide particle size range. In addition the Cu fertiliser is only
sparingly soluble in water. The characterisation studies suggested
that the Cu fertiliser when applied to soil should act as a slow
release source of Cu to plants. The fertiliser was also found to

contain zinc, lead, iron, cadmium, nickel and manganese.

Application of the Cu fertiliser, both incorporated into the soil and
broadcast onto an established sward increased herbage Cu
concentrations. Both pot and field trials showed that increasing the
Cu fertiliser application rate produced significant increases in

herbage Cu concentraton. A similar effect was shown for zinc. These



increases were not accompanied by detectable increases in herbage Pb,
Fe, Cd, Cr, Ni or Mn concentrations. In the case of the field trial
these results were maintained in three successive years after a single

application in December 1985.

Glasshouse pot trials showed that lowering the soil pH caused
significant increases in herbage Cu concentrations of supplemented
soils. These results were not repeated in the field. The increased
herbage Cu concentrations in the pot trials occurred on four different
soil types. Waterlogging had no effect on the rate of release of Cu

from the fertiliser.

In a field trial with ewes and lambs grazing a sward with known low Cu
availability a single application of the Cu fertiliser (370 kg/ha) was
successful in raising and maintaining plasma Cu concentrations above
the deficiency threshold in ewes throughout pregnancy, lambing and
weaning, and in their lambs. The single application elevated plasma
Cu concentrations within six weeks and was effective for two years,
during which time 1ts effect was comparable to two annual oral
administrations of Cu needles. In the third year the mean plasma Cu
concentration of ewes on treated pasture, although still higher than
that of the control ewes, dropped below the deficiency threshold.
Tissue analysis from dead ewes in the second year of the trial showed
that ewes on the Cu fertiliser treated pasture had a much higher Cu

concentration in their Tiver than those on untreated pasture.

Herbage analysis from the animal response trial showed Cu
concentrations above the phytotoxic threshold and up to ten times

those found in pot and herbage trials in the first 6 months after



application of the Cu fertiliser. These data suggested that the Cu
fertiliser was contaminating the herbage and was thus available for

ingestion.

Lead adherence and ingestion trials demonstrated that the Cu
fertiliser can adhere to herbage and when fingested by sheep at 10
g/day does increase plasma Cu concentrations without any known

deleterious or toxic effects on the animal.

A second field trial using a Tower Cu fertiliser application rate (250
kg/ha5, and hence reducing the potential for surface adherence,
resulted in a comparable increase and maintenance of the plasma Cu
concentrations of sheep grazing the treated pasture to that found in
the first trial. The replacement of the 20 sheep originally on the
treated pasture by 20 new sheep, one year after the Cu fertiliser
application also resulted in an increase in their plasma Cu
concentrations. This occurred within 10 weeks of their introduction to
the treated pasture and was maintained above the deficiency threshold

over the subsequent winter.

After the initial surface coating effects resulting from the
application of the Cu fertiliser disappeared after 6 months in the
first field trial, a 2 to 3 mg/kg advantage in herbage Cu
concentrations was maintained throughout the monitoring period, from

November 1985 to June 1988, over the untreated pasture.

This trace element fertiliser did give long term increases in the Cu
concentration of perennial ryegrass and mixed herbage. However in the
animal response trials it is proposed that the initial increase in

sheep plasma Cu concentrations were due to direct ingestion of the



fertiliser from coated herbage and from Cu fertiliser mixed with
surface soil whilst the sward growth was poor. Subsequent maintenance
of sheep plasma Cu concentrations appears to be due to reserves of
liver Cu accumulated during times of higher Cu intake together with
the increased Jlevel of Cu available from the herbage and the
possibility of further Cu fertiliser ingestion as soil ingestion 1in
subsequent years. The increased herbage Cu concentrations alone do
not appear to be sufficient to provide adequate long term protection
from Cu deficiency. Despite this the Cu fertiliser did give up to 2
years protection which is much Tonger than that provided by oral

administration of Cu needles.



CHAPTER I. INTRODUCTION

Copper (Cu) is an essential nutrient for the growth of both plants and
animals. Although Cu deficiency has been recognised as a nutritional
disorder 1n animals, especially ruminants, for over 50 years it stil]
continues to cause problems throughout Great Britain (Purves and Ragg,
1962; Reith, 1975; S.A.C., 1982) and many other parts of the world
(see review by Gartrell, 1981), Losses attributable to Cu deficiency
in ruminants are now recognised in virtually all countries 1in which
the pbssibi]ity has been investigated. Despite the fact that no

reliable estimates of the extent of its incidence or economic
significance are available for any of these countries it is evident
that its impact ranges from situations in which 1ivestock production
over extensive geographical areas is impossible unless deficiency is
rectified to strictly local problems which may be accompanied by

clinical signs of deficiency or merely by sub-optimal performance.

Copper has a number of important biochemical functions in the
ruminant. These are reflected by the various manifestations of Cu
deficiency. The classic symptoms of Cu deficiency in sheep are well
documented and include; anaemia, bone disorders, neonatal ataxia
(swayback), loss of wool pigmentation and defective keratinisation of
wool (Underwood, 1981). Copper deficiency occurs when the grazing
animal does not absorb enocugh dietary Cu to meet its metabolic
requirements. A number of factors may 1limit the natural availability
of Cu to the animal and thus lead to the establishment of the
deficient state. In many cases, because of the particular geological

features of the land, the soil and thus the herbage on it are



inherently low in Cu and this leads to Cu deficiency in grazing
Tivestock. In Britain Cu deficiency is particularly associated with
soils derived from sandstone, limestone and granite or from drifts
derived from these rock types (Til1ls and Alloway, 198l; Reaves and

Berrow, 1984; Archer and Hodgson, 1987).

In addition Cu deficiency can occur on soils of moderate or high Cu
content but where most of the Cu is in forms unavailable to the plant,
usually associated with organic macromolecules (Caldwell, 1971;

Gartrell, 1981).

In grazing sheep absorption of Cu from herbage is dependent upon the
herbage molybdenum (Mo) and sulphur (S) concentration (Grace, 1983).
High Mo and S concentrations in herbage reduce the availability of Cu
to sheep and cause deficiency. Thus Cu deficiency in sheep can also
occur in areas with no inherent Cu deficiency in the sofl or herbage
through the antagonistic effects of Mo and S. Copper absorption can
also be inhibited by the antagonistic effects of cadmium, iron and
soil ingestion (Mills et al, 1972; Campbell et al, 1974; Suttle et al.,

1975).

Copper deficiency may also arise secondarily, often in areas with no
naturally occurring Cu deficiency, through the effects of improving
hi1ll pasture (Evans, 1983). Pasture improvements lead to increased
herbage production which can depress herbage Cu concentrations through
a dilution effect. In addition it can also increase the Mo and S
concentrations of herbage, which when present in significant amounts
cause Cu deficiency. It is generally thought in Scotland that Tlosses

from swayback have increased mainly due to the introduction of



measures to increase the fertility and productivity of land (S.A.C.,

1982).

As with all trace element deficiencies Cu deficiency more often
manifests itself in covert or subclinical forms such as il11thrift and
Tow production., Therefore unless a previous history of Cu deficiency
such as swayback in Tambs leads to the introduction of some form of Cu
supplementation and improves the general condition of the animal the
situation will go unnoticed. Thus the total incidence of Cu
deficiency is unknown and it is difficult to determine actual numbers

of ruminants affected.

A number of methods have been made available to the farming community
for the treatment or prevention of Cu deficiency in ruminants. The
main methods of treatment include application of Cu compounds to
pasture, provision of salt 1icks, Cu injections, addition of Cu to
drinking water and oral administration of CuSO4 of Cu needles. Each
method has its 1imitations and has met with varying degrees of

SUccess.

A wide variety of Cu sources have been evaluated for their
effectiveness as fertilisers for the correction of Cu deficiency.
They work either by increasing the concentration of plant available Cu
in the soil or by supplying Cu directly to the plant foliage. The
application of Cu containing fertilisers has been shown to be an
effective method of correcting Cu deficiency in plants, especially
cereal crops (Graham and Nambier, 1981; Alloway and Tills, 1984).
However, pasture treatment to prevent Cu deficiency in grazing

Tivestock has had only Tlimited success to date. Broadcasting of CuSO,



has been the most frequently tried method, due to its water
solubility, relatively Tlow cost and wide availability; however, Cu
applied in this form is usually rapidly immobilised in the soil and
made plant unavailable. As a result the small increases in herbage Cu
concentrations obtained are usually of insignificant value to the
grazing animal (Reith, 1975) especially where Cu intake is impaired or
metabolism reduced by Mo or S or soil ingeston. Other pasture
treatments have been shown either to produce similar results to those
of CuSO, or are too expensive for the treatment of large areas. Thus
soil or pasture Cu treatment has not been considered to be a

particularly effective way of overcoming a livestock deficiency.

In addition to pasture treatment a variety of direct animal treatments
have been used which are administered either orally or by injection.
However each of these methods has its limitations. The provision of
Cu licks or the addition of Cu to drinking water do not guarantee an
adequate, or even any consumption, of Cu by each individual animal,
whilst oral methods such as dosing with CuSO, still have to overcome
any effects of dietary factors which modify Cu absorption. In theory
subcutaneous or intramuscular injections of Cu compounds should have
an advantage when Cu deficiency is caused by antagonists such as Mo
and S. However they only provide short term supplementation as the
amount which can be administered in a single dose is limited due to
problems of possible acute systemic toxicity and localised carcass
damage (S.A.C., 1982). Thus their drawback 1is that repeated
injections are necessary to maintain normal plasma Cu concentrations.
This creates a lot of extra work for the farmer involved. A

relatively new method for the prevention of Cu deficiency is the oral



administration of copper oxide needles. The needles lodge in the
ruminant abomasum and the Cu is slowly released over 2 to 3 months.
The method has been successfully tested in sheep (Whitelaw et al,
1980; Suttle, 198la). This requires only a minimal amount of
collection and handling whilst supplying Cu over a substantial period
of time. However it still does not overcome the problem of dietary

factors which may modify Cu absorption.

Thus every method used to prevent Cu deficiency to date has its
limitations. Direct treatment of the animal is demanding in terms of
time and cost whereas pasture treatment is either expensive or the
herbage Cu concentration increases obtained are insufficient and too
shortl11ved to be of significant value to the grazing animal. Thus
the choice of method used will depend on the system of animal
husbandry practised, the severity of the Cu deficiency experienced and
on the individual preferences of the farmer. If herbage Cu status
could be significantly increased by a soil applied product which is
inexpensive and has Tong term residual effects then several of todays

problems would be overcome.

The objective of this project was to evaluate the potential of a new
Cu containing material, as a slow release trace element fertiliser,
for the prevention of Cu deficiency in sheep. The material, hereafter
known as the Cu fertiliser, is an unrefined and unprocessed by-product
of the brass manufacturing industry which may have properties that
make it suitable for use as a Cu source and is not a specially
formulated fertiliser. A wide ranging investigation was carried out
to follow the effects of the Cu fertiliser from the soil through the

plant to the animal. The work included study of:



(a) The fertiliser chemical composition, solubility and rate of

release of Cu.

(b) The effects of different application methods and rates on the

supply of Cu from the fertiliser to herbage.

(c) The soil factors which affect the availability of Cu 1in soils

treated with the Cu fertiliser.

(d) The residual value of the Cu fertiliser for supplying Cu to the

plant and animal.

(e) The comparative response of sheep grazing pasture naturally low
in Cu with that of sheep grazing comparable pasture treated with

the Cu fertiliser.

As no previous studies had been carried out on the material the
project should ideally have started with the laboratory and glasshouse
studies. However if the Cu fertiliser was to be of any value it had
to show a residual value, i.e. it must continue to prevent Cu
deficiency in sheep, for over two years. Therefore it was important
to begin long term field trials as soon as possible so as to fit

within the time constraints imposed by a post-graduate scholarship.



CHAPTER 2. COPPER IN SOILS, PLANTS AND ANIMALS WITH
PARTICULAR REFERENCE TO PROBLEMS OF COPPER DEFICIENCY

2.1 SOIL COPPER
2.1.1 Copper Content of Soils

The Cu content of a soil is determined principally by the lithology of
its parent material. The average Cu content of rocks is 70 mg/kg but
Cu is one of the few metals to have generally a lower concentration in
the soil than in the parent material from which it is formed, soils
having an average Cu content of 20 mg/kg (Hodgson, 1963). However soil

Cu contents can range from 2-100 mg/kg (Swaine, 1955).

In 1igneous rocks Cu can occur as the native metal (Cu) but more
frequently exists as sulphides such as chalcolite (CuS)Z and
chalcopyrite (CuFeS),, it also concentrates in ferromagnesian
silicates (Kraustopf, 1972), Copper is, therefore, more abundant in
the sulphide rich basaltic rocks than in granitic rocks (Table 2.1).
Sedimentary rocks tend to have a lower Cu content than basaltic rocks
as they have been strongly weathered in recent geological times.
Soils with low total Cu contents tend, therefore, to be formed from
sandstone, Tlimestone and granite or from drifts derived principally

from these rock types.

Anthropogenic contributions such as environmental pollution and direct
application of organic waste products, e.g. sewage sludge and pig
slurry tend to raise Cu levels. However, these are very localised

effects.



Table 2.1

Average copper content in soils and rock
(from Hodgson, 1963 and Knezek and E1lis, 1980)

Average Cu (mg/kg)

Earths Crust 70
Basaltic Rocks 100
Granitic Rocks 10
Sedimentary Rocks 23
(i) Limestone 4
(ii) Sandstone 30
(i1i) Shale 45
Soil 20

Another factor which affects the Cu content of soils is their age.
Older soils are more weathered and as such tend to have Tlower Cu

levels due to leaching.

The soils of Great Britain are relatively young, having largely
developed only in the last 12,000 years; therefore soil Cu levels are
very closely related to those of the parent materials. The complexity
of the geology has resulted in soil parent materials with very varied
trace element contents and there is a wide range of Cu levels in
British soils (Mitchell, 1974). In Scotland the total Cu
concentration of soils has been measured by Reaves and Barrow (1984),
who give an average value of 10 mg/kg and a range of 0.93 to 100
mg/kg. Areas of granite and sandstone had the lowest levels of Cu in
the soil. Similarly in England, Archer and Hodgson (1987) found the

Towest concentration of Cu in soils derived from sandstone, but Tow



levels were also found in those on chalk, limestone and glacial sand
parent materials. They give a range of 1.8 to 215 mg/kg for total
soil Cu content with an average of 18.4 mg/kg. The highest values

occurred in mining areas and in alluvial soils.
2.1.2 Forms of Copper in the Soil

Copper exists in many forms in the soil, most of which are not
available to the plant. Therefore, the total Cu content is a poor
indicator of Cu availability to plants and animals. In a
comprehensive study McLaren and Crawford (1973a) distinguished five

fractions or pools of soil Cu:

(a) Soil solution and exchangeable copper.

(b) Copper bound to specific sites on soil minerals.
(c) Organically bound copper,

(d) Copper occluded by metal oxides.

(e) Residual copper (mainly in clay lattice structures).

Only soil solution Cu, comprising free ions and soluble complexes is
immediately available for plant uptake. The remaining pools of Cu
can, therefore, be classified as either labile (potentially available)

or non-labile (not readily available).

(a) Soil solution and exchangeable copper

The Cu concentration of the soil solution is usually very low (1 x
1076 to 1 x 1078 mg/1) representing less than 0.1% of the total soil
Cu (Hodgson et al, 1965; McBride and Blasiak, 1979). In the so0il
solution more Cu is complexed to soluble organic matter than occurs as

free CuZ* fons. The majority of these Cu complexes are with simple



aliphatic acids, amino acids and aromatic acids (Stevenson and
Ardakani, 1972). Hodgson et al (1966) suggested that more than 98% of
soil solution Cu can exist in these complexed forms. However plants

2+

take up free Cu ions and while it seems 1ikely that cu?t dissociates

itself from these complexes prior to uptake this is not certain.

The amount of free Cu2+

jons present 1in the soil solution is also
affected by the soil pH and Eh. The solubility of cu?t is at a
minimum near pH 7 and increases either side of this (McBride, 1981).
A combination of Tlow pH and Eh (<0.2) will keep the majority of

2+ (Jenkins and Jones, 1980)., 1In addition Cu2+

uncomplexed Cu as Cu
may react with carbonates, phosphates and chlorides in the so0il
solution (Mann and Deutscher, 1977); however the importance or
influence of these to plant availability are unknown. Thus even the

small amount of Cu2+

» not organically complexed in the soil solution
can be further reduced. The effects of this on plant availability of
soil solution Cu are unknown but it is most probable that these

reactions will reduce the amount of available Cu in a soil.

The concentration of Cu in the solution is too low for it to be
controlled by the solubility of the Cu minerals found in soil. It is
therefore probably controlled by surface reactions with soil minerals

and organic matter.

Exchangeable Cu is held purely by electrostatic forces on the soil
cation exchange sites {(McBride, 1981). These adsorption sites are
largely non specific and the Cu here is in direct equilibrium with the
soil solution. As such it is a source of directly available plant Cu.

The exchangeable Cu represents less than 10% of the total Cu in most
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sofls (McLaren and Crawford, 1974). The bulk of soil Cu is held by
other means, such as specific adsorption to mineral surfaces and

complexed to organic matter.

(b) Copper bound to specific sites on soil minerals

Copper is specifically adsorbed by layer silicate clays and firon,
aluminium and manganese oxides (McBride, 1981). It has been shown
that despite the presence of excess electrostaticaily bonded cations
that were capable of preventing cu??t adsorption by simple ion

exchange, cu?t

could be specifically adsorbed by amorphous iron and
aluminium hydroxides (Kinniburgh et al, 1976; Forbes et al, 1976).
Once specifically adsorbed, Cu is only very slowly released into the
5011 éo]ution (McLaren et al, 1983). However, the Cu is potentially
available for plant uptake and as such contributes to the labile pool
of soil Cu. The mechanism of adsorption called chemisorption, unlike
the loose electrostatic association observed with the exchangeable Cu,
is thought to involve the formation of a direct surface A1-0-Cu or Fe-
0-Cu bond (McBride, 1978a). As the reaction is mainly with the
hydroxyl groups, chemisorption is T1ikely to occur at surface edges,
where such groups exist. Hence the maximum potential level of
chemisorption may be determined by the quantity of free surface
hydroxyl groups. In general, micro-crystalline and amorphous oxides

2+ per unit weight than crystalline oxides as they

should bind more Cu
have a larger surface area. Iron oxides in some soils have particle
sizes of 100A or less (Bigham et al, 1978). Therefore it is probable
that relatively small amounts of Fe or Al oxides will have a

2+

disproportionate effect on Cu“’ adsorption due to their large surface

area when compared with layer silicate clay such as mortmorilonite
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which have particle sizes of over 200A.

2+ in

Manganese oxides 1ike those of Fe and Al specifically adsorb Cu
the soil, the level of adsorption increasing as soil pH increases
(Murray, 1975). The affinity of synthetic Mn oxides for cu?t is even
stronger than that of Fe or Al oxides (McKenzie, 1980). Although
synthetic Mn oxides may be quite different from Mn oxides in soils, a
correlation has been demonstrated between the amount of specifically

adsorbed Cu2+

in soils and their free manganese oxide content (MclLaren
and Crawford, 1973b). Therefore chemisorption of Cu to Mn oxides is
an important process despite the presence of greater quantities of Fe

and Al oxides in soil (McBride, 1981).

Most of the above studies have been carried out using CuZt rather than
the more abundant anionic complexes of Cu with organic Tligands which
are found in the soil solution. However, 1ittle is known of the role
of such complexes in the adsorption of Cu in soils. Some organic
compounds may be strongly adsorbed on mineral surfaces, others not at
all. Similarly Tlittle attention has been paid to studying the rates
of adsorption and desorption of Cu in this fraction of the soil. The
rate at which Cu reacts could be important in determining the Tong
term effectiveness of Cu fertilisers, while the rate of desorption of
Cu back into the soil could be important in determining the supply of
Cu to plants. Thus the full picture of Cu adsorption 1is not yet

clear.

(c) Organically bound copper
Complexation of Cu by organic matter has long been recognised as the

most important method of Cu retention in the majority of soils.
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Organic constituents in soil may form both soluble and insoluble
complexes with Cu (McBride, 198l1). The proportion of Cu in such
complexes 1is estimated to be from a fifth to one half of the total
soil Cu although levels can be much higher in peat soils (Stevenson

and Fitch, 1981).

The Cu?t is directly bonded to two or more organic functional groups
(carboxylic, carbonyl or phenolic groups) so that it is immobilised in
a rigid inner sphere complex (McBride, 1978). In peaty soils there
are large numbers of porphyrin rings which are capable of forming Cu
complexes of exceptionally high stability (Goodman and Cheshire,

1976).

A wide variety of compounds are involved in cuZt

complexation. These
include simple aliphatic acids, amino acids, phenolic acids, humic
acids and fulvic acid (Stevenson and Ardakani, 1972). However, little
data is available on the quantitive relevance of these complexes or on
the factors affecting the availability of their Cu to plants.

Abundant evidence does exist for the key role played by humic and

fulvic acids in Cu?t complexation.

In a review, Stevenson and Fitch (1981l), suggest that fulvic acid
compounds are important as the soluble forms of organic Cu in the
soil, although increasing saturation with Cu will result in the
formation of an insoluble complex. Each addition of Cu reduces the
charge on the acid causing the molecule to collapse, reducing its
solubility. In contrast humic acids are important for the binding of
Cu to organic matter in largely insoluble forms. The stability of the

Cu~humate complex increases with an increase in the degree of
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humification. Stevenson and Fitch (1981) then envisioned a sequence
of events, in which Cu present in low concentration is immobilised by
humic acid complexation. When these sites are saturated an increasing
amount of the Cu will be solubilised through the increasing action of
fulvic acids. The implications of this are that soil solution Cu
concentrations are reduced by the formation of insoluble humic acids
complexes. If excess cu?t is present complexation will serve to

2+

maintain Cu concentration at less than phytotoxic Tlevels. Finally

under conditions where Cu2+

may precipitate out of the soil solution
(e.g. calcareous soils) complexation will serve to maintain Cu in a

soluble form.

Organic matter complexation provides specific sites for retaining cu?t
in a Tlargely non exchangeable form (McBride, 1981). The Cu held on
humus macro molecules is very stable and is retained in a non-tabile

form.

However, organically bound or chelated Cu2+ is probably the Tlargest
contributor to the exchangeable and soil solution Cu fractions
(McLaren and Crawford, 1974; Kline and Ruse, 1966). Thus, except for
peat or peaty soils, organic solids serve the function of holding the
majority of complexed Cu in a kinetically available but

thermodynamically stable (insoluble) form.

(d) Copper occluded by metal oxides

Chemical fractionation schemes show that after removal of exchangeable
and organically complexed Cu, a significant amount of the total Cu
content often remains (Shuman, 1979). As coprecipitation of cu?t in

Al and Fe hydroxides occurs readily during pedogenesis (McBride.,
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1978a) it is 1ikely that a fraction of soil Cu may be "buried" or
occluded in various mineral structures. Substitution for Fe3* or A13T
by cu?t results in a positive charge deficit which must be balanced by

a structural defect or an adsorbed cation thus further burying Cu.

Occluded Cu exists in a largely non-diffusable form (MclLaren and
Crawford, 1973b). Therefore it will only be released through
weathering of the soil minerals; as such Cu held here will be in a non

labile, plant unavailable form.

(e) Residual copper (mainly in clay lattice structures)

Dissolution of soil clay lattice structures by strong acids often
releases a significant amount of Cu (McLaren and Crawford, 1973a;
Shuman, 1979). This can account for over 50% of the total soil Cu
content, especially in soils low in organic matter or from horizons
Tower down in the profile. This Cu originated from isomorphous
substitution of A13" or $i%" by Cu?t in the octahedral positions in
layer silicate clays. These are secondary mineral crystals and once
formed are very stable. The Cu here is non labile and will only be

released through weathering.

(f) Implications for plant availability
Only soil solution Cu is immediately available for plant uptake, but
even here only a small amount is in the plant available free ionic

cu?t form. Most soil solution Cu exists as soluble organic complexes

which are thought to release cu?t

by dissociation prior to uptake.
The concentration of Cu in the soil solution is primarily controiled
by the organically complexed and specifically adsorbed copper as the

amount of exchangeable Cu is very low and the soil solution Cu content
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is too low to be controlled by the solubility of Cu minerals. The
plant available Cu is in equiiibrium with the Tabile pool which
comprises the specifically adsorbed Cu and organically bound Cu (Fig.
2.1), the Tlatter forming the greater proportion. However, no
distinction can be demonstrated between the contribution made by
specifically adsorbed Cu and organically bound Cu to the maintenance
of the plant available copper pool (McLaren and Crawford, 1973a and

b).

Figure 2.1

Equilibrium between plant available Cu and the labile pool of Cu

. éﬁgfﬁﬁgﬁgﬂfﬁgﬁgﬁg,?Organ1ca1]y bound copper
Plant available copper;::::=::::::=::22:2§

Specifically adsorbed copper

In summary the labile pools of Cu comprise the major sites of
adsorption, especially the organic and mineral cation exchange
complexes and hydrous oxides or Mn, Fe and Al. The adsorption and
desorption of Cu from the sites controls the concentration of Cu in

the soil solution and hence plant availability.

The non-labile {(plant unavailable) forms of Cu are fons in primary and
secondary mineral crystals, i.e. occluded and residual Cu, and stable
organic complexes of Cu on humus macro-molecules. These are the
principle slow release reservoirs of Cu in the soil; the Cu held in
them is only released through weathering and slow microbial

decomposition of macro organic complexes. The rate of release is
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influenced by other factors such as pH; under acidic soil conditions
weathering is intensified and chelates start to decompose, thus more

Cu is released.
2.1.3 Estimation of Plant Available Copper in Soils

Soil analysis has been widely used to estimate Cu availability to
plants. Much research has concentrated on devising soil tests for
detecting and confirming the existence of Cu deficiency. A large and
diverse number of soil Cu tests have been advocated over the years;
however, due to the diversity of soils worldwide no particular test
has achieved uniform recognition as an index of soil Cu status (Robson
and Reuter, 1981). In general, the soil Cu extractants used in
different regions and countries around the world have been selected
because they are most appropriate for the local soils, crops and
environmental conditions. In Great Britain the "labile" or
"available™ Cu pool 1is predominantly organically bound, therefore
extractants containing a chelating or complexing agent have been
widely used to estimate plant available Cu. Extraction of soils with
ethylenediaminetetra-acetic acid (E.D.T.A.) has been sucessfully used
for this purpose (Borggard, 1976; Robson and Reuter, 1981; Berrow and
Reaves, 1985). Good correlations between E.D.T.A. extractable Cu in
soil and plant uptake in pot experiments have been widely reported
(Oien, 1966; Beyers and Hammond, 1971; Dolar et al, 1971; Tills and
Alloway, 1983b). In a comparison of eight extractants, Tills and
Alloway (1983b) found that E.D.T.A. gave the best prediction of plant
Cu uptake. A number of other workers have reported that E.D.T.A.
provides more reproducible results than other extractants for the

determination of plant available Cu 1in British soils (Henrikson and
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Jensen, 1958; Davies and Carlton-Smith, 1983). In addition, King and
Alston (1975}, concluded that although other extractants such as
calcium nitrate and diethylenetriaminepenta-acetic acid (D.T.P.A.)
were equally as effective as E.D.T.A. for assessing available soil Cu,
they found that the extraction and measurement of Cu with E.D.T.A. was
performed most simply and accurately and recommended it for routine

soil testing.

The E.D.T.A. test has now superceded the use of dilute salt and acid
extractants which were used previously, and which are now thought to
underestimate (e.g. Ca (NO3),) or overestimate (e.g. HC1) the
available Cu status. Moreover, acidic solvents remove Cu from pools
which are not plant available (Martens, 1968), give less reproducible
results (Henrikson and Jensen, 1958) and are clearly unsuitable for

extracting calcareous soils.

Other so11 Cu extractants currently in use throughout the world are IM
HC1 in France (Juste and Solda, 1977), dilute HNO3 in the Netherlands
(Westerhoff, 1955) and D.T.P.A. in North America (Lindsay and Norvell,
1978). A1l are specific for the soil types found in their respective

countries.
2.1.4 Diagnosis of Copper Deficient Soils

Using the E.D.T.A. extraction technique (Reith, 1968; Berrow and
Reaves, 1985) the Scottish Agricultural Colleges Advisory Service has
compiled a table for the classification of soil copper status (Table
2.1.2). A similar E.D.T.A. extraction is used by A.D.A.S. in England

and Wales.
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Table 2.1.2

Classification of soil copper for soils of all drainage
classes containing up to 12X organic matter

Soil stat Extractable Cu (ma/k Probability deficiency or
Status ractable Cu (mg/kg) toxicity in crops

Very low <1.0 Deficijency probable
Low 1.0-1.6 Deficiency possible
Moderate 1.7-8.5 No deficiency expected
High 8.6-8.0 No deficiency
Excessive >8.0 Toxicity may occur

(M.I.S.R., 1985)

On soils containing over 12% organic matter the threshold
concentration for probable Cu deficiency is 2.5 mg/kg. However,
herbage analysis will be necessary to confirm Cu deficiency in most

cases.

2.1.5 Distribution of Copper in the Soil Profile

Due to its strong association with organic matter and metal oxides, Cu
is one of the least mobile of the trace elements. Soil profiles,
therefore, show 1ittle variation in total Cu levels with depth.
However, movement of Cu from highly leached surface horizons 1in
association with organic Fe and Al complexes have been observed in
podzols (McBride, 1981). In addition highly organic surface horizons
often contain higher Cu levels due to the accumulation of Cu in the

residues of plant tissues.
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However, the distribution of plant available Cu as a function of depth
is of more interest than that of total Cu, and usually varies to a
much greater extent (Swaine and Mitchell, 1960). It tends to be
higher in the top soil which has a higher organic matter content than
the rest of the profile. Available Cu tends to decrease with depth
(Krahmer and Bergmann, 1978; Karim et al, 1976). The association of
Cu with organic matter in soil maintains Cu, released from minerals
initially, in a complexed form near the soil surface which 1is then

available for plant uptake.

2.1.6 Copper Deficient Soils

Copper deficiency 1in crops occurs when there is an inadequate amount
of Cu in the soil solution for plant uptake. Cu-deficient soils can
be divided into two groups; those inherently low in total Cu and those
with a normal or even high total Cu content where most is in

unavailable forms.

(a) Soils inherently low in total Cu content
Inherently low total Cu concentrations in soils are principally due to
the soil mineralogy and/or degree of weathering and leaching. The

main groups of soils with low total Cu levels are:

(i) Coarse textured soils
Sandy soils contain a high percentage of quartz grains and very
1ittle silt or clay. As quartz contains no Cu and these soils
are usually strongly leached, and have a low capacity for
adsorbing added cations due to the low clay content, they tend
to be Cu deficient. Such soils may be derived from sandstone,

weathered igneous rocks especially granites or from glacial
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til1ls principally derived from these rock types, i.e. gravels
and coarse sand. Most of these soils are naturally acid
podzols or acid brown earths. Examples of this type of Cu-
deficient soil are found in the Breckland of England (Til11s and
Alloway, 1981) and on sandstone and granite in Scotland (Reaves

and Berrow, 1984).

(ii) Calcareous soils
Soils derived from chalk and 1imestone also tend to have Tow Cu
contents. This inherently low soil Cu content can be
exacerbated by high pH which reduces the amount of cu?t in the

2+ content which

soil solution, and also by the high Ca
" dominates the cation exchange sites making the Cu 1Jess
available to plants (Davies et al, 1971). An example of such
Cu deficient soils are rendzinas found over the soft chalk of
Salisbury Plain in England (Caldwell, 1971).
(b) Soils with a normal or even high total Cu content where most is
in unavailable forms
The most common cause of Cu unavailability in soils is the formation
of stable complexes with organic macro-molecules (Gartrell, 1981).
Obviously this complexation is at its most extreme 1in peats; acid,
neutral and alkaline peats have all produced equally severe Cu
deficiency (Pizer et al, 1966). However, mineral soils with more than
10% organic matter may also be affected. The large areas of peat in
Scotland (Reaves and Berrow, 1984) and the Joamy peats of the English
Fenland (Caldwell, 1971) are examples of this type of Cu-deficient

soil.
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In the humic rendzinas of the chalk escarpment in Southern England a
combination of high organic matter content, high pH and relatively low
inherent Cu give rise to very Tow levels of plant available Cu (Davies

et al, 1971).

2.1.7 Geographical Distribution of Copper-Deficient Soils in the U.K.

In Scotland areas of potential Cu deficiency have been mapped on the
basis of total soil Cu in the B horizon by the Macaulay Institute for
Soil Research. As yet this map has not been officially published but
it shows up the large areas of peat covered land in the North of
Scotland to be Cu deficient. Areas of Cu deficiency are also found
over the granitic rocks of North East Scotland and over the areas of
sandstone in the South East and South West of the country. Using this
information S.A.,C. (1982) has produced a table of soil associations
and soil series whose properties are likely to have a significant
influence upon the Cu content of summer crops. Soils were then
grouped into "risk" categories according to total Cu concentration of
their B horizon and their pedological drainage type. The risk of Cu
deficiency in crops has been assessed to be high in 26 soil

associations and moderate in a further 10 (Reaves and Berrow, 1984).

In England and Wales there is 1little systematic data on soil Cu-
concentrations. However, estimates of areas of copper deficient sofil
have been made, in part, by regional geochemical surveys {(Thornton,
1983). These surveys are based on the systematic collection and
analysis of stream sediment samples. The Cu concentration of the
sediment reflects that of the soils and rocks of its catchment area.

Using this technique a map showing the distribution of Cu
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concentration in stream sediments in England and Wales has been
produced and is available in published atlases (Webb et al, 1978).
This data has been applied as a rapid and low cost means of focussing
attention on possible areas of Cu deficiency in Tlivestock fn which
soil, plant and mineral investigations can be concentrated. Cu
deficiency in crops and animals is frequently found on land within
geochemically defined Tow Cu areas (Thornton and Webb, 1980). These
maps have been successful in predicting relationships between
geochemical parameters and bovine Cu deficiency and for assessing
whether farms 1ie in high, medium or low risk Cu deficiency areas

(Leech et al, 1982; Leech et al, 1983; Leech and Thornton, 1987).

2.2 PLANT COPPER
2.2.1 Introduction

It is over 50 years since both Sommer (1931) and Lipman and MacKinney
(1931) first showed that Cu was essential for the growth of higher
plants. Copper is required in small but critical amounts (pg) by all
higher plants for healthy growth and reproduction. It is classed as a
micronutrient or essential trace element in contrast to macronutrients
such as phosphorus which is required in much larger amounts (mg). Its
role in a large number of enzymes (Walker and Webb, 198l) means that

it influences nearly all the metabolic pathways.
2.2.2 Uptake and Translocation

The Cu content of most plants is generally between 2 and 20 mg/kg in
the dry matter. Thus the amount of Cu required by plants is very

small. Rates of uptake from dilute solution are of the order olemOT
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h™l g1 fresh weight of root (Graham, 1981).

cu?t is the species commonly absorbed by plants (Dragin et al, 1976),

despite the fact that cu?t 1s almost entirely complexed in the soil

2+

solution. The way in which Cu“’ dissociates from the chelate prior to

absorption 1s unknown.

The mechanism of absorption of cu?t by plant roots 1is also unknown.
Loneragan (1975) has suggested that absorption is under some sort of
metabolic control while Graham (1979) has suggested that if 1t is cu?t
that is absorbed, then energy may only be required to maintain the
membrane potential, for the electro chemical gradient favours

absorption of cu?t

from very low soil solution concentrations.
However, evidence to support either theory is 1inconclusive and the

mechanism remains unclear.

Absorption of Cu from solution is strongly inhibited by Zn (Bowen,
1981) and vice versa (Loneragan, 1975); Bowen (1981) considers Cu and

Zn to be absorbed by the same unknown mechanism.

In a review of the distribution and movement of Cu in plants,
Loneragan (198l) suggests that in xylem and phloem saps Cu probably
occurs complexed with soluble N compounds such as amino acids. This
affinity was first demonstrated by Tiffen (1972). The distribution
and redistribution of Cu within the plant is controlled by processes
in the roots and Teaves which release Cu for excretion into either the
phloem or xylem saps. Once present in the sap Cu moves freely.
However, Cu is not freely mobile within the plant as the movement of
Cu is strongly dependent on the Cu status of the plant (Loneragan,

1975).
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2.2.3 Distribution of Copper in Plants

The distribution of Cu between roots and shoots varies widely with
plant species and environmental conditions. The concentration of Cu
in roots 1is generally higher than that in shoots but the degree of
difference varies markedly with the level of Cu supply. Jarvis (1978)
has shown that increasing concentrations of Cu in solution, result in
more rapid increases in the Cu content of the root than of the shoot
for perennial ryegrass grown in flowing solution culture, whilst the
roots of plants grown for periods at low Cu concentrations in solution
have similar Cu concentrations to the tops. Woolhouse and Walker
(1981) suggest that many plants which are able to tolerate high levels
of Cu in their environment do so by accumulating Cu in their roots and
excluding it from the shoots, thus partially protecting the shoot

against changes in the root medium.

Within roots Cu is associated with cell walls; Cu deficient ryegrass
has almost all of the Cu in its roots associated with the cell walls
(Loneragan, 1981). In roots, high concentrations of Cu may be held
against transport to shoots even under conditions of severe
deficiency. The processes governing this retention are not

understood.

In shoots Cu distribution varies with maturity and this will be
discussed later. However, the behaviour of Cu in shoots appears to be
coupled with N metabolism. The present evidence suggests that Cu
entering leaves is bound by N-compounds which release 1ittle or no Cu
for phloem transport until they are hydrolysed. As a result green

leaves can accumulate high Cu concentrations and retain them against
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transtocation to areas of new growth even during Cu deficiency

(Loneragan, 1981),

Nitrogen fertilisers frequently change the Cu content of plants (see
2.2.6). However, these changes are accompanied by profound effects
upon plant growth which obscure any changes in distribution of Cu/N

relationships.
2.2.4 The Role of Copper in Plant Physiology

Copper has a role in many plant processes. It is either a constituent
of or associated with compounds which are of functional importance in
the metabolism of higher plants. In general Cu containing enzymes are
concefned with the catalysis of oxidation-reduction type reactions in
which oxygen 1s reduced to water or peroxide. However, Cu redox

proteins without oxidase function are found, e.g. plastocyanin.

Copper containing enzymes have key roles in respiration and
photosynthesis and Cu proteins are thought to be involved in
lignification, anabolic metabolism, cellular defence mechanism and
hormone metabolism. Some of these Cu compounds and their functions

are listed in Table 2.2.

The effects of Cu deficiency on the various plant metabolic processes

will be discussed later.
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Table 2.2

The range and function of copper containing proteins
in plants (Walker and Webb, 1981)

Protein/enzymes
Cytochrome oxidase

Ascorbate oxidase

Phenolase
Laccase

Diamine oxidase
Superoxide dismutase
Quinol oxidase
Umecyénin

Mavicyanin
Plantacyanin

Blue proteins
Steltacyanin

Plastocyanin

Azurin

Function
Terminal oxidase of the mitochondrial electron
transport chain.
Catalyses oxidation of ascorbate.

Catalyses oxygenation of amino aldehydes.

Catalyses oxidation of polyamines.
Catalyses the dismutation of superoxide.

Function unknown.

n t

An electron carrier.

Intermediate electron

photosynthesis.

transporter in

Electron carried in respiratory chain between
cytochrome and cythochrome oxidase.

2.2.5 VYariation of copper concentration between plant species

Plant species vary considerably in their typical Cu contents.

Although these differences may be small they are important in animal
nutrition studies. Two species often grown together in pasture,
clover and grass, can exhibit marked differences in their trace
element contents. In permanent pasture as opposed to temporary leys

indiginous uncultivated species such as buttercups and thistles may
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also become established and affect animal nutrition. Variations in Cu
contents between plant species sampled in one field are given in Table

2.3,

Table 2.3

Yariation in Cu content between plant species sampled
in one field in June (Burridge et al, 1983)

Plant species Cu
Mixed herbage 9.8
Ryegrass (Lolium perenne) 5.7
Cocksfoot (Dactylis glomerata) 7.2
Clover (Trifolium sp.) 10.8
Buttercup (Ranunculus sp.) 17.8

It is apparent from the above table that a change in the botanical
composition of a sward could affect the Cu content of the mixed
herbage. The relative species contents depend to some extent on soil
conditions. In Tow Cu soils clover generally contains less Cu than
ryegrass whereras on soils high in Cu the reverse is more 1ikely to be

the case (Mitchell et al, 1957).

2.2.6 Factors Affecting Copper Concentrations in Plants

(a) Age

The concentrations of Cu in plants is generally highest in young
seedlings and decreases steadily towards maturity (Gladstone et al,
1975; Loneragan et al, 1980; Reuter et al, 198l1). Frequency of

cutting also affects the Cu content. Reith and Mitchell (1964)

28



observed an increase 1n Cu concentration with successive cutting over
one growing season and this has been reported in other work (Reith et
al, 1984). The Cu content was higher in October than June cuts,

midsummer cuts had intermediate values.

(b) Interactions with other ions

Many interactions of Cu with other jons have been reported; usually
they result in a suppression of Cu uptake by the plant. Zinc
fertiliser application suppresses Cu absorption by cereals (Chaudhry
et al, 1970) which is consistent with effects in solution studies (see

2.2.2}).

Hiatt et al (1963) showed that aluminium markedly reduced Cu uptake,
but this was overcome 1f Cu Tevels were higher. They concluded that
A1 and Cu were not competing for the same absorption site in the plant
but were competing for common soil binding sites at or near the root

surface.

Calcium may competitively inhibit Cu uptake under certain conditions
(Cathala and Salsac, 1975) while synergistic effects between Cu and Mn
have been described (Dekock and Cheshire, 1968). McKay et al (1966)
have reported that Cu and Mo are antagonists for crops grown in acid
soils. However this last point is unclear as other work has shown no

Cu and Mo antagonism in the field (Reith, 1984).

(c) Fertilisers
There are several ways in which plant trace element concentrations may

be affected by N.P.K. fertilisers:
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(i) The amounts of N.P.K. used are relatively high and these may

affect soil conditions.

If ammonium sulphate is used this acidifies soils and may
increase Cu solubility in the soil (Lucas and Knezek, 1972).
However, application of most fertilisers only results 1in
transient changes in soil pH which tend to be localised around
individual fertiliser prills. Impurities of Cu in fertilisers
can also lead to changes in the Cu content of soils and thus
affect plant uptake. This effect depends largely on the
fertiliser used but phosphate fertilisers are usually

associated with Cu impurities (Swaine, 1962).

(1i) Increased growth in response to fertiliser applications,
especially N, can also affect Cu contents. The reasons for
this may be firstly that increased root growth meané the plant
has access to a larger soil volume and secondly, that the stage
of growth, i.e. leaf, stem ratio may be altered (Burridge et al

1983).

(i111) Plant uptake may be affected by changes in the relative amounts

of the major and minor nutrients (Burridge et al, 1983).

As one or more of the above mechanisms may be operating it is
difficult to explain observed effects of N.P.K. fertilisers on plant
trace element concentrations. However, several general affects have
been observed. When N is supplied without Cu, the Cu concentration of

herbage growing in Cu-deficient soil is decreased (Reith, 1975).
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The suppression of clover growth is not responsible for this, as under
such conditions clovers usually have Tlower Cu concentratfon than do
grasses (Mitchell et al, 1957). This fact has been substantiated by
further work (Reith et al, 1984) which found that applying N to Cu-
sufficient soil increased Cu content in mixed herbage. Applying N,
and Cu as CuSO, to copper-deficient soil resulted in increased ylelds
and Cu contents (Reith et al, 1984). These workers also found that
applying P, especially at high rates, resulted in slightly lower Cu

contents in herbage. These results are summarised in Table 2.4.

Table 2.4

_ Effects of applying nitrogen and phosphorous fertilisers
on Cu concentrations in plants

Nutrient Effect on Cu Comment

Nitrogen (i) Decreased Cu concentration Deficiency due to
increased growth.

(i1) Increased Cu concentration Increased uptake when
luxury supplies of Cu
in soil and increased
growth.

Phosphorus Decreased Cu concentration Due to:
(1) reduced absorption

(0O1sen, 1972).

