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ABSTRACT

Copper (Cu) is the micronutrient most often deficient in Saskatchewan. Since Cu is

generally thought of as immobile in soil, placement is a critical issue. This research was

conducted to compare traditional and new Cu fertilizer forms and placement methods.

A field experiment was conducted at five Saskatchewan sites on soils with low

DTPA-extractable Cu levels to identify relative effectiveness of Cu fertilization

strategies for hard red spring wheat (Triticum aestivum 1. cv. AC Barrie). Wheat yield,
tissue and grain Cu concentration, thousand kernel weight and grain Cu accumulation

were measured. The ranking of Cu fertilization method in the first year of application
from most to least effective, was: foliar Cu (sulphonate) at Feekes 6 or 10> broadcast

and incorporated Cu sulphate at 5.5 kg ha-1 or 11 kg ha-1 > broadcast Cu sulphate with

no incorporation. Broadcast Cu oxysulphate was ineffective in the first year. Residual

effects of soil-applied products were determined at one site in the second year.

Incorporation was critical to the success of residual Cu from broadcast Cu sulphate and

oxysulphate. Seed placement of Cu oxysulphate or Cu sulphate was ineffective. A

second field study, conducted at two locations, considered the effect of Cu-impregnated
macronutrients. Results were inconclusive regarding the efficacy of this Cu fertilization

strategy for wheat due, in part, to high levels of Cu in the soil and possible fertilizer N

toxicity.
A column experiment compared the mobility of Cu as a sulphate or chelate in five

soils of high and low organic matter and clay contents. Copper movement was restricted

in the high clay, high organic matter soils. Copper was found in the infiltrate of all soils

treated with Cu chelate, whereas none was found in the soils treated with Cu sulphate,

suggesting chelated forms are more mobile than Cu salts in these and similar soils.
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Where Cu deficiencies are confirmed, foliar application of Cu products are

recommended for response within the year of application. For longer-term response,

incorporation ofbroadcast Cu sulphate or oxysulphate may be more economically

effective.
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1 INTRODUCTION

Copper (Cu) is reported to be the micronutrient most often deficient in

Saskatchewan. A number of studies regarding Cu have been conducted over the years in

the province. Until now, when a deficiency was suspected and/or confirmed, the

standard recommendation has been to broadcast and incorporate 3.5-5.5 kg Cu ha' in

the form of Cu sulphate fertilizer. However, a number ofnew products have become

available since the last research was completed. Also, a number of 'deductive'

methodologies have been developed, without necessarily having been proven as

effective. For example, producers have attempted to apply reduced rates of seed placed
Cu (e.g., 1 kg ha") reasoning that ifbroadcast and incorporated applications ofCu at

5.5 kg ha-I are effective, less Cu should be required when the fertilizer is seed placed. In

addition, it is assumed that seed placement of Cu over a 3 to 4 yr period will provide the

same net result as the higher single broadcast and incorporated rate. Expansion of

direct-seeded acres over the past 10 yr has provided reason to either seed place or even

broadcast the Cu products without incorporation. Some fertilizer blending plants are

providing a customized service of coating (impregnating) granular macronutrient

fertilizers with Cu for seed placement. In addition to these soil-applied methods of

application, several new foliar-applied'products are on the market.

Few of these new methods and products have been field-tested for Saskatchewan

soils and conditions through standard research methods. This lack of information has

led to confusion of producers and agrologists as to how to respond to potential Cu

deficiencies. New products and methodologies require some confirmation and/or

clarification through objective research.
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Objectives of the research described in this thesis were:

1. To identify relative effectiveness, as indicated by response of wheat grain, .of

several Cu placement strategies on soils with low levels of available Cu.

2. To identify any benefits of Cu-impregnated fertilizer blends to wheat

production on soils with low levels of available Cu.

3. To identify the relative mobility ofCu in soils of different texture and organic
matter by using two Cu fertilizer products, namely, Cu sulphate (salt) and a

Cu-EDTA (chelate).
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2 LITERATURE REVIEW

2.1 Historical perspective
It was only in 1931 that Cu was proven to be an essential nutrient to plant growth

(Lipman and McKinney, 1931; Sommer, 1931). Although benefits were recognized in

the application of Cu salts prior to this time, it was believed that their primary benefit

was as a fungicide (Graham and Nambiar, 1981).

Since the essentiality of Cu was proven, many experiments have been done around

the world to increase the understanding of the functions, pathways, interactions and

benefits from various Cu treatments. Worldwide, the most significant research in

physiology and agronomic aspects of Cu fertility has been published in Australia, where

Cu deficiencies are relatively common. Several comprehensive reviews have been

compiled to provide information on micronutrients, in general, and Cu in particular

(Loneragan et al., 1981; Mortvedt et aI., 1971; Mortvedt et al., 1991; Nicholas and

Egan, 1975).

On the Canadian Prairies, Cu deficiencies have been reported over the past 30 years,

although there had been little reference to Cu deficiencies prior to this time

(Tomasiewicz and Stewart, 1982). Recognition of the need for Cu fertility research was

sometimes inspired by concerns of deficiency symptoms in cattle (Bomke and Lowe,

1985; Lillie and Drysdale, 1976; Stewart et al., 1979; Stewart, 1977; Tokarchuk and

Loewen-Rudgers, 1982; Tokarchuk and Loewen-Rudgers, 1985) rather than concerns

over plant symptoms. Field research was done in Saskatchewan, Alberta and Manitoba

in the 1980's to establish some strategies to recognize and correct local deficiencies.

Today, Cu deficiencies are more likely to be recognized due to more widespread

knowledge of their visual symptoms, soil testing services, and the retail distribution of

numerous Cu products.
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2.2 Copper behavior in crops

By definition Cu, as a micronutrient for plants, is found in small amounts within the

plants but these small amounts are no less essential than the larger amounts of

macronutrients such as N. A 2700 kg ha' wheat (Triticum aestivum L.) crop will

remove approximately 8 g Cu ha-1 in the grain and 14 g Cu ha' in the straw. By

comparison, this wheat grain will remove ten times the amount of zinc and manganese

and sixteen times the iron (Karamanos et al., 1985b). Of the micronutrients, Cu is used

by plants in relatively low amounts and this may be why so few acres of agricultural
land have been found deficient (Barber, 1984).

2.2.1 Genetic differences

Species of plants exhibit greater and lesser sensitivity to low soil Cu levels. Several

ratings have been developed to categorize these sensitivities. Of the major
Saskatchewan crops, the most sensitive may be wheat, oats and alfalfa whereas barley
and flax are sometimes classified with wheat or as intermediate and rye, canola, peas

and beans are considered oflow sensitivity (Jones Jr., 1991; Karamanos, 1997; Martens

and Westermann, 1991; Penney et al., 1993). Higher efficiencies of particular crops to

extract Cu from soil may be related to differences in root system geometry (Graham et

al., 1981).

Many references around the world have been made to cultivar differences in Cu

sensitivities and their ability to recover after Cu applications (Loughman et al., 1983;

Nambiar, 1976). Nambiar (1976) found in the genotypes he was working with that those

with high protein contents in the grain were more sensitive to Cu deficiency than

genotypes with low grain protein and those with relatively higher yield potential were

less sensitive to Cu deficiency than those with lower yield potential. He found that

various genotypes differed, not only in grain yield response to Cu deficiency and

applications but also in visual symptoms. Research has confirmed varietal differences in

local wheat cultivars, where yield and visual symptoms differ (Owuoche et al., 1996;

Owuoche et al., 1994; Owuoche et aI., 1995; Penney et aI., 1993).
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2.2.2 Physiological functions

Bussler (1981) provides an extensive review of the physiological functions of Cu.

Those physiological functions affected by plant Cu include: carbohydrate metabolism

(photosynthesis, respiration, and carbohydrate distribution), N metabolism (N fixation,

protein synthesis and degradation), water relations, seed production and disease

resistance. All factors increasing the rate of general development, such as those listed

above, induce a higher need for Cu. According to Le Chatelier's principle, if Cu is the

limiting factor amidst the presence of all other sufficient nutrients, Cu becomes the

limiting factor and the plant will develop symptoms of deficiency (Bussler, 1981).
While the Cu ion is present in a plant, it can be re-used for several different

functions, which usually results in gradual, rather than abrupt, symptoms of metabolic

interruption. The balance of other metals, such as Fe and Mn, of similar variable

valencies to Cu (Cu+, Cu2+), ion diameter and atomic weight, can lead to antagonisms
due to similar affinities to proteins and proteids. Sufficiency of Cu, therefore, according
to Bussler (1981), cannot truly be defined in absolute terms but in relationship to other

nutrients and efficiencies of each crop and variety.

Copper is a constituent of the electron carrier, plastocyanin, which directly is

involved in regulating photosynthetic electron transport (Droppa and Horvath, 1990).
Chlorosis is listed by some researchers as a deficiency symptom for some plant species,
but not consistently, which leads Bussler (1981) to believe that it is a late step in the

development of a Cu deficiency. Since mitochondrial cytochrome-c-oxidase contains

Cu, Cu must be involved in respiration. However, the impact oflow Cu levels on

respiration are minimal (Bussler, 1981).

Several researchers have shown that in higher plants such as wheat, Cu deficiency
affects the reproductive phase more than the vegetative phase. Often there may be just
sufficient Cu for the vegetative phase, but insufficient for the reproductive phase,

resulting in grain yield loss but little straw yield loss (Graham, 1975; Nambiar, 1976).
Graham (1975) suggested that the non-viability of pollen is the primary cause of this

failure to set grain. He observed that Cu-deficient wheat plants develop small anthers,

commonly less than half as long and one-tenth the volume ofnormal anthers. Moreover,

the pollen grains developed on these anthers are malformed and fewer in number,
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resulting in non-viable pollen. Continuous Cu deficiency has induced up to 90-100%

sterility in durum wheat (Azouaou and Souvre, 1993). Pollen sterility and poor

lignification of anther walls also has been observed for oat, barley, com, sunflower,

petunia and subterranean clover (Dell, 1980; Jewell et aI., 1988).
Lack of grain set as a major sink for carbohydrates, coupled with the termination of

growth in the major tillers, leads to a delayed rise in soluble carbohydrates, which may

in tum be the cause of excessive late tillering in Cu-deficient plants (Graham and

Nambiar, 1981).