(ii) Decrease in
mycorrhizal
absorption of Cu
at high P
(Timmer and
Leyden, 1980).
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(d)
(1)

Soil conditions

Drainage condition

The concentration of plant available copper in a soil fis
generally higher 1in naturally poorly drained soils than
adjacent freely drained soils (Reith, 1983). Berrow and
Mitchell (1980) compared the Cu content of freely drained and
very poorly drained soils of the same parent material. They
observed that Cu in the surface horizons of both soil types is
in a chelated form and therefore extractable. However, Jlower
in the profile more Cu s in an extractable form and it was in

these horizons that the degree of mobilisation increased under

. poor drainage conditions, i.e. Cu extractibility decreases with

depth in freely drained soils but in very poorly drained soils
there is 1ittle change in extractable Cu levels with depth.
Further investigations (Barrow et al, 1983) have shown that
despite poor drainage causing an increase in extractable soil

Cu, the plant levels only increased marginally.

Copper is not subject to oxidation/reduction reaction under
changing drainage conditions (Jarvis, 1981). Thus the
mechanism of the above effects is unclear. It could be due to
indirect effects of drajinage on Fe and Mn oxides and the
breakdown of organic matter, or simply that the exchangeable Cu
of the freely drained soil has been displaced and Teached away
whereas in the poorly drained soil any displaced Cu could be
taken up by other binding sites in the soil as there is less

chance of Cu being leached away.
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(11)

(i11)

Soil pH

There is little evidence to suggest that plant uptake of Cu is
affected by changes in soil pH. However Cu deficiency
following land improvement through 1iming and reseeding is
common (Pizer et al, 1966; Tills and Alloway, 198l; Evans,
1983; Whitelaw et al, 1979). Laboratory studies have suggested
that Cu mobility in the soil and hence availability are greater
at low pHs (Jarvis, 1981). There is conflicting evidence as to
whether this is carried over into the plant. Lucas and Knezek
(1972) state that Cu availability is dependent upon soil pH but

does not normally increase appreciably until the pH falls below

. 5.0, However, Piper and Beckwith (1949) found that the Cu

concentrations in several plant species were entirely
unaffected by a range of soil pHs from 4.5 to 7.5. This
conclusion has been substantiated by Archer (1971) and Gupta
(1979) who raised pHs from 4.7 to 6.0 and 5.6 to 7.7
respectively, without any effect on Cu concentration of plants.
Thus the majority of research tends to suggest pH has no effect

although some will debate this point.

Even when some evidence suggesting a pH effect has been found,
the results can be conflicting. This was demonstrated by
Mitchell et al (1957) who showed that 71iming a Scottish soil

increased the Cu levels in red clover but not in ryegrass.

Organic matter content
The reactions of copper with soil organic matter have been
described (Section 2.1.2). On the basis of fractionation

studies (Martin, 1968; MclLaren and Crawford, 1973a) it has been
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concluded that the bulk of the available soil Cu reserve fis
associated with organic matter. The supply of Cu, as assessed
by soil extraction, often initially increases when organic
matter is added to a soil, as it often contains a high Cu
concentration (Gupta, 1971), but this may be followed by a
gradual decrease in available Cu (Elgala et al, 1976) as Cu-
organic matter complexes become more stable. Thus although the
effects of organic matter may be variable and generally
increase the Cu reserve in the soil, increasing organic matter
content of a soil tends to decrease plant available copper

Tevels.
2.2.7‘ Effects of Copper Deficiency on Plant Physiological Processes

The manifestation of copper deficiency on physiological processes can
be divided into its effects on various metabolic pathways. Copper
influences nearly all the plant metabolic pathways due to its role in

a large number of key enzymes (Walker and Webb, 1981).

{(a) Carbohydrate metabolism
(1) Photosynthesis
Copper deficiency may induce chlorosis and structural
malformations 1in Teaves. Since chlorosis involves the
breakdown of chloroplasts which are the organelles for
photosynthesis, symptoms of chlorosis can be expected to lead

to decreased photosynthetic activity.

Plant chloroplasts contain appreciable amounts of copper, e.g.
in clover 75% of total Cu was found in the chloroplasts (Neish,

1939). However evidence suggests that damage of chloroplasts
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(it)

(i11)

(b)
(1)

is a late step in developing Cu deficiency, i.e. it is a
secondary effect (Bussler, 1981). If Cu deficiency directly
depresses photosynthetic rates, it must do so through some
other mechanism. It is not due to a plastocyanin limitation.
However 1n addition to depressing content of chlorophyll a and
b in leaves Cu deficiency also depresses B-carotene, lutein,
neoxanthine, plastoquinone and Vitamin K contents (Bussler,
1981). Any one of which may have a direct effect on

photosynthesis. To date research has been inconclusive.

Respiration

Since mitochondrial cytochrome-C-oxidase contains Cu, Cu must
be involved in respiration. However this enzyme appears to be
very stable and the Cu cannot be removed even under Cu-
deficient conditions, thus respiration appears to be unaffected

by Cu deficiency (Bussler, 1981),

Carbohydrate distribution
Carbohydrate distribution in the plant does not appear to be

affected by Cu deficiency.

Nitrogen metabolism

Protein metabolism

Many Cu enzymes show decreasing activity with Cu deficiency and
this 1s restored if Cu 1s added to the system (Walker and Webb.
1981). Protein synthesis is also disrupted by Cu deficiency,
which results in an increase in soluble N compounds in the
plant (Bussler, 1981). However the present evidence suggests

that the influence of Cu on protein metabolism is also a
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(11)

(ii1)

(e)

secondary effect of long lasting Cu deficiency (Price et al,

1972).

Nitrogen reductfon and fixation
Copper appears to be required for symbiotic N fixation in
legumes. Cu deficiency decreases N fixation in clover

(Snowball et al, 1980).

Lignin synthesis
Cell wall composition changes with age. Copper is important in
cell wall metabolism, having the greatest effect during

lignification. Many researchers have described a decrease 1in

. lignification under Cu-deficient conditions (Busler, 198l1) and

this agrees with observed Cu deficiency symptoms (2.2.8)}. This
is due to the phenoloxidase enzymes, which biosynthesise
lignin, losing activity under Cu deficiency. Lignification can
be inhibited or completely absent in deficient plants leading
to bending and distortion of the leaves and stems. Xylem
vessels may collpase due to lack of structural thickening
leading to restricted water movement and hence wilting (Alloway
and Tills, 1984). The Cu enzymes involved appear to be very
sensitive to Cu levels in the cell and this may be a direct

effect of Cu deficiency.

Reproduction

Pollen sterility may be found in a number of plant species grown under

Cu stress (Graham and Nambier, 1981). Al1 the evidence appears to

suggest that Cu deficiency affects pollen development rather than that

of the ovule. Alloway et al (1983) suggest that pollen sterility may
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be linked to a tapetal abnormality in the anther due to Cu deficiency.,
during pollen grain development. In self-pollinating plants such as
wheat and barley a reduction in pollen viability will lead to a

decreased yield.

Symptoms of Cu deficiency primarily appear on the younger parts of
plant as its mobility within plants is low. Recent results indicate
that Cu deficiency always starts to develop in younger tissues
(Bussler, 1981). The anthers are the younger parts of a plant at the
time of pollen formation, therefore it would be expected that the
reproductive process may be sensitive to Cu deficiency. If pollen
sterility as an effect of Cu deficiency is generalised for alil
f1owe§ing plants then seed production must decrease. Reuter et al
(1981) found decreased seed production in clover under Cu stress,

however a primary role of Cu in seed formation cannot be deduced.

(d) Difease resistance

Graham (198la) has reported that plants under Cu stress are more
susceptible to powdery mildew and ergot. The role of Cu in disease
resistance is unknown; the structure of the plant as well as the
physiological composition may be involved and it also appears to
change with age and degree of Cu deficiency. Bacterial speck in
tomatoes (Bonn and Lesage, 1984) and stem melanosis of wheat (Piening

et al, 1987) have also been associated with Cu deficiency.
2.2.8 Symptoms of Copper Deficiency

Visible symptoms of Cu deficiency are widespread and occur in many
different plant species (see review by Caldwell, 1971 and Gartrell,

1981). However Cu deficiencies occur much more frequently in some
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species than others. Table 2.5 1lists cultivated species and their

sensitivity to Cu deficiency.
There also exists some variation between cultivars within a species

(Graham and Namber, 1981).

Table 2.5

The relative sensitivities of selected crops to
copper deficiency (from Alloway and Tills (1983))

Sensitivity to copper deficiency

Low Medium High
Beans Barley Wheat
Peas Clovers Rice
Potatoes Broccoli Oats
Rye Cabbage Lucerne
Pasture grasses Cauliflower Lettuce
Asparagus Sorghum Onion
Rape Tomato Carrot
Lupins Turnip Citrus fruits
Soyabeans Maize Spinach

A 1ist of the main symptoms found in several crops is given in Table
2.6. In many species symptoms, including chlorosis, necrosis,
distortion of leaves and dieback of leaf tips, are first observed in
young shoots (Hewitt, 1963). Wilting is also a common symptom
(Bussler, 1981) usually due to structural weaknesses (reduced

lignification).
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In most annual or perennial sensitive species the most spectacular
effects of Cu deficiency are observed during reproductive development;
seed and fruit yields are reduced and sterile pollen is produced
(Robson and Reuter, 1981). 1In some cases this {is the first visible
symptom of deficiency, growth having been normal up to this point.

Barley is especially susceptible to this Tatter problem.

Table 2.6

Principle symptoms of copper deficiency
(from Alloway and Tills, 1983)

Crop Visible symptoms
Forage
Grasses Plant stunted, necrosis of tips of young leaves.
Clover Young leaves become green, wither and die.
Lucerne Stunted growth. New leaves are bluish green. Leaflets

wither and die.

Cereals

Wheat Young leaves pale and lack turgor. Leaf become
Barley chlorotic with tip turning white and rolling into a
Oats spiral "wither tip". Upper half of lamina may wither

and break on the healthy part - "whiptail".
Vegetable crops
Beet Young leaves small and bluish green in colour. Older

Sugar beet leaves become chlorotic.
Caulifiower

Potatoes Leaves wilt due to lack of turgor.

Turnips Yellowing of foliage which also develop white spots.
Onions Bulb greenish bronze in colour.

Cabbage Leaves chlorotic, heads fail to form.
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Diagnosis of Cu deficiency by symptoms alone has two major drawbacks.
Firstly yield may be reduced either without symptoms or before the
symptoms are manifested, and secondly the symptom can often be
confused with other nutrient deficienciess drought stress or damage
from sprays or frost (Robson and Reuter, 198l; Graham and Nambier,
1981). Therefore where possible visible symptoms should be verified

by soil or plant analysis.

2.2.9 Effects of Copper Deficiency on Crops and Yield

Subclinical Cu deficiency can result in grain yield losses of up to
20% or more without any prior symptoms (Graham and Nambier, 1981).
This condition is often referred to as "marginal"™ copper deficiency or
"hidden hunger". Affected plants may be slightly smaller than those
grown on Cu-sufficient soils but the size difference is not apparent
unless areas of deficient and sufficient soil converge. Thus Cu
deficiency is often overlooked and poor yield attributed to other
factors such as water stress. The soils causing this are 1ikely to

remain undetected unless they are analysed for copper.

Several cases have been reported in Britain where yield increases of
up to 20% have been obtained in response to Cu treatment of crops such
as oats, barley, sugar beet and carrots, with no visible Cu deficiency
symptoms (Reith, 1968; Jordan, 1975; Pizer et al, 1966). Tills and
Alloway (1981) reported subclinical Cu deficiency in crops on the
Breckland area of East Anglia where despite very low total and pTant
available soil Cu concentrations, no visible symptoms of Cu
deficiencies were recognised by the farmer. Similar subclinical

deficiencies have been reported on the humic rendzinas of the Icknield
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series in Southern England (Ti11s and Alioway, 1983a).

Herbage growing on Cu-deficient soil is unlikely to show Cu &#@@Ma synptoms
itself but the low Cu concentrations may lead to reduced dry matter
yields, and may cause deficiency problems in grazing 1livestock

(Gartrell, 1981).
2.2.10 Diagnosis of Copper Deficiency

Copper-deficient soils and affected plants can be identified by
symptoms alone (2.2.8). However, as previously mentioned (2.2.8 and
2.2.9) Cu deficiency diagnosis by symptoms alone, although by far the
quickest and cheapest approach is not always useful. Another problem
is thét deficiency symptoms often only become apparent at fairly
advanced stages of growth by which time it may be too Tate to correct.
Therefore soil or plant analysis is required to delineate the extent

of the deficiency problem,

(a) Soil analysis

Diagnosis of Cu-deficient soils has been described in 2.1.5. Once
identified the soil can be treated for the benefit of subsequent
crops. However soil tests are empirical and do not always
discriminate between responsive and non-responsive situations. They
have nevertheless proved reasonably useful 1in separating deficient
from adequately supplied soils, 1In addition, because plant species
vary widely in their ability to extract soil Cu (Graham and Pearce,
1979), it is to be expected that "critical" soil test values wil]

also vary with the type of crop being grown.
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{b) Plant analysis

Plant analysis is more relfable than the diagnosis of symptoms and is
better than sofl tests because it indicates the copper status of the
plant itself under a given set of soil and environmental conditions.
However, unlike soil analysis, plant analysis can only be used to
indicate whether the plant was deficient when sampled. Nutrient
supply can either increase or decrease after sampling. Therefore
sampling at several stages of growth is required so that any suspected
Cu deficiency can be detected and dealt with. In addition delays 1in
analysis may prevent measures being taken in time to correct any

detected deficiency.

Robson and Reuter (1981) discuss plant analysis in detail and suggest
that for cereal crops, the Cu concentrations in young leaves are much
more sensitive and accurate indicators of Cu status than
concentrations in whole shoots or grain. The critical concentration
of Cu in young leaves shows less change with plant age and is usually
unaffected by environmental factors such as water stress, N.P.K.

supply and soil type.

Graham and Nambier (198l) quote a range of Cu levels for cereals below
which deficiency usually occurs. These include 1 mg Cu/kg DM in the
young leaves of wheat plants and 5 and 4 mg Cu/kg in the shoot at
tillering for barley and oats respectively. Critical Cu
concentrations for pasture herbage species are important for animal
nutrition as Cu deficiency rarely affects pasture production and will

be discussed later.
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(c) Biochemical assays

Nutrient deficiencies in plants can be diagnosed by measuring enzyme
activity. A field test based on an assay of ascorbate oxidase has
been developed for young wheat leaves (lLoneragan, 1982). A similar
enzyme test has been developed for use with subterranean clover
(DeThanze et al, 1982). Both agree well with plant analysis results
yet are faster and cheaper. However, further research is required to
test their usefulness and general validity as diagnostic tools. 1In
addition the test has to be carried out on leaves at specific stages

of growth and therefore lacks the flexibility of soil tests.

(d) Summary

Soil tests are less direct than plant analysis and are therefore
subject to errors caused by variation in Cu uptake and utilization by
different plant species. However, they are the most convenient of all
the diagnostic/predictive tests for micronutrients as the sample can
be collected at any time of the year. This enables any necessary
corrective treatment to be carried out before the deficiency appears.
However, they are only suitable for crops. When the grazing animal is
present other factors have to be taken into consideration and plant

analysis is more useful (see 2.3.6).

Soil tests are empirical and only through plant analysis can Cu
deficiency actually be confirmed. Thus although soil tests are better
at predicting Cu deficiency, plant analysis gives a much better

indication of the extent of a problem.
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2.3 COPPER IN RUMINANTS

The first indications that Cu was essential for growth and the
prevention of a wide range of clinical and pathological disorders in
animals were found in the early 1930s (Hart et al, 1928; Cunningham,
1931; Neal et al, 1931). Subsequently, Bennets and Chapman (1937)
found that an ataxic disease of lambs (enzootic neonatal ataxia)
occurring in parts of Western Australia was an expression of Cu
deficiency in the ewe during pregnancy. Since then other expressions
of Cu deficiency and extensive Cu-deficient areas have been discovered

throughout the world.
2.3.1 Distribution of Copper in the Animal Tissue

The distribution of total body Cu among the various body tissues
varies with the age and Cu status of the animal (Underwood, 1977).
The liver is the main storage organ for Cu in sheep and may contain
between 40 and 70% of total body Cu in animals given an adequate Cu
diet. However the liver Cu concentration of sheep can vary widely (50
to 400 mg Cu/kg) even in apparently healthy animals (Underwood, 1977).
Adamson et al (1983) observed that liver Cu values for lambs raised on
apparently similar feeding regimes varied widely (500 to 600 mg Cu/kg
D.M. 1in one group and 500 to 1600 mg Cu/kg D.M. in another). Newly
born lambs when compared with adults tend to have higher Tevels of Cu
in their livers (Grace, 1983). In ruminants on Cu-deficient diets the
hepatic Cu Tlevels can decrease to very low levels, e.g. 6 mg Cu/kg

D.M. or less.

The blood Cu Tevels of sheep given an adequate Cu diet range from 9.4

to 18.9 fmo1/1 (Grace, 1983), Under Cu-deficient conditions and when
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liver stores become depleted, blood Cu levels can fall to below 4.9

Pmo1/1 (Smith and Coup, 1973).

Little reliable informatfon is available on the range and variability
of the Cu content of the wool of sheep. The Cu content varies
significantly with sheep breed and diet (Wooliams et al, 1983).
However a kilogram of wool usually contains 6 to 8 mg of Cu (Grace,

1983).
2.3.2 Metabolism of Copper

Copper has a number of important biochemical functions in the
ruminant., These are reflected in the various manifestations of Cu

def1ciency which will be discussed later.

The absorption of Cu occurs in the intestinal region and particularly
in the large intestine (Grace, 1975). In most species Cu is poorly
absorbed, the amount is influenced by; the concentration and chemical
form of the Cu ingested, the dietary Tevels of other metal ions and
organic substances (see later) and by the age of the animal. Mature
sheep normally utilise less than 10% of the Cu ingested while young
lambs utilise 4 to 7 times this proportion (Suttie, 1973). The

mechanisms that regulate Cu absorption are not well understood.

Copper entering the blood plasma becomes loosely bound to serum
albumin and amino acids in which form it is distributed to the
tissues. In addition around 90% of Cu in the plasma is found firmly
bound as the blue Cu protein ceruloplasmin. Ceruloplasmin is a
ferroxidase enzyme involved in iron utilisation and in promoting the

rate of Fe saturation of transferrin in the plasma. It does not play
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a role in Cu transport (Underwood, 1977).

Some 60% of total red cell copper occurs as the protein
erythrocuprein. This protein functions as a superoxide dismutase,
f.e. it catalyses the dismutation of superoxide radicals into hydrogen

peroxide and oxygen.

The Cu reaching the Tliver, the main storage organ of the body, 1is
incorporated into the mitochondria, microsomes, nuclei and parenchymal
cells 1in proportions which vary with the Cu status of the animal
(Milne and Weswig, 1968). The Cu 1is then either stored here or is

released for incorporation into enzymes.

The pfotein Metallothionein (MT)} is thought to play an important role
in the binding of Cu in the liver. Increases in Tiver Cu lJevels are
associated with an increasing amount of MT and it has been proposed

that it has a role in cellular detoxification (Bremner, 1974).

It has also been suggested that MT acts as a temporary Cu store prior
to its utilisation in other enzymes (Bremner and Davies, 1974).
Similarly it has been shown that MT has an important role in hepatic
Cu accumulation 1in man by binding copper as Cu MT (Elmes, 1987).
However attempts to investigate its role in Cu metabolism have been
frustrated by lack of suitable analytical procedures for its
measurement (Bremner et al, 1985). Therefore despite the activity of

many researchers the actual function of MT is still unclear.

A high proportion of the ingested Cu is excreted in the faeces while
very little is lost in the urine. Bile is considered to be the major

excretion route for Cu in the body while digestive tract secretions
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also act in this way but to a lesser extent (Grace and Gooden, 1980).
2.3.3 Copper Deficiency and Functions

Situations of marginal Cu status amongst ruminants on upland and hill
farms in the U.K. are already common and may in fact increase as
pastures are improved (Suttie, 1983b). Cu deficiency occurs when the
grazing animal does not absorb enough dietary Cu to meet its metabolic
requirement. A number of factors may 1imit the natural availability
of trace elements to the animal and thus Tead to the establishment of

dietary deficient states.

In many areas, because of the particular geological features of the
land, the soil and thus the herbage on it are inherently low in Cu and
this leads to Cu deficiency in the grazing livestock. Pasture
deficiency may also arise secondarily, often in areas with no
naturally occurring Cu deficiency, though the effects of improving
hill pasture (Evans, 1983). The basic aim of pasture improvement is
to replace swards of low dry matter production. This involves removal
or suppression of findigneous plant species and the application of
lime, fertiliser and new seed. When this is carried out on soils with
low or marginal Cu levels, the reseeding and increased production
depresses herbage Cu concentrations through a dilution effect (Evans,
1983). However Cu deficiency in ruminants can also occur when
reseeding has resulted in herbage with Cu concentrations similar to or
even higher than they were before improvement. This occurs as liming
increases the availability of Mo and S to the herbage. These two
elements are antagonists which if present in sufficient amounts can

reduce Cu absorption by ruminants (see 2.3.6). Thus despite
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sufficient Cu 1n the herbage, the antagonistic effect of the increased
Mo and S concentrations, resulting from the improvements, leads to Cu

deficiency in the grazing 1livestock.

Another secondary Cu deficiency problem in ruminants is found on teart
pastures where the Cu deficiency occurs as a result of inherently high

Mo concentrations in the soil and herbage.

When animals have insufficient Cu in their diet to maintain body
stores, they become Cu depleted. The animal may firstly react to
conserve those stores which remain by increasing absorption efficiency
and decreasing endogenous Tlosses. In this way the animal may be
sustajned for some months, especially where it has substantial initial

reserves, without becoming Cu-deficient.

Eventually however continued depletion will Tead to deficiency and
this is marked by biological signs that the homeostatic mechanisms are
no longer maintaining a constant physiological activity (Suttle.,
1983). For examples, plasma Cu concentrations in sheep which are
usually above 9.4 umol1/1 begin to decline when the diet does not meet
the animals requirement for Cu. A transition from a deficiency state

to one of disorder occurs later and clinical symptoms become apparent.

A schematic representation of the sequence of events which may occur
when sheep are fed a Cu-deficient diet is given in Figure 2.2. The
absence of body stores or the presence of antagonists may restrict the
depletion stage. Advancing maturity may extend the depletion and
deficiency stages. The figure also provides an explanation for the
poor correlation between the trace element content of the diet and the

incidence of clinical disease at any moment in time.
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Figure 2.2

Sequence of events in Cu depletion (Suttle, 1983b)

1. Liver (storage)

2. Plasma (transport)}

Size of
copper
pool

3. Tissue enzyme (function)

4. Clinical signs

Depletion

The number of important biological functons that Cu has is reflected

in the various manifestations of Cu deficiency listed below:

(a) Anaemia and iron metabolism

Copper is involved in at Tleast two stages in the metabolic events
leading to haemoglobin synthesis. Therefore anaemia is a common
expression of Cu deficiency where the deficiency is severe or
prolonged. Cu deficiency reduces the amount of ceruleplasmin
(ferroxidase) in the plasma thereby reducing the amount of Fe3' formed
and stopping Fe mobilisation between the plasma Fe and the tissue
stores (Frieden, 1978). Thus Cu through ceruloplasmin has a critical
role in mobilising absorbed Fe for haemoglobin synthesis and this is
reduced under Cu-deficient conditions. The release or iron from liver

parenchymal cells is also reduced.
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(b) Bone disorders

Bone disorders are not usually a conspicuous feature of Cu deficiency
in ruminants, however, fractured bones have been reported and Suttle
et al (1972) has reported osteoporosis (abnormal porosity of bone) in
bones from 10 week old lambs born to ewes which had been maintained on
a Cu-deficient diet for 2 years. The authors concluded that
osteoblastic activity (the bone cell forming processes in the foetus)
is one of the first functions to be impaired in lambs born to Cu-

deficient ewes.

These skeletal abnormalities appear to be related to the reduction in
the activity of the Cu enzyme Tysyl oxidase. This is responsible for
the formation of cross Tinkages 1in the polypeptide chains of
structural proteins such as collagen. Reduced enzyme activity leads
to a reduction in the number of cross linkages in the bone collagen

(Rucker et al, 1969).

(c) Neonatal ataxia (swayback)

Neonatal ataxia is a nervous disorder, characterised by incoordination
of movement and high mortality. It has been recognised for many years
in different parts of the world and is called swayback in Great
Britain, Australia and New Zealand. It was first identified by
Bennets and Chapman (1937) and arises from subnormal levels of Cu in
the blood and tissues of ewes during pregnancy. The disease may be

prevented by Cu supplementation of the ewe.

Swayback has been experimentally produced in lambs born to ewes on a
Cu-deficient diet (Lewis et al, 1967) and by maintaining ewes of Tlow

copper status on a high Mo and S intake (Fell et al, 1961; Suttle and
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Field, 1968).

Two types of ataxia occur in lambs. The commonest form is
"congenital" which appears at birth and the other is "delayed" in
which clinical signs do not appear for several weeks. A stiff and
staggering gait and swaying of the hind quarter are evident as the

disease develops.

The disorder 1s complex and associated with both lesions in the brain
and spinal cord, and the demyelination of the nerve fibres
(Cunﬁingham, 1950; Howell and Pass, 198l1). The lesions are
irreversible and may begin to form as early as 6 weeks before birth
and continue until parturition. It has been suggested that Cu
deficiency leads to a lowering of the activity of several Cu-
containing enzymes, including cythochrome oxidase, which results in a
reduction 1in the amounts of the phospholipids which are fimportant
constituents of the myelin sheath around the nerve fibre (Howell and

Pass, 1981).

Swayback is characterised by progressive cerebral demyelination, which
results in paralysis and all lambs suffering from it die. Death is
usually the result of starvation due to an inability to rise and

suckle rather than a direct Cu deficiency effect.

{(d) Loss of wool pigmentation

Pigmentation of wool is dependent upon the conversion of tyrosine to
melanin which is catalysed by Cu-containing polyphenyloxidases
(Underwood, 1981). Pigmentation is very sensitive to changes in Cu
Tevels and alternating bands of unpigmented and pigmented wool can be

produced in sheep successively deprived of and supplemented with Cu.
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Prolonged Cu deficiency can result in the wool of black sheep turning
white. These manifestations can occur on dietary Cu intakes

sufficient to prevent other deficiency symptoms.

(e) Defective keratinisation of wool

The loss of crimp in wool is a characteristic of Cu-deficient sheep,
particularly in the fine wool breeds such as the Merino. As the
animal's Cu reserves are depleted the characteristic crimp of the wool
is lost and fibres emerge as almost straight hairlike growth. This is
termed stringy or steely wool (Lee, 1956). The physical properties of
wool including crimping are dependent on the formation of the
disulphide bonds which provide the cross linkages in the keratin
strucfure and the orientation of the long chain keratin fibriilae 1in
the fibre. These processes have been shown to be dependent on the

presence of Cu (Burley and Dekoch, 1957},
2.3.4 Diagnosis of Copper Deficiency

This section will deal primarily on the diagnosis of Cu deficiency in
sheep as the project was carried out with particular reference to

these animals.

Although clinical symptoms of Cu deficiency in sheep are highly
characteristic, e.g. swayback, they only occur under conditions of
severe or prolonged deficiency. In addition, the incidence and
severity of Cu deficiency varies from year to year (Scottish
Agricultural Colleges, 1982). Higher incidences of swayback are
associated with mild wet weather 1in February and March while long
periods of cold weather or snow tend to decrease the incident rate

probably due to the provision of supplementary feeding.
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Copper deficiency more often manifests itself in covert or subclinical
forms, e.g. 111 thrift, anaemia or osteoporosis. Therefore unless a
previous history of Cu deficiency as swayback exists, supporting
diagnostic techniques are required to predict the possibility of Cu
deficiency. In addition although swayback is highly characteristic of
Cu deficiency it is not always specific and a final diagnosis cannot

be made until after a pathological examination.

(a) Identification procedures
(1) 5011 and pasture analysis
Unambiguous diagnosis of risk to Tivestock 1is only possible
under very limited conditions where soil Cu levels are very
low. The Scottish Agricultural Colleges (1982) have listed the
main soil associations of Scotland and designated the risk
factor of low Cu concentrations in summer herbage for each soil
series within the association. Low risk soil series would be
expected to give 5 to 9 mg/Cu/kg D.M. in summer herbage,
moderate risk series 4 to 8 mg Cu/kg D.M. and high risk series
3 to 6 mg Cu/kg D.M. However most cases of Cu deficiency 1in

sheep occur where soil Cu levels are apparently fully adequate.

Herbage Cu analysis, whilst not affected by soil contamination,
is subject to fluctuations due to species and seasonal
variations and analysis therefore only indicates the immediate
situation. 1In fact herbage Cu levels can be misleading unless
other elements with which Cu interacts, particularly molybdenum
and sulphur, are also determined. However a herbage Cu content
of over 10 mg/kg D.M. is unlikely to result in Cu-deficient

sheep (Underwood, 1981).
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(i1)

Blood and 1iver analysis

Blood and liver analysis for Cu provides a basis for assessing
the Cu status of an animal. The liver is the main storage
organ of the body for Cu so that T1iver Cu concentrations would
be expected to provide a useful index of the copper status of
the animal. However liver Cu concentrations values vary
greatly with the species and age of animal and also with
the nature of the diet (Underwood, 198l1). In addition liver
sampling requires surgery and is therefore not often undertaken
in the U.K. and in fact is usually done only after death of the

animal. Liver Cu determination on post mortem material is

. therefore only useful for confirmatory diagnosis.

Whole blood or plasma Cu determinations are probably the most
useful methods for establishing hypocupraemia (Cu deficiency)
in livestock. They are relatively easily obtained and can be
taken repeatedly over a long perfiod of time. However, plasma
copper Jevels do vary between sheep breeds (Wiener and Field,
1974; Wiener et al, 1978) even when maintained together as a
single flock. Scottish Blackface sheep have been shown to have
a lower plasma Cu status than Welsh Mountain sheep when both

breeds are kept under the same conditions (Wiener et al, 1969).

Wiener and Field (1974) showed that there is a steady decline
in plasma Cu status of a grassland flock from November through
to June followed by a partial recovery over the summer, when
the sheep are free from complications of pregnancy and copper
supplementation. The values are further influenced by age, and

Mo and S intakes (Underwood, 1981). Despite these Timitations

54



(1i1)

plasma Cu levels are easily followed over a season and are
still the single most useful diagnostic tool. However data
from blood and Tiver analysis cannot be used to discriminate
animals 1in which clinical deficiency 1s imminent from those
likely to remain retatively healthy despite a low Cu status.
The factors provoking the appearance of clinical signs in Tow
Cu sheep have not been identified. Thus, decisions as to
appropriate threshold values for the Cu content of blood or
liver are arbitrary but are of value for identifying groups of
animals in which the risks of development of Cu deficiency are

high. The criteria in Table 2.7 are suggested for the

. interpretation of tissue Cu analysis results.

Blood copper enzyme activity

As previously mentioned (section 2.3.2) several Cu containing
enzymes are present in the blood. A loss of enzyme activity
when Cu supply is inadequate offers an alternative possibility
for the measurement of Cu status. Todd (1970) showed that
ceruloplasmin estimations could provide an effective Cu
determination. However as some 80% of plasma Cu exists as
ceruloplasmin and a high correlation exists between values of
ceruloplasmin and plasma Cu status this offers 1ittle advantage

in sensitivity.

Plasma monoamine oxidase and liver cytochrome oxidase
activities also provide indices of Cu status but Mills et al
(1976) concluded from studies with calves that "existing
biochemical techniques are still of 1imited value for

predicting the speed or extent to which an individual will
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develop overt signs of deficiency™.

Table 2.7
Suggested criteria for the interpretation of tissue
copper analysis (from S.A.C., 1982 and Grace, 1983)
Tissue Interpretation

Plasma or whole blood
Cu ()Jmo1 Cu/1)

18.9-9.4 Normal.
9.4~4.7 Clinical symptoms possible, covert
pathological changes may already be
established.
<4.7 Clinical symptoms 1likely, covert

pathological c¢hanges almost certainly
established.

Liver Cu {(mg Cu/kg D.M.)
>30 Cu deficiency unlikely.
30-10 Inadequate hepatic Cu reserves;
clinical and covert pathological changes

may become established.

>10 Increased probability of pathological
and clinical effects from Cu deficiency.

Suttle and McMurray (1983) have used erythrocyte superoxide dismutase
to try and predict hypocuprosis with some success but found it less
useful than plasma and 1iver concentrations if high Mo induced the

clinical deficiency.
2.3.5 Requirements for Copper
The Agricultural Research Council (1980) have used a quantitative

approach to assess the Cu requirements of sheep. This includes
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consideration of all aspects of Cu metabolism including the effects of
dietary antagonists on Cu absorption and utilisation. The amount of
absorbable Cu required by sheep varies with age, weight, pregnancy and
lactation. The absorbable Cu required for 5, 10, 20, 30 and 40 kg
growing sheep and an adult animal were 0.2, 0.2, 0.25, 0.50 and 0.22
mg Cu/Day respectively. In pregnancy 0.63 mg Cu/day is required as

the minimal intake if deficiency 1s to be avoided.

They also state that provided the availability of the Cu is not
greatly influenced by dietary factors such as Mo and S and the dry
matter fintakes are adequate then pastures containing 5 to 6 mg/kg

should meet the Cu requirements of sheep.
2.3.6 Factors Influencing the Absorption of Copper

Despite apparently adequate pasture Cu levels grazing sheep may still
show signs of Cu deficiency or respond to Cu supplements. This type
of Cu deficiency is an induced Cu deficiency and reflects an
impairment in the absorption or utilisation of Cu as a result of
interference by dietary factors (Cunningham et al, 1956; Mills et al,

1978; Smith and Coup, 1973).

In grazing sheep absorption of Cu from herbage is dependant upon the
herbage Mo and S levels (Grace, 1983). Suttle (1974) showed that both
organic S (as methionine) and 1inorganic S directly affect Cu
absorption. Increasing the S and/or Mo content will decrease the Cu
absorption. Suttle (1983a) concluded that Cu absorption is most
inhibited by 4-6 mg Mo/kg D.M. and that inhibition of S$2~ production

at higher levels of Mo may give rise to a recovery in Cu absorption.
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The mechanism of the Cu x Mo x S interaction is not fully understood
despite over 20 years intensive research. The primary site of their
interaction is in the gut (Underwood, 198l). Dick et al (1975)
proposed that here sulphide and molybdenum form thiomolybdate which
then reacts with copper to form highly insoluble copper thiomolybdate
CuMoS,. Suttle (1975) and Mills et al (1978) also support this

hypothesis.

Suttle (1983a) has derived a relationship to estimate the absorptive
efficiency of Cu digested by the ruminant in the presence of various
Mo and S levels in the herbage. The relationship for summer herbage

is:
Cu absorption (%) = 5.71 - 1.2795 log, Mo + 0,227 Mo x S

where S and Mo are herbage concentrations in g/kg D.M. and mg/kg D.M.
respectively. Equations have also been devised describing the effects

of Mo and S in semipurified diets (Suttle and McLauchlan, 1976).

Whitelaw et al (1979) demonstrated the importance of even small
changes in Mo and S concentrations in herbage, in instances where
pasture improvements produced increased Mo and S concentrations, which
allowed growth responses in lambs supplemented by Cu to be observed.
Absorption of Cu from autumn herbage is even lower than from summer

herbage (Suttle, 1981c) due to Mo and S increases.

The Cu:Mo ratio 1is therefore alsc important in predicting the
likelihood of Cu deficiency or toxicity; however there is little
agreement on the critical ratio (Underwood, 1981). Alloway (1973)

suggests a ratio of more than 4:1 to avoid hypocuprosis in sheep while
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Miltimore and Mason (1971) suggest 2:1.

Cadmium and iron have also been shown to reduce significantly the
absorption of Cu by ruminants (Mills et al, 1972; Campbell et al,
1974). Thornton and Abrahams (1981) have shown that soil ingestion is
a pathway of metal intake into grazing livestock. Grazing sheep can
involuntarily ingest up to 300 g soil per kilogram herbage D.M.
especially when herbage coverage is poor over the winter months
(Thornton, 1974; Healy et al, 1974). These sort of levels were
further substantiated by McGrath et al (1982b) who found that sheep
ingested up to 600 g soil per kg body weight between November and May.
Suttle et al (1975) have shown that soil ingestion decreases dietary
Cu utilisation by sheep. The effects of soil ingestion on Cu
absorption are thought to be due to the Fe content of soil (Suttle et
al, 1982). Suttle et al (1984) also suggested that soil ingestion
impairs Cu absorption in sheep by trapping S, as heavy metal sulphides
such as FeS and releasing sulphide in the acid abomasum. Although the
effect of Fe on Cu absorption has been demonstrated, the actual effect
of the soil, although thought to be related to Fe in the soil is

unclear.

2.4 CORRECTION OF COPPER DEFICIENCY

A wide variety of copper sources have been evaluated for their
effectiveness as fertilisers for the correction of Cu deficiency 1in
plants and animals. They work efther by increasing the concentration
of plant available Cu in the soil or by supplying Cu directly to the
plant foliage. In addition to pasture treatment a variety of direct

animal treatments have been used either orally or by injection.
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2.4.1 Plants

Copper sulphate (CuSO4.5H,0), cuprous oxide (Cu,0), copper ores,
copper carbonates, copper slags, copper frits, various Cu mixes with
superphosphate or N.P.K. fertilisers and a variety of chelated copper
compounds have all been found to be equally effective in treating Cu
deficiency (Caldwell, 1971; Barnes and Cox, 1973). However wide
variations exist 1in the amount of copper applied to soils for the
correction of deficiencies. These variations are explained by several
factors such as placement geometry in relation to the root, sorption
of copper by soil constituents, reactions of the fertiliser with soil
constituents and by the copper requirements of different plants
(Gartrell, 1981). Opinions differ about the maximum application rate
of Cu, to avoid toxicity, but it is generally recommended to be not
more than 45 kg Cu/ha for a mineral soil. Applications to organic
soils tend to be larger and more frequent than those to mineral soils

(Follet et al, 1981).

The most frequently used method of correcting Cu deficiency in plants
is to apply copper sulphate to the soil (Follet et al, 198l) as it is
relatively cheap and convenient to use. It can be applied by;
broadcasting over the soil or pasture, incorporation into the soil
during cultivation or banded in the vicinity of the seed either before
or at the time of sowing. The relative effectiveness of these methods
depends on the circumstances because Cu 1is highly immobile in the
soil, so that even in freely draining soils it is rarely leached out
of the cultivation layer, therefore where possible it should be well
mixed into the top soil if plants are to obtain a sufficient supply of

Cu.
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The residual effectiveness of Cu fertilisers applied to the soil is
high (Caldwell, 1971; Reuter, 1975; Gartrell, 1980) due to the strong
adsorption and the complexing of Cu by soifl organic matter. This is
especially so under arable cropping 1n which after a poor initiai
mixing within the rooting zone, cultivation in the following years

2+ ions to

improves the mixing and allows gradual desorption of Cu
provide an increased Cu supply capacity. Under these conditions Cu
fertilisers may become more effective in the years following
application (Reith, 1975; Gartrell, 1980). Thus reapplicaton of Cu

fertiliser is only necessary after periods of 5 to 18 years depending

on the soil type, crop grown and the initial application rate.

Despife evidence that CuSO, has given long term control of copper
deficiency in cereal crops (Reith, 1968; MacNaeidhe, 1984) a number of
problems have been associated with its use, especially on acidic
soils. When CuS04.5H,0 is applied, a large proportion of the cu?t
jons are rapidly brought into solution and are immobilised by soil
adsorption processes. Some of these effects have been alleviated by
the use of other less soluble Cu compounds (see below) which dissolve

more slowly in acidic soils to release cu?t

ions over a Tonger time
period (Follet et al, 1981). The water insoluble Cu compounds include
Cu metal, cupric and cuprous oxides and Cu slags (Follet et al, 1981).
The former three can be expensive especially if used to cover large

areas, however cupric oxide is often used as a soil appiied fertiliser

to correct Cu deficiency in plants (Firk, 1982).

In a review by Alloway and Tills (1984), they state that cupric oxide
can correct Cu deficiency in most crops and is particularly effective

on acidic soils. It has also been incorporated into superphosphate
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fertilisers to produce a range of fertilisers containing 0.2-2% Cu

(Gilkes, 1981).

Copper slag is a by=-product of Cu smelting and contains Cu in
metallic, oxide and silicate forms. However the quality and Cu
content of Cu slag can vary widely. 1Its rate of decomposition and
hence effectiveness is surface area dependant and so it is ground very
finely but often has to be regranulated to improve ease of application
and prevent losses through drift (Fink, 1982). Thus despite its low
cost and potential ability to correct Cu deficiency in many crops

(A1loway and Tills, 1984) it is not widely used.

Another Cu fertiliser, whose usage is confined mainly to West Germany.,
is a material called "Excello" which consists of brass particles and
cupric oxides mixed with ground Cu slag to produce a Cu fertiliser of
consistent quality and Cu content, but at a reasonable cost compared
to Cu metal or oxide. A1l these insoluble Cu fertilisers are
broadcast onto the soil and usually give best results if worked into
the soil (Fink, 1982)., The relatively insoluble nature of these
compounds means that they slowly degrade to release a steady supply of
Cu fons to plants. In a review by Alloway and Tills (1984) the
residual effectiveness of these compounds for crops is given as 3 to 4

years.

Foliar application of Cu 1s less widely practised and is usually used
only when symptoms have appeared or the deficiency is diagnosed by
plant analysis (Gartrell, 1981), in which case it i1s used as an
emergency treatment for unpredicted deficiencies. However. foliar Cu

applications are preferred in Britain where they suit the system of
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crop management and the acidic soils. Copper can be applied in sprays
mixed with other agrochemicals thus dispensing with an extra spraying
operation solely to apply Cu. Foliar applications ensure that each
crop receifves an adequate supply of Cu which may be less certain with

s011 treatment.

A single spray of CuSO; {is usually enough to restore crop vigour
(Pizer et al, 1966; Reith, 1968; Caldwell, 1971; King and Alston,
1975). Obviously the ability of cereals to recover is dependant on
timing. If the treatment 1is applied too late the crop may have
suffered irreversible yield 1imiting effects. In wheat for example,
Cu sprays will not be effective 1f applied after the end of tillering

(Grahém and Nambier, 1981).

The forms of Cu most often used in foliar sprays are copper
oxychloride and its chelates. Copper sulphate is also used, but owing
to its high solubility which can cause phytotoxicity and its corrosive
effects on metal spraying equipment its use in foliar sprays is in
decline. Foliar sprays only give temporary correction and T1ittle
residual value may be expected (Gartrell et al, 1979). Therefore

regular repeat treatments are required.

Seed treatments of dusts or Cu solutions are mostly inefficient and
inadequate because the amount of Cu that may be added to the seed
without risking injury to the seedling is too small. It is also too
localised in the soil to support the crop throughout the growing

season (Caldwell, 1971).

In summary the application of Cu-containing fertilisers can be an

effective method of correcting Cu deficiency in plants especially
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cereal crops. Soil applications are the preferred method for general
treatment while the use of foliar sprays, except in Britain, is mainly
confined to emergency treatment where the deficiency is not recognised

until after planting.
2.4.2 Animals

Although the use of Cu fertilisers can be an effective method of
correcting Cu deficiency in plants, the increased Cu concentration
especially of pasture is not always of significant benefit to the
grazing animal. Long lasting residual effects of fertiliser Cu for
pasture and grazing animals have been reported in Western Australia
(Gartrell, 198l) but are rare elsewhere in the world. Under the
acidic conditions of Great Britain, application of Cu to soil or as a
top dressing to Berbage have produced only limited increases in
herbage Cu concentrations (Mitchell et al, 1957; Morgan and Clegg,
1958; Reith and Mitchell, 1964; Archer, 1970; Reith, 1975; Evans,

1983).

The most frequently used herbage treatment is broadcast application of
CuSO,4 to pasture which has demonstrated increases of up to 4 mg/kg in
herbage Cu concentrations (Evans, 1983; Burridge et al, 1983).
However its effectiveness is influenced by the sward compos%tion. The
Cu concentration in clovers can be increased more readily than that of
grasses grown in the same sward. The increase in clovers is normally
2-4 mg Cu/kg while the increase in ryegrass Cu concentrations is
usually 1-2 mg/kg (Reith, 1983; 1984). Similar results have been
obtained in pot experiments by Mclaren and Williams (198l}; however

increases of 3-4 mg Cu/kg in ryegrass have been found in pot trials
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(McGrath, 1982a). These increased herbage concentrations are usually
short lived, 1-2 years, and are not always sufficient to be of
significant value to the animal especially where Cu intake is impaired

or metabolism reduced by sulphate or molybdenum or soil ingestion.

Addition of Cu chelates to the soil to alleviate Cu deficiency 1in
pasture have been shown to have an even poorer effect than CuS0,
(McLaren and Williams, 1981). Other methods such as application of Cu
metal or oxide are expensive especially if used to cover large areas.
Therefore soil or pasture treatment with Cu is not usually considered
to be a particularly effective way of overcoming a Tlivestock

deficiency.

Partly because of the existence of such problems with soil treatment a
number of methods for direct treatment of the animal have been
evaluated for their effectiveness in reducing animal deficiency. Each
method has its Timitations and the choice will depend upon the system
of ruminant husbandry practised and the severity of Cu deficiency on
the farm. Under range conditions Cu deficiency can be prevented by
the provision of salt Ticks containing 0.5 to 2% CuSO;. These were
first introduced by Dunlop et al (1939), but the provision of the
licks did not guarantee an adequate or even any consumption of Cu by

each individual animal.

Consequently oral dosing with CuSO; was tried as a supplementation
method (Hunter et al 1945). This has proved successful for the
prevention of copper deficiency in sheep. However as for other oral
dosing methods its effectiveness may be affected by dietary, e.g. Mo

and S, and genetic factors that affect copper absorption rates.
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Claims have been made that organically bound Cu is more available than
inorganic salts when orally dosed. However, MacPherson and Hemingway
(1968) and Regius and Nagy (1972) have shown no difference in the
effect of Cu given in the chelate or ionic form to lambs and sheep.

Copper chelates suffer from the same limitations as oral CuSO, dosing.

In theory subcutaneous or intramuscular injections of Cu compounds
should have an advantage when Cu deficiency is caused indirectly by
antagonists such as Mo and S since the administered Cu bypasses the
inhibitors to Cu adsorption in the gut. The Cu complexes that have
been evaluated for use with sheep includes copper calcium E.D.T.A.,
copper methionate, diethylamine copper oxyquinoline sulphonate, copper
g1yc1hate (S.A.C., 1982; Suttle, 1981b). Al11 have proved to be
effective sources of supplemental Cu. However individual products
vary in three respects; in the local lesions they induce, acute
toxicity and the extent to which they are retained in the Tliver.
Severe reactions at the site of injection have been associated with
many of these products (Suttle, 198lb). 1In general the copper
compounds which cause local lesions at the site of injection (Cu
methionates and glycinates) are translocated slowly and therefore of
lTow toxicity but give poor protection in some Cu deficiency cases.
The more rapidly translocated compounds (e.g. copper calcium E.D.T.A.
and copper oxyquinoline sulphonate) must be given in lower doses to
prevent acute toxicity. The frequency of injection will obviously
depend on the severity of the copper deficiency but care must be taken

not to overdose and induce chronic Cu toxicity.

Recently a new injectible preparation containing cupric oxide powder

has been evaluated as a supplement for cattle (Sankoh and Boila,
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1987). However it is too early yet to say if it will be successful.

Despite the problems of lesions and toxicity associated with
injections they are widely used. Their drawback, however, is that
repeated injections are often necessary to maintain normal plasma Cu
concentrations thus creating a 1ot of extra work for the farmer

involved.

The use of drinking water as a carrier of Cu for cattle has been found
to be effective for supplementing Cu intake (Humphries et al, 1983;
Farmer, 1983). However it remains to be determined whether it is safe

to use for sheep which are much more susceptible to Cu toxicity.

A new‘method of long acting copper supplementation which eliminates
the carcass damage often associated with injection has now been
developed in Australia (Dewey, 1977; Deland et al, 1979). The method
involves the oral administration of copper oxide needles or wire
(CuOy)» 1n Tengths of between 5 and 10 mm and with a mean diameter of
0.5 mm, of high specific gravity and Tow mass in a gelatin capsule
into the oesophagus with a tube or balling gun. The needles lodge 1n

the ruminant abomasum and the Cu is slowly released over 2-3 months.

Dewey (1977) found that the oral administration of copper needles
successfully increased the Tiver Cu concentrations of adult sheep as
well as raising plasma Cu levels. This treatment has been
successfully tested in field trials on hil11l sheep in Scotland by
Whitelaw et al (1980). Suttle (198la) administered 0.5 g CuOy to
hypocupraemic ewes maintained on a Cu-deficient diet; it alleviated
hypocupraemia for 11l days when the diet was supplemented with Mo and

S and 301 days when the diet was not so supplemented. Whitelaw et al
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(1982) treated ewes at parturition with 4 g or 8 g Cu needles and
found that they remained normocupraemic until beyond weaning when
grazing reseeded pastures on which control ewes rapidly became
hypocupraemic. In ewes confined to the reseeded pasture during
pregnancy, the administration of 4 g CuOy 1in midpregnancy prevented
the occurrence of swayback in their offspring whereas control ewes
produced a high incidence of both the congenital and delayed types of
swayback. This work was further substantiated by Whitelaw et al
(1983) who showed that lambs derived from dosed ewes took Tonger to
become hypocupraemic and also that lambs derived from dosed or undosed
ewes and treated at 3 to 5 weeks of age with CuOy wereimaintained in

normocupraemia and showed no signs of ill-thrift.

Trials in Australia have found that after administration of CuOy
concentrations of Cu in the sheep liver often rise to levels which
might be expected to be toxic without the animals appearing to be

adversely affected (E11is, 1980).

These results indicate that both ewes and lambs grazing Cu~deficient
pasture can be protected very simply by an annual single dose of Cu
needles. The method permits the minimal amount of collection and
handling of livestock whilst supplying Cu over a substantial period of
time. In addition overdosing is not such a serious problem, as with

Cu injections, because of the slow release of Cu.

Soluble glass designed for the slow release of trace elements has been
proposed as a method of animal mineral supplementation (Allen et al,
1978). Knott et al (1985) review the properties of glass which allow

this possible function. Alkali-phosphate glass with Tless than 50%
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P;0g is soluble and trace elements such as Zn, Cu, Co and Se can
easily be incorporated into the glass and exhibit the property of slow
release. Subcutaneous implantation of such boluses have been shown to
eliminate Cu deficiency in animals (Allen et al, 1979). However the
use of an intra ruminal bolus should allow all these trace elements to

be made available to animals.

Telfer et al (1983) produced a soluble glass bolus containing Cu, Co
and Se which, when given by balling gun to sheep, will lodge in the
animals reticulum and dissolve at a slow rate releasing Cu, Co and Se
over a period of up to 1 year. The bolus prevented Se deficiency in
sheep and cattle and produced higher plasma Cu levels (Knott et al,
1985). However further studies on the effectiveness of the bolus have

produced conflicting results.

Carlos et al (1985) and Care et al (1985) have shown that
administration of the bolus elevated the blood and Tiver copper status
of sheep and lambs and recommended a yearly dosing. Allen et al
(1985) showed that the boluses remain in the forestomach of sheep for
periods of up to 9 months after dosing providing an efficient and

practical method of providing long term oral supplementation of Cu.

In contrast Patterson et al (1985) found the release rate of the trace
elements to vary widely, with complete dissolution occurring in a few
days or over 6 months., Judson et al (1985) found the dissolution rate
to be too slow to provide a boost to Tiver Cu reserves in sheep.
Whilst Allen and Sansom (1985) observed that the sheep glass bolus
contained less Cu than the recommended dose of oxide needles and that

the rate of release from the boluses was much slower. These factors
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have been further substantiated by results which show that the more
prolonged release period of Cu from the boluses, compared with other
treatments, appears to result in an {fnsufficient Cu supply to the
animal (Gallagher and Cottrill, 1985; MacPherson, 1985; Buckley et al,
1987). The results suggest that the soluble glass bolus does show
promise but that further development is necessary if the full
potential of this technique for the control of Cu deficiency is to be

realised.

In summary pasture treatment with Cu to prevent Cu deficiency in
animals has had only limited success to date. Broadcasting of CuSO,
is the most frequently tried method, however the Cu applied is usually
rapidfy immobilised in the soil and unavailable to plant (2.4.1). As
a result the increases in herbage Cu concentrations obtained are
usually too short 1ived and insufficient to be of significant value to
the grazing animal. Other pasture treatments have only demonstrated
similar results to that of CuSO,; or are too expensive for the
treatment of large areas. Because of this a number of parenteral and
oral methods for the prevention of Cu deficiency have been made
available. Each method has its 1imitations, oral methods including Cu
needles still have to overcome any effects of dietary factors which
modify Cu adsorption, while injections provide only short term
supplementation as the amount which may be administered as a single
dose is Timited due to problems of possible acute systemic toxicity
and localised carcass damage. Alternative methods still have to
guarantee that each individual animal will obtain its daily Cu
requirement. Thus every method used to date has 1its 1limitations.

Therefore the choice of method will depend on the system of animal
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husbandry practised, the severity of the Cu deficiency experienced on

the farm and on the individual preferences of the farmer.
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CHAPTER 3. MATERIALS AND METHODS

3.1 INTRODUCTION

This chapter deals with the principles of the analytical methods used
in this work and gives summaries of each procedure. The reason for,
and application of, each particular method used will be discussed in

the relevant chapters,
3.1.1 Analytical Quality Control

The value of soil, herbage and blood analysis in the diagnosis of
plant or animal Cu deficiency depends largely on the accuracy and
precision with which both the sample is taken and the way the

determination is carried out.

Accuracy is defined as the proximity of the measured result to the

"true" value.
Precision is defined as the reproducibility of a result.

Owing to the extreme heterogeneity of the materials investigated the
largest potential hazard in obtaining accurate results in this work
would be sampling errors, both in the field and when sub-sampling in
the laboratory. Sampling procedures were employed which reduced the
risk of these errors especially for soil and herbage and will be

discussed in the relevant chapters.

The following quality control procedures were used to assess the

accuracy and precision of analytical results:
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(i)

(11)

(ii1)

(iv)

3.1.2

A.A.S.

The use of standard solutions to calibrate and monitor
analytical instrument performance and thus maintain optimum
sensitivity. These were prepared using commercial standard
solutions and were made up in a solution similar to that of the
samples. Standards were systematically distributed throughout

the batch and made up between 10% and 20% of it.

Reagent blanks were used throughout to assess background

concentrations and possible contamination errors.

Departmental standard reference materials were included in each

batch of soil or herbage analysis to assess the between batch

. reproducibility and overall precision of results throughout the

period of work. A commercial reference material "precinorm"
(Boehringer, Manhein, Gmbh, West Germany) was used as above for
blood analysis. The results of any one batch were only

accepted if the precision was less than or equal to 10%.

Sample determinations were all replicated at Teast twice in
each batch during analysis to monitor the within batch
precision (i.e. reproducibility of the results). The result
for any one sample was only accepted if the replicates agreed

to within 5% of each other.

Atomic Absorption Spectroscopy (A.A.S.)

has been used almost exclusively as the analytical technique

for the determination of trace elements 1in this work. The major

advantage of A.A.S. over most of the comparable techniques used for

inorganic analysis is its relative freedom from interferences and the
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fact that it often allows the determination of several elements from
one sample preparaton. In contrast in electrochemical methods such as
polarography most samples require dissolution followed by a
preliminary separation of the analyte to obtain sufficient
selectivity, i.e. extensive sample pretreatment is required for each
element to be determined. The analytical signal in A.A.S. 1is less
sensitive to temperature changes in the atom cell than atomic emission
spectrometry. A.A.S. also gives ease of instrument operation and is
simple to set up due to the useful wavelength and intensity reference

provided by the background 1ight source.

In A.A.S. a sample is converted into an atomic vapour by a chemical
flame, and irradicated by a 1light beam from a hollow cathode lamp
source. This source must emit radfation of a wavelength that is
specific to the element being analysed. This radiation is isolated by

a monochrometer.

The amount of radiation absorbed by the atomic vapour {is then measured
and converted from an optical signal to an electrical signal by a
photo~electric cell and 1is then related to the concentraton of the
specific metal 1in the sample. The theory and basic principles of
A.A.S. are discussed in greater detail by Kirkbright and Sargent

(1974) and Page et al (1983).

Each element has a set of standard instrumental parameters for use
with A.A.S. in order to obtain optimum conditions for accurate and
precise results. The parameters for the elements studied in this work
are listed in Table 3.1. Detection 1imits given in Table 3.1 are for

flame atomic absorption using an I.L. Video IIAA/AE Spectrophotometer.
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They represent the concentration of the element that produces an
absorption reading equivalent to twice the standard deviation of a

series of at least ten determinations at or near the blank level.

Atoms only absorb energy at narrow and specific wavelengths.
Therefore for each element the 1ight source is adjusted to produce a
wavelength specific for that element, e.g. for Cu, when the source
emits radiation of exactly 324.7 nm it will be absorbed by copper

atoms.

The lamp current is a critical parameter in obtimising A.A.S. as it
controls the intensity of the radiation 1line in the flame. Also
because high currents shorten lamp 1ife the optimum current also
extends lamp 1ife and is usually one third of the maximum Tamp

current.

The band pass is simply the width of the observed peak at the detector
and is used to isolate the resonance line of interest from nearby non-
resonance, weakly absorbing T1ines. The more non-reasonance lines
there are around the line of interest, the narrower the band pass slit

width has to be.

The flame is used as a means for producing the atomic vapour and
selection of the correct flame type gives accurate and complication

free results.

Air-acetylene flames are suitable for most elements and can be divided

into three types:

(i) Oxidising flame - this is the hottest flame and contains enough

oxidant to obtain a clear blue flame.
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(11) Stoichiometric flame - this flame has tinges of yellow in the

flame,

(1i11) Reducing flame - the entire flame 1s yellow, this 1s the

coldest flame.

Some elements form refactory oxides at the temperature (2300°C)
produced by an air-acetylene flame. At the highest temperature
produced by a nitrous-oxide/acetylene flame (3000°C) free atoms can be

produced from the oxides.

Background molecular absorbance occurs in the ultraviolet region of
the wavelength spectrum (190-300 mm) which reduces the sensitivity of
the determination. Therefore the Smith-Heiftje background correction

technique was employed.

3.2 SOIL ANALYSIS
3.2.1 Sampling

Soil samples were taken in such a way as to be representative of the

area under consideration using the techniques described in M.A.F.F.

(1979, 1983). A tubular corer giving a soil core of 25 mm diameter

including the surface mat was used for all soil sampling. Different
betweea Oard |Oem |

sampling depthsﬂ@ere used and these will be detailed in the relevant

later chapters. Samples were collected in greaseproof paper 1lined

paperbags.
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3.2.2 Sample Preparation

Soils were riddled through a 5 mm mesh wire sfeve and air dried in a
fan oven at a temperature less than 30°C. The soil was then ground to
pass through a 2 mm sieve using a Rukuhia type soil milling machine.

Samples were then stored in paper bags for later chemical analysis.
3.2.3 Moisture Content

The moisture content of field moist soil was assessed as the

percentage loss of weight on oven drying at 105°C for 16-18 hours.
3.2.4 pH in Water

Soil bH was determined by the method of Avery and Bascomb (1974) in
which the pH of a 1:25 afr dry soil:water suspension is measured using
a pH electrode and meter. Standard buffer solutions of pH 4 and pH 7

were used to calibrate the meter.
3.2.5 Lime Requirement

The Time requirement of a soil is defined as the weight of calcium

carbonate required to raise its pH to a target value.
Two methods were used to determine Time requirement.

(a) For field trials lime requirement was determined using the
routine method (unpublished) of the West of Scotland College Soil
Science Analytical Laboratory. This is a modified electrometric
titration method and gives rapid results. The 1ime required is
interpolated from a comparison of the pH values measured in a

1:25 ratio air dry soil: 0.01 M calcium chloride suspension, anhd
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a 1:25:10 ratfo air dry soil: 0.014 M calcium chloride: 0.04 M
1ime water suspension. Full details of this method are given in

Appendix 1.

(b) Lime requirements for fields, as above are crude determinations
regardless of methodology. For pot trials a more accurate
determination of lime requirement was required as soils were to
be Timed to a range of specific pH values. As pot work involves
known volumes of soil the 1ime requirement was determined by
sotl-1ime incubations using known smaller volumes of soil.
Calcium hydroxide (Ca(OH),) was used, instead of calcium
carbonate as the 1iming material as it is more soluble and faster

écting.

Increments of Ca(OH), incubated in aliquots of moist soil were
equilibrated at room temperature for 10 days with periodic
shaking. Then the pH was measured. The amount of Ca(OH),
required to bring a soil to a selected pH was then interpolated
from a graph of equilibrium pH against Ca(OH), addition and

scaled up to the Targer pot volumes.
3.2.6 Organic Matter Content by Loss of Weight on Ignition

Many methods are available for the estimation of the organic matter
content of a soil (Hesse, 1971) but for the purposes of this work
estimation by loss of weight on ignition was chosen as it provides a

simple and rapid technique.

The method used was that of Avery and Bascomb (1974). The loss of

weight of an oven dried soil (105°C) is determined after ignition at
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400°C for 16 hours. This temperature was used to reduce the risk of
release of absorbed water or ignition of inorganic fractions which
occur at higher temperatures, e.g. 680°C (Ball, 1964). As none of the
soils were calcareous weight loss due to the destruction of carbonates

was considered negligible. Duplicate analyses were always undertaken.
3.2,7 Exctractable Potassium and Phosphorus

Scottish Agricultural Colleges (S.A.C.) fertiliser recommendations
(S.A.C., 1985) were employed for all field trials. Therefore
extraétabie Potassium (K) and Phosphorus {P) were determined using
standard S.A.C. methods (M.I.S.R. and S.A.C., 1985). These are

outlined below.

(a) Extraction
P and K were extracted from the soil using 0.43 M acetic acid in a

soil to solution ratio of 1:40 with an extraction time of 2 hours.

(b) Potassium determination

The concentration of K in the extract was determined using a flame
photometer (Corning 450); there is no significant interference by
other elements (Collins and Polkinhorne, 1952). The photometer was
calibrated using potassium sulphate in acetic acid standards. Results

are expressed in mg K/1itre air dry soil.

(c} Phosphorous determination

The concentration of P was determined colourimetrically using the
method of Murphy and Riley (1962). A 1:4 ratio mixture of the acetic
acid soil extract and 0.15% acid ammonium molybdate produces a

phosphomolydbate complex, which when reduced by ascorbic acid gives a
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blue colour. The colour 1is then measured using a spectrophotometer
(Corning 254) which was calibrated using potassium dihydrogen
orthophosphate standards. Results are expressed in mg P/Titre air dry

soil.
3.2.8 E.D.T.A. Extractable Copper

E.D.T.A. extractable copper is generally assumed to represent plant
available copper in the soil (see section 2.1.3) and was used in this
study for the interpretation and classification of soil Cu levels for

crop énd animal nutrition.

The method used was that of Reith (1968) in which copper was extracted
from the soil using 0.05 M E.D.T.A. at a soil:solution ratio of 1:5
with an extraction time of 1 hour. The Cu concentration in the
extract was determined by A.A.S. (section 3.1.2). Results are

expressed in mg Cu/kg air dry soil.
3.2.9 Total Trace Metal Concentration

Total copper, zinc, iron, cadmium, lead, nickel, chromium and
manganese 1n soil were determined by aqua regia extraction using
method B of Berrow and Stein (1983). At least 80% of the total metal
content is extracted (over 90% for 1ead) by this method; the remaining

metals are retained in siliceous residues.

A 1:10 ratio of soil:aqua regia solution (3 parts 6 M HCI:1 part 16 M
HNO3) was stood at room temperature for 16-18 hours before being
heated firstly at 80°C for 30 minutes and secondly for 2 hours at
140°C using a Tecator system 40 digestion block. Metal analysis was

by A.A.S. (section 3.1.2). Results were expressed in mg metai/kg
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soil.

3.3 HERBAGE ANALYSIS
3.3.1 Sampling Methods

Methods of herbage sampling varied and will be described at the
appropriate time in subsequent chapters. All samples were collected

in sealed polythene bags. Atk suiugjumut QAO%7SiJ was carfied ont
on  unwas hed kp.rbasg,& .
3.3.2 Dry Matter

Herbage was oven dried in paper 1lined trays at 100°C and the dry

matter content calculated in g/kg fresh weight.
3.3.3 Sample Preparation

Dried herbage was milled to pass a 0.5 mm mesh seive using a Tecator
Cyclone Sample Mil1l 792, A1l samples were stored in greaseproof paper
lined bags. Before chemical analysis all samples were dried at 100°C
for 16 hours to ensure that all results were based on a 100% dry

matter basis.
3.3.4 Trace Element Analysis

(a) Preparation

Preparation for trace element analysis was based on that given in
M.A.F.F. (1986) in which the organic matter is destroyed by dry
combustion at 470°C for 16 hours and the soluble mineral constituents
in the ash dissolved in 6 M hydrochloric acid; any silica present is
dehydrated to an insoluble form and filtered out. This dry ashing

method is safer and quicker than wet acid digestion.
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(b) Trace element analysis
The sample solution prepared as above was used for the determination
of copper, zinc, iron. Tead, manganese, cadmium, nickel and chromium

by A.A.S. (section 3.1.2). Results are expressed in mg element/kg dry

matter.
3.3.5 Molybdenum (Mo)

The method used was that of Dixon and Hepher (to be published) in
which the organic matter in dried soil herbage is destroyed by ashing
at 480° for 16 hours. The soluble mineral constituents in the ash are
then dissolved in 6 M HC1 and the mixture refluxed for 30 minutes.
After filtering the solution is buffered to pH 1 using ammonia.
Ammonium pyrrolodine dithiocarbonate (A.P.D.C.) is then used to form
an organo~molybdenum complex in the acid. Chloroform is added to
bring the Mo into an organic phase which is then separated from the
acid using Whatman grade 1 phase separating paper. The chloroform is
thereafter allowed to evaporate to dryness. The residue is taken up
in HNO3 and re-evaporated to dryness. This residue is dissolved in 6
M HC1 and the molybdenum content determined using an inductively
coupled plasma (Thermoelectron Plasma 100). Full details of this

method are given in Appendix I.

3.3.6 Sulphur (S)

Herbage sulphur content was determined using the standard S.A.C.

method.

The sample is digested in a mixture containing: 2 parts herbage; 1

part digestion catalyst (potassium dichromate 1in ammonium
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metavanadate); 37.5 parts digestion mixture (5 parts nitric acid; 3
parts perchloric acid) for 1 hour at 120°C on a Tecator system 40
digestion block. The nitric acid is then evaporated off at 200°C
(compiete when colour changes from green to orange). After cooling,
50 m1 of water is added and the contents filtered through a Whatman
No. 540 filter paper. Al11l sulphur is now in the sulphate form and 1s
precipitated using a barium chloride/polyacrylamide (300:1) mixture
and determined turbidimetrically at 660 mm. Results are expressed in

g S/kg dry matter,
3.3.7 Chlorophyll

Chlorophyll was determined by the method of Arnon (1949) in which
fresh herbage is ground in 80% acetone until all the colour is
released from the tissue. The extract is then filtererd and made up
to a known volume. The absorbance (A) of the solution at 663 nm and
646 nm is measured using a pye unican SP8-500 U.V./V.I.S.
spectrophotometer. Total chlorophyll is then given by the following

relationship:

Total chlorophyll (mg/1) = 17.3Agse + 7.18Ag43

3.4 BLOOD ANALYSIS
3.4.1 Sampling

Yenous blood samples were collected from all animals before field

trials began and at regular intervals throughout their course.

When whole blood or plasma was required samples were collected in

tubes containing 1ithium herapin as the anticoagulant. Silicon 1ined
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tubes were used when serum only was required.

3.4.2 Plasma Copper

Copper concentrations in blood plasma, used to assess the copper
status of animals involved infield trials, was determined by the

following method:

(1) Preparation

Whole blood is centrifuged at 3000 r.p.m. for 20 minutes and

the plasma removed as the supernatant.

(1i) Apalysis
. Copper was determined by analysing a 1:10 plasma:water solution

using A.A.S. (section 3.1.2). Results are expressed 1n pmol

Cu/1 plasma.
3.4.3 Plasma Magnesium (Mg) and Calcium (Ca)

These two elements were analysed to monitor hypocalcaemia and
hypomagnesaemia and are good indicators of the 1ikelihood of

associated animal health problems especially around lambing time.

(i) Preparation

As in 3.4.2. (i) above.

(ii) Analysis
Magnesium and calcium were determined by A.A.S. after a 1:75
dilution of plasma with a lanthanum/phosphate (50:1 solution in
HC10,4) buffer. The use of the buffer 1{s necessary as the
sensitivity of A.A.S. to these two elements is depressed by the

formation of stable compoudns of Mg and Ca with sulphates,
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silicates and aluminates in the flame. These compounds reduce
the number of free Ca and Mg atoms which can be read.
Lanthanum (La) also forms stable compounds with the above
interfering anions; therefore by adding La to the plasma
solution in excess, the sought after element, e.g. Ca is
released as free atoms which are able to absorb or emit their

reasonance energy. Results are expressed in mg/100 m1 plasma.

3.4.4 Haemoglobin (Hb)

The method used to assess haemoglobin levels was based on that of
Drabkin and Austin (1935) and has been modified into kit form by

Sigma Diagnostics, St. Louis, U.S.A. (Procedure No. 525).

Haemoglobin in whole blood is converted by Drabkins reagent (20:4:1
sodium bicarbonate; potassium ferricyanide; potassium cyanide) to
cyanmethaemoglobin. The colour intensity of this is proportional to
the haemoglobin concentration in blood. Cyanmethaemoglobin
concentration {s photometrically determined at 540 mm using a Pye
Unicam SP8 - 500 U.V./V.I.S. spectrophotometer. Results are given in

gHb/100 m1 whole blood.
3.4.5 Lead (Pb)

Lead concentrations were measured by a modification of the chelation-
extraction technique of Farelly and Pybus (1969) in which lead is
extracted directly from whole blood. This method required neither
protein precipitation nor any pH adjustments as employed in other more

complex methods and is therefore a rapid and simple technique.
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A 25:1:10:1:25 suspension of whole blood:saponin:formamide;ammonium
pyrolidine dithiocarbonate (A.P.D.C.):methyl isobutyl ketone
(M.I.B.K.) is well mixed. The formamide breaks down the blood cells
to release the lead which is complexed by A.P.D.C. and taken into the
organic phase (M.I.B.K.). The suspension is centrifuged at 3500
rev/min for 20 minutes and the organic layer separated and retained.
Due to poor sensitivity obtained by direct aspiration of the organic

solent in A.A.S. a resolution in acid was employed.

The arganic solvent was allowed to evaporate to dryness at room
temperature. The residue was then redissolved in 10 ml of 10% HNO3
and refluxed for 20 minutes at 50°C. 1In the acid, sensitivity was
1mpro§ed and the Tead concentration was determined using A.A.S.

(sectfon 3.1.2). Results are given in pg Pb/ml blood.
3.4.6 Vitamin 312 Determination far Cobalt Status

Vitamin 812 levels in blood were used to assess the cobalt status of

animals involved in field trials.

Vitamin By, 1in blood serum was determined using a kit developed by
Becton and Dickinson (B and D), Orangeburg, New York, U.S.A., which is
based on the technique of Lau et al (1965). This is a radio assay
which measures only physiologically active ("true") vitamin By,. The
method uses the principle of competitive protein binding in which
unlabelled (test serum) and radioactively labelled (prepared) vitamin
By, compete for a limited number of specific binding sites on a
vitamin By, binder protein and equilibrium is established. The level
of radioactive bound vitamin By, 1s finversely related to the

concentration of non-radicactive vitamin 512 in the test sera. After
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incubation the bound and free fractions are separated using charcoal

and the amount of radiocactivity measured by gamma scintillation.

Results are expressed in ng vitamin B,5,/ml1 blood.

3.4.7 Selenium Status as Determined by Glutathione Percxidase (GSH-
Px) estimation

The only known function of Se in the animal 1s the destruction of

peroxidases through the activity of the selenoenzyme glutathione

peroxidase (Suttle and Linklater, 1983). Therefore measurement of

GSH-Px 1in the blood can be used to assess the Se status of animals.

The technique used is a modified enzyme assay based on that of Godwin
et al (1973). The state of glutathione oxidation by peroxidase in the
blood lysate (1:40 whole blood:water) was measured by following the
rate of disappearance of nicotinamide adeniene dinudeotide phosphate
(N.A.D.P.H.) which is also involved in the reaction and which is
present in equal amounts to GSH-Px. Glutathione reductase is included
to maintain the presence of glutathione in the reduced form.
Activities were measured in 1.5 ml aliquots using a Pye Unicam SP30
spectrophotometer at 340 nm and the calculation is based on the rate
of reaction (i.e. absorbance change per minute) over the first 2-20

minutes. Results are expressed as U GSH-Px/m1 blood.
3.4.8 Serum Glutamic-Oxalacetic Transaminase (S.G.0.T.)

S.G.0.T. is a liver enzyme which may also be found in the blood of
sheep. Elevated S.G.0.T. concentrations in the blood give advance
warning of the haemolytic crisis and death due to chronic copper
poisoning (MacPherson and Hemingway, 1969). S.G.0.T. concentrations

were determined colourmetrically by following the procedure and

88



employing the reagents as detailed in the Sigma Chemical Company's
Technical Bulletin No. 505 (1963) in order to diagnose liver necrosis
due to copper poisoning. Results are expressed in Sigma-Frankel units

of S$.G.0.T. per ml blood plasma.

3.5 MISCELLANEOUS MATERIALS AND METHODS

3.5.1 Chemicals

Distilled water was used in the preparation of all samples, reagents,
and standard solutions. MApalar"™ or "Spectro™ grade chemicals were

used for all reagents.

3.5.2 Washing

Sample cupss polypropylene bottles and glassware were soaked in 10%
nitric acid overnight and rinsed successively in deionised and

distilled water. They were then dried in a fan-oven prior to use.
3.5.3 Liquid Feed for Glasshouse Pots

As pots were kept for a considerable length of time there was a
requirement for a 1iquid feed to maintain optimum herbage growth. The

feed used was a high nitrogen solution made up as follows:
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Stock solution

g/
(1) Ca (NO3),.4H,0 59
(1) KNO5 79
NH 4H,PO,, 12
NH 4NO5 11
MgS0, 7.H,0 25
H3Bog 0.17

Equal volumes of stock solutions (i} and (ii) were diluted 1:100 with
distilled water and mixed together. This was then fed to pots in 5 ml

aliquots when required.

3.6 STATISTICAL ANALYSIS

A1l statistical analysis was carried out using statistical computer
packages on a Comart computer. This involved "Minitab" (Ryan et al,
1981) for regressions and correlations, while analysis of variance was
obtained using M“EDEX" (A.F.R.C., Statistics Unit, Edinburgh.

Unpublished).
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CHAPTER 4, CHARACTERISATION OF THE CU FERTILISER

4.1 INTRODUCTION

The copper fertiliser is a largely unrefined and unprocessed by-
product of the brass manufacturing industry from one foundry in the
West Midlands of England. It is a sand based material containing 55%
silica as S$i0, (Birmingham University, Private Communication) which
was stored in a clay lined pit. The material is unique in that
manufacturing on the site was confined to brass production only and no
other metallurgical processes were carried out. The raw material was

ground to pass through a 2 mm sieve before use in agriculture.

Little was known of the materials, chemical composition or physical
and chemical properties. It was, therefore, necessary to assess some
of the basic properties in order to obtain a better understanding of

how the Cu fertiliser itself might behave when applied to the soil.

The concentrations of Cu and Zn in the fertiliser were determined. 1In
addition, as the Cu fertiliser is a by-product of a metallurgical
process in which there may be contamination by other heavy metals, the

concentrations of Fe, Pb, Cd, Mn, Cr and Ni were also determined.

The Cu fertiliser is used as a powder composed of varying particle
sizes. The particle size distribution is 1ikely to affect the rate of
degradation of the Cu fertiliser in the soil. The relatively larger
surface area per unit weight of smaller particles may allow that
fraction to degrade quicker. Thus knowledge of the particle size
distribution would be valuable in assessing the long term

effectiveness of the Cu fertiliser. Analysis of the different size
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fractions should give some idea of the way in which the Cu was
distributed in the material, for example as a surface coating or free
metal particle. In addition, further processing involving the grading
of size fractions may allow simple manipulation of the composition and

properties of the material.

If this material when used as a Cu fertiliser is to be a viable slow
release source of Cu to the plant then 1t must be sparingly soluble in
water. If it is very soluble then the Cu will be rapidly released
into the soil solution and immobilised by strong adsorption processes
in the soil thus making it unavailable to the plant and will have the
same drawbacks as copper sulphate (section 2.4.1). Whereas if it fis
totally insoluble there will also be no Cu available for plant uptake
and so the Cu fertiliser will be of no value. Thus the solubility of
the Cu fertiliser will to a large extent determine its effectiveness

as a slow release Cu source.

The pH of the soil solution with which the Cu fertiliser will be 1in
contact can vary greatly. Thus the solubility and rate of release of

Cu at different pH's was studied using a range of reagents.

4.2 MATERIALS AND METHODS

4.2.1 Analysis of the Cu Fertiliser for Total Trace Element
Concentration

Subsamples from six individual 25 kg bags of Cu fertiliser were

analysed. The concentration of total Cu, Zn, Fe, Pb, Cd, Mn, Cr and

Ni in the Cu fertiliser were determined by the aqua regia technique as

used for the total trace element concentration of soils (section
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3.2.9). Each analysis was carried out in duplicate.
4.2.2 Particle Size Distribution and Trace Element Analysis

One hundred grams of the Cu fertiliser was brushed onto a 2 mm mesh
sieve arranged over a nest of sieves as follows: 1000, 600, 500, 212,
106, 63 Hm and receiver. The sieves were covered and shaken on a
sieve shaking machine (Endecotts Ltd., London) for 15 minutes. The
contents of each sieve were then weighed. The above process was
carried out on duplicate samples from two separate bags of the Cu

fertiliser and results are given as a percentage of the total.

Each individual fraction obtained was analysed for total trace element

concentration.
4.2.3 Solubility and Rate of Release of Cu
The chemical reagents used were:

(1) Hy0 (distilled).
(11) 0.01 M calcium chloride.
(iif) 1 M ammonium acetate.
(iv) 0,05 M E.D.T.A. buffered to pHs 4, 5.5, 7 and 8 using M nitric
acid or M ammonium solution.
(v) 0.5 M acetic acid (pH 4).

(vi) 6 M hydrochloric acid (pH 1).

Distilled water was used to look at the water solubility of the Cu
fertiliser. However, as the soil solution with which the Cu
fertiliser is in contact is a salt solution, 0.01 M calcium chloride

and 1 M ammonium nitrate were used to study its solubility in a dilute
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salt solution. These two salts were chosen as at these concentrations
they are thought to be of the approximate salt concentration found in
a normal temperate soil (Schofield and Taylor, 1955). The latter two
salt solutions with acetic and hydrochloric acids were used to
investigate the effects of decreasing pH on the solubility and rate of
release of Cu from the Cu fertiliser. E.D.T.A. buffered to a range of
pHs was also used to look at the effects of pH. In addition E.D.T.A.
would allow the effects of a chelating agent on the Cu fertiliser to
be studied. This may give an indication of the ionic state of the Cu
in the Cu fertiliser as the cupric ion is more easily chelated than

the cuprous ion (Cotton and Wilkinson, 1976}.

The Cu fertiliser was mixed with each of the above reagents in a 1:10
(w/v) ratio and placed on an end over end shaker for shaking times of

172, 1, 2, 4, 8, 24 and 48 hours,

After shaking each solution was filtered (Whatman No. 40) and the
amount of Cu released into solution from the Cu fertiliser was
determined by atomic absorption spectroscopy (3.2). Each extraction
was carried out on two separate occasions with 4 replicates in each

batch.

4.3 RESULTS AND DISCUSSION
4.3.1 Total Trace Element Concentrations

The total Cu, Zn, Fe, Pb, Cd, Mn, Cr and Ni concentrations in the Cu
fertiliser are given in Table 4.1. The most abundant elements are Cu
(2%), Zn (2%) and Fe (3%). It also contains 0.3% Pb and smaller

amounts of Cd» Mn, Cr and Ni. The concentration of each of these
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elements in the Cu fertiliser was relatively uniform among the bags
sampled. The Cu concentration in this material is comparable to that
found in other "insoluble™ Cu fertilisers such as Excello and ground

Cu slag which contain around 2.5% Cu (section 2.4.1).

Table 4.1

Trace element composition of the Cu fertiliser

Element Mean total concentration % of total by weight
(mg/kg)
Cu 22150 2.2
Zn 21460 2.1
Fe 30810 3.1
Pb 3080 0.31
Cd 22 0.002
Mn 218 0.02
Cr 173 0.02
N1 330 0.03

At present there are no regulations governing either the maximum
allowable concentration of any metal in inorganic fertilisers or the
amount of a metal that may be applied to the soil 1in such a form.
Guidance could, however, be taken from E.E.C. limits for the maximum
allowable concentrations of metals that may be applied to agricultural
land 1n the form of sewage sludge (E.E.C., 1986), which are the
nearest comparable recommendations. Table 4.2 shows that at a 370
kg/ha Cu fertiliser application rate, as used in later experimental
trials, the concentrations of Cu, Zn, Pbs Cd and Ni applied to the

soil are well below the maximum recommended applications of metals in
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sewage sludge.

Table 4.2

Comparison of the amounts of each metal applied to land in the
Cu fertiliser with E.E.C. T1imits for sewage sludge

Element Cu fertiliser® (t/ha/yr) E.E.C. 1imit* (t/ha/yr)
Cu 2.7 12
Zn 2.6 30
Pb 0.4 15
Cd 0.002 0.15
Ni 0.04 3

@Annual metal Tloading from application of 370 kg/ha Cu fertiliser
assuming a reapplicaton rate of every three years.

¥Limit values for the amount of heavy metals which may be added

annually to agricultural land in the form of sewage sludge based on a
10 year average (E.E.C., 1986).

4.3.2 Particle Size Distribution and Analysis of Size Fractions

The mean particle size distribution of the Cu fertiliser is given in
Table 4.3. The results show that the Cu fertiliser consists of
material less than 200 ym in diameter with over 90% of it being less
than 500 um in diameter. Apart from 15.7% which is less than 63,Jm in
diameter (silt sized) the Cu fertiliser is therefore composed of sand
sized particles. The trace element composition of each fraction is
given in Table 4.4, it shows that Cu 1s present in all the fractions
and that the relative amounts of the trace elements are similar in
each fraction. It will not therefore be possible to remove any of the

heavy metals present by simple manipulation of the particle size
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distribution.

Table 4.3

Mean possible size distribution

Fraction size (ym) % of total by weight Cummulative X

>2000 0 0
1001-2000 1.2 1.2
601-1000 3.2 4.4
501-600 1.8 6.2
213-500 15.3 21.5
107-212 33.8 55.3
64~-106 29.0 84.3
<63 15.7 100.0

The presence of Zn at similar concentrations to that of Cu throughout
the Cu fertiliser, means that this fertiliser may also be suitable for
use as a Zn fertiliser., This possibility may merit further
investigation. The presence of Pb, Cd, Mn, Cr and Ni in the
fertiliser may give some concern and it was therefore decided to
monitor their uptake and concentrations in herbage during this work to

ensure that potentially zootoxic concentrations do not result.

4.4.3 Solubility and Rate of Release of Cu

In all reagents the release of Cu showed a similar curve such that a
near maximum was reached within 24 hours. Results for each reagent
are shown graphically in Figures 4.1 to 4,6. Percentage solubility at

24 hours is used as a comparative index of the solubility and rate of
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release of Cu in each reagent (Table 4.5). The solubitity and rate of
release of Cu were lowest within water and calcium chloride in which
the Cu fertiliser was only sparingly soluble. However, as the aqueous
solubility of most Cu compounds is very low (Cotton and Wilkinson,
1976) this was not unexpected. The slow release of Cu in water and
calcium chloride together with the wide range of particle sizes
suggests that in theory the Cu fertiliser should be able to act as a

slow release form of Cu to the plant.

Table 4.5

Percentage of Total Cu Released into Solution after 24 hours

Reagent % Cu released at 24 hours
Water 0.01
Calcium chloride 0.01
Ammonium acetate 22.5
E.D.T.A. pH 4 53.0
E.D.T.A. pH 5.5 51.0
E.D.T.A. pH 7 50.0
E.D.T.A. pH 8 47.0
Acetic acid 70.0
Hydrochloric acid 85.0

Although the rate of release of Cu from the different Cu fertiliser
size fractions was not compared it is assumed that the Cu is in the
same form in each fraction and as such will release Cu at the same
rate. However, the smaller fractfons which have the largest surface

area should release a greater proportion of their Cu first giving an

105



immediate source of Cu with the larger particles supplying Cu over a

longer time span.

The rate of release of Cu from the Cu fertiliser increased as the
solution became more acidic (Figures 4.3 - 4.6). Thus the release of
Cu fis dependent on pH. This 1implies that under the acidic sofil
conditions of Great Britain it {s 1ikely that there will be a faster
rate of release of Cu from the Cu fertiliser than suggested by its
water solubility. Thus Cu may be released more rapidly in acidic
soils, however this does not necessarily mean that the availability of
that Cu will increase as the extra Cu may be immobilised by the soil.
Therefore under acidic conditions more frequent applications may be
required 1f the availability of the Cu to the plant is to be

maintained.

The rate of release of Cu was not entirely governed by pH. The
chelating agent E.D.T.A. removed 47% of the Cu in the fertiliser at
pH 8 and this only increased to 53% at pH 4. Thus Cu can be removed
from the Cu fertiliser by chelatfon. This suggests that the Cu is
present in the cupric cu?t form rather than the cuprous cu®, as the
former 1is more readily chelated (Cotton and Wilkinson, 1976). The
presence of Cu throughout the particle size range of the Cu fertiliser
together with the fact that the Cu can be chelated implies that the Cu
is present as a surface coat as if it was distributed throughout the
particles the Cu would not be available for chelation. This together
with the knowledge that the relative amounts of each trace element in
the fractions are similar, suggests that the unground material from
which the Cu fertiliser is derived is itself a very uniform material.

Thus when it 1is ground to produce the Cu fertiliser, this process
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shatters the material to produce the range of particle sizes observed
with the total amount of trace element present varying with the
amount of sand in a fraction. Due to the high temperatures used in
brass manufacturing 1t is 11kely that the Cu 1is present as CuO or Cu$S
or as a mixture of these along with some pure metal, however from the
results obtained here it is still impossible to give the actual form

in which the Cu is present.

One problem that this work has thrown up 1s regarding the suitability
of using E.D.T.A. to assess plant available Cu concentrations in the
soil when Cu fertiliser has been applied. In Great Britain the plant
available Cu is predominantly organically bound and so the chelating
agent E.D.T.A. has been widely used for its estimation in the soil
(sections 2.1.3 and 2.1.4). However, these results show that the Cu
fertiliser is very soluble in E.D.T.A. which will extract 50% of the
Cu in the Cu fertiliser within 8 hours (Figure 4.4). Thus when the Cu
fertiliser 1is present in the soil E.D.T.A. extraction may not be a
suitable method for assessing plant available Cu, as large amounts of
Cu will be solubilised from the Cu fertiliser not all of which may
actually be plant available. The fact that some of the Cu in the
fertiliser can be removed by chelation implies that some of it is

plant available.

4.4 SUMMARY

4.4,1 The Cu fertiliser is a sand based material containing
approximately 2% Cu, 2% Zn and 3% Fe. It also contains much

smaller amounts of Pb, Cds, Mn, Cr and Ni.
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4.4.2

4.4.3

4.4.4

4.4.5

4.4.6

The Cu fertiliser contains a wide range of different particle
sizes. Copper 1s present in all the size fractions. The
relative amounts of each trace element are consistent

throughout each size fraction.

The Cu fertiliser is sparingly soluble in water. Its

solubility increases as the solution becomes more acidic.

This fertiliser contains enough Cu to be an effective Cu
fertiliser. Its particle size distribution and solubility
suggest that when applied to the soil the Cu fertiliser should

be able to act as a slow release form of Cu to plants.

L)

The presence of 0.3% Pb and the smaller amounts of the heavy
metals Cd, Mn, Cr and Ni in the Cu fertiliser means that in
addition to Cu and Zn it will be necessary to monitor these
elements in further work to prevent any potentially toxic

effects.

E.D.T.A. soil extractions are not suitable for assessing plant

available Cu when the Cu fertiliser is present in the soil.
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CHAPTER 5. ANIMAL RESPONSE TRIAL, GARMORE FARM

5.1 INTRODUCTION

Copper deficiency in sheep continues to cause problems in Great
Britain, despite the fact that its existence was first recognised over
50 years ago. The following trial was conducted to evaluate the
effectiveness of the new slow release trace element fertiliser in the
prevention of Cu deficiency in sheep. The trial involved the
treatment of a 4 ha field, in an area of known Cu deficiency, with the
Cu fertiliser. Thirty ewes and their spring~born lambs were then
allowed to graze the treated sward. Blood plasma Cu concentrations
were monitored to determine if treatment of the sward was effective in
preventing Cu deficiency in the Tivestock. In order to assess the
residual value of the Cu fertiliser the animal response trial was

continued for a period of 31 months from November 1985 to June 1988.