Although Cu movement within a plant can occur readily when Cu is sufficient, Cu

is not translocated easily from older to younger plant organs during the development of
.

a Cu deficiency (Hill et aI., 1978). Copper has been found to re-translocate from older

tissue only with the onset of senescence and the mobilization of nitrogen at that time

(Hill et aI., 1978; Hill et aI., 1979; Loneragan et aI., 1980).
It is possible that poor translocation of Cu in deficient plants may have an effect on

anther development (Bussler, 1981; Miller et aI., 1994). Miller et al (1994) extensively
researched the partitioning ofnutrients into the various plant parts of healthy hard red

spring wheat. The most rapid accumulation of Cu in the plant was just before and after

anthesis, with nearly 50% of the plant's total Cu accumulating after anthesis. Peak

accumulation rates for the leaves and stems occurred at late boot. Just prior to anthesis,

both leaves and stems were net exporters of Cu. After anthesis, only grain accumulated

Cu. At maturity, Cu was found in leaves at 2.6 ug g-l, stems at 1.5 ug g-l, and grain at

5.2 ug g-l. Sixty percent of the aboveground plant Cu was accumulated in the grain,
40% of which was redistributed from other aerial plant parts. This pattern of uptake

helps to explain the presence of some of the typical deficiency symptoms and why
anthesis is the critical time for Cu availability.

In some legumes, Cu deficiency reduces nodule development and N fixation. Cu

does not appear to have a direct effect on the fixation process, but likely has an indirect

effect through the associated plant (Romheld and Marschner, 1991).

Lignin synthesis is a visible function of Cu in the plant. Cell wall composition

changes as the plant matures. Early on, while the cells are in their growth stage, pectin
then cellulose and hemi-cellulose dominates, allowing the cells flexibility to enlarge.

6



Later on, lignin predominates, causing the walls to become rigid. In wheat, delayed or

inhibited lignification appears via deficiency symptoms such as stem bending and leaf

twisting. This lack of lignification may also cause the collapse of xylem vessels,

blocking water transport, resulting in the symptom of wilting (Bussler, 1981).

Copper has a two-fold interaction with diseases ofplants, one as a fungicide and the

other as a critical element in resistance to disease (Bussler, 1981). Research done in the

early 20th century showed Cu mixtures effective as fungicides. It was, however, the

realization that the entire benefit from Cu in some situations was not accounted for by
its fungicidal properties that prompted the finding of Cu as an essential element for

plants (Graham and Nambiar, 1981).
Researchers have found deficient plants to be susceptible to various diseases, such

as take-all, root rots, powdery mildew, and stem melanosis (Penney et aI., 1993; Piening
et al., 1987; Piening et aI., 1988). These will be discussed further in Section 2.4.1. Poor

lignification of the cell walls may be one of the factors associated with poor disease

resistance (Bussler, 1981).
In many of the described physiological processes, Cu deficiency works indirectly as

the cause of interrupted functions. The two functions that appear most directly affected

by Cu deficiency are lignification and pollen sterility (Bussler, 1981).

2.3 Copper behavior in soils

Copper is widely distributed geographically and geologically. The average amount

of Cu in the earth's crust is 70 ug g-l, however, in soils it is found largely in unavailable

forms (Parker, 1981). Fractionation experiments have assisted researchers to understand

how much of soil total Cu is available to plants. Much of the solid fraction is not

available for plant uptake. Cu in the water-soluble and exchangeable forms is

considered to be plant available, whereas that associated with organic matter is

relatively unavailable (Shuman, 1991).
For soils to have sufficient levels of Cu, they must be developed from parent

materials containing Cu. Most Cu-deficiencies are found on sandy and organic soils,

both derived from parent materials containing low amounts of Cu (Barber, 1984;

Karamanos et aI., 1985a; Loewen-Rudgers et aI., 1978).
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In acid topsoils, Cu is found mainly in the silt and clay fractions with lesser amounts

found in the Fe and Mn oxide fractions, none of which are readily available (Shuman,

1985). The same author found that in a study of 10 soils, the fine-textured soils had a

large proportion of Cu in the clay fraction, but the coarse-textured soils had

proportionately more associated with the organic matter fraction (Shuman, 1979).
In Saskatchewan soils, a fractionation experiment on 27 soils, with a variety of

physical and chemical properties, indicated an average total Cu content of21.0 mg kg"
with a range of6.5-39.0 mg kg" (Liang et aI., 1991). Residual Cu, that is essentially Cu

held within the silicate mineral structures, comprised 49.2-78.2% of total Cu. Copper

availability was associated with oxides, organic matter and total Cu, with clay content

being the key soil property affecting Cu availability.

2.3.1 Soil pH

Compared to other micronutrient metals, such as Zn and Mn, Cu speciation is

relatively unaffected by soil pH, but lime additions can move some of the exchangeable
and sorbed Cu to more tightly bound fractions (Sims, 1986). Where lime is applied to

low pH soils of low Cu levels, Cu deficiencies may be induced, but not if the Cu levels

are adequate (Gupta et aI., 1989). Also, soil pH does not, in general, affect Cu uptake as

it does other micronutrients (Blevins and Massey, 1959; Loneragan, 1975). At high pH,

although Cu-precipitates can form, it is more likely that Cu is taken out of solution by

reacting with atoms on the surface of the solid phase via adsorption (James and Barrow,

1982).
2.3.2 Organic matter

Copper is unique within the micronutrient metals because of its strong ability to

bind with organic matter (McGrath et al., 1988). Additions of organic materials can

increase exchangeable Cu in mineral soils (Gupta, 1971). Seemingly contradictory,

organic soils are often deficient in Cu, mainly because these soils derive from parent

materials with low Cu concentrations (Barber, 1984). However, certain defined organic
forms are more capable of rendering Cu unavailable through the formation of insoluble

complexes. Copper associated with organic complexes in the soil solution of molecular
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weight below 1000 were much more available than those with molecular weight above

5000 (Mengel and Kirkby, 1982).

2.3.3 Nutrient interactions

High zinc levels in soils can accentuate Cu-deficiencies due to competition through
the same uptake mechanism so that each inhibits the uptake of the other (Kausar et aI.,

1976). Apart from the uptake mechanism interaction, the soil reaction is one of release

due to Zn2+ displacing Cu2+ from specific adsorption sites on colloids and vice versa

(Loneragan, 1975).

Proper balance ofmanganese and Cu has been proven important for nutrition of

wheat and barley in Saskatchewan organic soils (Karamanos et aI., 1984; Karamanos et

aI., 1991). Maximum yields were only achieved when the DTPA-extractable Mn:Cu

ratio of organic soil was in the range of 10-20 for barley and 1-15 for wheat.

Interactions of Cu with sulphur and molybdenum were seen in canola, further evidence

for the importance ofbalanced nutrition (Karamanos et aI., 1989).
At times, increases in nutrients other than Cu can reduce the overall concentration of

Cu in plants due to a dilution effect, rather than by inducing a deficiency. Phosphorus
can cause lower plant Cu concentrations either by a dilution effect or by actually

inducing a deficiency (Gartrell, 1981). Where phosphorus amendments are required in

large amounts, such as in kaolinitic soils, phosphorus additions can lead to P-induced

Cu-deficiency. It is theorized that in these cases, high plant P concentration may prevent

Cu translocation to aboveground plant tissues (Touchton et aI., 1980). In another study,
the reduction ofplant Cu concentrations at high P rates resulted from reduced

exploitation of the soil by mycorrhizae in orange seedlings (Timmer and Leyden, 1980).
In Alberta, Cu deficiencies are often found in soils with high P levels. However, when

moderate to high rates of phosphate were applied with Cu sulphate, no negative
interaction was found (Penney et aI., 1991).

Copper uptake and yields of wheat were increased in Saskatchewan with application
of Cu sulphate, whereas seed inoculation with Penicillium balaji, a phosphate

solubilizing fungus, did not increase yields on its own (Doyle et aI., 1991).
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Nitrogen can have various effects on Cu uptake. In most studies, N applications
accentuated Cu-deficiencies due to increasing crop growth (Gartrell, 1981; Hill et aI.,

1978; Moraghan and Mascagni, 1991). However, in one Alberta study, application ofN

fertilizer enhanced Cu uptake on a marginal-Cu soil, likely by increasing crop vigor and

root growth (Soon et aI., 1997). The form of supplied N can also have an effect on Cu

uptake. Wheat plant and shoot accumulation of Cu was enhanced by hydroponically

supplying mixed N03- and NH/ solution over N03- or NH/ alone (Wang and Below,

1998). Also, with a long-term (20 yr) application ofN, likely due to an associated

decrease in pH, an increase in DTPA-extractable Cu was observed (Darusman et aI.,

1991).

2.3.4 Moisture

Little research has been found on soil moisture effects and Cu availability or uptake,

particularly concerning cereal production. Any interruption of the supply or uptake of

Cu, especially before or during the critical anthesis growth stage should result in poor

yields. It was reported in Graham and Nambiar (1981) that a moisture deficit may in

fact enhance Cu deficiency in wheat by immobilizing Cu in soil lattices. In an

experiment with a clay loam soil, when wetted, extractable Cu changed little (Nambiar,

1975). However, in a study ofmoisture effects on Australian acidic sand, some solution

Cu was transformed to exchangeable Cu, which should not limit the availability of Cu

to plants (Nambiar, 1975). Nambiar argues that soil water content as such should not

have a significant effect on Cu concentration in solution due to the following: a) most of

the labile ions, such as Cu, are specifically adsorbed on the lattice sites of the silicate

minerals, organic matter and oxides of Fe and Mn; b) the relatively high amounts ofCu

in the solid phase compared to solution phase tends to buffer concentrations in solution

concentration.

Wetting and drying cycles that are normal for surface soils, tend to decrease the

amount ofmicronutrients in exchangeable and solution forms. This may be due to

adsorption and chelation with organic matter (Nambiar, 1975). No consistent effect of

soil moisture was found for alsike clover (Trifolium hybridum L.) grown in a

greenhouse study (Kubota et al., 1963).
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When considering the effects ofmoisture availability on Cu uptake, the

physiological capabilities of the plant must also be considered. Wheat can extract Cu

from fertilized dry, acidic siliceous surface sand (Nambiar, 1977a; Nambiar, 1977b) as

long as sufficient subsoil moisture is available. However, where dry fertilized clay soils

were studied, wheat did not set seed (Grundon, 1991). Moisture effects on Cu uptake

may have more to do with the plant's responses to moisture rather than the effect on the

soil. Root extension, processes at the soil-root surface, root uptake abilities and plant
demand will affect uptake (Nambiar, 1975).

2.3.5 Temperature
For the most part, absorption of Cu by plants is increased by moderate increases in

soil temperature due to plant metabolic controls, but availability of organically bound

Cu may also be affected (Moraghan and Mascagni, 1991). Winter wheat forage under

sub-optimal root zone temperatures (8°C) had significantly lower concentrations of Cu

than when grown at 16°C. The significance for this is that during the spring season,

when soil temperatures lag behind air temperatures, forage Cu-concentrations can be

SUb-optimal for not only plant growth, but forage nutritive value (Miyasaka and Grunes,

1997).

2.3.6 Light
Under field conditions, light may not have a major effect on Cu deficiency, although

it has on zinc deficiency under greenhouse conditions (Moraghan and Mascagni, 1991).