5.2 OBJECTIVE

The objective of this trial was to evaluate the effectiveness of a
single application of the Cu fertiliser to pasture for the prevention
of Cu deficiency in sheep and in particular swayback in their lambs.

The field trial consisted of two main components:

(a) Ewe response trial
To compare the performance of ewes grazing pasture naturally Tlow 1in
available Cu with that of ewes grazing comparable pasture treated with

Cu fertiliser.
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(b) Lamb response trial
The spring-born lambs from the ewes in the ewe response trial were
used to carry out a similar response trial on the same site over the

spring and summer months.

These trials of course cannot be totally separated as the effects in
(a) have implications for (b). Thus the trial is one entity which has

been split into two for convenience of presentation.

5.3 EWE RESPONSE TRIAL, EXPERIMENTAL METHODS
5.3.1 Site Description

The field site was situated at Garmore Farm, half way up the Campsie

hills, approximately 2 miles from Milton of Campsie (0.S. map
reference NS643786). The farm has a history of Cu deficiency problems
due to a combination of low soil Cu concentrations and relatively high
herbage Mo and S concentrations. Swayback in lambs from untreated
ewes and growth responses in cattle to Cu supplementaton have been

noted in the past (MacPherson, personal communication).

The field was 8 ha (20 acres) in area, at an elevation of 170-200 m
and represented the highest area of improved pasture on the farm
(Plate 5.1). The soil was a free draining brown forest soil of the
Darleith series. The area is subject to an average annual rainfall of
1400 mm. The field was fenced down the middle to create two 4 ha

paddocks for the trial (Figure 5.1).

110



To assess the Cu status and uniformity of fertility across the field
site prior to application of the Cu fertiliser, it was divided into 8

sections and a composite soil sample 0-10 cm depth obtained from each

section.

Figure 5.1

Plan of Garmore field site

North
r
Untreated
Treated with
Cu fertiliser Plots
at 370 kg/ha
Downslope
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Plate 5.1

Garmore animal response trial field site

These were analysed for E.D.T.A. extractable Cu, pH, % loss on
ignition, lime requirement, available potassium and available
phosphorus using the procedures given in 3.2. The two halves of the
field were found to be of reasonably uniform fertility; the range of
results found together with the mean value are given in Table 5.1.
These show the soil to have a moderate level of P, moderately high

organic matter content and high K. The Cu status of the soil s

classified as being (M.I.S.R., 1985).
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Table 5.1

Response trial soil analysis results

Analysis Range Mean
Loss on ignition (%) 15.8 - 16.2 16.1
Lime requirement to pH 5.8 (t/ha) 6.9 - 7.1 7.0
E.D.T.A. extractable Cu (mg/kg) 3.4 - 3.9 3.73
Available K (mg/1) 253 - 274 267
Available P (mg/1) 26 - 31 28
pH 5.0 - 5.2 5.13

5.3.2 Fertiliser Application

The paddock furthest from the farm buildings was selected for
treatment with the Cu fertiliser. This ensured that no control animal
would cross the treated pasture on the way to or from the farm

buildings, or handling pens.

The Cu fertiliser was applied as a single broadcast application to the
existing sward, at a rate of 370 kg/ha, equivalent to 7.5 kg Cu/ha, on
the 19 November 1985. A Vicon Varispreader was used to apply the
fertiliser. This is a swinging outlet machine which uses a pendulum
action to spread the Cu fertiliser, As such it 1is virtually
unaffected 1n its spread pattern by slope, unlike the more popular

rotating disc fertiliser spreader.
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Plate 5.2

Application of the Cu fertiliser to the field site
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A 1ight breeze during calibration of the Vicon Varispreader revealed
that the Cu fertiliser was prone to drifting. However, the breeze
dropped prior to the field application and so caused no drifting
problem. Using this machine a good even spread of the fertiliser was

cbtained, which left an even grey coating on the treated pasture

(Plate 5.2).
5.3.3 Ewe Selection

From the farm flock of over 600 Scottish Blackface ewes, 60 were
selected to be representative of the age range of the flock. They
were then randomly divided into two representative groups of 30 and
tagged for identification. A period of rain 10 days after the Cu
fertiliser application, which was expected to wash the fertiliser off
the herbage, allowed the introduction of one group onto the treated
pasture while the other group was concurrently released into the
adjacent untreated paddock. This period between Cu fertiliser
application and the introduction of the animals was necessary as
application of the Cu fertiliser resulted in" a grey coating of the
herbage, ingestion of which might have led to unnecessary toxicity

problems for the livestock.

Any ewes that died or were sold as casts, were replaced in October

1986 and 1987.
5.3.4 Tupping

Two Scottish Blackface Tupps were used for tupping. One was released
into each paddock and they were swapped over after 17 days. Tupping

took place in November 1985, 1986 and 1987.
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5.3.5 Blood Sampling and Analysis

At intervals of approximately six weeks throughout the winter and four
weeks over the spring and summer, blood samples were taken from all
the animals on the trfal. The blood was analysed for the range of

parameters given below using the procedures in section 3.4:
(1) Plasma Cu - to assess the Cu status of the ewes.

(11) Haemoglobin (Hb) - anaemia (low Hb concentration) is a symptom
of Cu deficiency in sheep (section 2.2.3) and so was also

monitored.

(111) Plasma Mg -~ plasma Mg was analysed to monitor potential

hypomagnesaemia problems.

(iv) Gluthathione peroxidase (GSH-Px) - concurrent deficiencies of
Cu and Se are common in Scotland, therefore GSH-Px as an
indicator of Se status was monitored to check that any

deficiency symptoms were not due to Se deficiency.

Of the heavy metals present in the Cu fertiliser, Pb is present in the
largest concentration. Therefore on each sampling occasion six
additional blood samples were taken at random from each group of ewes,
and analysed for whole blood Pb concentration. This was to determine
whether lead status was elevated due to the Pb content of the Cu

fertiliser.

Yearly blood analysis was also carried out for vitamin By, and plasma
Ca concentrations. Plasma Ca concentrations were monitored to ensure

that there were no hypocalcaemia problems, especially at lambing time
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as this 1is a potentially fatal condition for the ewe and can effect
the viability of its lambs. Cobalt and Cu deficiencies often occur
together (Yoss and MacPherson, 1977} and consequently the Co status of

the ewes was determined by vitamin 812 assay.
5.3.6 Ewe Treatment

After analysis of the first batch of blood samples taken on 13
November 1985, 45% of all the ewes showed blood plasma Cu
concentrations below the deficiency threshold of 9.4 jumol/1 (Grace,
1983)., Therefore on 8 January 1986, 15 ewes from each side of the
response trial site were treated with 5 g Cu needles. This both
protected some of the ewes from Cu deficiency and also allowed a
comparison of the Cu fertiliser with a method presently used to

prevent Cu deficiency (section 2.4.2).

Thus four different treatment groups were created within the response

trial:

Group 1  Control, grazing untreated pasture (n=15).

Group 2 Grazing untreated pasture and dosed with 5 g Cu needles
(n=15).

Group 3  Grazing Cu treated pasture (n=15),

Group 4 Grazing Cu treated pasture and dosed with 5 g Cu needles
(n=15).

For simplicity these will be referred to as the control, Cu needles,
Cu fertiliser and Cu needles + Cu fertiliser groups, respectively, in

subsequent sections.
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As a result of conclusions derived from the first year of the trial
(5.5.1), in subsequent years only 15 ewes from the untreated paddock
were dosed with 5 g Cu needles on 3 March 1987 and 27 October 1987

respectively.

Thus in years 1986-88 only three treatment groups were used in the

trials:

Group 1  Control grazing untreated pasture (n=15).
Group 2 Grazing untreated pasture and dosed with 5 g Cu needles
(n=15).

Group 3 Grazing Cu treated pasture (n=30).

For sfmp]icity these will be referred to as the control, Cu needles

and Cu fertiliser groups, respectively, in subsequent sections.
5.3.7 Herbage Sampling and Analysis

Over the spring and summer months herbage was sampled at regular
intervals from each paddock. Each sample consisted of 20 subsamples
taken from randomly distributed points within each paddock. A
subsample consisted of all the herbage in an area of approximately
0.5 m square cut at 2 cm from the soil surface. Great care was used
to prevent soil contamination and steel sheep shears were used to

prevent any trace element contamination from the cutting tool.

Samples were analysed for total Cu (section 3.4) to determine the

amount of Cu available to the sheep.
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5.3.8 Soil Sampling and Analysis

The behaviour of the Cu fertiliser in the soll was monitored by
obtaining soil samples at 0-10 cm depth from each paddock at yearly
intervals after application of the fertiliser. These samples were

analysed for total Cu concentration.

5.3.9 Post-Mortem

Ewes that died during the trial were sent to the Scottish Veterinary
Investigations Unit Laboratory at Auchincruive, where a post-mortem
was carried out to estabiish the cause of death. Liver and kidney
samples were taken from each dead animal and analysed for total Cu
concentration to determine the Cu status of the animal; samples were
also analysed for Zn, Cd and Pb concentratons to determine if there
was any possible toxic accumulation of these metals, which may have

been caused by their presence in the Cu fertiliser.

5.4 | AMB RESPONSE TRIAL, EXPERIMENTAL METHODS

The trial was conducted on the same site as described in 5.3.1.

5.4.1 Ultrasonic Scanning of Pregnant Ewes

In March of each year ultrasonic scanning of the 60 ewes was carried
out to give an findication of the number of lambs expected in the

spring.

119



5.4.2 Lambing

Lambing occurred in the April and May of each year of the trial.
After birth each lamb was tagged for identification and correlation
with dam treatment. The lambs were monitored by the farmer for any

signs of swayback and mortalities were collected for post-mortem,
5.4.3 Treatments

After lambing, in 1986 and 1987, a response trial similar to that
using the ewes was conducted. Half of the lambs in the untreated
paddock were dosed orally with 1.4 g Cu needles in May, which is the
recommended level for this form of treatment. Thus the trial

consisted of three treatment groups:

Group A Control, no treatment. -‘-2_. Born to ewes grazing
Group B Dosed with 1.4 g Cu needles. _,55 untreated pasture.

Group C  Born to ewes on Cu fertiliser treated pasture.
5.4.4 Blood Sampling and Analysis

Blood samples were taken from each lamb every four weeks from May
through to September at which time the lambs were sold. The blood was
analysed for plasma Cu and Mg, Hb and GSH-Px; six samples chosen at

random from each treatment group were analysed for whole bloodPb

(5‘3‘5)'
5.4.5 Liveweights

On each blood sampling date the lambs were weighed and the rate of

liveweight gain calculated.
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5.4.6 Post-Mortem

Any lambs that died, and which could be recovered, during the trial
were sent to the Scottish Veterinary Investigations Unit Laboratory at
Auchincruive where a post-mortem was carried out. Histological
examinations were undertaken to confirm or otherwise suspected cases

of swayback. Liver and kidney samples were analysed as for the ewes

{(5.3.9).

5.5 RESULTS
5.5.1 Ewe Response Trial, November 1985 to September 1986

The mean ewe plasma Cu concentrations for each of the four treatment
groups are gfven in Table 5.2 and presented graphically in Figure 5.2,
A11 four groups of ewes had similar mean blood plasma Cu
concentrations at the start of the trial on 13 November 1985. On this
date 45% of the ewes had plasma Cu concentrations below the deficiency
threshold of 9.4 Mmol/1 and these animals were distributed evenly

throughout the four treatment groups (Table 5.3).

The control group demonstrated the normal decline in plasma Cu
concentrations with time over the winter (section 2.3.4). Over half
of the ewes in this group had plasma Cu concentrations below the
deficiency threshold throughout 1late pregnancy, lambing and early
lactation (Table 5.3). Their plasma Cu concentrations then rose
gradually after lambing until the end of the first year of the trial
on 9 September 1986. However, six ewes remained Cu-deficient

throughout this latter period.
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The treatment of ewes grazing untreated pasture with 5 g Cu needles on
8 January 1986 gave an fincrease 1in their plasma Cu concentrations
within 4 weeks. This treatment gave 10 to 12 weeks protection from
the possibility of Cu deficiency over the critical late pregnancy and
Tambing period when Cu is in most demand by the ewe énd its foetus.
However, by the end of the trial period on 9 September 1986 the mean
plasma Cu concentration was not significantly different from that of

the control group.

Within six weeks of the ewes first being allowed to graze the treated
sward their plasma Cu concentrations were significantly (p<0.001)
increased (Table 5.2) and by 8 January 1986 all ewes in this paddock
had concentrations above the deficiency threshold (Table 5.3). Mean
plasma Cu concentrations of the Cu fertiliser group were maintained
above 15 ﬂmo1)1 throughout the 43 weeks of the trial and were
significantly higher (p<0.001) than those of the control ewes and the
Cu needles group. The maximum mean concentration attained was 19,15
pmo1/1 which was wel]l below the accepted toxicity threshold of 30
Pmo1/1 (Grace, 1983). Treatment of 15 of the ewes on the Cu treated
pasture with 5 g Cu needles had no further effects on plasma Cu

concentrations (Figure 5.2) when compared to the Cu fertiliser group.

There was no significant differences in plasma Mg, Hb, whole blood
GSH-Px or Pb concentrations among the four treatment groups. Mean
results for all 60 ewes on each sampling date are therefore given in
Table 5.4. These paraheters were all well within the normal ranges
(Appendix 2). Similarly the periodic analysis of blood for both Co as
vitamin By, and plasma Ca showed no significant differences between

the groups and all results were within the normal ranges (Appendix 2).
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Therefore trial means only are given in Table 5.5.

Table 5.4

Mean ewe plasma Ma, Hb, whole blood, GSH-Px and Pb
concentrations, November 1985 to September 1986

Date Plasma Mg Hb GSH-Px Pb
(mg/100 m1) (g/100 m1) (U/m1) (ug/m1)

13/11/85 2.13 12,44 93,83 -

08/01/86 2,02 13.46 104.11 -
19/02/86 1.99 12.21 85.00 0.07
25/03/86 - 10,92 77.06 0.07
15/05/86 1.90 8.23 142.06 0.07
12/06/86 1.78 10.53 95.60 0.08
08/07/86 2.01 11,44 61,65 0.07
06/08/86 2,00 12.39 70.88 0.08

09/09/86 1.95 12,40 45.66 -

S.E.D. 0.16 0.43 12.10 -

Table 5.5

Mean ewe, vitamin j, and plasma Ca concentrations

Date Vitamin By, (ng/1) Plasma Ca (mg/100 ml)
8/1/86 1894 -
15/5/86 - 9.74

5.5.2 Lamb Response Trial May to August 1986

Ultrasonic scanning of the pregnant ewes indicated that 45 Tambs were

expected from the ewes 1in the untreated paddock and 47 from those in
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the Cu-treated paddock. However, bad weather, including drifting snow
and very low temperatures, resulted in the loss of many lambs due to
hypothermia and starvation. Of the 49 lambs which survived the bad
weather, 23 came from the untreated paddock and 26 from the Cu-treated

paddock. Such losses were a common feature on farms in Scotland 1in

1986.

The bad weather also hindered the finding and collection of dead lambs
for post-mortem. However, two dead lambs were obtained from the Cu-
treated paddock. Results of post-mortem showed one to be stillborn
and that the other died of starvation. Analysis of liver revealed Cu,
Zn and Pb concentrations of 118, 86 and 0.9 mg/kg respectively in one
lamb and 136, 78 and 1.1 mg/kg in the other, all of which were within
the normal range of concentrations found in lambs. No cases of

swayback were found in 1986.

Half the lambs born to ewes from the untreated paddock were dosed with
1.4 g Cu needles on 15 May 1986. Blood samples were obtained on 15
May, 11 June, 8 July and 6 August and the mean Tlamb plasma Cu
concentrations for each of the three groups on these dates are given
in Table 5.6 and shown graphically in Figure 5.3. Soon after birth
Tambs born to Cu fertiliser ewes had significantly higher (p<0.001)
mean plasma Cu concentrations (14.4 umo1/1) than those born to ewes
in the untreated paddock (10.1 pmo1/1) whether or not the ewe was
treated with Cu needles. Table 5.6 shows that there were 4, 5 and 1
Cu-deficient Tambs in the control, Cu needle and Cu fertiliser groups,
respectively, on 15 May. By 11 June only the control group had Cu-
deficient lambs, treatment of half the lambs in the untreated paddock

with Cu needles having effectively increased plasma Cu concentrations
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to a par with those of lambs on Cu-treated pasture and these levels
were maintained until the end of the trial period (Figure 5.3). The
plasma Cu concentration of the control lambs did rise gradually over
the summer but was still significantly lower (p<0.001) than those of

the Cu needles or Cu fertiiiser Jambs by the end of the trial.

As in the ewe response trial (5.5.1) there were no significant
differences in plasma Mg, Hb, whole blood GSH-Px or Pb concentrations
amongst the three lamb treatment groups and so mean values only for
each sampling date are given in Table 5.7. A1l the results were
within acceptable 1imits (Appendix 2)., Similarly there were no
significant differences 1n liveweights among the treatment groups and

mean values only are given in Table 5.7.

5.5.3 Ewe Response Trial, October 1986 to September 1987

The trial was continued for a second year in order to determine the
residual effect of the Cu fertiliser treatment after one year. The
loss of six ewes in the first year of the trial, due to death from
natural causes and the severe bad weather in the spring, together with
the removal of cast ewes (older breeding ewes which are sold from hill
to lowland farms where they are used to produce further crops of
lambs) meant that the response trial was left with 20 ewes 1in the
treated paddock and 21 in the untreated paddock. Therefore on the 20
October 1986 the numbers in each group were restored to 30 by the

introduction of untreated hill ewes.

The first years results (5.5.1) showed that dosing ewes with Cu
needles in the Cu~-treated paddock had no significant effect on blood

Cu status over and above that from the Cu fertiliser. Therefore this
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treatment was not repeated in the second year. Consequently on 3
March 1987 only 15 ewes in the untreated paddock were dosed with 5 ¢
Cu needles. The mean plasma Cu concentrations for the resulting three
treatment groups are given in Table 5.8 and presented graphically fin
Figure 5.4. The plasma Cu concentration of control ewes followed a
similar pattern to that demonstrated in the first year of the trial
(Figure 5.2). The ewes in the untreated paddock but dosed with 5 g Cu
needles showed the characteristic increase 1in their plasma Cu
concentration as seen in year one (Figure 5.2). However, this
treatment was given in the March of 1987 as opposed to the January of
1986. This later timing of the treatment gave full protection of the
ewes from Cu deficiency over the late pregnancy, lambing period and
also carried over into the summer until a time when the ewes could
obtain sufficient Cu from the herbage. Thus the protection was
extended from 12 weeks in 1986 to 20 weeks in 1987 due to the

influence of extra Cu from the herbage.

The replacement of 10 ewes in the Cu fertiliser group with new ewes
from the hill where ewes are generally of low Cu status resulted in a
lowering of the mean plasma Cu concentration from 18 ymo1/1 on 9
September 1986 to 13 ymo1/1 on 20 October 1986. Figure 5.4 shows
that despite the introduction of these new ewes the mean plasma Cu
concentratfon of the Cu fertiliser group was significantly higher
(p<0.001) than the control ewes, whose mean was unaffected by the
introduction of new ewes, for the whole of the second year of the
trial. The mean plasma Cu concentration of the Cu fertiliser ewes was

comparable to that obtained by an oral dosing with 5 g Cu needles.

132



*(ybanquip3 <3Lun SOLISEIRIS *0°Y 4ty X3 ‘OdUBLJIRA jO spsA|euR) |8A8|
100°0>d 2y3 3e ususytip ApjuesiyLubls ade Moud Aue up s3zdiuosuadns JuUeUd iLP YILM Suedl

y26°T  999°1
vEE'T  SSI'1
€8v°T  ¥8Z'T
9/§°T  S9E'T
§69'T  89¢°T
€67°'1T  €62°1
870°T L0670
ZZ0°T 58870
2021 170°T
[10°T  188°0
org
gAY oAV
o @3S

*231ep yoBe JOJ pOULRIGO SUSM S*(J"3J'S OM1 OS puer (same GT Aq
SoMd GT) gAY pue (SaMa T AQ soMa (g) DAg pue DAy sdnoub ueemisq 31no pajiaed sem
ooueLJURA jo sisA|eue ¢sdnoub juswievaul 8yjl up sems o sJaqunu |[enbaun eusoM sueyl se

*/8/50/€0 U0 soipsau n) b g pajpreul SoMey

26T VT e8L°T1
nﬁ.i nm?. €1
qI8’v1l qedl vl
qZL €l gLy ET
ql8:2l qi6° €L
st s
q B

q2s° 01 oVl L
qll"€l oL0°TT
qCI €T 2596°0T
(0g=u) (ST=U)

(Q) Jesiliiaes n) *(8) Loajuo)

A—\Foeﬁa ng euwse|d uevep

p0L°TT
206° 1T
o197 1T
28" 8
o18°G
o1Z°L
pG0° L
069" L
220701
oV6°6

(ST=4)

(V) Losjuo)

e

£8/60/91
L8/80/%0
L[8/L0/%1
L8/90/91
(8/50/21
L8/€0/1E
L8/€0/€0
L8/10/L2
98/21/20
98/01/02

eje(Q

:dnoun jJuswieod]

1861 Joquojdes 03 ggeT 4940390 €UOL}R.IUSDUOD nJ) etuse|d oMo uvoy

8°G§ olqe]

133



L8/8/G1

98/01/02
L e Fuiuesm . , AoueuFaad _
*S8e1pasau nj
JO uOT3BJIISTUTWDY

SM3Im 0 St ob SE oe 14 omh\ St 0t S 0
L 1 1 ! ) ! ! 1 ! 1 0
- 2

IISTTTAIBE NH O

SaTpasu Ny g -

Toa3Ue] = 14
gdnoan juawlea]
— 9
™~ 8
QTOHS3YHL AON310143d

1)8
I 2t

oy
2

(Jnown)
A N3 YWSY1d

*Gg/TT/6T uo uoTied1Tdde J8sSTTT3J8] N) S[3UIS B J93JE

(861 Jaqwajzdag 03 ggpl J24030(0 ‘SUOTIBJIIUSDUOD N 2wseTd ama uesly °'p°G aJIN3TJ



When the new ewes are compared with the original ewes in the Cu
fertiliser group, the plasma Cu concentration of the latter are higher
throughout the whole of the year (Table 5.9). The mean plasma Cu
concentration of the original ewes was above the deficiency threshold
at every date whilst that of the ewes introduced on 20 October 1986
fell below this level on two dates (27 January and 3 March 1987).
Despite falling below the deficiency threshold the new ewes in the Cu-
treated paddock maintained plasma Cu concentrations well above those
of the new control ewes. Thus the single Cu fertiliser application in
November 1985 has maintained significantly higher (p<0.001) plasma Cu
concentrations in the Cu fertiliser ewes, than those of the control

ewes, for a second successive year.

Table 5.9

Mean ewe plasma Cu concentrations of original ewes and those
introduced in October 1986 to the Cu—treated paddock

Date Original ewes (n=21) Ewes introdgzig)October 1986
20/10/86 13.9 12.43
02/12/86 14.2 11.10
27/01/87 10.84 8.5%7
03/03/87 10.94 8.56
31/03/87 16.14 9.93
12/05/87 14.35 9.85
16/06/87 15.05 10.26
14/07/87 15.50 13.0
04/08/87 15.80 12.80
15/09/87 15.32 12.72
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The results for plasma Mg, Hb, whole blood GSH-Px and Pb analysis
revealed no significant differences between the groups and a trial
mean for each sampling date is given in Table 5.10. The majority of

results are within the normal ranges found in ovine blood (Appendix

2).
Table 5.10

Mean ewe plasma Mg, Hb whole blood, GSH-Px and Pb

concentrations, October 1986 to September 1987
Date Plasma Mg Hb GSH-Px Pb

(mg/100 m1) (g/100 m1) (U/m1) (2g/m1)
20/10/86 1.90 10.66 31.15 0.08
02/12/86 1.88 10.74 65.97 0.09
27/01/87 2.20 12,94 75.14 0.07
03/03/87 2.15 11.60 116.49 0.11
31/03/87 2.09 10.80 96.89 0.09
12/05/87 2.03 10.51 101.59 0.13
16/06/87 2.13 9.27 85.37 0.12
14/07/87 2.10 8.63 65.20 0.07
04/08/87 2.05 11.52 20.10 0.08
15/09/87 1.92 13.08 30.46 0.09
S.E.D. 0.21 0.57 8.34 -

During the second year of the trial 7 ewes died, mainly at lambing
time, 4 from the Cu-treated paddock and 3 from the untreated paddock.
Post-mortem examination revealed that all the ewes died of natural
causes. However analysis of the Tiver and kidney from each ewe showed

large differences in the Cu concentrations (Table 5.11) of ewes from
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the two paddocks. Ewes in the Cu treated paddock had a much higher
mean Cu concentration in their liver (184.3 mg/kg) than those in the
untreated paddock (11.9 mg/kg) two of which had concentrations below
the deficiency threshold of 10 mg/kg. Thus grazing Cu-treated pasture
increased the amount of Cu stored in the liver as well as increasing
plasma Cu concentrations. However, the Tiver Cu concentrations found
in the Cu-fertiliser ewes were still within the normal range (Appendix
2) and therefore well below the accepted toxicity threshold of 1000

mg/kg (Grace, 1983).

Zinc, Pb and Cd concentrations in both liver and kidney (Table 5.11)
were all within the normal ranges found in sheep (Appendix 2) and were

also well below toxic concentrations (Underwood, 1977).

5.5.4 Lamb Response Trial May 1987 to August 1987

Ultrasonic scanning of the ewes suggested that 53 lambs were expected
from the ewes in the untreated paddock and 50 from ewes in the Cu-
treated paddock. Of the 26 Tambs that died during lambing, 15 were
obtained for post-mortem, 7 from the untreated paddock and 8 from the
treated paddock. The remainder were found to be too decomposed or
damaged by predators to enable a post-mortem examination. This Teft a
total of 77 lambs for the response trial, 41 in the untreated paddock

and 36 in the Cu-treated paddock.

Post-mortem examination confirmed that there were two cases of
"congenital" swayback in lambs born to control ewes. There were also
two unconfirmed cases of swayback and one confirmed case of delayed
swayback in the untreated paddock. Two confirmed cases of

"congenital" swayback lambs were also born to ewes on the Cu-treated
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pasture; these lambs were born to ewes introduced to the trial on the
20 October 1986 which were themselves, at lambing time, on the
borderiine of Cu deficiency, with plasma Cu concentrations below 10
ymo]/]. There were no swayback lambs from ewes which had been in the
Cu-treated paddock from the start of the trial in 1985. It is
possible that there were further cases of swayback in the unrecovered
lambs; swayback lambs are weak and therefore 1ikely to die early in

Tife.

Analysis of liver and kidney from the dead lambs showed that Tlambs
born to ewes 1in the Cu-treated paddock had a much higher 1iver Cu
concentration than those from control ewes, 103 mg/kg compared with 45
mg/kg’ respectively (Table 5.11)., The results of tissue analysis for

Zn, Pb and Cd showed no differences between the treatment groups.

On 12 May 1987 half the lambs born to ewes in the untreated paddock
were dosed with 1.4 g Cu needles. Blood samples were taken on 12 May,
16 June, 14 July and 4 August and the mean plasma Cu concentrations
for each of the three treatment groups on each of these days are given
in Table 5.12 and presented graphically in Figure 5.5. Lambs born to
Cu fertiliser ewes had significantly higher (p<0,001) mean plasma Cu
concentrations (12.98 pmo1/1) than those born to control ewes (9.92
Jymol1/1). Table 5.12 also shows that the control, Cu needles and Cu
fertiliser groups contajned 11, 10 and 6 lambs, respectively, with
plasma Cu concentrations below the deficiency threshold on 12 May.
Of the six Cu-deficient Tambs in the Cu fertiliser group, four of them
were from ewes introduced to the trial on the 20 October 1986 (5.5.3)
and the other two lambs were borderline cases with plasma Cu

concentrations greater than 9.0 pmol/1 but below the deficiency
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threshold of 9.4 pmol/1. Only 16% of the lambs in the Cu-treated
paddock had plasma Cu concentrations below the deficiency threshold

compared with 51% of the lambs in the untreated paddock on 12 May.

Figure 5.5 shows that the blood plasma Cu concentration of the control
lambs slowly increased over the summer with the number of Cu~deficient
lambs declining from 11 on the 12 May to 1 on the 4 August (Table
5.12). The lambs in the Cu-treated paddock maintained plasma Cu
concentrations significantly higher (p<0.001) than those of the
control lambs for the duration of the trial. Lambs 1n the untreated
paddock bﬁt dosed with 1.4 g Cu needles had their plasma Cu
concentration boosted, within 5 weeks, to equal that achieved by lambs
in the Cu-treated paddock. These concentrations were maintained until
the end of the trial on the 4 August. The trial was concluded at this

date as the lambs were sold on the 10 August.

Although there were differences in mean liveweights, the Cu needles
group was heavier than the control group which in turn was heavier
than the Cu fertiliser group, the rate of daily liveweights gain for
all 3 groups was similar and this despite the fact that the lambs of
Cu fertiliser ewes were on average four days younger. Thus any
differences were not statistically significant. The mean values for

all the lambs on each date are given in Table 5.13.

As in the previous years lamb trial (5.5.2) and both years of the ewe
trial (5.5.1 and 5.5.3) there were no significant differences in any
other blood parameters analysed, among the three treatment groups, and

so mean values for all the lambs on each sampling date are also shown

in Table 5.13.
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5.5.5 Ewe Response Trial, October 1987 to May 1988

The loss of seven ewes in the second year of the trial, due to death
from natural causes, and the removal of cast ewes meant that the
response trial was left with 18 ewes in the treated paddock and 21 in
the untreated paddock. Therefore on 27 October 1987 the numbers in
each group were restored to 30 by the introduction of untreated hill
ewes. On that date 15 of the control ewes were dosed with 5 g Cu
needles and this was repeated on 7 March 1988 in accordance with the

farmers normal practise for the rest of his flock.

The mean plasma Cu concentrations for the three treatment groups on
each of the five sampling dates are given in Table 5.14 and presented
graphically in Figure 5.6. The mean plasma Cu concentration of the
control ewes followed the same pattern of decline over the winter and
into late pregnancy as was shown in the first 2 years of the trial
(5.5.1 and 5.5.3). Treatment with Cu needles gave an increase in
plasma Cu concentrations within 6 weeks and protection from Cu
deficiency for the next 12 weeks after which they began to decline. A
second treatment with Cu needles on 7 March gave protection throughout
the whole trial period and gave plasma Cu concentrations significantly
higher (p<0.001) than those of the control group on each sampling
date.

The introduction of 12 new ewes to the Cu fertiliser group reduced the
mean plasma Cu concentration from 14.15'ymo1/1 on the 15 September to
11.8 pmo1/1 on the 27 October. The plasma Cu concentration of the Cu
fertiliser group can now be subdivided into 3 groups, i.e. those in

the treated paddock from November 1985, those introduced in October
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1986, and those in October 1987. As the data in Figure 5.6 and Table
5.15 demonstrate the plasma Cu concentrations of all three of these
groups declined over the winter and into late pregnancy. By the 19
January 1988, 14 ewes in this group were Cu deficient with plasma Cu
concentrations less than 9.4 umol/1. These Cu-deficient ewes were
equally spread between the three subgroups. However, the mean plasma
Cu concentrations of all three subgroups together was still
significantly higher (p<0.05) than the plasma Cu concentration of the

control ewes.

Table 5.15

Mean plasma Cu concentrations of ewes in the Cu-treated
paddock for different periods of time (1987-88)

Date Original Introduced 1986 Introduced 1987
(n=14) (n= 4) (n=12)
27/10/87 11.96 11.25 9.75
08/12/87 10.04 10,56 8.90
19/01/88 8.90 9.21 8.02
07/03/88 9.41 8.19 6.40
24/05/88 10.86 11.31 9.56

By the 7 March 1988, 13 of the control ewes were Cu deficient with 8
of them having plasma Cu concentrations below 5 umo1/1. At these very
low Cu concentrations, the risk from Cu deficiency is high and
swayback in lambs can be anticipated. To prevent these expected
losses all 15 of the ewes were treated with 5 g Cu needles on that
date for humanitarian reasons. This action prevented the onset of Cu

deficiency 1n any lamb born to that group in April 1988. It also
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boosted the mean plasma Cu concentration of the control group so that
it was not significantly different from that of the Cu needles group
of ewes which were also treated, for a second time on that date.

There were no Cu~deficient lambs born to this group either.

The mean plasma Cu concentration of the ewes in the Cu-treated paddock
was still below the deficiency threshold on 7 March 1988 and so the 15
ewes with the lowest Cu concentrations were also treated with 5 g Cu
needles. Thus after 7 March there were no Cu-deficient ewes on the
response trial and as a result there were no lambs with plasma Cu

concentrations below the deficiency threshold in 1988,

The mean plasma Cu concentration of the 15 ewes not treated with Cu
needles was 10.3 umol1/1 on 7 March 1988. These ewes maintained this
level throughout Tambing and finished the trial with a mean plasma Cu

concentration of 10.5‘pm01/1.

As in the previous years no significant differences in plasma Mg, Hb,
whole blood GSH-Px or Pb concentrations were found among the treatment
groups and all the results were within the normal ranges for these
parameters in ewes. Trial mean values for each of these blood

parameters on each sampling date are given in Table 5.16.
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Table 5.16

Mean ewe plasma Mg, Hb whole blood, GSH-Px and Pb
concentrations, October 1987 to May 1988

Date <z;;§33 :%) (g/lgg m1) ?i?;?§ {P33m1)
27/10/87 2.20 8.85 27.89 0.09
08/12/87 2.19 9.64 31.68 0.13
19/01/88 2.28 13.05 63.94 0.08
07/03/88 2,22 9.41 75.03 0.08
24/05/88 2.20 13.48 115.10 0.09

S.E.D. 0.18 0.49 10.21 -

5.5.6° Soil and Herbage Analysis

The results of soil analysis (Table 5.17) show that broadcast
application of the Cu fertiliser increased the total Cu concentration
of the soil when compared with the soil from untreated pasture. The
increase from 22.4 mg/kg to 25.1 mg/kg in September 1986, 10 months
after the Cu fertiliser application, was maintained at the last

sampling on 29 September 1987.

Table 5.17

Total soil Cu concentration in field 1986 and 1987

Soil Cu concentration (mg/kg)

Treated
September 1986 September 1987
Untreated paddock 22.4 22.7
Cu treated paddock 25.1 26.2

(370 kg/ha)
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Climatic conditions at Garmore together with continual grazing produce
poor herbage coverage of the field over the winter months. Therefore
herbage samples could only be obtained, over the spring and summer
without the risk of severe soil contamination. The results of herbage
Cu analysis for the summer of 1986 are given in Figure 5.7 and those
for 1987 1in Figure 5.8. On the first sampling date, six months after
the Cu fertiliser application the Cu concentration of herbage from the
treated paddock was over 100 mg/kg. This fell gradually over the
summer and by September the herbage Cu concentration had levelled out
at a consistent 3-4 mg/kg higher than the Cu concentration of herbage
from the untreated paddock for the rest of the growing season. The
resumption of herbage analysis in 1987 showed that a similar

difference was maintained for a second year (Figure 5.8).

On the 25 June 1987 a difference in colour was observed between the
sward in the Cu-treated paddock and the untreated paddock. The Cu
fertiliser treated sward was a darker green colour. This observation
was verified by chlorophyll analysis, 25.1 mg/1 chlorophyll was found
in the treated sward compared with 18.3 mg/1 in the untreated sward.
Analysis for a wide range of parameters, to determine why this
occurred, was carried out (Table 5.18). Apart from increased Cu and
Zn concentrations there were no differences in the herbage content,
between untreated and treated sward, for any other parameter (Table
5.18). This difference in colour was observed throughout the rest of

the trial until it finished in June 1988,
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Table 5.18

Herbage analysis results from 25/06/87

Analysis Untreated paddock Cu-treated paddock
Chlorophylil (mg/1) 18.3 25.1
Cu (mg/kg) 8.9 11.0
Zn (mg/kg) 51.1 58.9
S (g/kg)* 3.02 3.23
K (g/kg)* 28.3 22.5
Mg (g/kg)* 1.4 1.3
Mo (m/kg)* 0.3 0.3
Dry matter (g/kg)* 264 289
Protein (g/kg)* 168 169
P (g/kg)* 4.4 4.2
Organic matter (g/kg)* 911 918
Cd (mg/kg) 0.01 0.01
Ni (mg/kg) 1.5 1.5
Cr (mg/kg) 0.1 0.1
Pb (mg/kg) 1.3 1.1

*¥Analysis carried out by S.A.C. Analytical Services Unit,

Auchincruive.

In 1988 one bulk herbage sample was taken from each paddock and the Cu
concentration determined. This showed that the untreated paddock had
a herbage Cu concentration of 5.43 mg/kg compared with 7.75 mg/kg in
the treated paddock. Thus the difference was maintained into a third

year.
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5.6 DISCUSSION

The results show that Cu is the only measured blood parameter where
concentrations below the recognised deficiency threshold (Grace, 1983)
were found and for which significant differences were shown among the
treatment groups. The results for all other analyses revealed very
similar means in all the treatment groups over the three years for
both ewes and lambs. The majority of these results were well within
the normal ranges for the different parameters. Thus it was purely a
potential Cu deficiency problem in the sheep that was investigated 1in

this trial.
5.6.1 Control Ewes

The control ewes demonstrated a normal decline (Wiener and Field,
1974; Underwood, 1977) in plasma Cu concentrations with time over the
winter. This would be due to foetal Cu demands combined with a Tow Cu
intake over the winter and poor Cu storage in the Tliver due to low
herbage Cu availability in the summer. Plasma Cu concentrations did
rise gradually over the summer months as Cu reserves were replenished.
These results show that there was a potential Cu deficiency problem on
the farm with the possibility of swayback lambs in severe cases. The
low ewe plasma Cu concentrations were parallelled by low plasma Cu
concentrations in their lambs in 1986 and 1987, with the two cases of
swayback lambs in the latter year born to the ewes with the Towest
plasma Cu levels. In 1988 the plasma Cu concentrations of several of
the control ewes were so Jow (5.5.5) that the birth of swayback lambs
was anticipated. As the potential Cu deficiency problem had already

been demonstrated to be severe by blood analysis all 15 ewes were
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treated with Cu needles. This action prevented Cu deficiency and Tow
plasma Cu concentrations 1n any lamb born to this treatment group 1in

the final year.
5.6.2 Cu Needle Treatment

Ewes grazing in the untreated paddock but dosed with 5 g Cu needles in
late pregnancy in 1986 and 1987 showed an increase in pltasma Cu
concentrations within 6 weeks which was sufficient to keep plasma Cu
concentrations above the deficiency threshold for 12 to 20 weeks
respectively over the critical late pregnancy and lambing period when
Cu is in most demand by the ewe and its foetus. 1In the final year of
the trial Cu needle treatment in early and late pregnancy gave
complete protection from Cu deficiency throughout the trial period.
In all three years the Cu needles prevented swayback and reduced the
risk of Cu deficlency in lambs born to this group. The increased
plasma Cu concentrations and the longevity of the treatment
demonstrated in this trial are similar to those reported by other
workers (E117s, 1980; Whitelaw et al, 1983) and confirm that the Cu
needles treatment is an effective method of reducing the risk of Cu
deficiency in sheep. It was therefore, a suitable cholice for
comparison with the Cu fertiliser pasture treatment for preventing Cu

deficiency.

5.6.3 Pasture Treatment with the Cu Fertiliser

(a) Year 1
The single application of the Cu fertiliser as a top dressing on
25/11/85 raised the mean plasma Cu concentrations of the ewes allowed

to graze the treated sward within six weeks and maintained it above
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the deficiency threshold of 9.{)1mo1/1 throughout the remainder of the
first year of the trial. The plasma Cu concentrations obtained were
generally higher than those obtained using Cu needles. It is unlikely
that the initial increase in plasma Cu concentration was a result of
increased Cu concentrations in the herbage, as at that time of the
year there was very 1ittle herbage growth and so 1ittle opportunity
for Cu uptake by the herbage in sufficient amounts to cause the rapid
5 pmol/1 increase in ewe plasma Cu concentrations obtained. Poor
herbage growth in the field prevented sampling to determine herbage Cu
concentration for confirmation of this hypothesis. In addition the
ewes had been grazing the pasture for 7 to 8 weeks before the
increased plasma Cu concentrations were found by which time it was too
late to try and determine actual herbage Cu concentrations after the
Cu fertiliser application in order to establish the reason for the
increase. This point, however was noted for investigation in further

experiments.

When unwashed herbage samples could eventually be obtained in May
1986, they had Cu concentrations of over 100 mg/kg. As this
concentration was over 10 times that found using a similar application
rate in the Garmore herbage trial (Chapter 6) and was above the
phytotoxic threshold of 30 mg/kg (Davies, 1980) it was improbable that
the 100 mg Cu/kg found was obtained through plant uptake. This
suggests that Cu fertiliser was adhering to or contaminating the
herbage throughout the first six months of the trial. This period of
contamination was longer than that found in the leaf adherence trial
(Chapter 9) and implies that the extended period of decline in herbage

Cu concentrations may be due to the trampling action of the sheep
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continually soiling the herbage with the Cu fertiliser which is mixed
into the topsoil. Thus it {s very probable that some of the Cu
fertiliser was ingested by the sheep. Healy et al (1974) have
proposed that grazing sheep can involuntarily ingest up to 300 g
soil/kg herbage D.M.I. when herbage cover is poor over the winter
months. Thus it was also 1ikely that Cu fertiliser was Ingested along
with soil during the winter. It 1is therefore suggested that the
initial increase in ewe plasma Cu concentrations was as a result of Cu
fertiliser ingestion by the sheep. If this was the case then herbage
Cu concentrations (Figure 5.7) 1imply that Cu fertiliser ingestion
would have continued through to at least July 1986. It 1is proposed
that the effects demonstrated in year one, i.e. the rapid increase and
maintenance of plasma Cu concentrations, are almost entirely due to
ingestion of the Cu fertiliser. The ewes also probably benefited from

grazing herbage of higher Cu concentration over the summer months.,

The treatment of 15 ewes in the Cu fertiliser paddock with 5 g Cu
needles produced no additional increase in plasma Cu concentrations
compared to that obtained by grazing the treated paddock alone (Figure
5.2 and Table 5.2). However, sheep have a homeostatic mechanism for
mafntaining their plasma Cu concentrations within a range of 9.4 to
18.9 ymo]/1, with excess Cu being stored in the liver (Grace, 1983).
As Cu treatment of pasture was sufficient to increase plasma Cu
concentrations to the top of this range the extra Cu from the Cu
needles was probably diverted to the liver for storage. This could
not be confirmed because liver sampling requires surgery, which is
rarely undertaken in the U.K. especially under field conditions and

was not practical in this trial, or the death of an animal whereupon
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Tiver Cu assay can be made. Thus no liver samples were taken to
confirm the above. Therefore, it is not impossible that Cu
concentrations in the liver of both groups of ewes in the Cu
fertiliser paddock could have approached toxic Tlevels, especially
since concentrations of Cu in the 1liver can rise to levels which might
be expected to be toxic without the animals appearing to be adversely
affected (E111s, 1980). Therefore it was decided not to administer

any Cu needles to ewes in the Cu fertiliser paddock 1in subsequent

years.

(b) Year 2

By the end of the first year the Cu treated herbage was maintaining a
2 to 4 mg Cu/kg advantage over the untreated herbage. The increase
was similar to that found in the ungrazed herbage trial at the same
site using an T1dentical Cu fertiliser application rate (370 kg/ha)
where there was no contamination of the herbage due to the soiling
action of grazing sheep. This implies that there was no contamination
of the herbage in the Cu fertiliser paddock with Cu fertiliser at the

start of the second year.

The ewes which had been in the Cu fertiliser paddock from November
1985 maintained plasma Cu concentrations above the deficiency
threshold and significantly greater than those of the control group
for the whole of the second year. Although the plasma Cu
concentrations of the 9 ewes introduced to the Cu fertiliser paddock
in October 1986 did decline to a Tow of 8.56JJmoT/1 over the winter,
the 1increase in herbage Cu concentrations was sufficient to prevent
them declining as far as they did in the control ewes, which fell to

5.81.ymo1/1. However, the new ewes were introduced in October when
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herbage coverage was again poor and was not enough to supply
sufficient Cu to prevent their mean plasma Cu concentrations dropping
below the deficiency threshold on 27 January and 3 March 1987. The
increase 1n plasma Cu concentrations of the new ewes to above the
deficiency threshold on 31 March 1987 and subsequent maintenance over
Tambing and the rest of the summer may have been due to thé increased
herbage growth in the spring and consequent increased Cu intake. The
possibility of Cu fertiliser ingestion along with soil over the
winter, however, cannot be ruled out as it is still present in the
surface layer of the soil even in year 2 and most probably helped
prevent the decline in plasma Cu concentrations of the new ewes and

contributed to their subsequent increase.

The plasma Cu concentration of the original ewes in the Cu fertiliser
paddock was always above that of the new ewes and the deficiency
threshold. In addition, tissue analysis from dead ewes in the second
year of the trial showed that the ewes in the Cu fertiliser paddock
had a much higher Cu concentration in their Tiver than those in the
untreated paddock. Thus grazing the Cu fertiliser paddock also
increased the amount of Cu in the 1liver and suggests that Cu intake,
probably in the form of Cu fertiliser, in year 1 was in excess of
blood requirements and homeostatic mechanisms diverted it to the 1iver
for storage. Even on a very Cu-deficient diet, Tiver Cu
concentrations of over 100 mg/kg, as found by tissue analysis, should
maintain Cu sufficiency in the whole animal for over 100 days (S.A.C.,
1982), a period which was exceeded in this trial. Thus the 1iver Cu
stores accumulated in times when Cu intake was high, should have

helped to maintain plasma Cu concentrations significantly higher than
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those of the control ewes in the second year of the trial once the Cu
intake from herbage declined in the winter. The presence of increased
herbage Cu concentrations and the possibility of further Cu fertiliser
ingestion along with soil should extend the longevity of the 1iver Cu

stores.

Overall the results demonstrated that the single Cu fertiliser
application maintained a significantly higher plasma Cu status in ewes
grazing the treated paddock than that of comparable ewes grazing the
untreated paddock for a second successive year. The maintenance of
plasma Cu concentrations in both the new and original Cu fertiliser
ewes above those of the control group suggests that the Cu fertiliser
has a residual value of at least two years. However, this 1s not a
fertiliser residual value in the conventional sense in which the term
is used, in that here its effects are as a result of continued
ingestion of the Cu fertiliser combined with residual Cu in the liver
rather than through a long lasting effect on the herbage through the

soil.

(c) Year 3

In the third year after application of the Cu fertiliser the ewes in
the Cu fertiliser paddock, although still maintaining plasma Cu
concentrations higher than those of the control group dropped below
the deficiency threshold. The Cu-deficient ewes were spread evenly
among the three sub-groups now grazing this paddock and it fis
therefore assumed that any Cu stores accumulated over the first year
had now been depleted and that ingestion of the Cu fertiliser had
now stopped. Although there was still a 2 mg Cu/kg advantage in

herbage concentrations on Cu fertiliser treated land this was not
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sufficient to prevent plasma Cu concentrations dropping below the
deficiency threshold. By 1late pregnancy some of the ewes were well
below the deficiency threshold and Cu needles treatment was required

to remove the risk of swayback fin their lambs.

As the plasma Cu concentration of the Cu fertiliser ewes was still
higher than the control ewes, the Cu fertiliser was still showing a
residual effect in the animal probably through its effects on both the
herbage and the further possibility of 1ingestion along with soil.
However this was not enough to meet the needs of the pregnant ewe.
The results imply that after liver Cu stores are depleted and when the
possibility of ingestion of large amounts of Cu fertiliser has
decreased, then the increased herbage Cu concentrations are not

sufficient to meet the Cu requirements of the grazing sheep.

Thus it appears that the single Cu fertiliser application only
effectively reduced the risk of Cu deficiency in sheep for two years;
in the third year, although there was a residual effect in the herbage
it was not sufficient to be of significant value to the grazing
animal. Indeed, the results of other workers do suggest that the
small increase in herbage Cu concentrations of the levels demonstrated
here are unlikely to benefit the grazing animal (Reith, 1975). This

further confirms the ingestion effect proposed above.

5.6.4 Lamb Trials

In the first year of the trial lambs of ewes grazing the Cu fertiliser
paddock were born with plasma Cu concentrations significantly higher
than those found in the untreated paddock. Treatment with 1.4 g Cu

needles was required to bring the mean plasma Cu concentration of the
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control group up to that found on the treated pasture. No cases of
swayback were found in the first year of the trial. However, as
swayback lambs are weak they are the ones most 1likely to succumb in
bad weather and so it cannot be guaranteed that none of the many
casualties had swayback, nor that any of the treatments tested

prevented 1ts occurrence.

The pattern of plasma Cu concentration results were repeated in the
second year when, however, swayback lambs were found in both the
control and Cu fertiliser paddocks. The two cases of swayback in the
Cu fertiliser paddock were from ewes newly introduced to the trial,
both of which had plasma Cu concentrations below the deficiency
threshold at lambing. Thus the residual value of the Cu fertiliser in
the herbage was not sufficient to prevent the birth of Cu-deficient

lambs except when the ewes had had time to accumulate 1iver Cu stores.

Although there were significant differences in plasma Cu
concentrations among the different treatment groups, none of the lambs
were sufficiently Cu-deficient to make it a growth 1imiting nutrient.
Thus no liveweight differences would be anticipated nor were any

obtained.
5.6.5 Herbage

Herbage analysis has shown that application of the Cu fertiliser
resulted in a 2 to 4 mg/kg increase in Cu concentrations which agrees
with the increases obtained for the 370 kg/ha Cu fertiliser treatment
demonstrated in the herbage trial (Chapter &) in which there was no
contamination of the herbage. Thus the Cu fertiliser has produced an

increase in herbage Cu uptake and concentrations.
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The difference in herbage colour obtained in 1987 is unlikely to be as
a result of increased Cu or Zn concentrations in the treated herbage
as these elements are only 1likely to influence chlorophyll production
if the grass was actually formerly Cu or Zn-deficient (Bussler, 1981)
which it was not as there were no yield response to the applied Cu and
Zn {(Chapter 6). Thus this application should not have increased
chlorophyll production. There were no differences between untreated
and treated herbage in the concentration of any other element measured
(Table 5.8) thus they should not have affected chlorophyll production
in the one paddock only. As there was not sufficient time to

investigate this effect further the cause of it remains unknown.

5.6.6 Conclusion

This trial has shown that a single application of the Cu fertiliser
(370 kg/ha) was successful in both raising and maintaining plasma Cu
concentrations above the deficiency threshold in ewes throughout
preghancys lambing and weaning and in their lambs. The once only
application was effective for two years, in ewes which had grazed the
land throughout that time., and results were comparabie to those
obtained using an annual oral administration of Cu needles. In this
respect, therefore, the Cu fertiliser has been more successful in
terms of longevity than other soil treatments such as CuSO, in
providing a source of Cu to prevent Cu deficiency in sheep (Reith,
1983). However, closer examination of the results implies that,
although the Cu fertiliser did produce increases in herbage Cu
concentrations comparable to those found in both the ungrazed herbage
trial (Chapter 6) and from copper sulphate treatment (Evans 1983;

Reith, 1983), it was more successful than other treatments only
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because 1t was probably ingested by the grazing ewe, via both leaf
adherence and along with soil, an effect which is unlikely with water
soluble CuSO4. Thus it is unlikely that the Cu fertiliser would have
been as effective in the second year of the trial if all the ewes were

newly introduced.

It is suggested that the initfal increase of plasma Cu concentrations
was due to direct Tngestion of the Cu fertiliser both from coated
herbage and from that mixed with surface soil, whilst the sward was
poor. At this time excess Cu from fertiliser ingestion was stored in
the 1iver, and this together with the increased Cu supply from the
herbage and additional but more limited ingestion, probably maintained
plasma Cu concentrations over the second winter of the trial. Liver
Cu stores are only Tikely to last over one season; therefore in the
third year of the trial when the increased herbage Cu concentration as
a result of Cu fertiliser application alone was left to fully sustain
the animal, the results show that this extra supply of Cu was not
sufficient to maintain plasma Cu concentrations above the deficiency

threshold.

Although the mean plasma Cu concentration of the Cu fertiliser ewes
did fall below the deficiency threshold in the third year it was still
higher than that of the control ewes. This was probably due to the
increased herbage Cu concentration and the possibility of some further
Cu fertiliser ingestion along with soil. Thus the Cu fertiliser is
still showing a residual value and such an effect has not been
achieved with any other herbage Cu treatment. However, although the
Cu fertiliser has demonstrated that it is better than any previous

soil or pasture treatment for the prevention of Cu deficiency in sheep
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it is felt that it is still not good enough especially when compared

to methods for the direct treatment of individual animals.

5.7 SUMMARY

5.7.1

5.7.2

5.7.3

5.7.4

5.7.5

Application of the Cu fertiliser to the sward successfully
raised and maintained plasma Cu concentrations above the
deficiency threshold in grazing ewes and their lambs throughout

the first two years of the trial.

The single application of the Cu fertiliser gave comparable
protection from Cu deficiency to that obtained using oral
dosing of sheep with Cu needles which had to be repeated

annually over a two year period.

After surface adherence of the Cu fertiliser to the grass
ceased, the treated herbage maintained a 2-4 mg Cu/kg D.M.
advantage throughout the trial period (from November 1985 to

June 1988) over the untreated pasture.

In the third year after application of the Cu fertiliser ewes
grazing treated pasture, although still maintaining plasma Cu
concentrations higher than those of the control group, had
dropped below the deficiency threshold. It therefore appears
that the effects of the Cu fertiliser only lasted for two years

in this trial.

It is proposed that the initial increase in ewe plasma Cu
concentrations was due to direct ingestion of the Cu

fertiliser, and that subsequent maintenance was due to a
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combination of increased Cu supply from the herbage together
with storage of Cu in the Tiver from times when the Cu intake

was high and further Cu fertiliser ingestion over the winters.
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CHAPTER 6. HERBAGE FIELD TRIAL, GARMORE FARM

6.1 INTRODUCTION

Although various Cu compounds have been used effectively to correct Cu
deficiency in plants (section 2.4.1), increased Cu concentration in
herbage when they are applied to pasture is not always of significant
benefit to the grazing animal (Reith, 1975; Evans, 1983). The most
frequently used method of correcting Cu deficiency in plants is to
apply copper sulphate to the soil. This is a soluble form of Cu and
gives an immediate increase in the plant available Cu concentration of
the soil which is enough to overcome plant deficiency. However, the
added Cu?® jons are then rapidly immobilised and made plant
unavailable in the soil (Gartrell, 1980). The residual effectiveness
of this CuS0, application 1s high under arable conditions where
cultivation in following years improves the mixing of the Cu within
the rooting zone and allows general desorption of cu?* jons to provide
an increased Cu supply capacity (Reith, 1975; Gartrell, 1980). This
mixing does not occur under conditions of permanent pasture and so the
residual effectiveness of CuS0, application is lowered. To overcome
this problem other less soluble compounds such as Cu metal, Cu oxides

and Cu slags which dissolve more slowly to release cuZt

fons over a
longer time period have been tried on pasture (Follet et al, 1981).
By the use of these materials, increases of 2-4 mg/kg in the Cu

concentration of pasture have been maintained for 2 to 4 years (Evans,

1983; Jost, 1960).

The trial below was initiated both to evaluate the effectiveness of

the Cu fertiliser for increasing herbage Cu levels, and to monitor the
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movement and behaviour of the applied Cu in the soil under conditions
away from the animal where soil contamination was minimised. 1In
addition herbage Zn, Fe, Pb, Cd, Mn, Cr and Ni concentrations were
monitored to ensure that their presence in the fertiliser did not
result in elevated herbage concentrations to the possible detriment of

grazing Tlivestock.

The animal response trial at Garmore farm was initiated to test
the effectiveness of applying the Cu fertiliser to grazed sward for
the prevention of Cu deficiency 1in sheep. However, the application
rate used, i.e. 370 kg/ha was selected, only as it gave a comparable
amount of Cu, 7.5 kg/ha, to that applied in other treatments (Reith,
1983;'Evans, 1983). Whether the different forms of Cu would act in
the same way 1n the soil or if the Cu fertiliser would have a slow
release effect were unknown. Therefore it was felt that a more
detailed study covering a range of application rates, and their

effects on the Cu status of soil and herbage was merited.

6.2 AIMS AND OBJECTIVES

The objective of this trial was to investigate the long term (3 years)
effect of a single Cu fertiliser application at different rates at two
soil pH Tlevels on the yield and Cu concentration of herbage in an
established sward. In addition the movement of the applied Cu in the

soil was monitored.
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6.3 EXPERIMENTAL
6.3.1 Site Description

An area of 30 x 30 m of uniform established sward was fenced off in
the centre of the animal response trial site at Garmore (Figure 5.1).
Soil and sward conditions were therefore the same as in the animal
response trial. Within this area thirty two 3 m by 2 m plots were

measured out (Figure 6.1).

Prior to Cu fertiliser or 1ime application soil samples at 0-10 cm
depth representative of each plot were taken (section 3.2.1) to assess
the uniformity of plant available Cu in the plots and also to
determine the amount of lime required to obtain the desired soil pH
levels. The samples were analysed for E.D.T.A. extractable Cu
(section 3.2.8), soil pH (section 3.2.5) and lime requirements
{(section 3.2.5). The results of the analysis are given in Table 6.1.
They show the plots to be on marginally Cu~deficient soil (M.I.S.R.,
1985) and that there were no significant differences in either
extractable Cu concentrations or pH between plots. Therefore the site

was acceptably uniform for use in this trial.

Table 6.1

Soil analysis results, November 1985

Range of results Mean S.E.

E.D.T.A. extractable Cu (mg/kg) 3.21-4.27 3.82 0.36
Soil pH 4.95-5,2 5.1 0.10
Lime requirement (t/ha) 4.8
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Figure 6.1

Arrangement of herbage trial plots
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The corresponding treatment for each individual plot is given

overleaf:
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6.3.2 Treatments

Four rates of Cu fertiliser application were selected for study in

this trial:

(i} 0 kg/ha, the control treatment.
(i1) 185 kg/ha, half the rate used in the animal response trial.
(1i1) 370 kg/ha, the rate used in the animal response trial.

(iv) 740 kg/ha, double the rate used in the animal response trial.
These rates represent 0, 3.7, 7.5 and 15.0 kg Cu/ha respectively.

To determine whether pH has an effect on the availability of Cu in Cu
fertiliser supplemented soil, the soil was Timed to increase the pH to
that recommended by M.I.S.R. and S.A.C. (1985) for optimum grassland
production. Thus each application rate was applied at the following

pH values,

(i) pH 5.3 the inherent pH of the site.

(ii) pH 5.8 the pH for grassland on mineral soil, recommended by

M.I.S.R. and S.A.C. (1985).

Each of the eight treatments were replicated four times in a

randomised block design of 32 plots (Figure 6.1).
6.3.3 Fertiliser and Lime Application

The Cu fertiliser was broadcast on to the plots on 20 December 1985.
Wooden boards were erected around each plot prior to application to
block out wind and prevent any drifting of the fertiliser. The
correct amount of Cu fertiliser for each plot was placed in a 500 m]l

plastic bottle, the 1id of which contained eight 5 mm holes. A good
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even spread of the fertiliser was obtained by shaking the bottie

approximately 3 ft from the ground.

The plots were Timed with CaCO; on 18 February 1986. The lime was

applied by hand.

A compound fertiliser (17% N» 17% P,0g, 17% K,0) at a rate of 185 kg.
N/ha was applied to each plot in April of 1986, 1987 and 1989 in
accordance with normal management practice for the field. A further

185 kg N/ha was applied to each plot after the first cut of each year.
6.3.4 Herbage Harvesting

Two cuts per year were taken in 1986 and 1987 but only one in 1988, on

the following dates:

8 July 1986;
3 September 1986;
24 June 1987;
26 August, 1987;

30 June 1988.

Slow growth due to the cold, wet climate of the area prevented any

further cuts being obtained in the first 2 years.

Prior to harvesting each plot a subsample of herbage was taken from
its centre using steel sheep shears. Herbage was cut approximately
3 cm from the soil surface to prevent trace element contamination from
soil. This sample was weighed and retained for dry matter and trace

elements analysis.
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The remaining herbage on the plot was cut using an autosythe (Agria
450). The herbage was collected and weighed. The fresh weight yield
of herbage for each plot was then determined by adding the weight
of the subsample to that of the cut herbage. The cut herbage was then
discarded. In 1988 the plots were only subsampled for analysis and

no total yield was measured.
6.3.5 Herbage Analysis

A dry matter yield for each plot was determined first (section 3.3.2).
The subsamples obtained in 1986 and 1987 were then analysed for total
Cu> Zn, Fe, Pb, Cd, Cr and Ni (section 3.3.4), Eight samples from
each cut were also analysed for Mo (section 3.3.5) and S
concentrations (section 3.3.6) so that the amount of Cu in the
herbage, which might be available to the animal could be determined

(section 2.3.6)}. In 1988 samples were analysed for total Cu only.
6.3.6 Soil Sampling and Analysis

Two years after the Cu fertiliser had been applied representative bulk
soil samples (section 3.2.1) from 0-5 cm and 5-10 cm depth were
obtained from each plot. The samples were analysed for E.D.T.A.

extractable Cu (section 3.2.8) and total soil Cu {(section 3.2.9).

6.4 RESULTS AND DISCUSSION
6.4.1 Yield

The application of the Cu fertiliser at rates up to 740 kg/ha had no
significant effect on herbage yields 1in any cut in 1986 or 1987.

Therefore mean herbage yields for all treatments are given in Table
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6.2. Although growing on marginally Cu-deficient soil, the herbage
was not found to be Cu-deficfent, less than 4 mg Cu/kg (M.I.S.R.,
1985), at any time (Tables 6.3, 6.4, 6.5). Consequently Cu was not a
rate 1imiting element in the growth of this herbage and so yield

differences would not be expected.

Table 6.2

Mean herbage yields

Fresh wt (kg) Dry matter (g/kg) Dry matter yield (kg)

Cut 1 1986 12.95 163 2.0

Cut 2 1986 7.2 174 1.2

Cut 1 1987 14.1 175 2.5

Cut 2 1987 13.1 173 2.3

S.E.D. - - 0.42
Table 6.3

Mean herbage Cu concentration 1986 (mg/kg)

Cu fertiliser applicaton rate (kg/ha)

Cut  Soil pH
0 185 370 740
1 5.3 8.70 9.03 9.77  9.89
5.8 9.00 9.34 9.93 10.09
2 5.3 7.65 8.14 9.55  9.92
5.8 7.36  8.27 8.85  9.55

S.E.D. = 0.46
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Table 6.4

Mean herbage Cu concentrations 1987 (mg/kg)

Cu fertiliser application rate (kg/ha)

Cut Soil pH

0 185 370 740

1 5.3 6.70 8.02 8.73 9.71
5.8 6.88 7.62 8.46 9.47

2 5.3 7.70  8.,89 9.32 10,95
5.8 7.89 8.65 9.47 10.41

S.E.D. = 0.36
Table 6.5

Mean herbage Cu concentrations 1988 (mg/kg)

Cu fertiliser application rate (kg/ha)
Cut Soil pH
0 185 370 740
1 5.3 5.5 6.09 6.62 9.41

5.8 5.25 5.63 6.70 8.90

S.E.D. = 0.55

6.4.2 Cu Concentration of Herbage

The herbage Cu concentrations for each treatment in years 1986, 1987
and 1988 are given 1in Tables 6.3, 6.4, 6.5, respectively, and
summarised graphically in Figures 6.2, 6.3 and 6.4. The results show
that a single broadcast application of the Cu fertiliser to the sward,
at all three application rates, produced significant increases (p<0.0l

for cut 1 1986, p<0.001 for all other cuts) 1in herbage Cu
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concentrations compared to control in all five cuts taken over a
period of 31 months. There were no significant differences in herbage
Cu concentrations between 1imed (pH 5.8) and unlimed (pH 5.3) plots at
any application rate in any cut. As the lime was broadcast onto an
established sward and would take a considerable time, up to one year,
to fully affect the soil pH, differences might not be expected in the
first year. In subsequent years the relatively small difference in
soil pH between the two treatments, 5.3 and 5.8 was probably not
enough to cause any significant effect on herbage Cu concentrations in
the field. The 370 kg/ha Cu fertiliser application rate, as used in
other experimental work, gave a 20% increase in herbage Cu

concentrations.

6.4.3 Concentrations of other elements in the herbage

Significant differences (p<0.001) 1in herbage Zn concentrations were
found between treatments. Zinc, therefore, showed similar effects to
that of Cu; increasing fertiliser application rates resulted in
significant increases in herbage Zn concentrations in both cuts in
1986 and 1987 (Table 6.6) when it was measured. A 370 kg/ha (7.5 kg
Zn/ha) Cu fertiliser application rate gave a 20% increase in herbage
Zn concentrations. Herbage Zn was not analysed in the 1988 samples.,
it can be assumed to have exhibited a similar effect to that of Cu
based on the previous two years results and the fact that the same

plant processes are used for Cu and Zn uptake (Bowen, 1981),
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Table 6.6

Mean herbage 7Zn concentration (mg/kg)

Cu fertiliser application rate (kg/ha)

Year Cut S.E.D.
0 185 370 T40
1986 1 41,16 42 .53 47.70 48,31
2.15
2 31.35 34.91 38.56 40.63
1987 1 31.29 34.40 38.12 41,07
1.91
2 32.36 36.85 41,77 46.45

No significant differences in herbage Fe, Pb, Cd, Cr, Mn or Ni
concentrations among treatments were found in either‘1986 or 1987;
tr1a1‘mean concentrations of these elements for both years are given
in Table 6.7. The concentrations of all the elements were well within
acceptable levels (Table 6.7). The Cu fertiliser caused no toxicity
problems in this trial. Based on these results it was assumed that
these elements would not cause any problem in the future and so
analysis for Fe, Pb, Cd, Cr, Mn or Ni concentrations were not carried
out in 1988. As only 0.2% of the applied Cu was actually taken up by
the plants it is suggested that if a similar ratio is used for Pb, Cd,
Cr, Mn or Ni uptake then the increases would be undetectable as they

are present in the Cu fertiliser at much smaller concentrations.
6.4.4 Available Cu in the Herbage

The amount of Cu in the herbage available to sheep when the herbage Mo
and S concentrations were taken into consideration (section 2.3.6)
increased with increasing Cu fertiliser application rates (Table 6.8)

in years 1986 and 1987. As only eight samples from each cut, one per
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treatment, were analysed for Mo and S the above statement 1is only a
trend and cannot be sald to be significant. However, as the
concentrations of Mo and S in the herbage remained relatively
consistent throughout the monitoring period it is suggested that since
the Cu fertiliser did cause significant increases in herbage Cu
concentrations it is 1ikely that if all 32 samples had been analysed
for Mo and S a significant increase in the concentration of available
Cu would have been recorded as the Cu:Mo ratio would have been altered

(section 2.3.6),

Table 6.8

Available Cu content of herbage after Mo and S are
taken into consideration (mg/kg) (Suttle, 1981c)

Cu fertiliser application rate (kg/ha)
Year Cut Soil pH

0 185 370 740

1986 1 5.3 0.59 0.53 0.59 0.62
5.8 0.48 0.55 0.57 0.59

2 5.3 0.38 0.40 0.39 0.51

5.8 0.40 0.39 0.61 0.67

1987 1 5.3 0.32 0.36 0.46 0.46
5.8 0.21 0.53 0.46 0.52

2 5.3 0.34 0.41 0.45 0.48

5.8 0.26 0.43 0.45 0.51

6.4.5 Effects of Time on Herbage Cu Concentrations

The mean herbage Cu concentrations for each Cu fertiliser application

rate in all five cuts are given in Table 6.9 and presented against
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time in Figure 6.5. They show that there is an increase in herbage Cu
concentrations for all three application rates over the control
between the first and second cut. This 1is probably due to the
distribution of the Cu fertiliser within the rooting zone improving
over the summer to allow better uptake of Cu by the plant. The
elevated herbage Cu concentrations, over the control, were maintained
throughout the trial period for the 370 kg/ha Cu fertiliser
application rate which implies that it is providing a constant supply
of Cu to the rooting zone. The 185 kg/ha Cu fertiliser treatment also
maintained a higher herbage Cu concentration than the control; however
the herbage Cu concentrations for the control and 185 kg/ha treatment
start to converge in the fifth cut suggesting that the effectiveness
of this treatment is now diminishing. The interesting point is that
there is a dramatic increase in the herbage Cu concentration of the
740 kg/ha treatment, compared to the control, between the first and
last cuts. Thus the effectiveness of the 740 kg/ha Cu fertiliser
application rate is increasing with time. The reason for this and how
long the effectiveness of the treatment will last is unknown. It is
possible that mixing of the soil by soil organisms has continued to
improve the distribution of the Cu fertiliser within the soil over
time with the largest application rate, which should release a greater
amount of Cu, becoming the most closely integrated with the plant
roots. The effectiveness of other Cu sources in the arable situation
has been found to improve with time due to the constant mixing of the
soil (Graham and Nambier, 1981). The results do however imply that
the Cu fertiliser at both the 370 and 740 kg/ha application rate will

continue to supply Cu to the plant into the future.
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Table 6.9

Mean herbage Cu concentration for each Cu fertiliser
application rate for all cuts

Cu fertiliser application rate (kg/ha)

Year Cut S.E.D.
0 185 370 740

1986 1 8.85 9.18 9.85 9.99 0.38

1986 2 7.51 8.21 9.20 9.74 0.23

1987 1 6.79 7.82 8.60 9.59 0.22

1987 2 7.80 8.77 9.40 10.68 0.24

1988 1 5.60 5.86 6.66 9.15 0.38

6.4.6 Soil Cu Concentrations

Soil sampling of plots, two years after the initial application
revealed a thin grey 1ine in the soil cores approximately 2 cm from
the surface. As the thickness of the 1ine appeared to increase in the
plots with the highest application rates, it was examined and found to
be the Cu fertiliser still present in an observable form. Soil
analysis showed elevated soil Cu concentrations in the top 5 cm of the
soil (Table 6.9). The 370 kg/ha Cu fertiliser application rate
Increased the total Cu concentration in the top 5 cm of the soil by an
average of 7 mg/kg. This is very close to the 7.5 mg/kg increase in
soil Cu concentration that should in theory be obtained by a 370 kg/ha
Cu fertiliser application rate. Increasing application rates resulted
in increased total soil Cu concentrations in the top 5 cm only (Figure
6.5 and Table 6.9). This increasing soil Cu concentration in the top
5 cm with each application rate increment is emphasised more by the

E.D.T.A. extractable soil Cu concentration results (Figure 6.7). It
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can be concluded that the Cu fertiliser does increase soil Cu
concentrations; it is immobile in the soil and remains in the top 5 cm

of the soil.
6.4.7 Conclusions

This new slow release Cu fertiliser when applied to the soil does
increase the uptake of Cu by herbage. After application it appears to
degrade very slowly and is still present in an identifiable form in
the soil two years Tater. During this time it has released enough Cu
to sTgnificantTy 1ncréase herbage Cu concentrations and this effect
was carried over into a third year. A similar effect was shown for
Zn. These increases were not accompanied by increases of Fe, Pb, Cd,
Crs Mn or Ni concentrations in the herbage. The concentrations of all
the elements monitored in the herbage were within acceptable toxicity
Timits and Cu fertiliser application had no positive or deleterious
effects on herbage yields at rates of up to 740 kg/ha (15.0 kg Cu/ha}.
The Cu fertiliser has provided a source of Cu to herbage over the
three year monitoring period with the possibility of similar provision

in the future as it is still present in the soil.

Although the Cu fertiliser had as:ﬁfﬁjicqﬂt effect on the Cu content
of the herbage it appears to be no more effective than copper sulphate
or other less soluble Cu forms would have been under similar
conditions. The 2-4 mg/kg increase in herbage Cu concentrations
obtained by use of the Cu fertiliser is équivaTent to those found
elsewhere using similar Cu application rates in the form of CuSO4.5H,0
or other soil applied Cu treatments (Reith, 1983; Evans, 1983). A1l

of these have been found to be effective for 2-4 years in the soil,
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which the Cu fertiliser has at least matched and may exceed in future

years.

The 7.5 kg/ha (370 kg/ha) Cu fertiliser application rate used in the
Garmore ewe response trial (Chapter 5) has been shown by these results
to be an effective Cu fertiliser for herbage. This application rate
gave an mean 20% increase in herbage Cu concentrations for three
successive years in this herbage trial. The possible use of other Cu

fertiliser application rates for grazed sward will be discussed later.

6.5 SUMMARY

6.5.1 Broadcast application of the Cu fertiliser to established sward
had no beneficial or deleterious effects on herbage yields at

rates of up to 740 kg/ha.

6.5.2 Observation and analysis showed it to be present in the top 5
cm of the soil two years after surface application. The Cu
fertiliser appears to be relatively immobile and only sparingly

soluble in the soil.

6.5.3 Application of the Cu fertiliser increased herbage Cu
concentrations. Increasing application rates produced
significant 1increases in herbage Cu concentrations in three

successive years after a single application.

6.5.4 Liming of the soil from pH 5.3 to 5.8 had no significant effect

on herbage Cu concentrations at any application rate.

6.5.5 Increasing fertiliser application rates also produced

significant increases in herbage Zn concentrations. There were
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no corresponding increases in herbage Pb, Fe, Ni, Mn, Cr or Cd

concentrations.
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CHAPTER 7. ANIMAL RESPONSE TRIAL, PINMACHER FARM

7.1 INTRODUCTION

The first years results from the ewe response trial at Garmore Farm
demonstrated that application of the Cu fertiliser at 370 kg/ha, as a
top dressing to grassland significantly raised plasma Cu
concentrations of ewes grazing the treated pasture above those of
control ewes where plasma Cu concentrations actually declined over the
winter and spring months. However, it was thought that ingestion of
the Cu fertiliser by the ewes contributed towards this effect (Chapter
5). A second field trial was therefore initiated to determine if a
Tower application rate, with the consequent reduced potential for
surface contamination and ingestion, would result in comparable
increases and maintenance of sheep plasma Cu concentrations to those
found in the first animal trial. The application rate chosen was 250
kg/ha Cu fertiliser. This was thought to be a sufficient reduction to
reduce surface contamination whilst sti11 high enough to raise herbage
Cu concentrations. The herbage trial at Garmore (Chapter 6) had
previously demonstrated that an application rate of 185 kg/ha was
sufficient to raise herbage Cu concentrations by approximately 1
mg/kg. In addition it was hoped that this trial would confirm the
results of the Garmore trial, i.e. that the Cu fertiliser was an

effective source of Cu for the grazing sheep.

At Pinmacher the milder climate helped give sufficient herbage growth
to allow sampling at any time of the year. Thus samples could be
taken before and after Cu fertiliser appliication in order to monitor

the longevity of surface contamination. This was not possible in the
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Garmore trial as herbage samples could not be obtained until spring

growth occurred.

Incorporation of a Cu needle treatment into the trial allowed
comparison of sheep grazing pasture naturally low in Cu, with both
those treated with a recognised method of preventing Cu deficiency
(section 2.4.2) and with those grazing pasture treated with the Cu

fertiliser at 250 kg/ha.

7.2 EXPERIMENTAL
7.2.1 Site Description

The field site was situated at Pinmacher Farm near Girvan in South
West Scotland (0.S. map reference NX235888). The farm has a history
of Cu deficiency problems due to low soil Cu concentrations and was

severely affected in the Spring of 1986 with many swayback lambs.

The area used was a recently reseeded pasture (1984) on a free
draining brown forest soil of the Benan series. It {is at an elevation
of 100-120 m and receives an average annual rainfall of 900 mm.
Within this area a 3 ha paddock had been fenced off for silage
production in previous years but was now used for grazing; it was to

this paddock that the Cu fertiliser was applied.

Soil samples were taken at 0-10 cm depth from the paddock and
surrounding hillside to assess the uniformity of fertility and Cu
status of the two areas. The samples were then analysed for E.D.T.A.
extractable Cu (section 3.2.8), pH (section 3.2.4), % loss on ignition

(section 3.2.6), lime requirments (section 3.2.5), available K
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(section 3.2.7), and available P (section 3.2.7). The results listed
in Table 7.1 show that the site does have a low soil Cu concentration
(M.I.S.R., 1985) and that the two areas were acceptably uniform for

use in this trial.

Table 7.1

Pinmacher response trial, soil analysis results

Analysis Paddock Surrounding hillside
% loss on ignition 15.5 15,5
pH 5.54 5.55
Available P (mg/1) 16 9.1
Available K (mg/1) 139 100
E.D.T.A. extractable Cu (mg/kg) 1.61 1.43

7.7.2 Cu fertiliser application

The Cu fertiliser was applied to the paddock as a single broadcast
application to the existing sward, at a rate of 250 kg/ha, which is
equivalent to 5 kg Cu/ha, on 24 January 1987. A Vicon Varispreader
was used to apply the fertiliser as in section 5.3.2. A wind free day
prevented drifting and a visibly even spread of the fertiliser was

obtained.

7.2.3 Sheep Selection and Treatment

On 28 October 1986 sixty Suffolk x Scottish Blackface hoggs* were

selected and randomly divided into 3 groups of 20. Each hogg was then

¥female sheep from weaning to first shearing

195



tagged for {dentification. One group was then allowed to graze the 3
ha paddock from 7 February, 2 weeks after Cu fertiliser application.
The two other groups, one of which was dosed with 5 g Cu needles on 28
October 1986 and again on 11 March 1987, were released onto the

surrounding pasture. Thus there were three treatment groups:

(a) Control group grazing untreated sward (n=20).
(b) Grazing untreated sward but dosed 5 g Cu needles (n=20).

(c)} Grazing Cu fertiliser treated sward from 7 February 1987 (n=20).

As thé hoggs were sold after shearing the trial was repeated with 60
new hoggs in 1987-88; the initial selection and Cu needle treatment of
the new sheep occurred on 8 October 1987 in the second year of the

trial.
7.2.4 Blood Sampling and Analysis

At intervals of approximately every six weeks throughout the winter
and spring, blood samples were taken from all animals in the trial.
The blood was analysed for the parameters listed below using the

procedures given in section 3.4.

(1) Plasma Cu - to assess the Cu status of the hogg.
(ii) Haemoglobin - to check for anaemia which is a symptom of Cu
deficiency in animals.
(iii) Plasma Mg - to monitor for hypomagnesaemia problems

(iv) Glutathione peroxidase - to monitor Se status.
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7.2.5 Herbage Sampling and Analysis

Herbage sampies were obtained at regular intervals between December
1986, before Cu fertiliser applicaton, and April 1988 when the trial
was completed. Samples were taken as described in section 5.3.7 and

were analysed for total Cu concentration only.

7.3 RESULTS
7.3.1 Plasma Cu Concentrations 1986 to 1987

Mean plasma Cu concentrations for each treatment group of hoggs in the
first year of the trial are given in Table 7.2 and presented
graphica]]y in Figure 7.1. Administration of Cu needles on 28 October
1986 and 11 March 1987 produced plasma Cu concentrations which were
maintained significantly above (p<0.001) those of the control group
for the duration of the trial. The two doses of 5 g Cu needles were
;ufficient to prevent Cu deficiency for the full 35 weeks of the
trial. These results are similar to those obtained in the Garmore ewe
response trial (Chapter 5) and for sheep by other workers (Suttle,
1981; Whitelaw et al, 1983) and demonstrate that Cu needles are an
effective method of preventing Cu deficiency in hoggs on this farm.
Therefore the Cu needle treatment was again a suitable yardstick

against which to compare the effectiveness of the new Cu fertiliser.

Figure 7.1 also shows that prior to the application of the Cu
fertiliser, the mean plasma Cu concentration of the hoggs grazing both
the paddock and the control area, declined at a similar rate with no
significant differences from October until the end of January.

The control and Cu fertiliser groups had six and five hoggs,
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respectively, with plasma Cu concentrations below the deficiency
threshold on 29 January 1987. However, after application of the Cu
fertiliser, and the reintroduction of the 20 hoggs to the treated
pasture 14 days later, the mean plasma Cu concentration of the Cu
fertiliser hoggs increased to be significantly (p<0.001) above that of
the control hoggs which remained below the deficiency threshold for a
further 10 weeks. By 11 March 1987 the Cu fertiliser treatment had
produced plasma Cu concentrations which were equivalent to those
obtained by administering Cu needles and 10 weeks Tater they were
significant?y higher (p<0.001) than those of the Cu needle treatment
and both were significantly higher than the mean plasma Cu
concentration of the control group. The elevation in the plasma Cu
concentration, from 8.2 to 18.2 umol1/1, of the hoggs grazing the Cu
fertiliser treatment was maintained until the end of the trial on the
sale of the hoggs in July 1987. Thus a similar effect to that at
Garmore (Chapter 5) was achieved but with the lower application rate,
the increase in Cu concentration took Tlonger, 12 weeks compared with
less than seven weeks at Garmore. In addition the results for Cu
fertiliser treatment were again comparable to those obtained using
oral dosing with Cu needles.

7.3.2 Haemoglobin, Plasma Mg and Gluthathione Peroxidase

Concentrations

No significant differences in haemoglobin, plasma Mg or gluthathione
peroxidase concentrations in the blood were found among the three
treatment groups; trial mean concentrations for each of these
parameters on each sampling date are given in Table 7.3. The majority

of individual results were within the normal range for each of these
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parameters 1n sheep (Appendix 2), any other result was only marginally
outside its normal range. Therefore as only plasma Cu concentrations
showed significant differences or deficiencies among the groups it was
purely a potential Cu deficiency problem on the farm. Thus analysis
for these other parameters was not carried out in the second year of

the trial.

Table 7.3

Mean Hb, Plasma Mg and GSH-Px Concentrations
on each Sampiing Date

Date of sampling Haemoglobin Plasma Mg Gluthathione peroxidase

28/10/86 12.7 2.1 32.1
14/12/86 10.1 1.9 49.1
29/01/87 13.0 1.8 80.8
11/03/87 11.6 1.9 62.3
12/05/87 11.4 1.9 81.9
01/07/87 8.7 2.2 60.4
S.E.D. 0.57 0.16 8.56

7.3.3 Herbage Cu Concentrations

Herbage Cu concentrations for the Cu fertiliser treated paddock and
the surrounding pasture are shown in Figure 7.2; they show a dramatic
increase in the herbage Cu concentration from 11 mg Cu/kg to over 2000
mg Cu/kg one week after application of the Cu fertiliser. As at
Garmore (section 5.5.6) this very high Cu concentration can only be
due to the Cu fertiliser coating the surface of the herbage. This

adherence to the herbage slowly declined over the next 10 weeks,
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probably due to a combination of herbage growth, rainfall and grazing.
By early May the treated herbage had a Cu concentration only 3 mg/kg
higher than that of the surrounding hillside. The Cu fertiliser
treated herbage maintained a 2 to 3 mg Cu/kg advantage in Cu
throughout the 12 remaining months of the monitoring period, to May
1988, This differential 1is probably due to absorption by the
plant. As at Garmore these results imply that the increase in plasma
Cu concentrations of the hoggs (7.3.1) was probably due to ingestion
of the Cu fertiliser when it was adhering to herbage rather than to

the increased herbage Cu concentrations found after May 1987.
7.3.4 Plasma Cu Concentrations 1987 to 1988

Sixty new hoggs were introduced to the trial site on 8 October 1987.
Twenty were allowed to graze the Cu treated pasture, twenty were dosed
on that date with 5 g Cu needles and twenty kept for control animals.
The mean plasma Cu concentration for each group of hoggs on each
sampling date are given in Table 7.4 and presented graphically in
Figure 7.3. Unfortunately all twenty control hoggs were accidentally
dosed with Cu needles by the farmer between the first and second
sampling date. However, the trial was continued although the
significance of the second years results cannot be determined due to
the lack of a suitable control group for comparison. The hoggs
treated with Cu needles demonstrated the expected increase in plasma
Cu concentration after administration and this was maintained until
the trial was terminated seventeen weeks later. Introduction of the
new hoggs to the Cu fertiliser treated paddock resulted in an increase
in their mean plasma Cu concentration from 10.05 to 16.1‘Pmo1/1 within

ten weeks at a time of year when, based on the first years control
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group and dgeneral experience, plasma Cu concentrations usually
decline. This increased plasma Cu concentration was maintained until
22 February 1988. The results had demonstrated by this date that the
low application rate used here continued to have a residual effect on
the animal one year after application. However, because of the lack
of a suitable control group the trial was brought to a close as

reliance could not be put upon the findings.
Table 7.4
Mean hogg plasma Cu concentrations October 1987 to February 1988

Plasma Cu concentration {pmo]/])

Date.of sampling Control Cu needles Grazing Cu treated pasture

08/10/87 12.8 16.1 10.1
18/12/87 - 17.2 16.1
22/02/88 - 19.9 17.0

Figure 7.2 suggests that by the start of the second year of the trial
on 8 October 1987 there was 1ittle or no surface contamination of the
herbage with the Cu fertiliser and as the sward cover was very good,
even over the winter, 1t is unlikely that the sheep ingested much soil
and associated Cu fertiliser. Therefore as the hoggs were new to the
paddock the increased herbage Cu concentration was probably the major
contributor to the increase in plasma Cu concentrations although the
possibility of some ingestion of the Cu fertiiiser along with soil in

this second year cannot be discounted.
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7.3.5 Conclusions

The results demonstrate that the lower Cu fertiliser application rate
has resulted in a comparable increase in and maintenance of the plasma
Cu concentration of sheep grazing the Cu treated sward to that found

at Garmore.

In the first year the main reason for the initial increase and
maintenance of plasma Cu concentrations was probably due to direct
ingestion of the Cu fertiliser as it coated the herbage in the first
e]eveﬁ weeks after application. This supports the hypothesis put
forward in Chapter 5 that the initial increase of plasma Cu
concentrations in the ewe response trial were due to direct ingestion
of the Cu fertiliser from coated herbage. However, the increase in
plasma Cu concentrations took longer than at Garmore. This is
probably due to the lower application rate producing Tess surface
adherence than at Garmore. The surface contamination in this trial
Tasted only eleven weeks compared with over thirty weeks at Garmore
although at Garmore the period was probably extended by the ewes
trampling the ground and re-contaminating the herbage over the summer
months. At Pinmacher the hoggs were sold at the start of the summer
and this coincides with reduction in adherence. Hence the lower Cu
fertiliser application rate appears to reduce slightly the possibility
of direct ingestion of the Cu fertiliser, but was probably still the

cause of the increased plasma Cu concentration in the first year.

When twenty new hoggs were introduced to the Cu fertiliser treated
paddock one year after the application of the Cu fertiliser, there was

also, within ten weeks, a significant increase 1in their plasma Cu
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concentrations. Levels were then maintained above the deficiency
threshold over the subsequent winter. It appears that the 2 to 3
mg/kg increase 1n herbage Cu concentrations obtained by use of the Cu
fertiliser was sufficient to rafse the level of Cu intake by the
grazing animal and prevent Cu deficiency. The validity of this result
cannot be guaranteed due to the lack of a suitable control group.
However, if they are compared with the first years control group
results or to the seasonal changes in plasma Cu concentration found in
the control group at Garmore (section 5.6.1) then it appears that the
Cu fertiliser has shown residual effects in the second year of the
trial. The fact that this occurs is promising as at Garmore the
plasma Cu of ewes newly introduced to the treated paddock did not
increase until new herbage growth occurred in the spring and so the

result was not so clear cut.

The single Cu fertiliser application was effective for at Tleast two
years and results were comparable to those obtained using oral dosing
of sheep with Cu needles. However, over the two year period the sheep
were dosed with Cu needles on 3 occasions compared with the single Cu
fertiliser application. Application of the Cu fertiliser could offer
a substantial saving in time and Tabour costs, as each Cu needle
treatment involves collection of the sheep, dosing and then returning
the sheep to the pasture. In this trial the Cu fertiliser has
produced results better than those obtained using other soil Cu
treatments by other workers (2.4.2); it has provided protection from
Cu deficiency for a longer time perjod. However it is only in the
second year that the results could be due to fincreased herbage Cu

concentrations and the trial would have had to continue for at least
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one more year to confirm this.