2.3.7 Herbicides

Extensive research has been done on the interaction between some herbicides and

Cu uptake. Soil-applied chlorsulfuron (trade name 'Glean™') tends to decrease net

uptake of Cu by interfering with the growth of fine roots of wheat, therefore reducing

uptake per unit of root. Its largest effect is therefore on the slowly diffusing nutrients in

the soil. This effect will induce and aggravate Cu deficiency where Cu levels are

already limiting (Dong et aI., 1995; Osborne and Robson, 1993; Osborne et aI., 1993;

Rengel and Wheal, 1997; Robson and Snowball, 1990).
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2.3.8 Distribution with depth

Copper is one of the most immobile micronutrients. It therefore varies little in total

concentration within many soil profiles (Hodgson, 1963). However, in podzols,
movement of Cu from highly leached surface horizons into lower horizons has been

observed. Organic-enriched surface horizons may have higher total and available Cu

levels due to accumulations ofplant residue-derived Cu. Organic matter serves an

important role in maintaining available Cu for plant use, while making Cu relatively
resistant to leaching (McBride, 1981).

Two Saskatchewan studies show inconsistent trends of available Cu levels with

depth (Knight and Farrell, 2000; Singh et al., 1985). Caution has been made in regard to

assuming that local Cu levels necessarily follow a general pattern with depth. Those

profiles where Cu increases with depth are less likely to respond to fertilizer-Cu,

whereas Cu decreasing with depth will likely enhance Cu fertilizer responses. Once

again, rooting patterns, often due to moisture supplies, will also affect the availability of

the shallow and deep Cu (Alberta Agriculture Food and Rural Development, 1999;

Penneyet al., 1991).

2.3.9 Spatial distribution

One of the symptoms used for identifying Cu deficiencies in the field is the variable

distribution of a visual symptom in the field, which has been correlated with variations

in available Cu levels (King and Alston, 1975; Purves and Ragg, 1962). Studies in

Saskatchewan have confirmed similar variability within fields of sufficient or marginal
Cu levels and found Cu levels to be independent of topography (Knight and Farrell,

2000; Singh et al., 1985). In Black soils ofAlberta, experience has shown that Cu

deficiency occurs most frequently on sandy hilltops or on light loamy lower slopes
where the organic matter level is relatively high (Penney et al., 1991). However, others

refer to a decrease on knolls and ridges and increases in depressions (Karamanos et aI.,

1985b). No published research was found regarding spatial variability of deficient soils,

as defined by a 0.4 mg kg" critical level.
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2.3.10 Root uptake
Since Cu is relatively immobile in the soil, the largest proportion of Cu is taken up

by plants through root interception (Moraghan and Mascagni, 1991). Copper movement

into perennial ryegrass depends largely on root exploration (Jarvis and Whitehead,

1981). Factors affecting root development therefore affect Cu uptake.

Copper predominates as Cu2+ in biological systems. In this state, most organic
chelates bind it strongly (Graham et aI., 1981). In fact, in soil solutions, nearly 98% of

the Cu2+ is complexed to low molecular-weight organic compounds (Hodgson �t al.,
1966). It is strongly and specifically adsorbed to root cell walls where it is not easily
desorbed (Harrison et aI., 1979; Kochian, 1991). More than halfof the Cu in the root

may be bound to cell wall sites (Cathala and Salsac, 1975; Hiatt et aI., 1963). Copper
concentrations in roots are commonly in the order of fifty times higher than plant
shoots. One study has advanced a theory that metals adsorbed on root surfaces may be

remobilized by organic ligands which leak from the root cells (Linehan, 1984).
If free Cu2+ ions predominated near the root, there would be a large electrochemical

potential gradient for passive Cu2+ uptake into plant cells. However, due to the organic

complexing that predominates, dissociation of Cu from the complexing agent would

have to occur first. There is considerable evidence that free Cu2+ is the adsorbed species

(Kochian, 1991). Graham (1981) suggests a carrier-type protein could facilitate Cu2+

uptake, so Cu2+ uptake could occur by a passively driven, carrier-type membrane

protein. Barber (1984) suggests that it is necessary to assume that both complexed and

ionic Cu are involved in fulfilling uptake requirements.

Although root interception is the primary mechanism for the supply of Cu to roots,

the proportion supplied by mass flow increases in soils with greater sand content

(Oliver and Barber, 1966). For example, Oliver and Barber (1966) determined that as

much as 53% of Cu uptake could be attributed to mass flow where the soil consisted of

80% sand under high evapo-transpiration conditions. However, in other soils and

environmental conditions, the mass flow component was as low as 0%.

13



2.4 Plant indicators of copper deficiency
2.4.1 Visual symptoms

Graham and Nambiar (1981) have summarized many of the visual symptoms ofCu

deficiency, as seen in Table 2.1. These are only to be used as a guide, as genotypic
differences can show differences in symptoms under the same conditions. Also, other

factors, such as herbicide or frost damage may cause some of these same symptoms

(Graham and Nambiar, 1981). The symptoms are listed in order of appearance. Note

that 20% yield losses can be experienced without the expression of visual symptoms

listed here.

All of these symptoms are consequences of interferences with known functions of

Cu within plants and therefore have already been mentioned in Section 2.2.2.

Table 2.1. Copper deficiency symptoms in cereals (from Graham and Nambiar, 1981).

Symptoms Slight Moderate Severe

Deficiency Deficiency Deficiency
'Limpness' or 'wilting' (loss of turgor) at mid-tillering X

'Limpness' or 'wilting' (loss of turgor) at stem X X

elongation
Pale yellow, curled young leaves at tillerinz X

'Wither-tip' and 'whip-tail', and death of the leaf tip: X X
Leaf tips may roll and turn white and sometimes fibrous
- referred to as whither-tip. Upper one-third or half of
the lamina may wither and break abruptly at the healthy
part, giving rise to 'whip-tail'
Increased susceptibility to disease X
Retarded stem elongation X X
Excessive late tillering and high mortality on late tillers X X

Delay in heading X X

Aborted heads and spikelets X
Heads and spikes nearly normal, but containing many X X

spikelets devoid of grain. Anthesis poor and late. Grains

shriveled, blackened endosperm
Delay in maturity and senescence - maturity may be X X X

delayed for several weeks
Head bending X X

Melanism X X X

Probable loss in grain yield (%) 5-20 20-50 50-100
Probable loss in straw yield (%) NIL 0-10 10-20

14



2.4.1.1 Effect on roots

Due to immobility of Cu in soils, healthy root development is vital in Cu-deficient

soils. Root health can both affect Cu uptake as well as be affected by Cu availability.
Differences in root geometry may explain some of the genetic differences in

sensitivities to low Cu (Graham, 1981). Any external restrictions to root development
caused by root pathogens, toxicities and excessively wet or dry soil conditions could be

expected to aggravate Cu deficiencies (Gartrell, 1981).

Copper deficiency decreases root weights, often more than shoot development,
which has been argued as a reason for wilting; however, it is more likely to be as a

result of poor lignification and structural weakness, similar to that as evidenced by the

head bending symptom (Loneragan et aI., 1980; Snowball and Robson, 1984; Wood and

Robson, 1984).

2.4.1.2 Effect on stems and leaves

Along with the head-bending symptom seen in stems, there can also be an effect on.

straw weight; however, grain yield losses are more common without an associated straw

yield loss (Nambiar, 1976; Robson et aI., 1984). Nambiar (1976) found significant
differences in foliar symptoms between genotypes. Decreased rates of leaf emergence

have been found even though the plants have shown no other visible deficiency

symptoms and no observable decrease in vegetative biomass, resulting in a decreased

final number ofleaves on the main stem (Longnecker et aI., 1993).

2.4.1.3 Effect on grain development
Grain yield can be affected both by reduced numbers of kernels resulting from

pollen sterility and by grain size reduction (Owuoche et aI., 1994). Effects on pollen
have already been described in detail previously (section 2.2.2). Often the soil can

supply adequate levels of Cu for vegetative production, but insufficient for reproductive

processes which have an inherently higher Cu requirement (Graham, 1976).
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2.4.1.4 Effect on disease

Although Cu applications have their history due to fungicidal properties, researchers

have discovered more complex effects of Cu on diseases. As a fungicide, foliar

applications are normally made with Cu concentrations 10 to 100 times greater than

those used in foliar sprays to alleviate Cu deficiency (Graham and Webb, 1991).

Copper has been shown to have a positive effect on disease resistance of the host.

Decreases in the severity ofboth fungal and bacterial foliar diseases have been achieved

with the application of soil-applied Cu. Reductions have been found in diseases such as

powdery mildew (Graham, 1980), Septoria (Toms, 1958), and Puccinia triticina on

wheat (Graham and Nambiar, 1981), and ergot on rye and barley (Simojoki, 1969;

Tainio, 1961).

Copper applications in Alberta affected ergot of wheat (Penney et aI., 1993). At one

location, early foliar Cu applications reduced ergot incidence to 6 ergots 500 g-I grain
vs. 96 ergots 500 g' grain in the control treatment and 120 ergots 500 g' grain in the

late foliar treatment. It was proposed that reduced viability ofpollen causes normally
closed self-pollinated cereal flowers to open, making them susceptible to ergot infection

(Penney et aI., 1991; Penney et aI., 1993).

Studies on stem melanosis in wheat, caused by Pseudomonas cichorii in Alberta,
have shown that occurrence of this pathogen can be used as an indicator of Cu-deficient

areas (Piening et al., 1987; Piening et al., 1988). Copper applications decreased the

incidence of stem and head melanosis. Although melanism has been proposed as a

possible diagnostic criterion (Graham, 1981), melanism may not have been recognized
as caused by a pathogen (Piening et aI., 1987). Furthermore, there are differences in

susceptibility to melanosis among different wheat genotypes. For example, the Park

wheat variety has shown the highest level ofmelanism even though it has not shown

greater yield loss from Cu deficiency than other varieties (Penney et al., 1993; Piening

et at, 1988). Copper has also reduced incidence of some root diseases, such as take-all

on wheat (Wood and Robson, 1984).

Graham and Webb (1991) have listed several possible roles ofCu in reducing

diseases, including direct toxicity, particularly in foliar fungicides and possibly in the

build-up of Cu in roots against root diseases. Also, Cu enhances lignification, which
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would also enhance the plants' natural protective strategy. Thirdly, inadequate supplies
of Cu de-activate polyphenol oxidase, a component of a suite of enzymes which are

associated with an autoimmune system of plants.

2.4.1.5 Effect on tiIlering and maturity
Excessive late tillering is likely a result of the absence of grain as a major sink for

carbohydrates, coupled with termination of earlier tillers (Graham, 1981).

2.4.2 Plant tissue analysis
The diagnosis of nutrient deficiencies and the prediction of nutrient responses can

be based on a critical concentration of a nutrient within a plant, below which crop yield
is restricted (Bates, 1971). Often, a critical nutrient level is based on that which

produces 90% of the maximum yield (Ulrich and Hills, 1967).
In a comprehensive review paper, Bates (1971) indicates that a critical level can be

based on crop yield, crop quality, economic returns, or particular plant part

characteristics. In general, when yields are plotted as a function of nutrient

concentration, the result is an ascending line, representing a positive response in yield,
which eventually levels out when the nutrient is no longer limiting. Complicating some

nutrient response curves, and this is often the case with Cu, is where a C-shaped curve

develops. This 'Piper-Steenbjerg effect' is described where at very low concentrations

of the nutrient in a plant, yield responds to concentration increases, but at slightly higher

concentrations, the yield may either increase or decrease. C-shaped curves therefore

make it extremely difficult to interpret relationships between yield and plant tissue

nutrient concentrations within this particular range of dual yield responses. It is

probable that in the case of Cu-deficient wheat, the delay of Cu movement from old to

young leaves is the cause of the Piper-Steenbjerg effect (Hill et aI., 1979; Loneragan et

aI., 1980). Because of this, instead of the analysis of the entire above-ground plant, the

analysis of a young leaf blade is proposed as the more sensitive and accurate indicator

ofCu status (Robson and Reuter, 1981).
Total nutrient concentrations vary, not only with nutrient supply, but also with plant

species (and varieties in some cases), plant age, plant part sampled and sometimes
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nutrient interactions and climate (Bates, .1971; Jones Jr., 1998; Reuter and Robinson,

1986).

Research conducted in Australia has been successful in correlating the youngest leaf

Cu-concentration with deficiencies. Although there was considerable variability
between plants, whenever the Cu deficiency decreased growth, the average

concentrations ofCu in the youngest fully emerged leafwas less than 1.3 ug s". Copper
concentrations in the tissues from the whole plant were not as sensitive, due to the

inclusion of the older leaves (Robson et aI., 1984).
In a Saskatchewan study, correlation coefficients between relative grain yields and

Cu concentrations in whole plants or flag leaves were very similar, therefore no

improvements were achieved by sampling only the youngest leaf (Karamanos et aI.,

1986).
A greenhouse study of organic soils in Manitoba concluded that Cu concentrations

in wheat shoots at heading, could be defined as deficient if they were less than 3.0 mg

kg-1 (McAndrew et aI., 1984). However, in an Alberta study, it was recommended to not

use tissue analysis to diagnose Cu deficiencies. Although correlation between grain

yield and Cu-concentrations in the youngest fully emerged leafwere significant, the Cu

levels depended on the year and cultivar, as well as stage of growth and soil Cu status

(Owuoche et aI., 1995).
In some studies, grain Cu concentrations have shown significant correlation with

grain yield within an experiment (Brennan et aI., 1986; Modaihsh, 1997). However, in

many other studies, there were no significant differences in grain Cu concentration

between sufficient and deficient plants (Grundon and Best, 1982; Gupta, 1989;

Nambiar, 1976; Owuoche et aI., 1995; Penney et aI., 1991; Robson et aI., 1984;

Srikumar and Ockerman, 1991). In Saskatchewan, it was concluded that grain Cu

concentrations were not necessarily correlated directly with grain yield (Karamanos et

aI., 1986).
Mature straw Cu concentrations can also correlate with grain yield within an

experiment, however different soils may show somewhat different correlations

(Brennan et aI., 1986). Further, foliar applications of Cu increase the straw-Cu levels

directly, so this method of evaluation has limited value (Karamanos et aI., 1986).
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Grain protein may increase with Cu-deficiency, however, this is due to reduced

starch content, resulting in poor flour quality, rather than increased quality often

associated with higher protein contents (Flynn et al., 1987).

2.5 Soil indicators of copper deficiency
2.5.1 Soil testing

Conventional soil tests are used primarily as a means of predicting a soil's capacity
to provide essential elements to a crop over a growing season. For macronutrients, the

test can, not only identify a deficiency, but also the degree of deficiency in terms of

yield loss. Field calibrations can be used to determine potential corrective actions,

including responses to various levels of fertilizer. Micronutrients differ from

macronutrients due to the corrective action usually being identified as a single small

rate. There is an 'all-ot-nothing' response pattern (Sims and Johnson, 1991).

Sims (1991) indicates that the first step to take in finding a useful critical level is a

credible extraction method able to consistently reflect the availability of the

micronutrient to plants in a variety of local soils and field conditions. To be practical, it

must also be reasonably accurate, rapid and cost-effective. Fractionation procedures are

initially quite useful in identifying components of an extractant that may be well

correlated with plant uptake.
The DTPA (diethylene triamine pentaacetic acid) soil test (Lindsay and Norvell,

1978) is currently the basis for micronutrient soil testing across the Canadian Prairies.

This method was developed for identifying nutrient deficiencies in near-neutral and

calcareous soils, with the benefit of simultaneously extracting Fe, Mn, Cu and Zn

cations. Cautions have been offered as to the misuse of this method by a) altering the

method without field calibration, b) using it for contaminated soils and c) applying the

method to metals other than those intended (O'Connor, 1988). A global study conducted

by the Food and Agricultural Organization of the United Nations (FAO) and the

Institute of Soil Science in Finland compared DTPA and AAAc-EDTA extractable Fe,

Mn, Cu and Zn from over 3500 soils and 30 nations (Sillanpaa, 1982). Correlation

coefficients between DTPA test level and Cu uptake by wheat in greenhouse conditions

was 0.26, less than halfof that for the other three cations. This testing revealed the
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challenge of originating this method in an area (Colorado) of few Cu deficiencies

(Lindsay and Norvell, 1978). Despite this difficult)', the DTPA test, with local

modifications, has become popular worldwide. Soil properties, such as pH, organic

matter, soil test P and percent CaC03 are often used with extractable Cu to verify the

likelihood ofCu response (Sims and Johnson, 1991). Publication and local adoption has

been made of some modifications to the DTPA extraction method (Liang and

Karamanos, 1993).
In Australia, the literature refers primarily to the use of the EDTA (ethylene diamine

tetra-acetic acid) extraction method (Borggaard, 1976) with benefits for acid and near

neutral soils containing no free lime (Robson and Reuter, 1981). An experiment

comparing several extraction methods, including DTPA and EDTA, found all

extractions equally useful, although the EDTA method could be performed most simply
and accurately and therefore was recommended for routine testing of soils (King and

Alston, 1975). However, Grundon and Best (1982) concluded that in a variety of

Queensland soils, Cu responsiveness was not correlated with DTPA-extractable Cu.

Brazilian research has shown the DTPA method to correlate well (R2 = 0.74) with

plant concentrations of Cu (de Abreu et aI., 1996).
Several studies have been conducted in Saskatchewan to compare soil test

extraction methods. In 1983, the extractants DTPA, EDTA, NH40Ac and HCI were all

compared in their ability to predict Cu deficiencies, using alfalfa as the test crop.

Results were inconclusive as far as separating Cu-responsive from non-responsive soils

for all extractants, however, DTPA-extractable Cu correlated significantly with relative

yield and plant uptake (Edlin et aI., 1983). Work with beans was also successful in

showing that DTPA-extractable Cu was a good predictor of Cu availability in

Saskatchewan soils (Liang et aI., 1991).

Ion exchange resin membranes were tested for relating canola uptake of Cu in

Saskatchewan soils. This method, as well as several others, including the DTPA and

EDTA methods, was significantly related to canola uptake of Cu (Tejowulan et aI.,

1994).

Another recent study has found Coca-cola™ to be equally effective as DTPA to

extract soil micronutrients, as correlated with plant concentrations (Schnug et aI., 1996).
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2.5.2 Soil test critical levels

Because of the variety of soil test extractants used historically, comparisons of

recommended critical soil test levels must be done within the same method. The review

offered here is restricted to critical levels when using the DTPA method only. Lindsay
and Norvell (1978), doing their work with Colorado soils, proposed a critical level of

DTPA-extractable Cu of 0.2 mg kg" for wheat as a rough guideline but promoted local

field-testing to establish critical levels for specific crops and conditions. Saskatchewan

research resulted in the recommendation to adopt a critical level of 0.4 mg kg-I and

marginal levels of 0.4-0.6 mg kg" in Dark Brown soils and 0.4-1.0 mg kg" in Gray soils

(Karamanos et al., 1985b; Kruger et al., 1985). The definition of 'marginal level ' has

various connotations but may be defined for Cu as those levels extracted from

composite field samples which could be as a result of mixing of sufficient and deficient

soils (Karamanos, 2000) or as a range of Cu concentration where a predicted response is

less certain but more possible than the sufficient range implies (D. Keyes, personal

communication, 2000).
Research in Alberta found that some mineral soils ofDTPA extractable-Cu up to 0.8

mg kg' responded to Cu applications (Penneyet al., 1991). This has resulted in a

general recommendation referring to 0.4 mg kg" as the critical level, but a range of 0.6-

1.0 mg kg" defined as 'deficient in some instances' (Alberta Agriculture Food and

Rural Development, 1999). The Manitoba Soil Fertility Advisory Committee has

adopted a 0.2 mg kg" critical level and a marginal range of 0.2-0.4 mg kg" (Manitoba

Agriculture, 1999). A recent compilation of data from many Saskatchewan and Alberta

experiments on mineral soils confirmed a 0.4 mg kg" critical level and 0.4-0.8 mg kg"
marginal range for wheat (Karamanos, 2000). The Saskatchewan Soil Fertility Sub

council has not yet adopted a critical level for soil Cu (K. Panchuk, personal

communication, 2000).

Critical levels used by the major commercial soil testing labs offering
recommendations across the Prairies are unique unto their own. Enviro-Test

Laboratories presently is using a 0.4 mg kg" critical level in Saskatchewan, with a 0.4-

1.0 mg kg" marginal range. In Alberta and Manitoba, they use a 0.6 mg kg" critical

level, with a marginal range of 0.6-1.0 mg kg'. Norwest Labs, based in Alberta and
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Manitoba, is using a 0.4 mg kg" critical level, but 0.4-0.6 mg kg" marginal range.

AgVise, based in North Dakota, uses a different system more similar to that reflected by
a macronutrient response curve, starting with a 0.3 mg kg" critical level triggering the

highest Cu application recommendation, a 0.3-0.6 mg kg" middle range and for soils

testing within the 0.6-1.0 mg kg" range, a recommendation for a field trial confirmation

(1. Lee, personal communication, 2000). A & L Labs and Midwest Labs, based in

Ontario and Nebraska, recommend various rates ofCu applications to soils with less

than 1.2 mg kg" DTPA-extractable Cu (A & L Labs, 1999).