In summary this trial has again shown that application of the Cu
fertiliser is an effective method of preventing Cu deficiency in
sheep. The lower Cu fertiliser application rate, 250 kg/ha compared
with 370 kg/ha at Garmore, has reduced the potential for surface
contamination of the herbage but has still produced comparable
increase in and maintenance of plasma Cu concentrations of sheep
grazing the treated sward. The results support the hypothesis put
forward in Chapter 5 that the initial increase 1n plasma Cu
concentrations was due to direct ingestion of the Cu fertiliser.
However, the Cu fertiliser also produced increased herbage Cu
concéntrations which were sufficient to maintain plasma Cu
concentrations above the deficiency threshold in twenty new sheep
introduced in the second year which could not have directly ingested
the Cu fertiliser coated onto herbage. The Cu fertiliser also still
offered the potential of a similar response in subsequent years as
elevated herbage Cu concentrations were maintained up to the end of

the monitoring period.

7.4 SUMMARY

7.4.1 The lower application rate does reduce the potential for
surface adherence of the Cu fertiliser. It does not, however,
remove it and the results demonstrated that the Cu fertiliser

was available for ingestion by the grazing sheep.

7.4.2 The Cu fertiliser has produced comparable increases in and

maintenance of sheep plasma Cu concentrations to those found at
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7.4.3

7.4.4

7.4.5

Garmore (Chapter 5) despite a lower application rate.

The increased plasma Cu concentrations of twenty new sheep
introduced to the Cu fertiliser treated sward in the second
year of the trial showed that the Cu fertiliser has a residual

effect of at least two years.

The results obtained using the Cu fertiliser were comparable to
those obtained using Cu needles but probably involved less time
and energy. Thus the trial has demonstrated that the Cu
fertiliser treatment is an effective method of preventing Cu

deficiency in sheep.

The results support the hypopthesis (Chapter 5) that the
initial increase in plasma Cu concentration was due to direct
ingestion of the Cu fertiliser, with subsequent maintenance

being due to the increased Cu concentration of the herbage.
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CHAPTER 8. LEAF ADHERENCE TRIAL

8.1 INTRODUCTION

Results from the animal response trial (Chapter 5) showed elevations
in herbage Cu concentrations of over 100 mg/kg in the first six months
after the Cu fertiliser application. These increases cannot be
entirely due to plant uptake of Cu, as concentrations above 30 mg/kg
in herbage are phytotoxic (Davies, 1980). In addition the herbage
field trial (Chapter 6) showed that a Cu fertiliser application rate
of 370 kg/ha only gave a 2-~4 mg/kg increase in herbage Cu
concentrations. This suggests that some of the Cu fertiliser is
adher%ng to the herbage, especially in the first six months after
application. If this is the case then the grazing animals are
actually ingesting Cu fertiliser which has either coated the herbage
on application or has soiled the herbage due to the trampling action
of the sheeps feet. However, herbage sampling at the two sites,
especially at Garmore, was frregular in the period immediately after
Cu fertiliser application as the sward was short and not suitable for
cutting without contamination from soil at the time of sampling.
Therefore, in order to obtain evidence on which to base advice for the
control of direct ingestion of the Cu fertiliser by the grazing animal
and thus minimise the risk of any potentially harmful effects, a more
detailed study of its persistence on herbage after a broadcast
application was required. This experiment may also provide evidence
as to whether surface adherence or soiling was the main cause of the

elevated Cu concentrations.
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8.2 OBJECTIVES
The aim of this trial was to:

(a) Measure the Tongevity of adherence of the Cu fertiliser to

herbage after a broadcast application.

(b) Estimate the interval required between broadcast application and
the introduction of animals to the treated sward, by correlating

the results of (a) with daily rainfall data.

8.3 EXPERIMENTAL

In the two field trials (Chapter 5 and 7), for experimental
expediency, the Cu fertiliser was applied in the Tate autumn/winter
period. Thus, this trial was carried out from January to March 1988
for comparison. As herbage growth is minimal at this time it is fair
to assume that 1ittle dilution of adherence due to herbage growth
would occur. This should ensure that any reduction in herbage Cu
concentration was due to the action of the weather and physical

characteristics of the material only.

The Cu fertiliser was broadcast, to two 16 m? areas of established
herbage, at an application rate of 370 kg/ha as used in both Garmore
trials (Chapter 5 and 6). The herbage was sampled at weekly intervals
and additionally after periods of heavy rainfall. Analysis of herbage
Cu concentration was carried out and the results correlated with daily

rainfall data.
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8.3.1 Site Description

Two neighbouring 4 x 4 m areas of uniform, established sward within
the West of Scotland College estate. Sixteen 1 x 1 m plots were
marked out within each area, thus creating 32 individual plots. Each
plot was then subdivided into quarters to create four subplots (Figure
8.1). One 4 x 4 m area was used for weekly herbage sampling and the

other kept for sampling after periods of heavy rainfall.

8.3.2 Fertiliser Application

The Cu fertiliser was broadcast at a rate of 370 kg/ha to alternate
plots. using the procedures described in section 6.3.3 on 18 January
1988. Thus 16 plots were treated with Cu fertiliser and 16 retained

as controls (Figure 8.1).

8.3.3 Herbage Sampling and Analysis

The herbage was sampled immediately after application of the Cu
fertiliser and at weekly intervals thereafter for a total of 9 weeks.
Four subplots from the control and Cu fertiliser treatments were cut
at random on each sampling day. In addition samples were cut on days
following periods of heavy or prolonged rainfall. The herbage was cut
using steel shears. The samples were then dried, milled and the Cu
concentration of the unwashed herbage determined (section 3.3.4) as a

measure of adherence.

8.3.4 Rainfall Data

Daily rainfall data was obtained from the West of Scotland College

meteorological station which is situated within 100 m of the plots.
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Figure 8.1

Plan of experimental plots for the leaf adherence trial

A B A B
A B A B Subdivision of plot
(repeated for all
16 plots)
B A B A
A = Control
B = 370 kg/ha Cu fertiliser

This layout was repeated two metres away on the same type of herbage.
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8.4 RESULTS AND DISCUSSION

Figure 8.2 shows the herbage Cu concentration of samples obtained from
both control and Cu fertiliser plots. The Cu concentration of the
control herbage remained consistently between 8 and 10 mg/kg for the
duration of the trial. The differences in Cu concentrations of
the control plots were presumed to be due to biological and
experimental variation. The herbage Cu concentration of the Cu
fertiliser plots, which was used as a measure of adherence, showed
that despite its inorganic and powdery physical characteristics the Cu

fertiliser can adhere to foliage.

On app1ication of the Cu fertiliser, the Cu concentrations both in and
on the herbage rose from 8 mg/kg to nearly 2000 mg/kg. Within 7 days
this fell to 250 mg/kg Cu, which implies that not all of the Cu
fertiliser was actually adhering to the herbage, it was just a surface
coating which was quickly washed off by rain or fell off due to its
own weight. After fourteen days, herbage Cu concentrations had
dropped well below 100 mg/kg and then continued to decline more slowly
over the subsequent seven weeks. Thus after fourteen days the wash
off appears to be more gradual. The small blip at day 32 coincides
with a rainstorm which may have caused recontamination due to the rain
splashing Cu fertiliser back on to the herbage. After nine weeks the
Cu concentration of the treated herbage was still 6 mg/kg higher than
the 8 mg/kg Cu concentration of the control herbage. As the trial was
carried out in the winter when there was 1ittle herbage growth, uptake
of this amount of Cu by the herbage was unltikely. Therefore the
gradual decline in Cu concentration over the Tast six weeks suggests

that the Cu fertiliser does adhere to foliage and is slowly washed off
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by rain or blown off in the wind.

Daily rainfall data are given in Figure 8.3. No relationship was
found between Cu adherence and rainfall data on either a daily or
cummulative basis. However it 1is possible that if the trial was
repeated several times under different rainfall regimes or using

artificfal systems some relationship may become clear.

Thus the trial did show that the Cu fertiliser adhered to herbage and
was therefore available for ingestion by grazing animals. However, as
there is no apparent relationship between Cu fertiliser adherence and
rainfall in this trial, an estimate of how Tong animals should be kept
off treated ground after a broadcast application of the Cu fertiliser,
based on rainfall, cannot be made from these results. It is therefore
proposed that, since the greatest amount of leaf adherence occurs in
the first week after Cu fertijliser application and this declines
rapidly, to below potentially zootoxic levels (Davies, 1980), over the
next two weeks, a period of three weeks be allowed between broadcast

application and the resumption of grazing.

8.5 SUMMARY

8.5.1 The trial showed that the copper fertiliser can adhere to
herbage and is therefore available for ingestion by grazing

animals.

8.5.2 No relationship was demonstrated between Cu fertiliser

adherence and rainfall levels.
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8.5.3 Initial high herbage Cu concentrations due to coating with the
Cu fertiliser are quickly reduced and it is therefore proposed
that a three week period be allowed between broadcast

application and the resumption of grazing by animals.
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CHAPTER 9. INGESTION TRIAL

9.1 INTRODUCTION

Results from the animal response trials at both Garmore and Pinmacher
farms have shown that the treatment of an established sward with the
Cu fertiliser increased plasma Cu concentrations in grazing ewes
within a very short period of time after its application. This
increase could not be as a result of increased herbage Cu
concentrations as the Cu fertiliser was applied in the late
autumn/winter months when there was 1little herbage growth and so there
was 1ittle possibility of Cu uptake in sufficient amounts by the
herbaée to cause the rapid increases in plasma Cu concentrations
recorded. Therefore, it has been proposed (section 5.6.6) that the
initial increase in ewe plasma Cu concentrations was due to ingestion
of the Cu fertiliser by the sheep. The leaf adherence trial (Chapter
8) and the herbage samples taken at Pinmacher (Chapter 7) demonstrated
that the Cu fertiliser can adhere to herbage for periods of up to
twelve weeks. It is also probable that the Cu fertiliser was ingested
along with soil during the winter. Healy et al (1974) suggested that
grazing sheep can involuntarily ingest up to 300 g soil/kg herbage

D.M.I. when herbage cover is poor over the winter months.

It is 1ikely that the grazing sheep did ingest the Cu fertiliser, from
both Tleaf adherence and mixed in the topsoil, particularly over the
first winter following its application. This 1is thought to play an
important role in the initial raising of ewe plasma Cu concentrations,
especially since the Cu fertiliser becomes more soluble under acidic

conditions (Chapter 4) such as are found in the ovine gastro
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intestinal tract. Thus a more detailed study of the Cu fertiliser's

effects on the animal was required.

Animal copper intake in excess of immediate requirements is stored in
the 1iver (Underwood, 1977). Thus it is possible that at the time of
Cu fertiliser ingestion a substantial amount of Cu was stored in the
liver, and critical Tevels of Cu in the Tiver and tissue damage could
have occurred. However, this was not monitored in either field trial
except in the second year at Garmore when the death of eight ewes
allowed determination of liver Cu concentrations. These showed
significantly higher Tiver Cu concentrations in ewes from Cu
fertiliser treated pasture. These concentrations were probably even
highef in the first year of the trial and Tiver damage may have
occurred without outward clinical symptoms. When liver stores reach a
critical Tlevel there may be a sudden increase in blood plasma Cu
concentrations of 20 to 30 fold. Haemolysis occurs 24 to 48 hours
tater and usually results in death. Six to eight weeks before this
haemolytic crisis there is a marked increase in the activity of blood
serum glutamic-oxalacetic transaminase (S.G.0.T.} enzyme. S.G.0.T. is
a liver enzyme which is released when 1iver necrosis due to Cu loading
occurs and its assay in blood has been shown to give an effective
early diagnosis of chronic Cu poisoning in sheep (MacPherson and
Hemingway, 1969; Gracey et al, 1976). Thus by feeding Cu fertiliser
to sheep and measuring S.G.0.T. concentrations, the development of
elevated liver Cu concentrations and the risk of Cu toxicity should be

mon itored.

Of the heavy metals present in the Cu fertiliser Pb and Cd are

probably the most 1ikely to cause concern as they may be zootoxic at
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low concentrations. Thus, this trial will also offer the opportunity
for monitoring blood Pb and Cd concentrations to see if their presence
in the fertiliser when it is ingested would result in elevated blocod

concentrations, to the possible detriment of the animal.

9.2 OBJECTIVE
The objectives of this trial were:

(a) To determine if ingestion of the Cu fertiliser alone by sheep
would result in increased plasma Cu concentrations and thus

confirm the ingestion hypothesis above (section 5.6.6}.

(b) To look for any deleterious effects resulting from ingestion of
the Cu fertiliser. In particular to monitor Tiver function and

any elevations in blood Cu, Pb and Cd concentrations.

9.3 EXPERIMENTAL

An estimation of the daily intake of the Cu fertiliser by ewes on the
Garmore trial and was made in conjunction with results obtained from
the leaf adherence trial (section 9.3.1). Sixteen housed hoggs were
then dosed daily with the Cu fertiliser over a ten week period. Ten
weeks being the time interval over which the initial increase in
plasma Cu concentrations occurred in the grazing trial. The trial was

monitored by weekly blood sampling and liveweight measurement.
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9.3.1 Estimation of the Daily Intake of the Cu Fertiliser

At Garmore 30 ewes grazed an area of 4 ha which gives a stocking rate

of 1 ewe per 0.13 ha (7.5 ewes/ha).

Using an application rate of 370 kg/ha, each 0.13 ha area was covered

by 49.3 kg Cu fertiliser.

Assuming each ewe grazes one 0.13 ha only it has access to 49.3 kg Cu

fertiliser.,

The leaf adherence trial suggests that over the first ten weeks

approximately 5% of this is available to the sheep, i.e. 2.46 kg.

Assuming 10% of this is consumed by the sheep over a ten week period,
the average daily intake is 3.51 g/day or 4.92 g/day using a five day

week. Dosage rates were then chosen to span this value.

9.3.2 Treatments

Sixteen housed hoggs were divided into four equal groups and tagged
for identification. They were then dosed orally with the copper

fertiliser once per day, five days a week, at the following rates:

Group 1 0 g Cu fertiliser/day (0 g Cu/day).
Group 2 1 g Cu fertiliser/day (0.02 g Cu/day).
Group 3 5 g Cu fertiliser/day (0.1 g Cu/day).

Group 4 10 g Cu fertiliser/day (0.2 g Cu/day).

The Cu fertiliser was suspended in 50 m] distilled water and
administered by means of a plastic dosing bottle which was emptied by

placing it over the sheeps tongue and allowing the contents to run out
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down the oesophagus.
9.3.3 Blood Sampling and Analysis

Blood samples were taken from the 16 hoggs on the day before dosing

began and at weekly intervals thereafter.
The blood was analysed for the following parameters:

(a) Weekly - plasma Cu (section 3.4.2)
haemoglobin (section 3.4.4).

(b) Fortnight]y - Tead (section 3.4.5)
groups 1 and 4 only.
$.G.0.T. (section 3.4.8)

After ten weeks an extra sample was obtained from groups one and four

and analysed for total Cd concentration*.
9.3.4 Liveweight

A11 sixteen hoggs were weighed weekly.
9.3.5 Diet

The hoggs were each fed 200 g flaked maize per day and ad 1ib urea

treated hay.

*Analysis was by flameless fjonisation atomic absorption spectroscopy
and was conducted by Dr. G. S. Fell, Department of Pathology, The
Royal Infirmary, Glasgow.

223



9.4 RESULTS AND DISCUSSION

The plasma Cu concentrations for all four groups over the ten week
trial period are shown in Table 9.1 and presented graphically in
Figure 9.1. At no time did any of the animals have a plasma Cu
concentration below the deficiency threshold. However, their blood Cu
concentrations were at the lower end range, of 9.4 to 18.9 ymo1/1
(Grace, 1983), on day 1 and so there was still the possibility of

obtaining increases,

The results for the 1 and 5 g/day treatment show no significant
increase in plasma Cu concentrations at any time during the ten week
period compared to the 0 g/day treatment. The mean plasma Cu
concentration of the hoggs dosed with 10 g Cu fertiliser per day shows
a gradual rise from 12.29 ymol/l in week 0 to 17.02 ymol/] in week 8
after which it Jevels out and ends the trial at 16.98‘ymo1/1. At this
plateau stage the extra Cu intake was probably stored in the 1iver.
Although the 10 g/day treatment shows an immediate increase in plasma
Cu concentration it is not until the end of week three that it is
significantly higher (p<0.05) than the control group. By weeks seven
and nine this difference was increased to even greater significance at
p<0.01 and p<0.001 respectively. Therefore direct ingestion of the Cu
fertiliser at levels of 10 g/day or more will significantly increase

plasma Cu concentrations.

Although the 10 g/day treatment is twice the estimated daily intake of
the sheep in the Garmore field trial it is a relatively crude estimate
of the daily Cu fertiliser intake. However, if the estimate is close

to the actual level of intake then a possibie reason for the Tower
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dosing rates having no effect is that the estimated 5 g/day intake
would occur over a whole day in the field situation, whereas in the
housed situation it was given in one dose and it is possible that a
large proportion of this was quickly excreted by the animal. No
faecal samples were collected to substantiate this theory. In
addition, in the field the Cu fertiliser ingested would be mixed with
soil and/or herbage as opposed to on its own in the housed situation
and this may influence the rate of Cu release or adsorption in the

gut.

Tables 9.2 and 9.3 show that the presence of Pb or Cd in the
fertiliser had no potentially toxic effect as none of the blood
samp1és analysed contained significant amounts of either Pb or Cd.
There were no deleterious effects on the liver, as monitored by
S.G.0.T. concentrations in groups 1 and 4 (Table 9.2), during the ten
week trial period due to the increased Cu intake. Thus neither Cu nor
any other element in the Cu fertiliser were stored in the liver at

levels likely to cause liver necrosis or toxicity.

There were no significant differences in either 1liveweight or
haemoglobin concentration between treatments throughout the trial
(Table 9.4). However as there was no actual Cu deficiency or toxicity
problem and no toxicity due to either Pb or Cd, any differences in
haemoglobin concentration or 1iveweight among the groups would not

have been expected.
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Table 9.3

Ingestion trial mean whole blood Cd concentrations
for groups 2 and 4 at week 10

Treatment Whole blood Cd (nmo1/1)
0 g/day (group 1) 1
10 g/day (group 2) 1
Table 9.4

Ingestion trial mean liveweight and haemoglobin concentration
at each sampling date

Week of sampling Mean liveweight (kg) Mean haemoglobin (g/100 ml)

(n=16) (n=16)
0 35.1 9.64
1 35.9 10.21
2 36.5 13.84
3 36.8 11.97
4 36.6 9.27
5 36.9 9.59
6 36.9 9.63
7 37.0 10.11
8 36.6 10.41
9 37.0 9.69
10 37.2 9.73

S.E.D. = 1.23 S.E.D. = 0.59
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9.5 SUMMARY

9.5.1 Ingestion of Cu fertiliser by sheep can increase plasma Cu
concentrations. An intake of 10 g Cu/fertiliser per day
increased mean plasma Cu concentration from 12.3 ymo1/1 to 16.6
}mo1/1 within five weeks and maintained it at, or just above

this level until the end of the trial.

9.5.2 The increase in plasma Cu concentrations was not accompanied by

increases in whole blood Pb or Cd concentrations.

9.5.3 Ingestion of the Cu fertiliser at rates of up to 10 g/day for a
ten week period had no deleterious effect on the sheeps Tiver,

as monitored by S.G.0.T. concentrationss in this trial.
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CHAPTER 10. GLASSHOUSE POT TRIAL 1

10.1 INTRODUCTION

When the two field trials at Garmore were initiated in 1985 there were
no published results on the effects of different rates and methods of
application of the Cu fertiliser on herbage Cu concentrations.
Glasshouse pot trials gave a quick turnover of results as well as
allowing greater replication of treatments and more control over
growing conditions than is possible in field trials. In March 1986,
therefore, a pot trial was initiated to determine if the Cu fertiliser
application rates used in the field trials were 1ikely to increase

herbage Cu concentrations.

Broadcast application of the Cu fertiliser does not allow immediate
availability of Cu to plant roots as the Cu is water insoluble
(Chapter 4) and therefore not readily leached into the soil. Hence
different methods of application of the Cu fertiliser and their
effects on herbage Cu concentrations were also studied. Quicker and
more efficient uptake of Cu from the fertiliser 1is 1likely if it is
incorporated into the rooting zone. This method of application may be
particularly important as Cu deficiency in 1livestock often occurs
after reseeding soils of low or marginal Cu concentration when the
increased herbage production depresses herbage Cu concentrations

through a dilution effect (section 2.3.3).

Herbage Zn, Fe, Pb, Cd, Cr, Mn and Ni concentrations were also
monitored to see if their presence in the Cu fertiliser resulted in

zootoxic herbage concentrations. As soil pH markedly affects the

231



availability of trace elements (Lucas and Knezek, 1972) the above
rates and methods of application were applied to a range of pHs, which

were typical of those in Scottish soils.

10.2 EXPERIMENTAL
10.2.1 Soil for Pot Trial

A Cu-deficient, sandy loam soil was collected from the Kirkbean area
on the Solway Firth coast (0.S. map reference NX953560). Samples were
obtaiﬁed from the B horizon of the soil profile, to minimise the
amount of organic matter present which reduces Cu uptake by plants.
The soil has a low E.D.T.A.-extractable Cu concentration (section
3.2.8) of 1.25 mg/kg (Table 10.1). Soil analysis was also carried out

to determine:

{a) Available P and K (section 3.2.7) so that necessary fertiliser

treatments could be calculated.

(b) pH and lime requirements (section 3.2.4 and 5) so that soil pH

could be adjusted.

(c) Percentage loss on ignition {(section 3.2.6) to ensure that this
was not high and thus affect the availability of any added Cu

(section 2.2.6}).
The results are listed in Table 10.1.

Moist soil was used after being passed through a 5 mm sieve to remove

any large stones and break up any aggregates.

232



Table 10.1

Analysis of pot trial soil

% loss on ignition 5.4
pH 5.3
Lime requirement 3.6
Available P (mg/1) 102
Available K (mg/1} 166
E.D.T.A. extractable Cu (mg/kg) 1.25

10.2.2 Experimental Treatments

(a) Method of Cu fertiliser application:

(1) Broadcast.
(11) Deep soil incorporation.

(iii) Seed bed incorporation.

(b) Application rate (kg/ha):

(i) 0.
(i) 370.

(iii) 740,

(c) Soil pH:

(1) 5.5.
(ii) 6'0.

(i11) 6.5,

These methods of application were chosen to simulate surface

application to an established sward, incorporation into the plough
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layer at reseeding and incorporation into the top 2 cm of soil in a

minimum cultivation system respectively.

The application rates represented a control with no added Cu, and two

application rates as used in the Garmore herbage trial.

The three soil pHs selected for study here are typical of those found

in Scottish mineral soils.

Each of the treatments was replicated four times giving a total of 108

pots arranged in a randomised block design on glasshouse benches.
10.2.3 Preparation and Ryegrass Seeding

Four-1litre polythene pots were filled with 3 kg of s¢il which had been
limed to the desired pH with calcium hydroxide, and fertilised with
ammonium nitrate, potassium nitrate and triple superphosphate as
recommended by the Scottish Agricultural Colleges (1985) for grass

establishment.

For deep soil-incorporation of the Cu fertiliser, the appropriate
application rate was mixed throughout the 15 cm depth of soil. To
simulate seedbed incorporation, the top 2 cm of sofl in each pot was
removed, mixed with the Cu fertiliser and returned to the pot. For
the broadcast application, the Cu fertiliser was surface applied after

the pots had been sown with ryegrass.

Each pot was then transferred from the laboratory to the glasshouse.
The moisture content of the soil was kept constant by standing the

pots on a 10 cm deep capillary bed of moist perlite.
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The pots were sown with two grams of Springfield perennial ryegrass on
6 March 1986, Deionised water and 1iquid feed (section 3.5.3) were

applied when required.
10.2.4 Grass Cutting and Analysis

Cuts were taken from the pots after 72 and 149 days (on 17 May 1986
and 2 September 1986). To prevent any soil contamination the grass
was cut 2 cm above the soil surface of each pot using steel shears.
The fresh weight yield of grass was determined and the samples
retained for dry matter and trace element analysis. After
determination of the dry matter yield of the grass from each pot, a
subsample was taken and analysed for total Cu. Zn, Fe, Pb, Cd, Cr, Mn

and Ni (section 3.3.4).
10.2.5 Soil pH

At the end of the pot trial 25 soil samples were taken at random from
the total of 108 pots and the soil pH determined to see if it had
changed over the duration of the trial. There was no significant

change in soil pH over the trial period.
10.3 RESULTS AND DISCUSSION

10.3.1 Germination and Yields

Germination of ryegrass seed was not prevented by any of the
treatments. Mean grass yields for both first and second cuts are
given in Table 10.2. There were no significant differences in grass
yields among the treatment groups at either cut. Thus Cu fertiliser

application had no positive or deleterious effects on grass growth.
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Despite growing in soil of low available Cu concentration,

no grass

sample (Table 10.4) was found to be Cu-deficient, i.e. containing less

than 4 mg Cu/kg (M.I.S.R., 1985).

Consequently, Cu was not a growth

Timiting element and so yleld differences would not be expected.

Table 10.2

Mean grass yields from herbage pot trial cuts 1 and 2

Cut 1 S.E.D. Cut 2 S.E.D.
Fresh weight (g) 205 - 193 -
Dry matter (g/kg) 103 - 102 -
Dry matter yield (g) 21.3 0.81 19.7 1.27
Table 10.3

Mean trace element concentrations of grass cuts 1 and 2

Concentration in grass (mg/kg)

Element Cut 1 S.E.D. Cut 2 S.E.D.
Cu 16.7 0.86 10.2 1.08
Zn 80.6 7.62 78.8 9.66
Fe 172.1 23.34 146.4 28.6
Pb 0.90 0.11 0.78 0.24
Cd 0.08 0.01 0.06 0.01
Cr <0.01 <0.01 -
Mn 308.5 48,2 292.1 57.6
Ni 1.0 0.25 1.06 0.19
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10.3.2 Cut 1, Trace Element Concentration

Table 10.3 shows the mean Cu, Zn, Pb, Cd, Ni, Fe, Cr and Mn
concentrations of the grass in cut 1. There were no significant
differences in concentrations among the different treatments. Thus,
application of the Cu fertiliser by any of the three methods had no
effect on the trace element concentration of the grass in the first

sixty days after sowing.

This may have been due to the roots not having been well=-enough
distributed throughout the pot to have had access to all the Cu
fertiliser added and as such would have had to obtain their Cu
requirements directly from the small amount available in the adjacent
soil. Alternatively, there may not have been a sufficient time
interval between seeding of the grass and the first cut for the Cu
fertiliser to release enough Cu to have had a significant effect on

the size of the plant-available Cu pool in the soil.
10.3.3 Cut 2, Copper Concentration

The grass Cu concentration for each treatment in the second cut is
given in Table 10.4 and presented graphically in Figure 10.1. The
results show that increasing rates of Cu fertiliser application led to
significant increases (p<0.001) in the Cu concentration of the grass.
The 370 kg/ha rate gave an average rise in the Cu concentration of
2.75 mg/kg and the 740 kg/ha a 3.95 mg/kg rise. Of the extra Cu taken
up by the grass, these increases represent 0.22% and 0.15% of the

added Cu from the 370 kg/ha and 740 kg/ha treatments respectively.
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The results also showed that lowering soil pH raised the Cu
concentration in the grass with the effect being highly significant
{p<0.001). This effect was probably due to the effects of pH on the
solubility of Cu from the fertiliser rather than on the availability
of Cu from the soil which is thought to be 1ittle affected by soil pH

(sectijon 2.2.6).

There were, however, no significant differences in grass Cu
concentrations due to the different application methods. This may be
because the grasses were well-rooted and the roots had access to all
the Cu fertiliser in the confined space of the pot. Thus, regardless
of how the Cu fertiliser was applied any Cu released could be taken up
by the grass. Therefore, the rate rather than the method of

application of the Cu fertiliser was likely to play the more important

role.
10.3.4 Cut 2, Zn Concentration

The grass Zn concentratons for each treatment at the second cut are
given in Table 10.5 and in Figure 10.2. These show that Zn followed a
similar pattern to Cu, increasing the application rate and Tlowering
the so1l pH gave significant increases (p<0.001) in the Zn
concentration of the grass. Again, there were no significant
differences in grass Zn concentrations as a result of different
application methods. As the same plant processes are thought to be
involved in both Cu and Zn uptake (Bowen, 198l1) the discussion in

10.3.3 applies to Zn as well as Cu.
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10.3.5 Cut 2, Fe, Pb, Cd, Cr, Mn and Ni Herbage Concentrations

Table 10.3 gives the mean Fe, Pb, Cd, Cr, Mn and Ni concentrations of
the grass from cut 2. Application of the Cu fertiliser did not
elevate the concentration of these elements above the concentration
found in the controls. There were no significant differences in
herbage concentrations among the different treatments, which were well
below phytotoxic or zootoxic levels (Table 6.7). It can therefore be
assumed that the Cu fertiliser treatments posed no toxicity problems
in this trial. As in the herbage field trial any possible uptake of
these elements was probably reduced by the competitive uptake of the
much larger concentrations of Cu and Zn present in the fertiliser. 1In
addit}on. as approximately only 0.25% of the added Cu was removed in
the second cut and assuming similar rates of uptake by the plant, any

increases in Pb, Cd, Cr, Mn or Ni concentrations would be negligible.
10.3.6 General Discussion

This experiment showed that application of the Cu fertiliser caused
significant increases in grass Cu and Zn concentrations. These
increases were not accompanied by increased Fe, Pb, Cd, Cr, Mn and Ni
concentrations. The results are comparable to those obtained with
mixed herbage in the field trial at Garmore (Chapter 6} and show that
application of this Cu fertiliser is a method of increasing herbage Cu

concentrations.

The average 4 mg/kg increase in the ryegrass Cu concentration obtained
in this pot experiment is much larger than that obtained by several
other workers using CuSO4 in the field situation where fincreases of

only 1-2 mg/kg were recorded using similar Cu application rates
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(Reith, 1983; Burridge et al, 1983; Reith et al, 1984). However, the
results are comparable to those from a pot trial by McGrath et al
(1982a) who demonstrated that CuSO, (6 kg Cu/ha) can give 4 mg/kg
increases in grass Cu concentrations. Therefore, the new fertiliser
was shown to be equally as effective as CuSO, in increasing grass Cu

concentrations when used in pots.

Although Zn deficiency in crops or animals is rare in Great Britain,
the increased Zn concentrations obtained using this fertiliser were
significant and may prove useful in other areas of the world
especially South America and Africa where combined Cu and Zn

deficiencies are common (McDowell, private communication).

The different methods of Cu fertiliser application used in this trial

had no significant effects on grass Cu concentrations.

However, any effects due to the different application methods may have
been 1imited by the confined volume of the pots. Thus, a field-scale
trial in which roots have access to a much greater volume of soil is
necessary to determine if the method of application would affect the
rate of Cu uptake by the plant following application of the Cu

fertiliser.

10.4 SUMMARY

10.4.1 Application of the Cu fertiliser at rates of up to 740 kg/ha
had no beneficial or deleterious effects on ryegrass

germination or yields.
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10.4.2

10.4.3

10.4.4

10.4.5

Appiication of the Cu fertiliser increased grass Cu and Zn
concentrations. Increasing application rates produced

significant increases in herbage Cu and Zn concentrations.

Lowering the soil pH resulted in significant increases in
ryegrass Cn and Zn concentrations when grown in soil

supplemented with the Cu fertiliser.

There were no significant differences in ryegrass Cu
concentrations due to the different application methods

employed.

The increase in grass Cu concentrations obtained were similar

to those obtained by some other workers using CuSO,.
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CHAPTER 11. GLASSHOUSE POT TRIAL 2

11.1 INTRODUCTION

In order to look in more detail at soil factors which might influence
the plant availability of Cu from Cu fertiliser supplemented soil, a
second pot trial was conducted using ryegrass as the Cu extractant,
because no chemical soil Cu extractant has been found suitable for use
in assessing plant available Cu in the soil when the Cu fertiliser is
present (Chapter 4) which meant that soil incubation experiments were

not feasible.

Probably the principal factor which affects Cu availability in soil is
its organic matter content (sections 2.1.2 and 2.1.6). In general the
more organic matter a soil contains the less available Cu is to the
plant and the more quickly any added Cu is adsorbed by the soil and
rendered plant unavailable. The drajnage status of the soil also
affects Cu availability, the concentration of plant available Cu in a
soil is usually higher in poorly drained soils (section 2.2.6).
Drainage conditions may also affect the solubility of the Cu
fertiliser. Although the evidence for soil pH affecting the
availability of Cu to plants is conflicting (section 2.2.6), the first
pot trial (Chapter 10) showed that soil pH had an effect on the Cu
concentration of ryegrass and this, therefore, warranted further

investigation.

The following pot trial was, therefore, conducted to investigate the
effects of soil pH, waterlogging and organic matter content on the

plant availability of Cu from Cu fertiliser supplemented soil. The
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results should help in determining what combination of soil types.,
drainage status and pH is most favourable for Cu fertiliser

supplementation.

By designing the pot trial to last for up to one year any residual
value of the Cu fertiliser, for supplying Cu to the plant, could be
monitored. Herbage Zn, Fe, Pb, Cd, Cr, Mn and Ni concentrations were
also monitored in order to determine if their release from the Cu
fertiliser and plant availability were affected by the different soil

factors.

11.2 EXPERIMENTAL
11.2.1 Soils and Preparation

Three soils with varying organic matter contents were collected. The
soils include one from the Garmore response trial site as the moderate
organic matter content soil and this may enable a better understanding
of what is happening to the Cu fertiliser in the field. The others
used were a peaty gley topsoil (high organic matter) a sandy subsoil

(Tow organic matter).

The soils were riddled through a 5 mm sieve to remove any large stones

and break up any aggregates. Analysis was also carried out to

determine:

(a) Percentage loss on ignition {(section 3.2.6) to determine the

percentage organic matter in each soil.

(b) pH and 1ime requirement (section 3.2.4 and 5) so that the pH of

the soil could be suitably adjusted.
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(c) Avallable P and K (section 3.2.7) so that fertiliser

recommendations could be determined.

(d) E.D.T.A. extractable Cu (section 3.2.8) for background

information on the three soils.

The results in Table 10.1 show that the scils all have a low E.D.T.A.
extractable Cu concentration, as defined by M.I.S.R. (1985) and do

encompass a wide range of organic matter contents.

Table 11.1

Soil analysis results for soils used in pot trial

Soil organic mattent content

Analysis ‘ Low Moderate High
Organic matter content (%LOI) 5.5 15.6 57.9
E.D.T.A. Extractable Cu (mg/kg) 2.75 3.68 2,69
pH 5.54 5.03 4.33
Lime requirement (t/ha) 1.7 6.7 17.8
Available P (mg/1) 1.5 8.1 2.5
Available K (mg/1) 60 66 100

The soils were packed moist into 17.5 cm plastic pots with a base
dressing of 3 g of 20 N; 10P; 10K ground fertiliser incorporated into
each pot. Target pHs for each pot were obtained by incorporation of

calcium hydroxide throughout the soil by hand.
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11.2.2 Treatments

Three soil factors were studied: soil organic matter content, soil pH
and waterlogging, each of them with or without Cu fertiliser additien.

The treatments were:

(a) Soil organic matter content

The three soils used in this pot trial were selected on the basis of
their different organic matter contents which were represented by loss
on ignition of 5.5%, 15.6% and 59.6% respectively. The soils were

therefore classified as:

(1) Low organic matter content - sandy loam subsoil.
(i1) Moderate organic matter content - sandy loam.
(1ii) High organic matter content - peaty gley (Scottish Agricultural

Colleges, 1985).

(b) Soil pH

Each of the above soils were all limed with Ca (OH,) to obtain pHs of:

(i) 4.5,
(ii) 5.5.
(1ii) 6.5.

This range of pHs is wider than that used in the first pot trial

(Chapter 10) and is more likely to emphasise any pH effects.

(c) Waterlogging
Two moisture contents were compared by creating a low and high water

table environment for the pots as follows:
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(i) aerated - low water table.

(ii) waterlogged - high water table.

The high watertable was obtained by sitting the soil filled pots in
trays containing 5 cm depth of water. The low water table comparison
was obtained by sitting the pots on trays of perlite. This allowed
the Tatter to be well aerated and free draining with the perlite

offering a source of water when required by the plant.

(d) Copper fertiliser supplementation

The Cu fertiliser was applied at:

(i) 0 kg/ha.

(11) 370 kg/ha.
The Cu fertiliser was mixed throughout the 12 cm depth of the pot.

(e) Replication
Each of the 36 treatments above was replicated four times giving a

total of 144 pots arranged in a randomised block design.
11.2.3 Sowing of Seed and Feeding

After treatment two grams of Italian ryegrass was sown into the top of
each pot on 25 March 1987. The pots were watered with defonised water

and fed 5 m1 of 1iquid feed (section 3.5.3) as required.
11.2.4 Grass Cutting and Analysis

Five cuts were taken from all the pots on 3 June 1987, 12 August 1987,
14 October 1987, 21 January 1988 and 29 March 1988. The grass was cut

2 cm from the soil surface of each pot using steel shears to prevent
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any soil contamination. The grass samples were then weighed and
retained for dry matter determination and trace element analysis.
After dry matter determination, a subsample was removed for total Cu
and Zn analysis (section 3.3.4). The grass samples obtained from the
three cuts on 3 June 1987, 12 August 1987 and 21 October 1987 were

also analysed for Fe, Mn, Ni, Pb, Cr and Cd (section 3.3.4).

Due to the detrimental effects of mildew infection and thrip

infestation samples taken at the fourth cut had to be discarded.
11.2.5 Soil pH

At the end of the pot trial, the soil of 27 pots were sampled at
random from the total of 144 pots and the soil pH determined (section
3.2.4) to see if it had changed over the duration of the trial. This
showed that the target pHs were maintained throughout the trial

period.

11.3 RESULTS AND DISCUSSION
11.3.1 Yield

There were no significant differences in grass yields among the
treatment groups at any cut (Table 11.2). Thus Cu fertiliser
application had no positive or deleterious effects on grass growth.
Despite growing in soils of low available Cu concentration no grass
samples were found to be Cu-deficient (less than 4 mg Cu/kg (M.I.S.R.,
1985)), consequently as in the first pot trial (Chapter 10) no yield

difference would have been expected.
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11.3.2 Grass Cu Concentration

The mean grass Cu concentrations for each treatment in the four cuts
in which they are measured are shown in Table 11.3., Irrespective of
treatment, application of the Cu fertiliser produced significant
increases (p<0.001) in grass Cu concentrations over the control

treatments, which were maintained until the end of the trial.

The increase in grass Cu concentration due to the application of the
Cu fertiliser compared to the control declines with successive cuts
(Figures 11.5 and 11.6). 1In cut 1 there was an average increase of
8.0 mg/kg in grass Cu concentrations which dropped to 2.4 mg/kg by the
third_cut but plateaued out at this level and was 2.2 mg/kg at the
final cut., These increases represent removal of 0,21% and 0.06% of
the added Cu by the grass in the first and last cuts respectively.
These results imply that an initial flush of Cu was released from the
Cu fertiliser following application, which was reflected in higher Cu
concentrations at the first sampling. In subsequent cuts the soil may
have removed any excess Cu released from the Cu fertiliser or
alternatively its rate of release may have slowed down, the Cu now
coming from larger particles that degrade more slowly. Another
possibility is that the Cu reserves in the soil and from the Cu
fertiliser may simply have declined with time. Thus the elevation in
Cu concentrations begins to decline until an equilibrium position is
reached after which the difference from controls remains relatively
constant. These results are similar to those observed by other
workers who have shown in pot experiments that after soil Cu
supplementation, elevation of the Cu content of grasses decreased with

successive cuts (McGrath et al, 1982a) as the added Cu is immobi]lised
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by the soil.

(a) Effects of soil pH on Cu concentrations

The mean Cu concentrations for the control and Cu fertiliser
treatments at each pH level in all four cuts are given in Table 11.4
and presented against time in Figure 11.5. They show that there is no
significant effect of soil pH on the control grasses. However, when
Cu fertiliser was applied, lowering the pH from 6.5 to 5.5 caused
significant increases {(cut 1 p<0.001, cut 2 p<0.0l, cut 3 p<0.001, cut
5 p<0.001) in the Cu concentration of ryegrass. However there was
only a significant difference (p<0.00l) between grass Cu
concentrations for pH 4.5 and 5.5 at cut 5. Although at pH 4.5 the
grass‘Cu concentrations tended to be higher than those at pH 5.5. 1In
addition the Towest pH level maintained the greatest elevation in
grass Cu concentration throughout the trial pericd. Therefore it
appears that soil pH 1is influencing the concentration and rate of
release of Cu from the Cu fertiliser to both the soil and plant. As
in the first pot trial (Chapter 10) the evidence therefore suggests
that the more acidic soil allows the Cu fertiliser to degrade more
rapidly and provide a higher concentration of Cu available to the
plant. The lower soil pHs may also allow this more rapid rate of

release to be maintained for a longer period of time.
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Table 11.4

Mean Cu concentrations for the control and Cu fertiliser
treatments at each pH level in each cut

Cut Cu fertiliser (kg/ha) P

4.5 5.5 6.5
1 0 7.20 5.29 6.63
370 16.26 15.67 10.86

S.E.D. = 0,93
2 0 7.22 6.80 6.83
370 14,01 14,14 10.92

S.E.D. = 0.72
3 0 7.32 7.26 6.69
370 10.53 10.04 8.87

S.E.D. = 0.34

5 0 7.91 8.60 7.07
370 10.99 9.86 9.06

S.E.D. = 0.33
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(b) Effects of organic matter content on Cu concentrations

The mean Cu concentration for the control and Cu fertiliser treatments
at each organic matter level in all four cuts are given in Table 11.5
and presented against time in Figure 11.6. Application of the Cu
fertiliser caused significant increases {(p<0.001) in ryegrass Cu
concentrations on all three soil types in each cut. However, there
were no significant differences in the Cu concentration of grass on
fertilised soil between soil types. Therefore, organic matter content
does not appear to influence initial release of Cu by the fertiliser.
At the first three cuts there were no significant differences in the
Cu concentration of grass among control treatments. A1l three soil
types had similar E.D.T.A. extractable Cu concentrations (Table 11.1)
and so these results for the controls were not unexpected. In the
final cut the Cu concentrations of the ryegrass from the control, high
organic matter treatment dropped significantly below that of the other
control treatments. This could be due to depletion of its own
inherent soil Cu reserves by the continual removal of Cu in previous
cuts. The Cu fertiliser, high organic matter treatment followed a
similar paralilel decline but still maintained a 2 mg Cu/kg D.M.
advantage over the control throughout this period (Figure 11.6). This
implies that although the soils own Cu content is decreasing the Cu
fertiliser is still supplying sufficient Cu to significantly increase

grass Cu concentrations.

The above results demonstrate that organic matter had no significant
effect on the uptake of Cu fertiliser-derived Cu by ryegrass. This
suggests that the grass was obtaining most of its Cu directly from the

Cu fertiliser which was released at a similar rate in all three soil
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Table 11,5
Mean Cu concentratijon for the control and Cu fertiliser treatments

at each organic matter content for all four cuts

Organic matter content
Cut Cu fertiliser (kg/ha)

Low Moderate High
1 0 6.26 5.94 6.92
370 13.39 16.96 12.45

S.E.D. = 0.93
2 0 7.38 6.58 6.89
370 12.66 12.72 13.69

S.E.D. = 0.72

3 0 6.79 7.71 7.78
370 9.28 10.34 9.82

S.e.D. = 0.34
5 0 9.47 8.50 5.61
370 10.92 11.57 7.42

S.E.D. = 0.33
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types, after the initial higher rates of release on application.
Whereas, if the Cu fertiliser Cu was first released to the soil and
from there to the plant the high organic matter soil should adsorb
this extra Cu quickly and render it unavailable to the ptlant and so
the grass Cu concentration of the control and Cu fertiliser treatments
would converge more quickly as the organic matter content increases.
As Figure 11.6 shows, this did not occur. This premise could be
tested by use of a comparable CuSO4 treatment in all three soils. 1In
the higher organic matter soil, Cu from CuSO, would probably be
quickly fimmobilised by soil adsorption processes and thus less Cu
would be available for plant uptake than when the Cu fertiliser is

used.