2.5.3 Local copper levels

Although micronutrient deficiencies are seen to be of relatively minor significance
on the Canadian Prairies, there may be up to one million acres in Saskatchewan (Kruger
et aI., 1985) and three million acres in Alberta that are potentially Cu-deficient (Alberta

Agriculture Food and Rural Development, 1999).
A survey was done of data collected from over 21,000 composite field soil samples

submitted for micronutrient analysis to Enviro-Test Laboratories in Saskatchewan

between 1992-2000. The data shows 11% of these samples were rated 'deficient'

according to a 0.4 mg kg-1 critical level (Flaten et aI., 2000). Although this data may not

be representative of all soils in the province, it provides some indication ofboth the

potential for significant Cu deficiencies and the need for correct interpretation and

corrective measures.

2.5.4 Soil associations

Trends are sometimes seen between Cu deficiencies and soil associations (King and

Alston, 1974; Kruger et al., 1985). This provides a way of generalizing predictions as to

responsive and non-responsive soils. In Saskatchewan, the associations found most

likely to respond to Cu applications were that of Carrot River, Whitefox, Bodmin, La

Come, Pine, Smeaton, and Sylvania.
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2.6 Methods and products to correct copper deficiencies

2.6.1 Fertilizer sources

A variety of Cu products are available on the market to correct Cu deficiencies.

These include inorganic compounds, natural organic complexes and synthetic chelates

(Martens and Westermann, 1991). These compounds can be grouped according to Table

2.2.

Table 2.2. Copper sources used for correcting Cu deficiencies in plants (adapted
from Gilkes, 1981; Martens and Westermann, 1991; Mortvedt, 1991).

Source Formula Cu, %ww Solubility
Inorganic compounds

Basic Cu sulphates CUS04· 3Cu(OH)2 13-53 insoluble

Copper (ic) chloride CuCh 47 insoluble

Copper (ic) sulphate CUS04· H2O 35 soluble

Copper (ic) sulphate CUS04· 5H20 25 soluble

Cuprous oxide CU20 89 insoluble

Cupric oxide CuO 75 insoluble

Copper oxysulphate CU20S04 vanes vanes

Organic compounds
Cu chelate Na2CuEDTA 13 soluble
Cu chelate NaCuHEDTA 9 soluble
Cu lignosulfonate 5-9 soluble
Cu polyflavonoid 5-7 soluble

Cu-sulphur frits varies varies

Contrary to the macronutrient approach ofmaximizing nutrient analysis in

fertilizers, dry micronutrient fertilizers oflow analysis and small particle size are

generally preferred, so as to distribute the nutrient particles over a larger area. This is

especially important, given the primary mechanism of Cu-uptake is by root interception

(Gilkes, 1981).

Blending of dry Cu fertilizers with macronutrients can only be successful if the

resulting blend resists segregation. This often means manufacturing a product with a

similar particle size, shape and density as macronutrient fertilizers. This, combined with

the need for availability, can be a difficult process, partially due to the lower surface
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area of a larger granule (Mortvedt, 1991). Gilkes (1981), in a review of the literature,
found conflicting evidence of agronomic effectiveness of Cu applied with macronutrient

blends versus Cu applied separate from macronutrients. The potential exists for the

crystallization of a large number of Cu compounds in blends or bands of mixed

fertilizers; however, these do not necessarily reduce their agronomic effectiveness

(Gilkes, 1981).

Water-soluble Cu compounds dissolve quickly after application to wet soils. The

poorly soluble compounds will dissolve slower and at a rate based on soil pH, moisture

and texture as well as the particle size of the Cu compound (Gilkes, 1981).

As of 10 years ago, as still may be the case, Cu sulphate (bluestone, CUS04· 5H20)
has been the most common Cu fertilizer used to correct field deficiencies, owing to its

high water solubility, relatively low cost and wide availability (Mortvedt, 1991). Its

disadvantages are that it is highly corrosive to field equipment, segregates when

blended with macronutrients (Karamanos et aI., 1986) and may react with P in

macronutrient fertilizers, making it unavailable to plants (Gilkes, 1977).

Copper oxide can be used effectively, but its usefulness depends on particle size.

Coarse products may not provide plant-available Cu until the year following application
due to low solubility and inadequate root to Cu contact (Gartrell, 1981; Karamanos et

al., 1986).

Copper oxysulphates are Cu oxides that are partially acidulated with H2S04. Their

degree of water solubility is directly related to the degree of acidulation, which varies

according to the manufacturer. Availability, usually related to solubility, is often

unknown by the user and is a concern for labeling issues (Mortvedt, 1991).

Chelating agents are added to nutrient solutions to increase the solubility of metal

cations. The most common chelating agents used for this application are EDTA and

HEDTA (N-hydroxyethyl ethylene diamine triacetic acid). HEDTA and EDTA are

relatively effective chelators for Cu in alkaline soils, where Ca is the main competing
cation. The relatively high stability of these products in chemical reactions is seen as an

advantage for maintaining the availability of the nutrient (Mortvedt, 1991; Norvell,

1991).
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Coating (impregnating) micronutrients onto macronutrient blends, either by the

manufacturer or locally, can improve the distribution pattern of a micronutrient in the

field. Each granule has a thin coating of micronutrient on it. At least three challenges
exist for this approach. The first is ensuring that the micronutrient remains available and

is not immobilized due to reactions with the macronutrient. Even with chelated

products, the coating procedure, ifnot done properly, may enhance the breakdown of

the ligand bond, making the nutrient available for other chemical reactions and

immobilization. The second concern for a coated product is the dependence on the

macronutrient fertilizer rate to provide sufficient rates of the micronutrient. Thirdly,
effectiveness of some micronutrient coatings depends on the acidifying effect of the

macronutrient fertilizer and the soil pH (Mortvedt, 1991).

Mixing ofmicronutrients with liquid fertilizers is also practiced. Solubility and

immobilization are concerns; however, there are also opportunities for sequestration
with the right combination ofproducts. Most synthetic chelates are compatible with all

fluid fertilizers. A jar test of appropriate proportions of the products should be made to

determine compatibility before mixing bulk quantities (Mortvedt, 1991).

2.6.2 Methods, rates and responses

Copper fertilizers can be applied as foliar treatments or as soil amendments. Care

must be taken with either method to limit the danger of toxicity due to excessive rates

(Varvel, 1983). Soil-applied micronutrient products, due to the low volumes required
and limited movement in the soil, need to be used in such a way to distribute the

nutrient for efficient uptake.

Copper sulphate, the most commonly used Cu product, is normally broadcast and

incorporated at rates of3.5 to 15 kg Cu ha" for maximum effectiveness (Martens and

Westermann, 1991). Historically, Cu sulphate applications have been found to provide
residual benefits for 5, 12 or even 100 years (Donald and Prescott, 1975).

Differences in the effectiveness of Cu fertilizers and their application rates likely

depend on: placement, root distribution, the ability and rate of the fertilizer to produce
Cu2+ ions, immobilization reactions within the soil and, differences in plant

requirements and efficiencies (Gartrell, 1981).
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One greenhouse study comparing several sources ofpowdered Cu, including Cu

oxide, Cu sulphate and Cu-EDTA mixed thoroughly in the soil, showed equal uptake
and yield in wheat from all sources, despite very different solubilities (Gilkes and Lim

Nunez, 1979). Uptake may have been quite different if the products were in their non

powdered form. As granule size increases, the more soluble products may be more

effective than the insoluble materials (Gartrell, 1981).

Residual benefits ofbroadcast and incorporated Cu sulphate are well documented

(Gartrell, 1981; Martens and Westermann, 1991). The benefit of this method is

sometimes increased in the year following application, then sustained for many years

after. Often, the residual applications of Cu sulphate show more favorable results 2, 4 or

even 12 years later, compared to current year's seed placed Cu (Gartrell, 1981).
Foliar treatments to date have been considered an emergency method for in-crop use

where the deficiency was not recognized until after seeding. They have also become

popular where they can be included in existing spray operations, although timing for

application of Cuproducts often does not coincide with effective timing of other

products. Broadcast and incorporated Cu sulphate is generally considered a more cost

efficient method given its residual value and one-time application cost. However,

sometimes this high initial capital cost has also discouraged its use (Gartrell, 1981).
Foliar products can be applied to the growing crop as CUS04, CuO or as a chelate in

water solutions. Copper sulphate is corrosive to equipment, a disadvantage to its use.

Chelates are normally applied at much lower concentrations than inorganic products.

Timing of application is the single most important factor affecting the success of foliar

Cu products (Graham, 1976; Miller et aI., 1994). Under moderate deficiency,

application of 0.3 kg Cu ha", as Cu sulphate, at early tillering of wheat was effective to

alleviate the deficiency (Varvel, 1983). Under severe deficiency, a double spray of2 kg
Cu ha-1 of Cu sulphate at Feekes Growth Stage 3 (mid-tillering) and Feekes Growth

Stage 10 (pre-boot) was required (Grundon, 1980).
No literature was found that refers to research focused on unique fertilizer

application issues relating to Cu deficiencies on zero-tilled land.
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2.6.3 Response to Copper Application in the Northern Plains

In a study of Cu applications to organic soils in Minnesota, broadcasting either Cu

sulphate or Cu chelate was effective in increasing yields. In seed placed treatments,

however, the Cu chelate was superior to the Cu sulphate, possibly due to greater

mobility of Cu chelate within the root zone. It was also theorized that the seed placed
Cu sulphate remained in a small zone near the seed and became less available to the

growing wheat plant as the actively absorbing roots grew out of that zone (Varvel,

1983).

In Manitoba, a study, also on organic soils, showed that incorporated Cu sulphate
was 30% more effective than seed placed Cu sulphate but that banding the Cu below the

seed was not effective (Loewen-Rudgers et at, 1978).
In a Saskatchewan study on mineral soils of sandy loam to loamy sand textures,

broadcast and incorporated Cu sulphate crystals and liquid Cu chelate were effective in

the year of application. However, Cu oxide granules were ineffective in the year of

application, but became effective the following year. Foliar treatments of Cu sulphate
and Cu chelate produced erratic responses (Karamanos et aI., 1986).

Alberta research showed that broadcast and incorporated Cu sulphate or Cu chelate

were both effective. Seed-placed applications of Cu sulphate, at the same rates as

broadcast applications or at one third the rate but annually applied, were effective, but

responses were delayed one year after initial application. Banding Cu sulphate was less

effective than either broadcast or seed placement. A Cu oxysulphate was less effective

than other soil applications especially in the first year. Foliar treatments were less

effective than soil applications (Penney et aI., 1993).
Other research conducted in Alberta showed that during a four-year trial, a

broadcast and incorporated sulphate-containing Cu product (unspecified) produced the

highest significant yield increases in all years, whereas seed placed Cu (half-rate) as

sulphate, chelate or oxysulphate produced a significant increase only in the fourth year.

Foliar treatments in other experiments, where soil test levels were not severely

deficient, were as effective as the broadcast and incorporated Cu sulphate (Karamanos,

2000).
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3 COPPER FERTILIZER STRATEGIES AND WHEAT GROWTH

3.1 Introduction

Copper fertilizers are applied either as soil amendments or foliar treatments. Soil

applied products need to be distributed in the soil in such a way to enhance efficient Cu

uptake given the low quantities of Cu required, the primary mechanism of Cu-uptake

being root interception, and limited movement ofCu in the soil (Gilkes, 1981).
A variety of Cu products are available on the market and are used to correct Cu

deficiencies. These may include inorganic compounds, natural organic complexes and

synthetic chelates (Martens and Westermann, 1991). Differences in the effectiveness of

Cu fertilizers and their application rates likely depend on: the ability of the fertilizer to

produce Cu2+ ions; immobilization reactions within the soil; and placement of Cu

relative to root distribution (Gartrell, 1981).

Copper sulphate (bluestone, CUS04· 5H20) has been the most common Cu fertilizer

used to correct field deficiencies, owing to its high water solubility, relatively low cost

and wide availability (Mortvedt, 1991). It is normally broadcast and incorporated at

rates of3.5 to 15 kg Cu ha" for maximum effectiveness (Martens and Westermann,

1991). Historically, Cu sulphate (CS) applications have been found to provide residual

benefits for 5,12 or even 100 yr (Gartrell, 1981; Martens and Westermann, 1991). The

benefit of this method is sometimes increased in the year following application, then

sustained for many years (Gartrell, 1981).

Copper oxysulphates (CO) are oxides of relatively low solubility that are partially
acidulated with H2S04. Their degree of solubility, usually related to availability, is

directly related to their degree of acidulation, which varies according to the

manufacturer (Mortvedt, 1991). These products have been developed to be more

compatible with application equipment than CS, which is corrosive to metal.

Foliar treatments to date have been considered an emergency method for in-crop use
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where the deficiency is not recognized until after seeding. Pre-seeding broadcast CS is

generally considered more cost efficient because of its residual value and one-time

application cost (Gartrell, 1981). Foliar products can be applied to the growing crop as a

sulphate, oxide or chelate in water solution. Timing of application is the single most

important factor related to success of foliar Cu products (Graham, 1976; Miller et al.,

1994).

One greenhouse study comparing several sources ofpowdered Cu, including Cu

oxide, CS and Cu-EDTA (chelate) mixed thoroughly in the soil, showed equal uptake
and yield by wheat from all Cu sources, despite very different solubility (Gilkes and

Lim-Nunez, 1979). Uptake may have been quite different if the products were in their

non-powdered form. As granule size increases, the more soluble products may be more

effective than the insoluble materials (Gartrell, 1981).
In a Saskatchewan field study on mineral soils of sandy loam to loamy sand

textures, broadcast and incorporated CS crystals were effective in the year of

application (Karamanos et al., 1986). However, Cu oxide granules were ineffective in

the year of application, but became effective the following year. Foliar treatments of Cu

chelate produced erratic responses.

One study in Alberta showed that broadcast and incorporated CS was effective in

enhancing growth of wheat (Penney et al., 1993); that Cu oxysulphate was less effective

than CS, especially in the year of application; and that foliar treatments were less

effective than soil applications, possibly due to timing and weather conditions. Another

study in Alberta showed that during a 4 yr trial, broadcast and incorporated CS

produced the largest significant yield increases in all years, whereas seed placed Cu, as

SUlphate or oxysulphate, produced a significant increase only in the fourth year. In other

experiments, where soil test levels were not severely deficient, foliar treatments were as

effective as broadcast and incorporated CS (Karamanos, 2000).

A significant shift towards less tillage has taken place in Saskatchewan over the past

10 yr with 29% of the area seeded under a zero-till system in 2000 compared to 9% in

1990 (Nagy, 2001). Unique fertilizer placement issues relating to zero-tillage have not

generally been studied in previous micronutrient research.
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The objective of this field experiment was to identify relative effectiveness, as

indicated by response of wheat grain yield, of several Cu placement strategies on soils

with low levels of available Cu.

3.2 Materials and methods

3.2.1 Study sites and soil tests

In 2000, field experiments were conducted at three sites in Saskatchewan: near

Choiceland, Bradwell and Star City. In 2001, the Choiceland experiment continued,
whereas two new sites were introduced near Smeaton and Whitefox, replacing the

Bradwell and Star City sites. These were all within commercial fields and in areas

where low Cu levels had been confirmed by soil analysis. The soils were classified as

(Soil Classification Working Group, 1998):

1) Choiceland area: Shellbrook Soil Association: Orthic Dark Gray Chemozemic

soil developed from loamy lacustrine deposits. The site was located on NE 26-

51-18 W2;

2) Bradwell area: Bradwell Soil Association: Orthic Dark Brown Chemozemic soil

developed from medium to moderately fine textured, moderately calcareous,

sandy glacio-lacustrine deposits. The site was located on Sf; 13-34-2 W3;

3) Star City area: Porcupine Plain Soil Association: Orthic Gray Luvisolic soil

developed from shallow silty lacustrine materials underlain by gravelly fluvial

materials. The site was located on SW 25-44-17 W2;

4) Smeaton area: Sylvania Soil Association: Orthic Gray Luvisolic soil developed
from coarse to medium textured, sandy glacio-fluvial and glacio-lacustrine

deposits. The site was located on SW 2-52-20 W2;

5) Whitefox area: Nisbet Soil Association: Orthic Dark Gray Chemozemic soil

developed from coarse to moderately coarse textured, weakly to moderately
calcareous sandy fluvial-lacustrine sediments. The site was located on NE 30-

52-14 W2.

Soils were sampled at each location in the spring of 2000 and 2001. Composite soil

samples were ground to pass through a 2 mm sieve, analyzed for pH and electrical
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conductivity (1:2 Soil:Water) (Hendershot et aI., 1993; Janzen, 1993); soil texture (by

hand-feel); N03-N by CaCh extraction (Laverty and Bollo-Kamara, 1988) and S04-S

by CaCh extraction (Combs et aI., 1998); P and K by modified Kelowna extraction

(Qian et aI., 1994); Cu, Fe, Zn, Mn by DTPA extraction (Liang and Karamanos, 1993);
B by hot water extraction (Keren, 1996) and organic matter by wet oxidation (Thiessen
and Moir, 1993) (Table 3.1). Gravimetric soil moisture was also determined for each

site in the spring of each year (Table 3.1). Precipitation was recorded at each site with

rain gauges. Actual and long-term precipitation and temperature data for the various

sites are presented in Appendix A.

Table 3.1. Physico-chemical properties of soils at sites used for Cu placement field

experiments in 2000 and 2001.

Soil Property/Nutrientt Bradwell Choiceland Star City Choiceland Smeaton Whitefox

2000 2000 2000 2001 2001 2001

Soil pH 5.6 5.9 5.9 5.9 5.3 4.5

Electrical Conductivity (mS em") 0.1 0.2 0.2 0.1 0.1 0.1

Textural Class Loam Clay Clay Clay Sandy Loamy
Loam Loam Loam Loam Sand

N03-N (mg kg") 10.3 12.7 21.8 8.4 7.0 12.4

P (mg kg") 32.6 12.6 14.8 5.1 53.7 97.6

K (mg kg') 422 161 188 117 122 124

S04-S (mg kg") 16 18 22 7 7 5

Cu

0-15 em (mg kg") 0.6 0.6 0.7 0.8 0.2 0.3

15-30 em (mg kg-I) 0.5 0.9 0.8 0.8 0.2 0.1

Fe (mg kg") 69 98 74 105 102 131

Zn (mg kg-I) 40.1 16.1 27.5 0.8 0.4 1.8

Mn(mg kg") 1.7 1.2 1.7 7.8 12.6 18.8

B (mg kg-I) 1.2 0.8 0.8 0.5 0.3 0.2

Organic Matter (%) 2.0 3.3 2.9 3.3 1.4 1.5

Spring Gravimetric Moisture

0-15 em depth (%) 13.1 16.5 14.8 15.9 10.9 11.5

15-30 em depth (%) 12.4 14.5 15.2 15.2 11.4 13.1

30-60 em deEth (%) 13.3 12.5 14.8 14.1 10.8 13.7
f

0-15 em depth, unless otherwise noted.
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3.2.2 Experimental procedure

A randomized complete block design with six replications was used at five sites, as

listed in the previous section, in 2000 and 2001. Five sites (three in 2000 and two in

2001) were used to consider effects of first year applications of Cu. One of the five sites

was selected to consider residual effect of Cu in the second year (Choiceland). Each

experiment consisted of 14 treatments (Table 3.2).

Table 3.2. Copper treatments used at the five sites for the experiments during the 2000

and 2001 field seasons.

Application Tillage+
CuRate Time of

Treatment #
Method (kg ha")

CuForm
Application

1 No 0

2 Yes 0

3 Broadcast No 5.6 Cu sulphate (CS) Before Seeding
(BC)

Broadcast
4 with tillage Yes 5.6 CS Before Seeding

(BCT)
5 BC No 11.2 CS Before Seeding
6 BCT Yes 11.2 CS Before Seeding
7 BC No 5.6 Cu oxysulphate! Before Seeding

(CO)
8 BCT Yes 5.6 CO Before Seeding
9 BC No 11.2 CO Before Seeding
10 BCT Yes 11.2 CO Before Seeding

·11 Seed placed No 1.1 CS At Seeding
(SP)

12 SP No 1.1 CO At Seeding
13 Foliar (F) No 0.28 Cu complex! Feekes 6�
14 F No 0.28 Cu complex Feekes 10

t Seed openers and diamond harrows used as tillage operation in 2000, rototiller used in 2001.
t Tiger Tech Copper 15/12 (Tiger Industries, Calgary, AB, Canada).
§RSA Liquid Cu 5%, complexed with lignin sulphonate (RSA MicroTech, Seattle, WA, USA).
, Growth stage system taken from Large (1954).

Hard red spring wheat (Triticum aestivum L. cv. AC Barrie) was seeded at a rate of

340 seeds m-2 between May 2 and 10 of either year (Table 3.3). All experiments were
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seeded into standing stubble except for the Whitefox site, which was seeded into

conventionally tilled summerfallow.

All plots received a blanket treatment of macronutrient fertilizers in 2000 as

follows: N side-banded as 46-0-0 at 80 kg N ha"; P seed placed as 12-51-0 at 26 kg

P20S ha" (also including 7 kg N ha-I); K broadcast and incorporated via the seeding

operation, as K2S04 at 100 kg K20 ha-I; S provided with the K2S04 at 36 S kg ha", In

2001, the N was applied at 72 kg N ha-I as 46-0-0; P seed placed as 12-51-0 at 26 kg

P20S ha' (also including 7 kg N ha-I). The K and S rates were altered due to scarcity of

product in 2001. At Choiceland and Smeaton, K was applied as K2S04 at a rate of 67 kg

K20 ha"; S provided with the K2S04 at 22 kg S ha-I. At Whitefox, K was applied at 80

kg K20 ha"; S applied at 27 kg ha-I, Each plot was seeded using a small plot air seeder

equipped with paired row openers and on-row packing (Harmon International Industries

Inc., Saskatoon SK).