(c) Effects of waterlogging on Cu concentration

The mean Cu concentrations of the ryegrass for the control and Cu
fertiliser treatments in both aerated and waterlogged soils are given
in Table 11.6 and presented against time in Figure 11.7. There was no
consistent significant difference in Cu uptake by grasses grown in
waterlogged or aerated treatments in either 0 or 370 kg/ha Cu
fertiliser treatments. Watertable height has apparently had no effect
on the solubility of Cu from the Cu fertiliser., This was probably
because, despite the different water tables the pots were 1in an
enclosed system where there was not a constant through flow of water
to remove any Cu from the soil solution and even if any Cu was leached
out of the soil it only went as far as the tray in which the pot was

sitting from where it could be reabsorbed by plant roots.
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Table 11.6

Mean grass Cu concentrations for aerated and waterlogged treatments
at each Cu fertiliser application rate in each cut

Cut Cu fertiliser (kg/ha) Aerated Waterlogged

1 0 6.01 6.74
370 15.55 12.89

S.E.D. = 0.76
2 0 6.91 6.99
370 12.97 13.08

S.E.D. = 0.59
3 0 6.94 7.81
370 8.72 10.90

S.E.D. = 0.28
5 0 7.95 7.77
370 . 9.98 9.95

S.E.D. = 0.27
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11.3.3 Grass Zn Concentrations

Herbage Zn concentrations followed a similar pattern to those of Cu
(Table 11.7). Application of the Cu fertiliser resulted in
significant increases (p<0.001) in grass Zn concentrations.
Waterlogging or organic matter content had no significant effect on
grass Zn concentrations. These results are consistent with those of
previous work (Chapters 6 and 10) in which Cu and Zn followed similar

uptake patterns.
11.3.4 Grass Fe, Pb, Cd» Cr, Mn and Ni Concentrations

Application of the Cu fertiliser had no significant effect on the Cu
concentration of any of these elements (Table 11.8). Thus the rate of
release of these elements from the Cu fertiliser or their plant
availabitity were not affected by the different soil factors.
Consequently they were not analysed in the grass from the final cut on
29 March 1988. The concentrations of these elements were well below
both phytotoxic and zootoxic thresholds (Table 6.7). These results
are consistent with those of previous work (Chapters 6 and 10) and
imply that the presence of these elements in the Cu fertiliser is
unlikely to have any detrimental or toxic effect in either the plant

or animal.
11.3.5 Conclusions

Results from this pot trial have further confirmed that the Cu
fertiliser is a method of increasing grass Cu and Zn concentrations.
The availability of Cu from the Cu fertiliser does not appear to be

affected by the organic matter content or water table of a soil. This
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implies that the Cu fertiliser could be effectively used on a wide
range of soil types. However, soil pH does influence the availability
of Cu from the Cu fertiliser; Towering the pH caused significant
increases in the Cu concentration of ryegrass. It is probable that pH
affects the solubility of the Cu fertiliser. This compares well with
the characterisation work (Chapter 4) which showed that the solubility
of the Cu fertiliser increased with increasing acidity. The Cu
fertiliser would probably be more effective on acid soils in which Cu
from CuSO, would probably be quickly immobilised by adsorption in the

soil (section 2.4.1).

Under the intensive growing conditions of the glasshouse this work has
demonstrated that the Cu fertiliser could provide a long term source
of Cu for plants. The elevated grass Cu concentrations were
maintained throughout the duration of the trial which was 350 days.
As in the previous trials the Cu and Zn increases were not accompanied

by increased Fe, Pb, Cd, Cr, Mn or Ni concentrations,

These results suggest that the Cu fertiliser could act as a long term
source of Cu for grass particularly on the acidic soils of Great
Britain where CuSO4 cannot be effectively used as a soil applied Cu
fertiliser although comparative trials would be necessary to confirm
this. In addition it has potential for use as a Zn fertiliser. Its
ability to supply either Cu or Zn does not appear to be affected by

organic matter content or waterlogging as described in this chapter.
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11.4 SUMMARY

11.4.1

11.4.2

11.4.3

11.4.4

11.4.5

11.4.6

Application of the Cu fertiliser had no positive or

deleterious effects on grass yields.

Application of the Cu fertiliser maintained a significant
increase in grass Cu concentrations in all three soil types

throughout the duration of the trial.

Organic matter content of the soil did not adversely affect
the availability of Cu to grass in soils supplemented with Cu

fertiliser.

Soil pH is the main factor which influences the plant

availability of Cu from Cu fertiliser supplemented soil.

Lowering the soil pH resulted in significant increases in the

Cu concentrations of Cu fertiliser treated ryegrass.

Waterlogging had no consistently significant effect on the Cu

concentratﬁons of Cu fertiliser treated soil.
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CHAPTER 12. SOIL INCORPORATION FIELD TRIAL

12.1 INTRODUCTION

Preceding pot and field trials demonstrated that application of the Cu
fertiliser increased the Cu concentration of both ryegrass or mixed
herbage. Although broadcast application to grassland is preferable to
soil incorporation from a practical point of view as it is the
simplest and most convenient method, some toxicity problems may arise
due to direct ingestion of the Cu fertiliser adhering to the surface
of herbage by sheep susceptible to Cu poisoning, such as the North
Ronaldsay, or if high application rates are used. This problem may be
overcome by incorporation of the Cu fertiliser into the soil. Copper
deficiency in sheep occurs particularly often after pasture
improvement (see section 2.3.3). If dincorporation of the Cu
fertiliser into the soil at reseeding increases herbage Cu
concentrations then it may prevent any subsequent Cu deficiency in

Tivestock.

The first glasshouse pot trial (Chapter 10) showed no significant
differences in Cu uptake by ryegrass when surface application and soil
incorporation of the Cu fertiliser were compared. However, the
limited confines of the pot probably meant that the plant roots had
access to all the Cu fertiliser in the pot regardless of application
method (section 10.3.3). In the field situation although broadcast
application of the Cu fertiliser produced increased herbage Cu
concentrations (Chapter 6) this method of application does not allow
immediate access of the roots to the applied Cu. Quicker and more

efficient uptake of Cu from the fertiliser may occur if it fis
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incorporated into the soil.

Therefore a field trial was set up to investigate the effect of
incorporation of the Cu fertiliser into the seedbed at reseeding on
herbage Cu concentrations. Due to dilution effects and because the
risk of ingestion would be reduced it was felt that a high Cu
fertiliser application rate could be used in this trial as the
increase in herbage Cu after broadcasting at Garmore had not been as
high as might have been preferred. Therefore in addition to using the
370 kg/ha Cu fertiliser appiication rate, for direct comparison with
broadcast application (Chapters 5, 6 and 8), a treatment of 1000 kg/ha

Cu fertiliser incorporated into the soil was included.

12.2 EXPERIMENTAL

12.2.1 Site Description and Preparation

An area 15 m x 8 m on a uniform established sward at Temple Field on
the West of Scotland College estate (0.S. map reference NS382238) was

prepared as follows to simulate an autumn reseed:

(a) The existing herbage was destroyed using the herbicide

glyphosate.

{(b) The dead herbage was then cut and removed.

(c) The area was ploughed to break up and invert the soil.

(d) The area was rotivated, then raked to break up any clods and

prepare a seedbed.

(e) Twelve 3 m x 2 m plots were marked out.
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(f) The Cu fertiliser was then applied, as described in 6.3.3, to the

soil surface at the following rates:

(1) 0 kg/ha.
(ii) 370 kg/ha.

(ii1) 1000 kg/ha.

Each treatment was then replicated four times in a single

randomised block (Figure 12.1},

(g) The Cu fertiliser was incorporated into the top 5 cm of the soil

by means of a rotaspike.

(h) On 10 August 1987 the area was seeded with ryegrass at a rate of

10 g seed/m”.

12.2.2 N.P.K. Fertiliser Application

After germination, triple~17 N.P.K. fertiliser at a rate of 185 kg/ha
was applied to each plot by hand. This application was repeated in

April 1988.
12.2.3 Herbage Sampling and Analysis

As no yield responses were found in previous trials (Chapters 6, 10
and 11) and no Cu deficiency was expected in this trial, no

measurements of grass yields were made.

The ryegrass in the plots was sampled on 29 October 1987 and 2 June
1988. The samples were taken up the centre strip of each plot using
steel sheep shears. The grass was cut approximately 3 cm from the

soil surface. As there was still only Timited growth the replicate
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Figure 12.1

Arrangement of trial plots

1000 ( 0 ? 370 1000
kg/ha [ kg/ha - kg/ha kg/ha

370 | 1000 ! 0 370
kg/ha kg/ha kg/ha kg/ha

—
J '
0 370 1000 370
kg/ha kg/ha kg/ha kg/ha
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samples collected on 29 October 1987 for each treatment were bulked
together in order to obtain sufficient grass for analysis. The
samples collected from each plot on 2 June 1988 were analysed

individually.

Each sample was analysed for total Cu (3.3.4) only.

12.3 RESULTS AND DISCUSSION

Incorporation of the Cu fertiliser into the seedbed before reseeding
was observed to have no deleterious effects on grass seed germination.
Incorporation of the Cu fertiliser also produced increases in grass Cu
concentrations (Table 12.1)., The increases at the first cut were
comparable to those at the second cut which were significant at
p<0.001l. Increasing the Cu fertiliser incorporation rate from 370
kg/ha to 1000 kg/ha had no significant effect on grass Cu

concentration.

Table 12.1
Mean ryegrass Cu concentrations
Cu concentration (mg/kg)

Cu fertiliser application rate (kg/ha)
29/10/87 02/06/88

0 11.0 6.9
370 14.9 9.9P
1000 15.0 9.8P
S.E.D. N/A 0.54

¥Means with different superscripts in any column are
significant at the p<0.001 level,

215



The increases of 3-4 mg/kg in the grass Cu concentrations produced
using 370 kg/ha Cu fertiliser are greater than those obtained using
the same rate broadcast in the Garmore herbage trial. This could
reflect the different compositions of the two swards rather than the
effectiveness of the Cu fertiliser. However as the Cu fertiliser is
not very soluble and as Cu is not very mobile in the soil the
incorporation should give more immediate access of Cu to the roots.
Thus quicker and more efficient uptake of Cu from the Cu fertiliser
should occur when it is mixed into the rooting zone rather than
broadcast to the soil surface. This possibility could only be
confirmed by a direct comparison of incorporation and broadcast

applications under identical field conditions.

The increases in grass Cu concentrations are very similar to those
obtained in the two pot trials when 370 kg/ha Cu fertiliser was used.
They are however larger than those obtained by several workers using
CuSQ0,, at comparable Cu application rates, in the field situation
where increases of only 1-2 mg/kg in ryegrass were recorded (Burridge

et al, 1983; Reith et al, 1984).

Without further investigation the reasons for the two different
application rates providing similar increases in grass Cu
concentrations cannot be explained. Although the two Cu fertiliser
application rates gave similar increases in grass Cu concentrations.,
in the first year of the trial, it is possible that the 1000 kg/ha Cu
fertiliser application rate may provide greater long term residual
effects than the 370 kg/ha rate. This possibility could not be

followed up within the time constraints of the project.
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Incorporation of the Cu fertiliser into the soil at reseeding thus
provides increased grass Cu concentrations without any surface
contamination and potential problems this may cause. It, therefore
could be used at reseeding to overcome or reduce the incidence of Cu
deficiency in sheep which is often associated with upland pasture
improvements. The increase would probably be sufficient to prevent Cu
deficiency in grazing 1livestock, especially where this has arisen
purely as a result of Tland improvement processes (section 2.3.3).
However a large scale incorporation trial using animals would be

necessary to confirm this,

These results show that the Cu fertiliser incorporated into the
seedbéd can provide Cu to a new crop. These results with ryegrass
suggest that the Cu fertiliser could be used as an immediate source of
Cu to arable crops with possible long term residual effects. As
copper deficiency in arable crops is a worldwide problem (Alloway and
Tills, 1984) this is a use for the Cu fertiliser worthy of further

study.

12.4 SUMMARY

12.4.1 Application of the Cu fertiliser to the seedbed had no

deleterious effect on grass seed germination at reseeding.

12.4.2 Incorporation of the Cu fertiliser into the soil at reseeding

produced significant increases in grass Cu concentrations.

12.4.3 There were no significant differences 1in grass Cu
concentrations between a 370 and a 1000 kg/ha Cu fertiliser

application rate.
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CHAPTER 13. GENERAL DISCUSSION

Copper is an essential nutrient for both crops and animals. Tts
deficiency in sheep continues to cause problems throughout Great
Britain and many other parts of the worid. The importance and extent
of Cu deficiency 1is increasing as agricultural land is improved to
increase production. Direct treatment of the animal is demanding and
the convenience and simplicity of a soil treatment to raise herbage Cu
concentrations is therefore an attractive proposition for the
prevention of Cu deficiency in sheep. Previous studies have indicated
that soil application of Cu compounds increased plant uptake by small
amounts which were seldom dependable in overcoming Tlivestock

deficiencies.

The objective of this project was to evaluate the potential of a Cu
rich material, a Tlargely unrefined and unprocessed by—préduct of the
brass manufacturing industry, which may have properties that make it
suitable for use as a slow release Cu fertiliser, for the prevention
of Cu deficiency in grazing sheep. No previous studies of this type
had been carried out using this material. The investigations included
laboratory and glasshouse studies to characterise the nature of the Cu
fertiliser and its behaviour in the soil. In addition the work
incTuded field trials to assess the effects of the Cu fertiliser on
the Cu status of herbage and a comparison of the performance of sheep
grazing pasture naturally low in available Cu with that of sheep

grazing comparable Cu fertiliser treated pasture.

Time constraints on the project meant that field trials had to begin

immediately so that the residual value or longevity of the Cu
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fertiliser treatment could be measured. Ideally field trials would
have been preceded by Tlaberatory and glasshouse studies. However
initial results from the field trials showed increased sheep plasma Cu
concentrations that could not be explained on the basis of the
information available at that time. This led to more trials and
additional work to look at the leaf adherence characteristics of the
Cu fertiliser and its effects when ingested by sheep, in addition to

laboratory and glasshouse studies.

Application of the Cu fertiliser both incorporated into the soil at
reseeding and broadcast onto an established sward, increased herbage
Cu concentrations by 2 to 4 mg/kg. Both pot and field trials showed
that Rncreased Cu fertiliser application rates produced significant
increases in herbage Cu concentrations. In addition the pot trials
demonstrated that increasing soil acidity caused significant increases
in Cu concentrations of herbage grown on supplemented soils, which was
probably due to it increasing the rate of release of Cu from the
fertiliser. Characterisation studies supported this by demonstrating
that the solubility of, and rate of release of Cu from the Cu
fertiliser increased, as pH decreased. The pH effects were not

supported in the field.

The water insolubility of the Cu fertiliser (Chapter 4) means that it
overcomes the problem of Cu immobilisation by soil adsorption
processes associated with CuSO; on acidic sofls. The increase 1in
herbage Cu concentrations occurred on several different soil types
including one of high organic matter content which was 1ikely to
immobolise any added Cu. Thus the Cu fertiliser should be able to

supply Cu to herbage on most soil types.
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In the case of the Garmore herbage trial (Chapter 6) the elevated Cu
concentrations were maintained for three successive years after a
single Cu fertiliser application. As the Cu fertiliser is still
visibly present in the soil, the possibility exists for the continued
maintenance of such values in the future., Under the intense growing
conditions of the glasshouse, increased grass Cu concentrations were

maintained in 5 cuts over a year long period.

It has thus been demonstrated that the Cu fertiliser does supply Cu to
plants and also appears to act as a long-term socurce of Cu. The
increased herbage Cu concentrations are similar to those reported
using other soil applied Cu treatments but as the Cu fertiliser is
st111‘present in the topsoil there is the possibility that it may have
a greater residual value. However as no direct comparisons were made
it cannot be categorically stated that the Cu fertiliser would or
could have a Tlongevity greater than other Cu treatments if compared
under identical conditions. In addition further monitoring is
required to establish the actual residual value of the Cu fertiliser

in the field.

Broadcast application of the Cu fertiliser (370 kg/ha) to a sward with
known Tlow Cu content raised and maintained the plasma Cu concentration
of grazing ewes above the deficiency threshold for two years (Chapter
5). During this time plasma Cu concentrations were significantly
higher than those found 1in control animals and were comparable to
those obtained using annual oral administration of Cu needles to ewes,
which is a well recognised method of preventing Cu deficiency (section
2.4.2). In the third year ewes on the treated pasture, although still

maintaining plasma Cu concentrations higher than those of the control
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group, dropped below the deficiency threshold and were significantly

Tower than those of ewes treated with Cu needles.

The 1initial increase in plasma Cu concentrations occurred within six
weeks of introducing the ewes to the treated pasture. This was
unlikely to be due to increased Cu concentrations of the herbage as it
happened at a time of year when 1ittle herbage growth occurs and it is
proposed that direct ingestion of the Cu fertiliser by the sheep was
taking place. It is known that sheep can eat large quantities of soil
when herbage growth is poor over the winter (section 2.3.6}. As there
was insufficient herbage to obtain samples free from soil
contamination in the winter months it is T1ikely that ingestion of the
Cu fertiliser along with soil occurred. In addition analysis of
unwashed spring herbage following autumn application revealed Cu
concentrations above the phytotoxic threshold and up to 10 times those
found in pot and herbage trials. These data suggest that the Cu
fertiliser was also adhering to the herbage and was thus available for

ingestion along with it.

The hypothesis that ingestion of the Cu fertiliser by the sheep was
the cause of their increased plasma Cu concentrations was supported by
results from leaf adherence (Chapter 8) and ingestion (Chapter 9)
trials. These showed that the Cu fertiliser can adhere to foliage and
this when ingested does increase plasma Cu concentrations. The
surface contamination is at its highest in the first few days after
appiication and declines rapidly over the next week. A perjod of
three weeks is proposed between application of the Cu fertiliser and
allowing sheep to graze treated pasture. However, further

investigations under more controlled conditions are required with
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regard to leaf adherence and ingestion, to look at the effect of leaf
adherence when applied to wet or dry swards and to look at the
percentage uptake of Cu from the Cu fertiliser in the sheep's

gastrointestinal tract if these proposals are to be confirmed.

To try and reduce the amount of Cu fertiliser available for ingestion
by sheep a second field trial (Chapter 7) was carried out using a
lower application rate, 250 kg/ha compared to 370 kg/ha, as it was
antiqipated that this should reduce the potential for surface
contamination. Comparable increases in and maintenance of plasma Cu
concentrations of sheep grazing the treated sward to those found in
the first trial were obtained. However, high herbage Cu
concentrations were again probably due to surface contamination with
the Cu fertiliser. The Tower application rate reduced the period of
contamination, the period between time of application and when the
herbage Cu concentration declines to a consistent level over the
control, from 10 months in the first field trial to 4 months in the

second trial.

When herbage analysis results for the adherence trial are compared to
those from the animal response trial, a large difference in the period
of contamination is shown, 8 weeks compared with 10 months
respectively. This suggests that under the grazing situation,
trampling and to a lesser extent passage of the Cu fertiliser through
the animal extends the period of surface contamination. Thus the
initial increases in plasma Cu concentrations in both trials were
likely to be due to ingestion of the Cu fertiliser despite the Tlower

application rate used in the second trial.
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Excess Cu absorbed from the sheep's abomasum is mainly stored in the
liver (Underwood, 1981l). Tissue analysis from dead ewes, in the
second year of the Garmore ewe response trial., showed that ewes on Cu-
treated pasture had a much higher Cu concentration in their liver than
those on untreated pasture. Thus it appears that high amounts of Cu
intake due to fingestion of the Cu fertiliser resulted in storage in
the animal's 1iver. Copper so stored would contribute to subsequent
maintenance of plasma Cu concentrations. Sheep on the Garmore trial
where the potential for ingestion was highest immediately following
the Cu fertiliser application, maintained plasma Cu concentrations
above the deficiency threshold better than those newly introduced to
the trial in a second year when the potential for Cu fertiliser
ingestion was reduced. Therefore the subsequent maintenance of sheep
plasma Cu concentrations was probably due to a combination of 1iver Cu
stores and the increased Cu concentrations of herbage after the high
levels of contamination had been reduced. In addition as the Cu
fertiliser evidently remained in the topsoil there was the possibility
of further Cu ingestion along with soil at times of poor sward growth

in subsequent winters.

In the third year of the Garmore animal response trial, the extra 2 to
3 mg/kg advantage in herbage Cu concentrations as a result of Cu
fertiliser application was sufficient to maintain plasma Cu
concentrations of sheep grazing treated sward above those of the
control sheep. It is also possible that further ingestion of Cu
fertiliser mixed with soil could have contributed to this. However,
the extra Cu intake was not sufficient to maintain all of the sheep on

the treated sward above the deficiency threshold, below which the risk
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of swayback in lambs fs increased.

Lambs born to ewes grazing Cu-treated pasture had plasma Cu
concentrations significantly higher than those found for lambs on the
untreated pasture. Treatment with 1.4 g Cu needles was required to
bring the mean plasma Cu concentration of the control group up to that
of the Tambs on the treated pasture. However, there were insufficient
swayback cases in the trial to determine if use of the Cu fertiliser

would . prevent this form of Cu deficiency.

In thé second animal response trial (Chapter 7) the replacement of the
original sheep by new animals one year after the Cu fertiliser
application also resulted in an increase in plasma Cu concentrations.
This occurred within 10 weeks and was maintained above the deficiency
threshold over the subsequent winter. Herbage analysis showed a 2 to
4 mg Cu/kg advantage over the untreated sward. Thus there was no
contamination of the herbage by the Cu fertiliser and as sward cover
was very good, even over the winter it is unlikely that the sheep
ingested much soil and the associated Cu fertiliser. This result
implies that under certain circumstances, such as where the deficiency
is marginal or due to Tand fimprovement, the Cu fertiliser might be
successful in preventing livestock deficiencies. However, the
significance of these second year data cannot be relied upon due to

the lack of a suitable control group.

Incorporation of the Cu fertiliser into the soil at reseeding was also
investigated. This method greatly reduces the problem of surface
contamination and allows an evaluation of its potential to overcome

the Cu deficiency which is often associated with reseeding (section

284



2.3.3)., The fertiliser when incorporated at 370 kg/ha in to the soil
produced a 3 to 4 mg/kg increase in grass Cu concentrations. Thus
incorporation is equally as effective as broadcast application in
increasing grass Cu concentrations but involves no surface
contamination. This increase should be sufficient to prevent Cu
deficiency in livestock grazing reseeded land where the Cu deficiency
is purely as a result of the land improvement processes. However, a

large scale field trial using animals would be necessary to confirm

this.

Application of the Cu fertiliser at rates of up to 1000 kg/ha had no
positive or deleterious effects on grass seed germination or herbage
yields in this work. However, no herbage or grass sample was ever
found to be actually Cu deficient and consequently Cu was not a growth
limiting element. Analysis of the Cu fertiliser showed that in
addition to Cu (2%) it contained 2% Zn and smaller concentrations of
Pb, Cd, Cr, Ni and Mn. Although the amounts of these elements applied
to the soil were well below the maximum concentrations recommended for
application in sewage sludge - the nearest comparable recommendations
to inorganic fertilisers - it was felt necessary to monitor their
concentrations in herbage to ensure there would be no toxicity
problems in grazing livestock. Results showed that the Cu fertiliser
supplied Zn to herbage as effectively as it did Cu. Even with the
increased Zn uptake total herbage Zn concentrations were well below
toxicity thresholds. No increases in the concentration of any of the
other elements in herbage were found. The competitive uptake of Cu
and Zn from the Cu fertiliser probably prevented the uptake of these

elements by the plant. In addition, as approximately only 0.2% of the
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added Cu was removed in each cut, if Pb, Cd, Cr, Ni or Mn uptake did
occur at a similar rate any increase in plant concentrations of these
elements would be too small to measure and thus its effects would

probably be negligible.

A greater threat from the heavy metal content of the material was
Tikely when it was directly ingested by the animal. Of the
potentially hazardous elements Pb was present in the largest amounts,
and therefore its concentration 1in blood was also measured in both
field and ingestion trials. No elevated blood Pb concentrations due
to ingestion of the Cu fertiliser were detected. Also Cd is probably
considered to be the most zootoxic, thus its concentration in blood
was ménitored in the ingestion trial. Ingestion of the Cu fertiliser
did not cause elevated blood Cd concentrations. Tissue analysis for
Cu, Cd or Pb supported the view that ingestion of the Cu fertiliser at
the rates used presented no risk to the animal from Cu, Cd or Pb
toxicity. As there were no effects due to Cu, Cd or Pb it is unlikely
that Cr, Ni{ or Mn would cause any problem. Although the Cu fertiliser
is an effective method of increasing herbage Cu concentrations, the
increases have been no better than those obtained using other soil
applied treatments reported by other workers. However, the three year
monitoring period of the work was insufficient to say if the
persistence of the treatment will be significantly better than those
of other treatments, although as the Cu fertiliser is still evident in
the soil there is a strong possibility that the Cu fertiliser will

continue to supply Cu to the plant in future years.

The similarity in increases in herbage Cu concentrations reported here

for the Cu fertiliser and elsewhere for CuSO, (section 2.4.1) suggests
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that although the Cu 1s applied in different forms it may have a
similar mode of release to the plant. In the case of CuSO, the added
Cu is adserbed on to the soil which may then act as a slow release
source of Cu, whereas in this work the Cu fertiliser 1is probably

acting as the Cu source.

The protection from Cu deficiency in sheep afforded by the Cu
fertiliser is probably due to ingestion of the Cu fertiliser. The 2
to 3 mg/kg increase in herbage Cu concentrations would probably be
significant on marginally deficient or reclaimed land. In the Garmore
trial the increase was insufficient to be of benefit to the grazing
sheep, for the prevention of Cu deficiency, once the Cu fertiliser
ingestion and 1iver storage effects had worn off. The second year
results from the Pinmacher animal response trial (Chapter 7) suggest
in certain circumstances the increase may be of longer term benefit to
the animal. However, the latter results were inconclusive as there
was no control group in the second year and so the emphasis must be
put on the results of the initial trial, at Garmore, where the

increase was not sufficient to provide adequate long-term protection

from Cu deficiency.

Despite the problem mentioned above the Cu fertiliser did give two
years protection from Cu deficiency. This is longer protection than
that provided by oral administration or injection of Cu to sheep. The
results of a single Cu fertiliser application were comparable to those
obtained using annual dosing of sheep with Cu needles over two years.
However, Cu needles only gave protection over the critical late
pregnancy and lambing period whereas the Cu fertiliser consistently

maintained plasma Cu concentrations above the deficiency threshold for
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2 years. As the Cu fertiliser appears to be most effective when
ingested by sheep its effectiveness may be affected by other dietary
and genetic factors that affect Cu absorption rates, e.g. Mo and S;

thus further work is required in this area.

Although both Cu fertiliser application rates used in the animal
response trials produced comparable increases in plasma Cu
concentrations this was probably due to ingestion of the Cu
fertilisers. However, as sheep have a homeostatic mechanism for
maintaining plasma Cu concentrations within a set range and as the Cu
fertiliser increased it to the top of this range in both groups of
sheep, the difference between the two application rates was not
manifested in blood sampling. It may, however, have been in liver Cu
concentrations. Thus if any long-term benefit from the Cu fertiliser
is to be obtained, especially in marginally deficient areas, then the

higher rate of 370 kg/ha should prove more successful.

The Cu fertiliser supplied Zn to herbage as effectively as Cu. Zinc
showed similar effects to Cu. Increasing Cu fertiliser application
rates produced significant increases 1in herbage and grass Zn
concentrations, Although Zn deficiency is not a problem in Great
Britain it is common in several areas of the world and 1is often
associated with Cu deficiency (McDowell, private communication).
Thus the Cu fertiliser could have a potential for use as a Zn or
combined Cu/Zn fertiliser for crops and livestock and this is worthy

of further investigation.

Although the Cu fertiliser prevented Cu deficiency in sheep for two

years this was due to its ingestion rather than through an increased
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herbage Cu concentration effect. This is not the way in which a Cu
fertiliser should work as it appears to depend on having situations
where grass growth 1is poor during winter or where animals are
introduced to pasture immediately after application. This is not a
very controlled method of getting Cu into the animal as it does not
guarantee an adequate or even any consumption of Cu by each individual
animal. Neither is it a well regulated method of Cu intake from day-
to-day or month-to-month. This means that although the Cu fertiliser
has been shown to be better than any previous soil or pasture

treatment for raising sheep Cu status it is still not good enough.

Oral administration of the Cu fertiliser to sheep has demonstrated
that fhis is a method of increasing plasma Cu concentrations.
However, feeding the Cu fertiliser directly to the animal is not
practical as there are already specially formulated Cu compounds, such
as Cu needles, for this purpose on the market. In addition, this
would also require repeated use which creates extra work for the
farmer and was one of the problems that pasture treatment was intended
to overcome. For these reasons the use of the Cu fertiliser, either
as a pasture treatment or as a direct animal treatment, for the long
term prevention of Cu deficiency in sheep could not be recommended.
In addition, it is felt that there are no further experiments that
could be carried out which could lead to a reversal of this
recommendation. Thus farmers should continue to treat animals

directly for the prevention of Cu deficiency.

The Cu fertiliser does, however, have a possible role in the long term
prevention of Cu deficiency in crops. Copper deficiency in arable

crops is a worldwide and increasing problem (Graham and Nambier, 1981;
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Alloway and Tills, 1984). The Cu fertiliser provided a supply of Cu
to grassland for at least three years and possibly more. The
incorporation trial also showed that it could provide Cu to a new
crop. Although the new crop here was ryegrass the results imply that
the Cu fertiliser could also be a source of Cu to arable crops grown
on Cu-deficient land which at present are usually sprayed annually
with a Cu source., In addition, annual ploughing of arable land
supplemented with the Cu fertiliser would repeatedly mix it throughout
the rooting zone and would probably increase its effectiveness in the
years after application. Therefore if the Cu fertiliser is to have a
future use in agriculture then its potential as a long-term source of

Cu to.arable crops is the major area worth investigating.
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APPENDIX I. MATERIALS AND METHODS

A. DETERMINATION OF LIME REQUIREMENT OF SOILS BY A MODIFIED
ELECTROMETRIC TITRATION METHOD

1. Reagents

(a) 0.01 M Calcium chloride
Weight out 54.75 g (AR) CaCl,, dissolve in defonised water and make up

to 25 litres.

(b) 0.014 M calcium chloride
Weigh out 76.75 g (AR) CaCI,, dissolve in deionised water and make up

to 25 Titres.

(c) Saturated l1ime water (approx. 0.04 N)

Ignite approximately 40 g calcium oxide (selected Tump) at 900°C for 1
hour; cool and shake. Transfer to a Winchester and fil11 this with
distilled water. Mix thoroughly. To prepare for use, syphon the
supernatant 1ime water through a No. 2 filter paper into a suitable

container. Top up Winchester after use.

Maintain a check on the strength of the lime water by titrating 50 m1l
+ 100 m1 0.014 CaCI, with 0.1 N HC1. Only use the 1ime water when
this titration is 20 ml, + 0.2 m1 0.1 N HC1 (Indicator Bromo-Thymol

Blue).
2. Method

Measure out duplicate volumes of soil, one for pH and one for L.R.
(this volume is equivalent to 40 g of an average soil) into 12 oz

shaking bottles in racks.
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(a) pH
To each pH bottle add 100 ml1 0.01 M calcium chloride. Place the racks
on the end over end shaker and shake for 30 minutes. Remove from

shaker and read immediately.

(b) L.R.

To the L.R. bottle add 100 ml of 0.14 M calcium chloride and 40 ml
saturated 1ime water (by automatic pipette). Place the racks on end
over end shaker and shake for 30 minutes. Remove from shaker and

leave to stand overnight before reading.
3. Calculation

(i) "Water" pH = pH in 0.01 M calcium chloride + O unit.

1}

(ii) Lime requirement (tons/acre)

5.70-pH(CaC1)x20 20 (5.7O—pH(CaC12))
2 x X mem = 4 X
(pH(CaC12)+LW—pH(CaC12)) 200 pH(CaC]2+LW—pH (CaC12)

This calculation makes the following assumptions:
(a) Titration of 50 m1 lime water (LW), 20 m]1 0.1 N HC1.
(b) Weight of 1 acre of soil to 9" deep, 2.25 x 10° 1n.

{c) A field factor of approx. 2 exists, i.e. the Time requirement as
estimated by this method is about half the actual lime

requirement in the field.
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B. DETERMINATION OF MOLYBDENUM IN PLANT MATERIAL
1. Apparatus

Muffle furnace.

Hotplate.

100 m1 beakers and watchglasses.

50 m1 beakers and watchglasses.

4 oz jars.,

150 m1 quickfit conical flasks with stoppers.
Filter funnels; 5 mm and 120 mm.

Filter papers; No. 541, 11 cm and 1 P/S 18.5 cm.
2 ml and 10 ml syringe.

Polystyrene tubes 13 mm x 100 mm (I.C.P. tube).

pH meter.
2. Reagents

Distilled water.

6 N HC1.

Redistilled HNOj.
Chloroform-analar.

4% 8-hydroxyquinoliine.
0.125% Triton X.

4 ppm molybdenum standard.

Ammonia; 1:1.
3. Procedure

Weigh 5 g dried milled herbage into a 100 ml beaker, cover with

watchglass and place overnight in the muffle furnace at 470°C. When
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cool add 10 m1 of water and 10 m1 6 N HC1 and reflux on a hotplate for
30 minutes. Filter through a No. 541 filter paper into a 4 oz jar.
Wash residue with water. Re-ash filter paper, add 5 ml H,0 and Z m]l
HC1, reflux for 30 minutes and filter into the appropriate bottle.
Add 5 ml of ammonia to filtrate, allow to cool and adjust pH to 0.90

using ammonia. Add 35 ml 8-hydroxyquinoline.

Wash resultant solution into a 150 ml flask and add 25 ml chloroform,
stopper and shake for 2 minutes. Transfer mixture into a phase
separating paper and collect the chloroform in a 50 ml beaker. Allow

solvent to evaporate.

When dry, weigh beaker and residue, add 2 ml nitric acid, cover with
watchglass and reflux gently for 30 minutes. Remove from hotplate and
rinse down watchglass and beaker with 8 ml of 0.125% "Triton X",

Weigh beaker and 1igquid and then transfer to ICP tube.

An internal standard containing 5 ml of 4 ppm Mo, 10 ml 6 N HC1 and
50 ml H20 and also a blank of 10 ml HC1 and 55 ml water should be

taken through the pH and solvent extraction stages.

Prepare a 2 ppm Mo standard and blank containing 20% HNO3 and 0.1%

"Triton X" for standardisation of the ICP.

The Mo concentration is then determined by inductively coupled plasma.

294



(€86T) @dorJ4D

(LL61) Poomaspun
(Z2g61) "J°V¥’'S
(€86T) ®2BJIY
(LL6T) Poomaspun
(2861) "3°¥°S
(E86T) 82Rd4Y

(€86T) 9dBJY

SNOLLVHINIONOD AINGIN OGNV d3AIT J0019 “TVIRION

Y/N
9°1-5°0
01>
¥/N
V/N
V/N
Y/N
Y/N

Y/N

(Bx/bw)y Asupiy

00£-9T1
0>
0T>
V/N
¥/N
asN
V/N
¥/N

000T-0¢

(Bx/bw) uaAr]

9°81-6
9>

v 0>

00v<

Z1-8

eT-8

JRAS
0°¢e-8"1
6°8T-v°6

poolg

"Z XIN3ddY

(L/Lown) uz
(L/Lowu) pg
(Lu/6r) a4
(L/Buy Zlg 314
(Lw 001/5w) e)
(Lw 001/6) aH
(Lw/ny X4-HSH
(Lw 001/5w) By
(L/Lown) ny

Jojoueded

295



REFERENCES

ADAMSON, A.H., SHAW, W.B. and DOVER, P.A., (1983). Observations on the
variation in the 1iver copper levels of lambs. In: Trace elements
in animal production and veterinary practice. (Eds. Suttle, N.F.,
Gunn, R.G., Allen, W.M., Linklater, K.A. and Wiener, G.) pp 132-133,

British Society of Animal Production, Occasional Publication No. 7.

AGRICULTURAL RESEARCH COUNCIL., (1980). The nutrient requirements of
ruminant 1livestock, Technical Review by ARC Working Party.,

Commonwealth Agricultural Bureaux, Farnham Royal.

ALLEN, W.M., SANSOM, B.F., DRAKE, C.F. and DAVIES, D.C. (1978). A new
method for the prevention of trace elements deficiencies.

Veterinary Science Communication 2, 73-75,.

ALLEN, W.M., DRAKE, C.F. and TAYLOR, R.S. (1979). Trace elements
supplementation with soluble glasses. Annales de Recherches

Vetinaires 10, 356, 358.

ALLEN, W.M., DRAKE, C.F. and TRIPP, M, (1985). Use of controlied
release systems for supplementation during trace element deficiency.
The administration of boluses of controlled release glass to cattle
and sheep. In: Trace element metabolism in man and animals - 5
(Eds. Miills, C.F., Bremner, I. and Chester, J.K.) pp 719-722,
Rowett Research Institute, Bucksburn, Aberdeen, Scotland.

Commonwealth Agricultural Bureaux.

296



ALLEN, W.M, and SANSOM, B.F. (1985). The methods of copper

supplementation. Veterinary Record 116, 479-480.

ALLOWAY, B.J. (1973). Copper and Molybdenum in swayback pastures.

Journal of Agriculture Science (Camb.) 80, 521-6,

ALLOWAY, B.J., JEWELL, A.W., MURRAY, B. and TILLS, A.R. (1983). The
effects of sub-clinical copper deficiency on pocllen formation and
yield 1in cereals. Proceedings of the international conference on
heavy metals in the environment. Heidleberg, pp 1067-1072. C.E.P.

Consultants Ltd.

ALLOWAY, B.J. and TILLS, A.R. (1984), Copper deficiency in world

crobs. Outlook on Agriculture 13 (1), 32-42. Pergamon Press.

ARCHER, F.C. (1970). \Uptake of magnesium and trace elements by the
herbage of a reseeded pasture. Journal of the Science of Food and

Agriculture 21, 279-81.

ARCHER, F.C. (1971). Copper deficiency in crops. In: Trace elements
in soils and crops. M.A.F.F. Technical Bulletin No. 21, pp 150-178.

H.M.S5.0., London.

ARCHER, F.C. and HODGSON, I.H. (1987). Total and extractable trace
element contents of soils in England and Wales. Journal of Soil

Science 38, 421-432,.

ARNON, 0.I. (1949). Copper enzymes of isolated Chloroplasts:

Polyphenoloxidase in Beta Vulgaris. Plant Physiology 24, 1-15.

AVERY, B.W. and BASCOMB, C.L. (1974). Soil Survey Laboratory Methods,

Technical Monogram No. 6 Harpenden.

297



BALL, D.F. (1964). Loss-on-Ignition as an estimate of organic matter
and organic carbon in non calcareous soils. Journal of Soil Science

15, 84-92.

BARNES, J.S. and COX, F.R. (1973), Effects of copper sources on wheat

and soyabeans grown on organic soils. Agronomy Journal 65, 705-8.

BENNETS, H.W. and CHAPMAN, F.E. (1937). Copper deficiency in sheep in
Western Australia; a preliminary account of the aetiology of
enzootic ataxia of lambs and on anaemia of ewes. Australian

Veterinary Journal 13, 138-149,

BERROW, M.L. and MITCHELL, R.L. (1980). Llocation of trace element in
soil profiles; total and extractable contents of individual
horizons. Transactions of the Royal Society of Edinburgh: Earth

Sciences 71, 103-121.

BERROW, M.L., BURRIDGE, J.C. and REITH, J.W.S. (1983). Soil drainage
conditions and related plant trace element contents. Journal of

Science Food and Agriculture 34, 53-54,

BERROW, M.L. and REAVES, G.A. (1985). Extractable copper
concentrations in Scottish soils. Journal of Soil Science 36, 31-

43,

BERROW, M.L. and STEIN, W.M. (1983). Extraction of metals from soils
and sewage sludges by refluxing with Aqua Regia. Analyst 108, 277-

285,

298



BEYERS, C.P. and HAMMOND, T. (1971). The relationship between copper
uptake by barley seedlings and various forms of extractable soil

copper. Agrochemophysica 3, 23-26.

BIGHAM, J.M., GOLDEN, J.C., BOWEN, L.H., BUOL, J.W. and WEED, S.B.
(1978). Iron oxide mineralogy of well drained ultisols and ovesols.

Soil Science Society of America, Proceedings 42, 816-820,

BONN, W.G. and LESAGE, J. (1984), Control of bacterial speck of
tomato by Cu and ethylenebisdithiocarbamate fungicides. Journal of

Environmental Science and Health 19, 29-38.

BORGGAARD, D.K. (1976). The use of E.D.T.A. in soil analysis. Acta

Agriculture Scandanavia 26, 144-150.

BOWEN, J.E. (1981), Kinetics of active uptake of B, Zn, Cu and Mn in

barley and sugar cane. Journal of Plant Nutrition 3, 215-224,

BRADFORD, G.R., BLAIR, F.L. and HUNSAKER, V. (1971). Trace and major
element control of soil saturation extracts. Soil Science 112, 225-

230.

BREMNER, I. (1974). Heavy metal toxicities. Quarterly Review of

Biophysics 7, 75-8l.

BREMNER, I. and DAVIES, N.T. (1974). Studies on the appearance of a
copper binding protein in rat liver. Biochemical Society

Transactions 2, 425-427.

299



BREMNER, I.,, MEHRA, R.H. and SATO, M. (1985). Radio immunocassay of
metallothionein in the assessment of the trace metal status of
animals. In: Trace element metabolism in man and animals - 5 (Eds.
Mills, C.F, et al) pp 581-587. Rowett Research Institute,

Bucksburn, Aberdeen, Scotland. Commonwealth Agricultural Bureaux.

BUCKLEY, W.T., STRACHAN, G. and PULS, R. (1987). Copper and selenium
suppliementation to calves by means of a soluble glass bolus.

Canadian Journal of Animal Science 67, 877-881.

BURLEY, R.W. and DEKOCH, W.T. (1957). A comparison of the N-terminal
amino acid residues in wool from normal and Cu deficient sheep.

Archives of Biochemistry and Biophysics 68, 21-29.

BURRIDGE, J.C., REITH, J.W.S. and BERROW, M.L. (1983). Soil factors
and treatments affecting trace elements in crops and herbage. In:
Trace elements in animal production and veterinary practice. (Eds.
Suttle, N.F., Gunn, R.G., Allen, W.M., Linklater, K.A. and Wiener,
G.) pp 77-85. British Society of Animal Production, Occasional

Publication No. 7.

BUSSLER, W. (1981). Physiological functions of copper. 1In: Copper
in soils and plants (Eds. Loneragan, J.F., Robson, A.D. and Graham,
R.D.) pp 213-234, Proceedings of International Symposium, Perth,

Australia, 1981. Academic Press.

CALDWELL, T.H. (1971). Copper deficiency in crops 1. Review of past
work. In: Trace elements 1n soils and crops. M.A.F.F. Technical

Bulletin No. 21 pp 62-72, H.M.S.0., London.

300



CAMPBELL, A.C., COUP, M.R., BISHOP, W.H. and WRIGHT, D.E. (1974).
Effects of elevated iron intake on copper status of grazing cattle.

New Zealand Journal of Agricultural Research 17, 393-399,

CARE, A.D., ANDERSON, J.S., ILLINGWORTH, D.V., ZERVAS, G. and TELFER,
S.B. (1985). The effect of soluble glass bolus on the Copper,
Cobalt and Selenium status of Suffolk cross Tlambs. In: Trace
element metabolism in man and animals - 5 (Eds. Mills, C.F. et al)
pp 717-719. Rowett Research Institute, Bucksburn, Aberdeen,

Scotland. Commonwealth Agricultural Bureaux.

CARLOS, G., ZERVAS, G., DRIVER, P.M., ANDERSON, .J.B., ILLINGWORTH,
D.V., TEKRITY, S.A.A.C. and TELFER, S.B. (1985). 1In: Trace element
metabolism in man and animals - 5 (Eds. Mills, C.F., Bremner, I. and
Chesters, J.K.) pp 14-716. Rowett Research Institute, Bucksburn,

Aberdeen, Scotland. Commonwealth Agricultural Bureaux.

CATHALA, N. and SALSAC, L. (1975). Copper absorption by maize and

sunflower roots. Plant and Soil 42, 65-83.

CHAUDRY, E.M. and LONERAGAN, J.F. (1970). Effects of nitrogen, zinc
and copper fertilisers on the Cu and Zn nutrition of wheat plants.

Australian Journal of Agricultural Research 21, 865-879.

CHESHIRE, M.V., BERROW, M.L., GOODMAN, B.A. and MENDIE, C.M. (1977).
Metal distribution and nature of some Cu, Mn and V complexes in
humic and fulvic acid fractions of soil organic matter.

Geochemistry Cosmochin Acta, 41, 1131-1138.

301



CHILDS, C.W. and LESLIE, D.M. (1977). Inter-element relationships in
Fe - Mn concretions from a catenary sequence of yellow grey earth

soils. Soil Science 123, 369-373,

COLLINS, G.C. and POLKINHORNE, H. (1952). An investigation of anionic
interference in the determination of small quantities of potassium

and sodium with a new flame photometer. Analyst 77, 430-436.