Table 3.3. Dates of field activities at five sites used to compare Cu fertilization

strategies.

Bradwell Choiceland Star.City Choiceland Smeaton Whitefox
Field Activity 2000 2000 2000 2001 2001 2001

Seeding May 4 May 3 May 2 May 10 May 9 May 8

In-crop herbicides June s' June st June S§, 21� June 8# June 13# June 8#
Tissues Sampled June 23 June 27 June 26 June 26 June 2S June 26
Foliar Cu (Feekes 6tt) June 28 June 27 June 27 June 23 June 26 June 22
Foliar Cu (Feekes lOtt) July S July S July S June 28 July 3 June 28
Harvest Sept 7 Sept 8 Sept 8 Sept 6 Sept 6 Aug 29
+
Achieve 80 DG, Turbocharge and Prestige (0.24 kg ha-i Achieve, O.S L Turbocharge adjuvant 100 L-i

spray solution, 0.8 L ha' Prestige A, 2 L ha" Prestige B).
t Attain and Puma Super (0.6 L ha-1 Attain A, 1 L ha' Attain B, 1 L ha" Puma).
§ Achieve 80 DG, Turbocharge and Buctril M (0.24 kg ha' Achieve, 0.5 L Turbocharge adjuvant 100 L-1
spray solution, 1 L ha-1 Buctril M).
, Horizon (0.23 L ha-1 Horizon, 0.8 L Score adjuvant 100 L-1 spray solution).
# Attain and Horizon (0.6 L ha" Attain A, 1 L ha" Attain B, 0.23 L ha-I Horizon).
tt Growth Stage: first node of stem visible.
:::t Growth Stage: in boot.

The broadcast fertilizer treatments were applied prior to seeding with the seeder,

except the broadcast CS (Pestell Minerals and Ingredients, New Hamburg, ON, Canada)
treatments in 2001 were achieved by mixing the plot requirement for Cu in 4 L of water

and applying by hand using a watering can. This method was used to apply the Cu more
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evenly within the plot, as the granule size used in 2000 was relatively large and led to

non-uniform application. The Cu oxysulphate fertilizer (Tiger Tech Copper 15/12, Tiger

Industries, Calgary, AB, Canada) was broadcast with the seeding implement in both

years. The oxysulphate product consisted of 12 to 15% water-soluble sulphate form and

up to 55% sulphate form when analyzed by strong acid extraction methods (Craig

Davidson, Tiger Industries, personal communication, 2002).

Tillage and incorporation treatments were achieved in 2000 with an extra pre

seeding pass of the seed openers with trailing diamond harrows. In 2001, this was done

with a rototiller followed by coil packers.
Each plot measured 13.72 m long with six spring wheat rows at 23 em spacing and

two guard rows of winter wheat (Triticum aestivum L. cv. AC Readymade). Front and

back ends ofplots were subsequently trimmed to leave 7.62 m final plot length for

harvest purposes.

Foliar application of Cu (RSA MicroTech Liquid Cu 5%, complexed with lignin

sulphonate, Seattle, WA, USA) was done with a CO2 hand sprayer, applying the

product with 225 L H20 ha-1, at 0.28 kg Cu ha', the highest rate recommended by the

manufacturer (Brad Arran, UAP Canada, personal communication, 2002). First and

second dates of application (representing Feekes 6 and 10 growth stages, respectively)
were sprayed between June 22 and July 5 in either year (Table 3.3).

The residual experiment at Choiceland received a second application of seed placed
and foliar treatments in 2001, the second year.

Weeds were controlled by applying glyphosate prior to seeding and in-crop spraying
of herbicides at all locations (Table 3.3).

3.2.3 Sample collection and analysis

Plant tissue samples were collected from each plot by clipping the entire

aboveground portion of 15 wheat plants distributed across the plot and chosen to closely

representing the plant growth stage Feekes 6 (Large, 1954). The composite of these

plants for each plot was dried, ground, digested and analyzed for Cu concentration by

inductively coupled plasma spectroscopy (lCP) (Huang and Schulte, 1985). Plant

tissues were not collected from plots under foliar treatments due to the timing of
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application coinciding with sampling time and the difficulty with removing foliar spray

residues from tissue surfaces (Jones Jr., 1991).

Grain yields were determined for all sites, except for the Whitefox site, by using a

small plot combine (Table 3.3). At Whitefox, entire aboveground plant material was

collected by hand harvesting 8 m row length per plot with a sickle. Total aboveground

plant mass as well as grain mass were determined for the Whitefox site, providing
harvest index values (grain mass: total mass). Grain was threshed and cleaned using

stationary equipment.
Thousand kernel weights were determined by using an automated seed counter

(Model ESC-1, Agriculex Inc., Guelph, ON) for all sites except for the Whitefox

samples, which were counted by hand due to the small size of grain sample and

excessive shattering of the seed during the threshing process.

Grain Cu concentrations were determined by grinding samples with a Cyclone Mill

(Cyclotec, USA), digesting the samples using standard procedures (Wolf, 1982), and

analyzing total Cu concentration by atomic absorption spectrophotometry using a

Perkin Elmer HGA-600 Graphite Furnace (Perkin-Elmer, Norwalk, CT, USA).

3.2.4 Statistical analysis

Data for each site were analyzed separately and combined, using the general linear

model procedure of SAS (SAS Institute Inc., 1999). Although two years of data was

analyzed, two of the three sites in the first year were replaced with new sites in the

second year, therefore, all sites in their first year of treatments were considered together,
whether the research was done in 2000 or 2001. One site, Choiceland, was carried over

from 2000 to 2001, providing an opportunity to consider residual effects in the second

year. Here, a comparison was made between the first and second year of the experiment
at a single site.

The error terms for combined sites were examined for heterogeneity of error

variance, using Bartlett's test. The Bartlett's test produced chi-squared values that were

not significant and some that were. However, heterogeneous variance over sites is not

critical for the combined analysis, when the same treatments occur in all experiments
and the treatments are considered fixed factors (Cochran and Cox, 1957). Furthermore,
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according to R. J. Baker (personal communication), although the error variances appear

to be a function of the treatment means, a transformation will have little effect if the

ratio of the largest observation to the smallest is less than 15-20, such as is the case with

the data presented.
Least Significant Differences (LSD) at the 5% probability level were used to

evaluate significant differences among treatments. Different LSD's were calculated for

those comparisons including missing data. Missing data included one block of the

Bradwell site that was abandoned; one datum for harvest index at Whitefox considered

an outlier; two plant tissue data from Star City and one from Bradwell that were

considered outliers.

Orthogonal contrasts were used to find differences at significance levels of P<O.1 0,

0.05 and 0.01 to compare several groupings of treatments, as described in data tables.

3.3 Results

Germination at all sites was acceptable. Growing conditions in 2000 were more

favorable due to higher precipitation and cooler conditions, whereas 2001 was a drier

year (Appendix A). Specifically, seedlings at the Bradwell experiment suffered from

early spring sandblasting due to soil drifting from the surrounding tilled field. This

resulted in severe plant stress in one block that was subsequently abandoned. There was

minor hail damage in July at Bradwell.

Star City was wetter and cooler than normal in 2000 (Appendix A). In that same

year, the Choiceland site was also very wet, particularly in July, whereas 2001 was very

dry except for July. Seeding conditions were good at the Whitefox site in 2001, which

also received timely precipitation immediately after seeding. Slightly moist stubble and

straw conditions during seeding at Smeaton and Choiceland in 2001 caused more soil

and stubble disturbance than usual at those sites. During the growing season of 2001,

Smeaton was particularly dry, receiving about half of normal precipitation.
Grain yields and harvest index for first year treatments: According to the

combined site LSD analysis, grain yield of wheat was highest under the foliar

treatments (Table 3.4), with no significant difference between applying Cu at Feekes 6

or 10. The next highest yields were under the BCT CS treatments, with no significant
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Table3.4.Wheat grain yields from first year of application for a variety of Cu placements, forms and rates at five locations.

Bradwell Choiceland Star City Smeaton Whitefox Mean Whitefox

2000 2000 2000 2001 2001 2001

Treatment+ Treatment Number Grain Yield (kg ha') Harvest Index

okgCuha".NoTill Control I 3101 2885 2934 1333 188 2088 16.6
okgCuha',TillControl 2 3438 2902 2951 1106 207 2121 15.0
5.6kgCuha'asCopper Sulphate (CS), Broadcast (BC) 3 3021 2926 2879 1467 558 2170 28.4
5.6kgCuhalasCS, Broadcast with tillage (BCT) 4 2899 2870 2928 1586 813 2219 33.2
11.2kgCuha"as CS, BC 5 3062 2985 2924 1296 559 2165 28.8
11.2kgCuha-1as CS, BCT 6 2945 2946 2985 1637 957 2294 35.8
5.6kgCuha-IasCopper Oxysulphate (CO), BC 7 3098 2940 2905 1243 293 2096 19.1
5.6kgCuha'asCO, BCT 8 2953 2796 2760 1476 277 2052 18.0
11.2kgCuha"as CO, BC 9 3070 3020 2913 1059 443 2101 21.7
11.2kgCuha'as CO, BCT 10 2982 2951 2948 1568 235 2137 18.0
1.1kgCuha"asCS, Seed placed (SP) 11 2846 3054 2922 1410 357 2118 24.9
1.1kgCuha-IasCO, SP 12 3339 2931 2840 1054 174 2068 17.2
0.28kgCuha'as Copper complex, Foliar, Feekes 6 13 3450 3072 3026 1575 527 2330 25.8
0.28kgCuha-Ias Copper complex, Foliar, Feekes 10 14 3288 2953 3152 1311 1053 2351 36.1
l.;.)LSD(0.05) 422 145 227 389 337 138 7.1 �
-..)