COTTON, F.A. and WILKINSON, G. (1976). Basic inorganic chemistry.

Wiley International Edition, New York.

CUNNINGHAM, T.J. (1931)., Some biochemical and physiological aspects

of copper in animal nutrition. Biochemical Journal 25, 1267-1294,

CUNNINGHAM, I.J. (1950). Copper, molybdenum in relation to diseases
of cattle and sheep in New Zealand. A Symposium on Copper
Metabolism (Eds. McElroy, W.B. and Glass, B.) pp 246-273. John

Hopkins Press, Baltimore, U.S.A.

CUNNINGHAM, I.J., HOGAN, IT. and BREEN, M. (1956). The copper and
molybdenum content of pasture grown on the different soils of New
Zealand. New Zealand Journal of Science and Technology 38(3),

Section A.

DAVIES, D.B., HOOPER, L.J., CHARLESWORTH, R.R., EVANS, C. and
WILKINSON, B. (1971). Copper deficiency in crops: copper disorders
in cereals grown on chalk soils in S.E. and central southern
England. In: Trace elements in soils and crops. M.A.F.F.

Technical Bulletin No. 21, 88~118. H.M.S.0., London.

302



DAVIES, R.D. and CARLTON-SMITH, C.H. (1983). An interlaboratory
comparison of metal determinations in sewage sludge and soils.

Water Pollution Control 82, 290-308.

DAVIES, R.D. (1980). Upper critical concentrations of metals in

herbage. Water Research Council Technical Report 156.

DEKOCH, P.C. and CHESHIRE, M.V. (1968). The relationship between
trace elements in soils and plants. Report of the Welsh Soils

Discussion Group 9, 98-108.

DELAND, M.P.B., CUNNINGHAM, P., MILNE, M.L. and DEWEY, D.W. (1979).
Copper administration to young calves: oral dosing with copper
oxide compared with subcutaneous copper glycinate injections.

Australian Veterinary Journal 55, 493-494,

DELHANZE, F., LONERAGAN, J.F. and WEBB, J. (1982). Enzymic diagnosis
of copper deficiency in Subterranean clover: A simple field test.

Australian Journal of Agricultural Research 33, 981-987.

DEWEY, D.W. (1977). An effective method for the administration of
trace amounts of copper to ruminants. Search Australia 8(9), 326-

327.

DICK, A.T., DEWEY, D.W., GAWTHORNE, J.M. (1975). Thiomolybdates and
the copper-molybdenum=sulphur interaction in ruminant nutrition.

Journal of Agricultural Science (Camb.) 85, 567-568.

DOLAR, S.G., KEENAY, D.R. and WALSH, L.M. (1971). Availability of Cu,
Zn and Mn in soils: Predictability of plant uptake. Journal of

Science Food and Agriculture 22, 282-286. -

303



DRABKIN, D.L. and AUSTIN, J.H. (1935). Spectrophotometric studies II.
Preparations from washed blood cells: hasmoglobin. Journal of

Biological Chemistry 112, 51-56.

DRAGIN, J., BAKER, P.E. and RISIUS, M.L. (1976). Growth and element
accumulation by 2 single cross corn hybrids as affected by Cu 1in

solution. Agronomy Journal 68, 466-470,

DUNLOP, G., INNES, J.R.M., SHEARER, G.D. and WELLS, H.E. (1939). The
feeding of copper to pregnant ewes in the control of swayback.

Journal of Comparative Pathology 52, 259-265.

ELGALA, A.M. and SCHLICHTING, E. (1976). The effect of the addition
of humic acid and D.T.P.A. on the extractability of Fe, Mn, Zn and

Cu from amended and unamended soil. Landwirsch Forschung 29, 34-41,

ELLIS, B.G. and KNEZEK, B.D. (1972). Adsorption reactions of micro-
nutrients in soils. 1In: Micro-nutrients in agriculture (Eds.
Mortvedt, J.F., Giordano, P.M. and Lindsay, W.L.) pp 59-78.

S.ScSaAo) Mad150n W'iSC..r 1972'

ELLIS, K.J. (1980). Copper particles. C.S.I.R.0., Division of Animal

Production Research Report 1978-79, 52-53.

ELMES, M.E. (1987). Role of hepatic metallothionein in copper
accumulation. A histeopathological study. International symposium

on trace elements. 28 (abstract). UNESCO, Paris.

EUROPEAN ECONOMIC COMMUNITY (1986). Directive on the use of sewage
sludge in agriculture., Outcome of the proceedings of the

Environmental Council.

304



EVANS, C.C. (1983). Copper on grassland. Journal of the Science of

Food and Agriculture 34, 6-61.

EVANS, C.C. (1983). Trace element research: Copper deficiencies in
grazed hi11 pasture. Hi11l Farming Research Organisation. Biennial

Report 1982-1983, 167-180.

FARMER, P.E. (1983). The use of copper tablets to supplement the
drinking water of cattle grazing 'teart' pasture. 1In: Trace
elements in animal production and veterinary practice. (Eds.
Suttle, N.F.» Gunn, R.G., Allen, W.M., Linklater, K.A. and Wiener,
G.) pp 142. British Society of Animal Production, Occasional

Publication No. 7.

FARRELY, R.0. and PYBUS, J. (1969), Determination of lead in blood
and urine by atomic absorption spectrophotometry. Journal of

Clinical Chemistry 15, 566-574.

FELL, B.F., WILLIAMS, R.B. and MILLS, C.F. (1961). Further studies of
nervous tissue degeneration resulting from "conditioned" Cu
deficiency in lambs. Proceedings of the Nutrition Society 20,

XXvii-xxviii.

FINK, A. (1982). Fertilisers and Fertilisation. Verlag Chemie,

Deerfield Beach, Florida.

FOLLET, R.H., MURPHY, I.S. and DONAHUE, R.L. (1981). Fertiliser and

soil amendments. Prentice Hall, Eaglewood Cliffs, N.J.

305



FORBES, E.A., POSNER, A.M. and QUIRK, J.P. (1976). The specific
adsorption of divailent Cd, Co, Cu, Pb and Zn on Goethite. Journal

of Soil Science 27, 154-166.

FRIEDEN, E, (1978). Modes of metal metabolism in mammals. In: Trace
element metabolism in man and animals - 3. (Ed. Kirchgessner, M.).

pp 8-14, Weihenstephen, Arbeitskreis fur Tierernahrungsforschung.

GALLACHER, J. and COTTERILL, B.R., (1985). Methods of copper

supplementation to cattle. Veterinary Record 117, 468.

GARTRELL, J.W. (1980). Residual effectiveness of copper fertilisers
for wheat in Western Australia. Australian Journal of Experimental

AgrfcuTture and Animal Husbandry 20, 370-376.

GARTRELL, J.W. (1981). Distribution and correction of copper
deficiency in crops and pasture. In: Copper in soils and plants.
(Eds. Loneragan, J.F., Robson, A.D. and Graham, R.D.} pp 313-319,
Proceedings of International Symposium, Perth, Australia, 1981.

Academic Press.

GARTRELL, J.W., BRENNAN, R.F. and ROBSON, A.D. (1979). Symptoms and
treatments of copper deficiency in wheat. Journal of Agriculture of

Western Australia 20, 18-20.

GILKES, R.J. (1981), Behaviour of Cu additives - Fertilisers. In:
Copper in soils and plants. (Eds. Loneragan, J.F. et al) pp 97-118.
Proceedings of International Symposium, Perth, Australia, 1981,

Academic Press.

306



GLADSTONE, J.J., LONERAGAN, J.F. and SIMMONS, W.J. (1975). Mineral
elements in temperate crop and pasture plants; Copper. Australian

Journal of Agricultural Research 26, 113-126,

GODWIN, K.O., FUSS, C.N., and KUCHEL, R.E. (1973). Glutathione
peroxidase activities in sheep and rat muscle and some effects of

Selenium deficiency. Australian Journal of Biological Science 28,

251-258.

GOODMAN, B.A. and CHESHIRE, M.U. (1976). The occurrence of copper-
porphyrin complexes in soil humic acids. Journal of Soil Science

27, 337-347.

GRACE, N.D. (1975). Studies on the flow of Zn, Co, Cu and Mn along
the digestive tract of sheep given fresh perennial ryegrass or white

or red clover. British Journal of Nutrition 34, 73-82.

GRACE, N.D. (1983). The mineral requirements of grazing ruminants.
New Zealand Society of Animal Production, Occasional Publication No.

9. Keeling and Mundy Limited, Palmerston North.

GRACE, N.D. and GOODEN, J.M. (1980). Effects of increasing intakes of
Zn, Cu and Mn on their secretion via bile and pancreatic juice and
their excretion in faeces and urine in sheep fed lucerne pellets.

New Zealand Journpal of Agricultural Research 23, 293-298.

GRAHAM, R.D. (1979). Transport of copper and molybdenum to the xylem

exudate of sunflower. Plant and Cell Environment 2, 139-143.

307



GRAHAM, R.D. (1981). Absorption of copper by plant roots. In:
Copper 1n soils and plants. (Eds. Loneragan, J.F., Robson, A.D. and
Graham, R.D.) pp 141-164. Proceedings of International Symposium,

Perth, Australia, 198l. Academic Press.

GRAHAM, R.D. (198la). Susceptibility to powdery mildew of wheat

plants deficient in copper. Plant and Soil 56, 181-185,

GRAHAM, R.D. and NAMBIER, E.K.S. (198l1). Advances in research on
copper deficiency in cereals. Australian Journal of Agricultural

Research 32, 1009-37.

GRAHAM, R.D. and PEARCE, D.T. (1979). The sensitivity of hexaplioid
and octapoid triticales and their parent species to copper

deficiency. Australian Journal Agricultural Research 30, 791-799.

GUPTA, U.C. (1971). 1Influence of various organic materials on the
recovery of molybdenum and copper added to a sandy ciay loam soil.

Plant and Soil 34, 249-253.

GUPTA, U.C. (1979). Copper in agricultural crops. In: Copper in the
environment. I. Ecological Cycling. (Ed. Nriagu, J.U.). Wiley

Intersciences New York.

HART, E.B., STEENBACK, H., WADDELL, J. and ELVEHJEM, C.A. (1928).
Iron in nutrition 7: Copper as a supplement to iron for haemoglobin

building in the rat. Journal of Biclogical Chemistry 77, 797-812.

HEALY, W.B., RANKIN, P.C. and WATTS, H.M. (1974). Effects of soil
contamination on the element composition of herbage. New Zealand

Journal of Agricultural Research 17, 59-61.

308



HENRIKSEN, A. and JENSON, H.L. (1958). Chemical and micro-biological
determination of copper in soil. Acta Agricultural Scandanavica 8,

441-469.

HESSE, P.R. (1971). A textbook of soil chemical analysis. John

Murray, London.

HEWITT, E.J. (1963). Plant Physiology, A treatise VoC (Ed. Stewart,

F.C.) 137-360. Academic Press.

HIATT, A.J., AMOS, D.E. and MASSEY, H.F. (1963). Effects of aluminium

on copper sorption by wheat. Agronomy Journal 55, 284-287.

HODGSON, J.F. (1963). Chemistry of the micro-nutrient elements 1in

sofls. Advances in Agronomy 15, 119-159.

HODGSON, J.F., GEERING, H.R. and NORVELL, W.A. (1965). Micro~-nutrient
cation complexes in soil solution I. Soil Science Society of

America, Proceedings 29, 665-669.

HODGSON, J.F., LINDSEY, W.L. and TRIERWEILER, J.F, (1966). Micro~
nutrient cation complexes in soil solution II. Soil Science Society

of America, Proceedings, 30, 723-726.

HOWELL, J.M. and PASS, D.A. (1981). Swayback lesions and vulnerable
periods of development. In: Trace element metabolism in man and
animals - 4 (Eds. Howell, J.M., Gawthorne, J.M. and White, C.L.) pp

298-301. The Australian Academy of Science, Canberra.

309



HUMPHRIES, W.R., MACPHERSON, A. and FARMER, P.E. (1983). Drinking
water as a carrier of trace elements for cattle. 1In: Trace
elements in animal production and veterinary practice. (Eds.
Suttle, N.F. et al) pp 143-144, British Society of Animal

Production, Occasional Publication No. 7.

HUNTER, A.H., EDEN, A. and GREEN, H.H. (1945). Contributions to the
study of swayback in lambs I: Field experiments. Journal of

Comparative Pathology 55, 19-28,

JARVIS, S.C. (1979)., Copper uptake and accumulation by perennial
ryegrass grown in soil and solution culture. Journal of the Science

of Food and Agriculture 29, 12-18.

JARVIS, S.C. (1981). Copper concentrations in plants and their
relationship to soil properties. In: Copper in soils and plants
(Eds. Loneragan, J.F. et al) pp 265-285, Proceedings of

International Symposium, Perth, Australia, 1981. Academic Press.

JENKINS, D.A. and JONES, R.G. (1980)., Trace elements in Rocks, Soils,
Plants and Animals. In: Applied Soil Trace Elements. (Ed. Davies,

B.E.) pp 1-20., Wiley Interscience Publications.

JORDAN, W.J. (1975), The application of regional geochemical
reconnaissance to arable cropping in England and Wales. PhD Thesis.

University of London.

JOST, W. (1960). Fertilisation with metal alloys and its importance
to soil, plant, animal and man. Metalldunger GmbH Iserlohn, W,

Germany.

310



JUDSON, G.J., BROWN, T.H. and DEWEY, D.W. (1985). Trace element
supplements for sheep: Evaluation of copper oxide and a soluble
glass bullet, impregnated with copper and cobalt. In: Tracse
elements metabolism in man and anmials - 5 (Eds. Mills, C.F. et al)
pp 729-732. Rowett Research Institute, Bucksburn, Aberdeen,

Scotland. Commeonwealth Agricultural Bureaux.

JUSTE, C. and SOLDA, P, (1977). Effects of heavy applications of
sewage sludge on maize grown in monoculture: effects on yield,

plant composition and on some soil characteristics. Science du Sol

3 147-155. Bulletin de P.A.F.E.S.

KARIM, M., SEDBERG, J.E. and MILLER, B.J. (1976). Profile
distribution of total and D.T.P.A. extractable Cu in selected soils

in Louisiana. Communications in Soil Science 17, 437-452,

KEELING, P.S. (1962). Some experiments on the low temperature removal
of carbonaceous materials from clays. Clay Mineral Bulletin 28,

155-158.

KING, P.M. and ALSTON, A.M. (1975). Diagnosis of trace element
deficiencies in wheat on Eyre Peninsula, South Australia. In:
Trace elements in soil, plant, animal systems (Eds. Nicholas, D.S.D.

and Egan, A.R.) pp 339-352. Academic Press, New York.

KINNIBURGH, D.G., JACKSON, M.L. and SEYERS, J.F. (1976). Adsorption
of alkaline earth, transition and heavy metal cations by hydrous
oxide gels of iron and aluminium. Soil Science Society of America

Journal 40, 796-799.

311



KIRKBRIGHT, G.F. and SARGENT, M. (1974). Atomic Absorption and

Fluorescence Spectroscopy. Academic Press, London.

KLINE, J.R. and RUST, R.H. (1966). Fractionation of copper in neutron
activated soils. Soil Science Society of America, Proceedings 30,

188-198.

KNEZEK, B.D. and ELLIS, B.G. (1980)., Essential Micro-nutrients 1IV;
Copper, Iron, Manganese and Zinc. In: Applied Soil Trace Elements

(Ed. Davies, B.E.) pp 259-284. Wiley Interscience Publications.

KNOTT, P., ALGAR, B., ZERVAS, G. and TELFER, S.B. (1985). Glass: A
medium for providing animals with supplementary trace elements. In:
Trace element metabolism in man and animals - 5 (Eds. Mills, C.F. et
al) pp 708-714. Rowett Research Institute, Bucksburn, Aberdeen,

Scotland. Commonwealth Agricultural Bureaux.

KRAHMER, R. and BERGMANN, W. (1978). The distribution of different
copper fractions in arable and grassland profiles and their
relationship with copper soluble in nitric acid. Archiv fur Acker

und Pflanzen bav und Bodenkunde 22, 405-416.

KRAUSKOPF, K.B. (1972). Geochemistry of micro~nutrients. In: Micro-
nutrients in agriculture (Eds. Mortvedt, I.J. et al) pp 7-40.

5.5.5.A., Madison Wisc., 1972.

LAU, K.S., GOTTLIEB, C.W., NASSERMAN, L.R. and HERBERT, V. (1965).
Measurement of serum vitamin By, Tlevel using radioisotope dilution

and charcoal. Blood 26, 202-214,

312



LEE, H. (1956). The influence of copper deficiency on the fleeces of
British Bred sheep. Journal of Agricultural Science (Camb.) 47,

218-224,

LEECH, A., HOWARTH, R.J. and THORNTON, I. (1982). Incidence of bovine
copper deficiency in England and Welsh Borders. Veterinary Record

111, 203-204.

LEECH, A. and THORNTON, I. (1987). Trace elements in soils and
pasture herbage on farms with bovine hypocupraemia. Journal of

Agricultural Science (Camb.) 108, 591-597.

LEECH, A., THORNTON, I. and HOWARTH, R.J. (1983). The incidence of
bovine hypocupraemia in England and Wales and its relationship with
geochemistry. In: Trace elements in animal production and
veterinary practice. (Eds. Suttle, N.F. et al) pp 130-131. British

Society of Animal Production, Occasional Publication No. 7.

LEWIS, G., TERLECKI, S. and ALLCROFT, R. (1967). The occurrence of
swayback in the lambs of ewes fed a semi-purified diet of Tow copper

content. Veterinary Record 81, 415-416.

LINDSAY, W.L. and NORVELL, W.A. (1978). Development of a D.T.P.A.
soil test for zinc, iron, manganese and copper. Soil Science

Society of America, Journal 42, 421-428.

LIPMAN, C.B. and MACKINNEY, G. (1931). Proof of the essential nature

of copper for higher green plants. Plant Physiology 6, 593-599.

313



LONERAGAN, J.F. (1975). The availability and absorption of trace
elements in soil-plant systems and thefr relation to movement and
concentration of trace elements in plants. In: Trace elements in
soil, plant, animal systems (Eds. Nicholas D.S.D. et al) pp 109-134.

Academic Press.

LONERAGAN, J.F. (1981). Distribution and movement of copper in
plants. In: Copper in soils and plants (Eds. Loneragan, J.F. et al)
pp 165-188. Proceedings of International Symposium, Perth, Australia,

1981.

LONERAGAN, J.F. (1982). Copper in plant nutrition. Proceedings 9th
International Nutrition Colloquium, Warwick University, pp 329-334.

Commonwealth Agricultural Bureaux, Slough 1982.

LONERAGAN, J.F., SNOWBALL, K. and ROBSON, A.D. (1980). Copper supply
in relation to content and redistribution of copper among organs of

the wheat plant. Annals of Botany 45, 621-632.

LUCAS, R.E. and KNEZEK, B.D. (1972). Climatic and soil conditions
promoting micro-nutrient deficiencies in plants. In: Micro-
nutrients in agriculture (Eds. Mortvedt, J.J. et al) pp 265-288.

S.5.5.A., Madison Wisc., 1972.

LYNDSAY, W.L. (1972). Inorganic phase equilibria of micro-nutrients
in soils. 1In: Micro~nutrients in agriculture (Eds. Mortvedt, J.J.

et al) pp 41-58. S.S5.5.A., Madison Wisc., 1972.

MCBRIDE, M.B. (1978a). Retention of Cu?' ca?? Mg2+ by amorphous

Alumina. Soil Society of America, Journal 42, 27-31.

314



MCBRIDE, M.B. (1978b). Transition metal bonding in humic acid; an

ESR study. Soil Science 126, 200-209.

MCBRIDE, M.B. (198l1). Forms and distribution of copper in solid and
solution phases of soil. In: Copper in soils and plants (Eds.
Loneragan, J.F. et al) pp 25-46. Proceedings of International

Symposium, Perth, Australia, 1981. Academic Press.

MCBRIDE, M.B. and BLASIAK, D. (1979). Zinc and copper solubility as a
function of pH in an acid soil. Soil Science of America Journal 43,

866-870.

MCGRATH, D., MCCORMACK, R.F., FLEMING, G.A., POOLE, D.B.R. (1982a).
Effécts of applying copper rich pig slurry to grassland I. Pot

experiments. Irish Journal of Agricultural Research 21, 37-48.

MCGRATH, D., POOLE, D.B.R., FLEMING, G.A. and SINOTT, J. (1982b).
Soil 1ingestion by grazing sheep. Irish Journal of Agricultural

Research 21, 135-145.

MCKAY, D.C., CHIPMAN, E.W. and GUPTA, U.C. (1966). Copper and
molybdenum nutrition of crops grown on acid sphagnum peat soil.

Soil Science Society of America, Proceedings 30, 755-759.

MCKENZIE, R.M,., (1975), Electron microprobe study of relationships
between heavy metals and manganese and fron in soils and ocean floor

nodules. Australian Journal of Soil Research 13, 177-188.

MCKENZIE, R.M. (1980). Adsorption of lead and other heavy metals on
oxides of manganese and iron. Australian Journal of Soil Research,

18’ 61-73 ]

315



MCLAREN, R.G. and CRAWFORD, D.U. (1973a). Studies on soil copper I:
The fractionation of copper in soils. Journal of Soil Science 24,

172-181.

MCLAREN, R.G. and CRAWFORD, D.U. (1973b). Studies on soil copper II:
The specific adsorption of copper by soil. Journal of Soil Science

24, 443-452,

MCLAREN, R.G. and CRAWFORD, D,U. (1974)., Studies on soil copper III:
Isotopically exchangeable copper in soils. Journal of Soil Science

25, 111-116.

MCLAREN, R.G. and WILLIAMS, J.G. (198l). Effects of adding chelated
and.non—che1ated copper and cobalt to a deficient soil on the
content of these nutrients in clover and ryegrass. Journal of the

Science of Food and Agriculture 32, 181-186.

MCLAREN, R.G., WILLIAMS, J.G. and SWIFT, R.S. (1983). Some
observation on the desorption and distribution behaviour of copper

with soil components. Journal of Soil Science 34, 325-351.

MACNAEIDHE, F.S. and FLEMING, G.A. (1984). Effects of soil and foliar
applications of some copper carriers on the yield of Spring Barley

on Peatland. Irish Journal of Agricultural Research 23, 49-58.

MACPHERSON, A. and HEMINGWAY, R.G. (1968). Effects of 1iming and
various forms of oral Cu supplementation on the Cu status of grazing

sheep. Journal of the Science of Food and Agriculture 19, 53-56.

316



MACPHERSON, A. and HEMINGWAY, R.G. (1969). The relative merit of
various blood analysis and liver functions tests in giving an early

diagnosis of chronic copper poisoning in sheep. British Veterinary

Journal 125, 213-221.

MACPHERSON, A. (1985). Methods of copper supplementation. Veterinary

Record 115, 330.

M.I.S.R. and S.A.C. (1985). Advisory Soil Analysis and Interpretation
Bulletin I. Macaulay Institute for Soil Research, Craigiebuckler,

Aberdeen.

MANN, A.W. and DEUTSCHER, R.L. (1977). Solution geochemistry of
copﬁer in water containing carbonate sulphate and chloride fons.

Chemical Geology 19, 253-265.

MARTENS, D.C. (1968). Plant availability of extractable boron, copper
and zinc as related to selected soil properties. Soil Science 106,

23—28 .

MILLS, C.F., BREMNER, I., EL-GALLAD, T.T., DALGARNO, A.C. and YOUNG,
B.W. (1978). Mechanisms of the Mo/S antagonism of Cu utilisation by
ruminants. In: Trace elements in man and animals - 3, (Ed.
Kirchgessner, M.) pp 152-164. Weinhenstephan, Arbeitskreis fur

Tierernahrungsforschung.

MILLS, C.F. and DALGARNO, A.C. (1972). Copper and Zinc status of ewes
and lambs receiving increased dietary concentrations of cadmium.

Nature 239, 171-173.

317



MILLS, C.F., DALGARNO, A.C. and WENHAM, G. (1976). Biochemical and
pathological changes in tissues during the experimental induction of

copper deficiency. British Journal of Nutrition 35, 309-335.

MILNE, D.B. and WESWIG, P.H. (1968). Effect of supplementary copper
on blood and Tiver containing fractions in rats. Journal of

Nutrition 95, 429-433.

MILTIMORE, J.E. and MASON, J.L. (1971). Cu:Mo ratio and Mo and Cu
concentrations in ruminant feeds. Canadian Journal of Animal

Science 51, 193-200.

M.AF.F. (1979). Sampling of soils, soil-less growing media, crop
plants and miscellaneous substances for chemical analysis. Booklet

2082. H.M.S.0., London.

M.AF.F. (1983). Sampling for soil analysis. Leaflet 655. H.M.S.0.,

London.

M.A.F.F. (1986). The analysis of agricultural materials. Reference

Book 427. H.M.S.0., London.

MITCHELL, R.L. (1974). Trace element problems on Scottish soils.

Netherlands Journal of Agricultural Science 22, 295-304.

MITCHELL, R.L.., REITH, J.W.S. and JOHNSTON, I.M. (1957). Soil copper
status and plant uptake. Plant analysis and fertilisers problems

249-261. I.H.R.0O., Paris.

MITCHELL, R.L., REITH, J.W.S. and JOHNSTON, I.M, (1957). Trace
element uptake in relation to soil content. Journal of the Science

of Food and Agriculture 8, 551-559.

318



MORGAN, P.E. and CLEGG, A. (1958). Copper deficiency in cattle in the

Chipping area of Lancashire. N.A.A.S. Quarterly Review 54, 90-92.

MURPHY, J. and RILEY, J.P. (1962). A modified single solution method
for determination of phosphate in natural waters. Analyticachimica

Acta 27, 31-36.

MURRAY, J.W. (1975). Interaction of metal ions at manganese dioxide

solution surfaces. Geocheim Cosmochin Acta 39, 505-519.

NAMBIER, E.K.S. (1975). Mobility and plant uptake of micro-nutrients
in relation to soil water content. In: Trace elements in soil
plant animal systems. (Eds. Nicholas, D.S.D. et al) pp 151-164.

Academic Press, New York.

NAMBIER, E.K.S. (1977a). The effects of topsoil drying and of micro-
nutrients in the subsoil on micro-nutrients uptake by an

intermittently defoliated ryegrass. Plant and Soil 46, 185-193,

NAMBIER, E.K.S. (1977b). The effects of water content of the topsoil
on micro-nutrient availability in a siliceous sandy sojl. Plant and

Soil 46, 175-184.

NEAL, W.M., BECKER, R.B. and SHEALY, A.L. (1931). A natural copper

deficiency in cattle rations. Science 74, 418-419.

NEISH, A. (1939). Studies on chloroplasts II. Thelir Chemical

Composition, Biochemical Journal 33, 300-308.

OIEN, A. (1966). Comparison of analytical methods for the evaluation
of available copper in soils. Forskening of Forsok Landbruket 17,

73-78.

319



OLSEN, S.R. (1972). Micro-nutrients interactions. 1In: Micro-
nutrients in agriculture (Eds. Mortvedt, J.J. et al) 243-64.

5.5.5.A., Madisons Wisc., 1972.

PAGE, A.L., MILLER, R.H. and KEENEY, D.R. (1982). Methods of soil

analysis, Agronomy No. 9, part 2. 2nd Edition, Madison, Wisc., USA.

PETTERSON, D.S., CASEY, R.M., MASTERS, H.G. and WILSON, P.E. (1985).
Observations on intra-ruminal glass pellets for trace mineral
supplementation of sheep. 1In: Trace element metabolism in man and
animals - 5. (Eds. Mills, C.F. et al) pp 722-725. Rowett Research
Institute, Bucksburn, Aberdeen, Scotland. Commonwealth Agricultural

Bureaux.

PIENING, L.J., MACPHERSON, D.J. and MALHI, S.S. (1987). The effects
of copper in reducing stem melanosis of park wheat. Canadian

Journal of Plant Science 67, 1089~1091.

PIPER, C.S. and BECKWITH, R.S. (1949). The uptake of Cu and Mo by
plants. British Commonwealth Science Office Conference. Conference

in Agriculture. Australia. Proceedings 144-155. H.M.S.0., London.

PIZER, N.H., CALDWELL, T.H., BURGESS, G.R. and JONES, J.L.D. (1966).
Investigations into copper deficiency in crops in East Anglia.

Journal of Agricultural Science (Camb.) 66, 303-314.

PRICE, C.A., CLARK, H.E. and FINKHOUSE, E.A. (1972). Function of
micro~nutrients in plants. In: Micro-nutrients in agriculture.
(Eds. Mortvedt, J.J. et al) pp 231-242, S.S.S.A., Madison, Wisc.,

1972.

320



PURVES, D. and RAGG, J.M. (1962). Copper deficient soils in South

East Scotland. Journal of Soil Science 13, 241-246,

REAVES, G.A. and BERROW, M.L. (1984). Total copper content of

Scottish soils, Journal of Soil Science 35, 583-592.

REGIUS, J. and NAGY, Z. (1972). Effects of copper given in chelate of

jon form. Allantenyesztes 21, 361-370.

REITH, J.W.S. (1968). Copper deficiency in crops in North East

Scotland. Journal of Agricultural Science (Camb.) 70, 39-45.

REITH, J.W.S. (1975)., Copper deficiency in plants and effects of
copper on crops and herbage. Copper in Farming Symposium, 25-37.

Copper Development Association, London.

REITH, J.W.S. (1983). Trace elements in soil and herbage. Macaulay

Institute for Soil Research, reprint from NORGRASS 23.

REITH, J.W.S., BURRIDGE, J.C., BERROW, M.L. and CALDWELL, K.S. (1984).
Effects of fertilisers on the contents of copper and molybdenum in
herbage cut for conservation. Journal of the Science of Food and

Agriculture 35, 245-256.

REITH, J.W.S., INKSON, R.H.E., SCOTT., N.M., CALDWELL, K.S., ROSS,
J.C. and SIMPSON, W.E. (1985). Comparing estimates of soil
phosphorus for different soil series. Journal of Agriculture

Science (Camb.) 105, 30-35.

321



REITH, J.W.S. and MITCHELL, R.L. (1964). The effects of soil
treatment on trace element uptake by plants. In: Plant analysis
and fertiliser problems IV, pp 241-254. American Society of

Horticultural Science. W.F. Humphrey Press, Geneva.

REUTER, D.J., ROBSON, A.D., LONERAGAN, J.F. and TRANTHIMFRYER, D.J.
(1981). Copper nutrition of subterranean clover: Effects of Cu
supply on growth and development. Australian Journal Agricultural

of Research 32, 257-266.

REUTER, D.J., ROBSON, A.D., LONERAGAN, J.F. and TRANTHIMFRYER, D.J.
(1981). Copper nutrition of subterranean clover: Effects of Cu
supply on distribution of copper and diagnosis of Cu deficiency by
plant analysis. Australian Journal of Agricultural Research 32,

267-282.

REUTER, D.J., ROBSON, A.D., LONERAGAN, J.F. and TRANTHIMFRYER, D.J.
(1981). Copper nutrition of subterranean clover: Effects of
phosphorus supply on the relationship between Cu concentrations in
plant parts and yields. Australian Journal of Agricultural Research

32, 283-294.

ROBSON, A.D. and REUTER, D.J. (198l1). ©Difagnosis of copper deficiency
and toxicity. In: Copper in soils and plants. (Eds. Loneragan,
J.F. et al) pp 287-312, Proceedings of International Symposium,

Perth, Australia, 1981. Academic Press.

RUCKER, R.B., PARKER, H.E. and ROGLER, J.C. (1969). Effects of copper
deficiency on chick bone collagen and selected bone enzymes.

Journal of Nutrition 98, 57-63.

322



RYAN, T.A., JOINER, B.L. and RYAN, B.F. (1981). Minitab Reference

Manual, Pennsylvania State University.

SANKOH, F.A. and BOILA, R.J. (1987). Injectable Cu and Zn for grazing

yearly steers, Canadian Journal of Animal Science 67, 1033-1041.

SCHOFIELD, R.K. and TAYLOR, A.W., (1955), Measurements of the

activities of bases in soils. Journal of Soil Science 6, 137-146.

SCOTTISH AGRICULTURAL COLLEGES (S.A.C.) (1982). Trace element
deficiency in ruminants. Report of a study group. Scottish
Agricultural Research Institutes. S.A.C. East of Scotland College

of Agriculture.

SCOTTISH AGRICULTURAL COLLEGES (S.A.C.) (1985), Fertiliser

Recommendations. Publication No. 160, S.A.C.

SHUMAN, L.M. (1979). Zinc, managnese and copper in soil fractions.

Soil Science 127, 10-16.

SIDHUE, P.S., GILKES, R.J. and PASNER, A.M. (1980). The behaviour of
Cu, Ni, Zn, Mn and Cr in magnetite during alteration to maghemite

and hematite. Soil Science Society of American Journal 44, 135-138.

SMITH, B. and COUP., M.R. (1973). Hypocuprosis. New Zealand

Veterinary Journal 21, 252-258.

SNOWBALL, K., ROBSON, A.D. and LONERAGAN, J.F. (1980). The effect of
Cu on nitrogen fixation in subterranean clover. New Phytologist 85,

63-72.

323



SOMMER, A.L. (1931). Copper as an essential for plant growth. Plant

Physiology 6, 339-345,

STEVENSON, F.J. (1976). Stability constants of Cu?® Pb2% and cg?%
complexes with humic acids. Soil Science Society of America,

Journal 40, 665-668.

STEVENSON, F.J. (1977). Nature of divalent transition metal complexes
of humic acid as revealed by a modified potentiometric titration.

Soil1 Science 123, 10-17.

STEVENSON, F.J. and ARDAKANI, M.S. (1972). Organic matter reactions
fnvolving micro-nutrients in soil. In: Micro-nutrients in
agr&cu]ture (Eds. Mortvedt, J.J. et al) pp 79-114., S.S.S.A.,

Madison, Wisc., 1972,

STEVENSON, F.J. and FITCH, A. (1981). Reactions with Organic Matter.
In: Copper in soils and plants (Eds. Loneragan, J.F. et al) pp 69-
96. Proceedings of International Symposium, Perth, Australia, 1981,

Academic Press.

SUTTLE, N.F. (1973). Effects of age and weaning on the apparent
availability of dietary copper to young lambs. Proceedings of the

Nutrition Society 32, 24a-25a.

SUTTLE, N.F. (1975). Trace element interactions in animals. In:
Trace elements in soil, plant, animal systems (Eds. Nicholas, D.S.D.

et al) pp 271-289. Academic Press. New York.

324



SUTTLE, N.F. (198la). Effectiveness of orally administered cupric
oxide needles in alleviating hypocupraemia 1in sheep and cattle.

Yeterinary Record 109, 417-420,

SUTTLE, N.F. (1981b). Comparison between parentarally administered
copper complexes on their ability to alleviate hypocupraemia 1in

sheep and cattle. Veterinary Record 108, 304-307.

SUTTLE, N.F. (198lc). Predicting the effects of Mo and $§
concentrations on the absorbability of Cu in grass and forage crops
to ruminants. In: Trace element metabolism in man and animals - 4.
(Eds. Howell, J.M. et al) pp 545-548. The Australian Academy of

Science, Canberra.

SUTTLE, N.F. (1983a) Effects of molybdenum concentration in fresh
herbage, hay and semi-purified diets on the Cu metabolism of sheep.

Journal of Agricultural Science 100, 651-656.

SUTTLE, N.F. (1983b). The nutritional basis for trace element
deficiency in livestock. 1In: Trace elements in animal production
and veterinary practice. (Eds. Suttle, N.F. et al) pp 19-25.

British Animal Production, Occasional Publication No. 7.

SUTTLE, N.F., ABRAHAMS, P. and THORNTON, I. (1982). The importance of
soil type and dietary sulphur in the impairment of Cu absorption in
sheep which ingest soil. Proceedings of the Nutrition Society 41,

83a.

325



SUTTLE, N.F., ABRAHAMS, P. and THORNTON, I. (1984). The role of a
soil X dietary S interaction in the impairment of Cu absorption by
ingested soil in sheep. Journal of Agricultural Science (Camb.)

103, 81-86.

SUTTLE, N.F., ALLOWAY, B.J. and THORNTON, I. (1975). An effect of
soil ingestion on the utilisation of dietary Cu by sheep. Journal

of Agricultural Science 84, 249-254,

SUTTLE, N.F., ANGUS, K.W., NISBET, D.I. and FIELD, A.C. (1972).
Ostéoporosfs in copper depleted lambs. Journal of Comparative

Pathology 82, 93-97.

SUTTLE, N.F. and FIELD, A.C. (1968). Effect of copper, molybdenum and
sulphate: Cu metabolism in sheep. Journal of Comparative Pathology

78, 351-362.

SUTTLE, N.F. and LINKLATER, K.A. (1983). Disorders related to trace
element deficiencies. In: Diseases of sheep (Ed. Martin. W.B.)

Blackwell Scientific Publications.

SUTTLE, N.F. and MCLAUCHLAN, M. (1976). Prediciting the effects of
dietary Mo and S on the availability of Cu to ruminants.

Proceedings of the Nutrient Society 35, 22a.

SUTTLE, N.F. and MCMURRAY, C.H. (1983). Erythrocyte Cu: Zn
superoxide dismutase activity and hair of fleece copper
concentrations in the diagnosis of hypocupraemia in ruminants. In:
Trace elements in animal production and veterinary practice. (Eds.
Suttle, N.F. et al) pp 134-135. British Society of Animal

Production, Occasional Publication No. 7.

326



SWAINE, D.J. (1955)., Trace element content of soils. Commonwealth
Bureaux of Soil Science, Technical Communication No. 48. Farnham

Royal.

SWAINE, D.J. (1962). The trace element content of fertilisers.
Commonwealth Agricultural Bureaux of Soil Science, Technical

Communication No. 52, Farnham Royal.

SWAINE, D.J. and MITCHELL, R.L. (1960). Trace element distribution in

soil profiles. Journal of Soil Science 11, 347.

TELFER, S.B., ZERVAS, G., KNOTT, P. (1983). U.K. Patent Application

2116424a,

TESSLER, A., CAMPBELL, P.C.C. and BISSOM, M. (1979). Sequential
extraction procedure for the speciation of particulate trace

elements. Analytical Chemistry 51, 844-851.

THOMSON, I., THORNTON, I. and WEBB, J.S. (1972). Molybdenum in black
shales and the incidence of bovine hypocuprosis. Journal of the

Science of Food and Agriculture 23, 871-891.

THORNTON, I. (1974). Biogeochemical and soil ingestion studies 1in
relation to the trace element nutrition of 1livestock. In: Trace
element metabolism in man and animals - 2 (Ed. Hoeckstra, W.G.) pp

451-454, University Press, Baltimore.

327



THORNTON, TI. (1983). Soil-Plant-Animal interactions in relation to
the incidence of trace element disorders in grazing livestock. In:
Trace elements in animal production and veterinary practice. (Eds.
Suttle, N.F. et al) pp 39-49, British Society of Animal Production,

Occasional Publication No. 7.

THORNTON, I. and ABRAHAMS, P, (1981). Soil ingestion as a pathway of
metal intake into grazing l1ivestock. Heavy metals in the
environment, pp 267-272. Proceedings of International Conference,

Amsterdam, 1981.

THORNTON, I. and WEBB, J.S. (1980). Regional distribution of trace
element problems in Great Britain. In: Applied soil trace elements

(Ed. Davies, B.E.) pp 381-440. Wiley-Interscience Publications.

TIFFEN, L.O. (1972). Translocation of micro-nutrients in plants. In:
micro-nutrients in agriculture (Eds. Mortvedt, J.J. et al) pp 199-

230. S.S5.S.A., Madison, Wisc., 1972.

TILLS, A.R. and ALLOWAY, B.J. (198l1). Sub-clinical Cu deficiency in
crops 1n the Breckland of East Anglia. Journal of Agricultural

Science 31, 473-476.

TILLS, A.R. and ALLOWAY, B.J. (1983). Sub-clinical Cu deficiency in

crops. Journal of the Science of Food and Agriculture 34, 54-55,

TILLS, A.R. and ALLOWAY, B.J. (1983b). An appraisal of currently used
soil tests for available copper with reference to deficiencies in

English soils. Journal of the Science of Food and Agriculture 34,

1190-1196.

328



TIMMER, L.W. and LEYDEN, R.F. (1980). The relationship of mycorrhizal
infection to phosphorous induced Cu deficiency in orange seedlings.

New Phytologist 85, 15-18.

TODD, J.R. (1970). A survey of the copper status of cattle using
copper oxidase (caeruloplasmin) activity of blood serum. In: Trace
element metabolism 1n animals (Ed. Miils, C.F.) pp 448-451.

Edinburgh, Livingstone.

UNDERWOOD, E.J. (1977)}. In: Trace elements in human and animal

nutrition. 4th Editfon. pp 56-108. Academic Press.

UNDERWOOD, E.J. (1981). Mineral nutrition of 1ivestock. 2nd Edition.

Comﬁonwea]th Agricultural Bureaux. Page Bros (Norwich).

VIETS, F.G. (1962). Chemistry and availability of micro-nutrients in

soil. Journal of Agriculture and Food Science 10, 174-178.

VOSS, R.C. and MACPHERSON, A. (1977). Cobalt and copper 1in soils,
herbage and ruminant nutrition. West of Scotland Agricultural

College Technical Note 5.

WALKER, C.D. and WEBB, J.S. (1981). Copper in plants: Forms and
behaviour. In: Copper in soils and plants (Eds. Loneragan, J.F. et
al) pp 189-212, Proceedings of International Symposium, Perth,

Australia, 1981. Academic Press.

WALLACE, T. (1961). The diagnosis of mineral deficiencies in plants.

3rd Edition. H.M.S.0., London.

329



WEBB, J.S., THORNTON, I., HOWARTH, R.J., THOMPSON, M, and LOWENSTEIN,
P.L. (1978). The Wolfson Geochemical Atlas of England and Wales.

Oxford University Press.

WEDEPOL, K.H. (1969). Copper. Handbook of Geochemistry. Vol. 1-16.

Springer.

WESTERHOFF, H. (1955), Beitrage Zur Kupfer bestimmung in Boden.

Landwirsch Forschung 7, 190-192.

WHITELAW, A., ARMSTRONG, R.H., EVANS, C.C. and FAWCETT, A.R. (1979).
A study of the effects of copper deficiency in Scottish Blackface

Tambs on improved hill pasture. Veterinary Record 104, 455-460.

WHITELAW, A., ARMSTRONG, R.H., EVANS, C.C., FAWCETT, A.R., RUSSEL,
A.J.F. and SUTTLE, N.F. (1980). Effects of oral administration of

copper oxide needles to hypocupraemic sheep. Veterinary Record 107,

87-88.

WHITELAW, A., FAWCETT, A.R. and MACDONALD, A.J. (1982). Cupric oxide

needles in the prevention of swayback. Veterinary Record 110, 552.

WHITELAW, A., RUSSEL, A.J.F., ARMSTRONG, R.H., EVANS, C.C., FAWCETT,
A.R. and MACDONALD, A.J. (1983). Use of cupric oxide needles in the
prophylaxis of 1induced copper deficiency in lambs grazing improved

hil1l pastures. Veterinary Record 112, 382-384.

WIENER, G. and FIELD, A.C. (1974). Seasonal changes, breed
differences and repeatability of plasma Cu levels of sheep at

pasture. Journal of Agricultural Science (Camb.} 83, 403-408.

330



WIENER, G., FIELD, A.C. and WOOD, J. (1969). The concentration of
minerals in the blood of genetically diverse groups of sheep I: Cu
concentrations at different seasons in Blackface, Cheviot, Welsh
Mountain and Crossbred sheep at pasture. Journal of Agricultural

Science (Camb.) 72, 93-101.

WIENER, G., SUTTLE., N.F., FIELD, A.C., HERBERT, J.G. and WOOLIAMS,
J.A. (1978). Breed differences in copper metabolism in sheep.

Journal of Agricultural Science (Camb.) 91, 433-44l.

WOOLIAMS, J.A., WIENER, G., SUTTLE, N.F. and FIELD, A.C. (1983). The
copper content of wool in relation to breed and the concentration of
copper in the liver and plasma. Journal of Agricultural Science

(Camb.) 100, 505-507.

WOOLHOUSE, H.W. and WALKER, S. (198l). The physiological basis of
copper toxicity/tolerance 1in higher plants. In: Copper in soils
and plants (Eds. Loneragan, J.F. et al) pp 235-262, Proceedings of

International Symposium, Perth, Australia, 1981. Academic Press.

331