Contrasts Treatments Compared Differences between Means
BCT-TillControl 4,6,8,10 - 2 -493 ** -11 -46 461 ** 364 ** 54 11.2 **

Be-NoTillControl 3,5,7,9 - 1 -38 83 -29 -67 275 * 45 7.9 **

SP-NoTillControl 11,12 - 1 -9 108 § -53 -101 77 4 4.4

Foliar-NoTillControl 13,14 - 1 268 128 * 155 110 601 ** 252 * 14.4 **

BCTCS-BCCS 4,6 - 3,5 -119 -48 55 230 § 326 ** 89 5.9 *

BCTCO-BCCO 8,10-7,9 -116 -107 * -55 372 ** -112 -4 -2.5

BCT-SP 4,6,8,10 - 11,12 -147 -102 * 25 335 ** 305 ** 93 5.2 *

BCT-Foliar 4,6,8,10 -'13,14 -424 ** -122 ** -183 * 124 -219 * -165 * -4.7 *

BC-SP 3,5,7,9 - 11,12 -30 -25 24 34 198 § 40 3.5
BC-Foliar 3,5,7,9 - 13,14 -306 * -45 -184 * -177 -326 ** -208 ** -6.4 **

SP-Foliar 11,12 - 13,14 -277 § -20 -208 * -211 -524 ** -248 ** -9.9**
BCTCS-BCTCO 4,6 - 8,10 -46 34 103 89 629 ** 162 * 16.5 **

BCCS-BCCO 3,5 - 7,9 -42 -24 -7 231 § 191 70 8.2 **

tRefertoTable3.2 for a complete description of treatments.
tLSD=7.1forcomparing any treatments excluding treatment 13. LSD = 7.5 for comparing treatment 13 with any other treatment.

§,*,**representdifferences at significance levels of P � 0.10, 0.05 and 0.01, respectively.



Table3.5.Mean squares from the analysis of variance for wheat grain yield, thousand kernel weight, grain Cu concentration and accumulation, tissue concentration and harvest
indexforavariety of Cu treatments averaged over locations.

Grain Yield Thousand Kernel Grain Cu Grain Cu d.f. Tissue Cu d.f. Harvest Index
Weight Concentration Accumulation Concentration

SourceofVariationt d.f. Mean Squares
Sites 4 114032785** 4019.58** 182.33** 3871.84** 2 261.26**
BlocksinSites 24 1505427** 34.41 ** 10.50** 44.37** 14 12.76** 5 88.9!
BCT-TillControl I 69356 6.41 0.60 0.48 I 0.92 I 598.8**
.BC-NoTillControl I 46514 9.32 0.48 0.66 I 4.73 I 302.7**
SP-NoTillControl I 386 1.18 0.28 0.31 I 2.74 I 79.1
Foliar-NoTill Control I 1225261* 9.08 0.98 29.50* - - I 799.1 **

BCTCS-BC CS I 227162 6.05 0.58 1.39 I 0.40 I 206.9*
BCTCO-BCCO I 373 0.05 0.11 1.80 I 0.12 I 36.0
BCT-SP I 264891 49.41 ** 0.15 0.03 - - I 216.8*
BCT-Foliar 1 1046462* LSI 0.Q7 45.26** I 0.36 I 167.2*
BC-SP I 62829 30.02* 0.02 0.Q7 I 0.20 I 97.8
BC-Foliar I 1656330** 0.10 0.26 44.00** - - I 310.0**
SP-Foliar I 1773259** 25.22* 0.31 35.64** - - I 562.5**
w
BCTCS-BCT CO I 755835* 18.64t 0.72 13.37t I 2.03 I 1635.0**00
BCCS-BCCO I 139465 4.34 0.06 1.29 I 0.21 I 401.9**
SitexTreatment 52 180924** 5.33t 0.75** 4.30** 22 1.84
Error 312 71380 3.89 0.37 1.87 151 1.33 64 38.11
Total 405 200 82
tRefertoTable 3.2 for a complete description of treatments.

t,*,**represent differences at significance levels of P :5 0.10,0.05 and 0.01, respectively.



Table 3.6. Mean squares from the analysis of variance for wheat grain yield for a variety of Cu treatments at five locations.

Bradwell Choiceland Star City Smeaton Whitefox
2000 2000 2000 2001 2001

Source of Variation' d.f. Mean Squares
Blocks 5 (4) t 544092** 1075407** 1529924** 3830597** 354851**

BCT - Till Control I 973234** 624 9931 1018856** 634380**
BC - No Till Control I 5888 33385 4009 21326 363000*
SP - No Till Control I 247 46686§ 11380 40625 23767
Foliar - No Till Control I 239403 65667* 95704 48423 1446006**
BCT CS - BC CS I 71288 13822 18211 317899§ 637004**
BCTCO- BCCO I 66901 68490* 18001 827550** 75376
BCT-SP I 144639 83321* 4840 897293** 743184**
BCT- Foliar 1 1197936** 119361 ** 269149* 123209 385003*
BC-SP I 5903 4855 4778 9315 313368§
BC- Foliar I 625710* 16006 269615* 249728 851513**
SP - Foliar I 382549§ 2422 259632* 266630 1648504**VJ

1 10501 7118 63176 47930 2371959**\0 BCT CS - BCT CO
BCCS- BC CO I 8860 3572 316 319000§ 218504

Error 65 (52) t 110681 15897 38928 113844 85409
Total 83 (69) t

t Refer to Table 3.2 for a complete description of treatments.
t Bracketed number refers to d.f. for Bradwell site only.
§, *, ** represent differences at significance levels of P � 0.10,0.05 and 0.01, respectively.



difference between applying a normal or high rate. The combined site contrast analysis
shows that the BC CS treatment produced yields not significantly different from the

BCT CS treatment (Table 3.4). However, at Smeaton and Whitefox, where contrasts

showed BCT CS to increase yields significantly over the control, tillage appeared to be

the key factor to providing significant benefit to BC CS (Tables 3.4 to 3.6).

There was no significant effect (using LSD) of tillage within the control treatments

(Table 3.4). Combined site contrast analysis also shows the BCT CS treatment produced
a significant yield increase over BCT CO (Table 3.4 and 3.5). There were no significant
differences (by LSD) between rates of the broadcast CO treatments or between the tilled

or untilled Cu treatments. The CO treatments (all placements) and the seed placed
treatments (both products) were generally not significantly different than the control

treatments, as seen in the combined and individual site LSD and contrast analyses

(Tables 3.4 to 3.6).

The harvest index was only available for one site, Whitefox (Tables 3.4 and 3.5).

The harvest index. was highest for the foliar (Feekes 10) treatment and the harvest index

of foliar treatments were significantly higher, by LSD analysis, than all other

placements of Cu (Table 3.4). The harvest index was progressively lower for the BCT,

BC, SP and control treatments. Cu sulphate treatments produced significantly higher
harvest indexes relative to corresponding CO treatments, within every placement

strategy. Contrast analysis shows that incorporation significantly increased the harvest

index of BC CS treatments but had no effect on the performance of CO in the first year

following application (Tables 3.4 and 3.5). Seed placement ofCu was the only

placement strategy not to significantly increase harvest index over the control treatment

at Whitefox, as seen in the contrast analysis.
Thousand kernel weight for first year treatments: The BC and BCT CS and

foliar treatments produced the highest thousand kernel weights in the combined site

LSD analysis (Table 3.7). Seed placed treatments produced the lowest thousand kernel

weights, significantly lower than all of the highest treatments, as shown by both LSD

and contrast combined analysis (Tables 3.5, 3.7, 3.8). At Smeaton, the contrast analysis
shows that incorporation significantly improves performance ofbroadcast CS and CO

and is significantly superior to either SP or Foliar treatments in terms of thousand kernel
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Table3.7.Thousand kernel weight of wheat from first year of application for a variety ofCu placements, forms and rates at five locations.

Bradwell Choiceland Star City Smeaton Whitefox Mean
2000 2000 2000 2001 2001

Treatmentt Treatment Number 1000 Kernel Weight (g)
okgCuha-I_No Till Control I 33.53 31.25 34.82 25.75 16.65 28.40okgCuha",Till Control 2 33.62 31.08 35.51 26.79 16.78 28.76
5.6kgCuha'as Copper Sulphate (CS), Broadcast (BC) 3 33.86 31.29 35.34 26.57 20.01 29.41
5,6kgCuhalas CS, Broadcast with tillage (BCT) 4 33.51 31.58 35.28 28.22 18.18 29.35
11.2kgCuha-Ias CS, BC 5 33.07 30.94 35.39 26.29 19.52 29.04
11.2kgCuha-Ias CS, BCT 6 34.08 31.39 35.65 29.40 19.57 30.015.6kgCuha-Ias Copper Oxysulphate (CO), BC 7 34.22 31.22 35.99 25.11 17.31 28.775.6kgCuha"as CO, BCT 8 33.37 31.23 34.96 26.41 18.27 28.85
11.2kgCuha"as CO, BC 9 33.44 31.54 35.71 24.42 19.45 28.9111.2kgCuha'as CO, BCT 10 33.74 31.46 35.14 27.48 16.77 28.92
1.1kgCuha-Ias CS, Seed placed (SP) 11 33.29 30.98 34.76 25.01 17.42 28.291.1kgCuha-Ias CO, SP 12 33.56 30.94 34.86 24.82 15.87 28.010.28kgCuha"as Copper complex, Foliar, Feekes 6 13 34.19 32.08 35.23 26.53 15.67 28.74�0.28kgCuha'as Copper complex, Foliar, Feekes 10 14 33.67 31.84 35.86 25.12 20.68 29.43
LSD(0.05) 1.05 1.10 1.09 2.07 4.17 1.02

Contrasts Treatments Compared Differences between Means
BCT-TillControl 4,6,8,10 - 2 0.06 0.33 -0.25 1.08 1.41 0.53BC-NoTillControl 3.5,7,9 - 1 0.12 0.00 0.79 t -0.15 2.42 0.64SP-NoTillControl 11,12 - 1 -0.11 -0.29 0.00 -0.83 0.00 -0.25Foliar-NoTinControl 13,14 - 1 0.40 0.71 0.73 0.08 1.53 0.69BCTCS-BCCS 4,6 - 3,5 0.33 0.37 0.10 2.38 ** -0.89 0.46BCTCO-BCCO 8,10 - 7,9 -0.28 -0.03 -0.80 * 2.18 ** -0.86 0.04BCT-SP 4,6,8,10-11,12 0.25 0.46 0.44 2.96 ** 1.55 1.13 **

BCT-Foliar 4,6,8,10 - 13,14 -0.26 -0.54 -0.29 2.05 ** 0.02 0.20BC-SP 3,5,7,9 - 11,12 0.22 0.29 0.80 * 0.68 2.43! 0.88 *

BC-Foliar 3,5,7,9 - 13,14 -0.28 -0.71 * 0.07 -0.23 0.90 -0.05SP-Foliar 11,12 - 13,14 -0.51 -1.00 * -0.73 t -0.91 -1.53 -0.94 *
BCTCS-BCT CO 4,6 - 8,10 0.24 0.14 0.41 1.87 * 1.36 0.80 !
BCCS-BCCO 3,5 - 7,9 -0.37 -0.26 -0.48 1.67 * 1.38 0.39tRefertoTable 3.2 for a complete description of treatments.

t,*,**represent differences at significance levels of P ::; 0.10,0.05 and 0.0 I, respectively.



Table 3.8. Mean squares from the analysis of variance for thousand kernel weight for a variety ofCu treatments at five
locations.

Bradwell Choiceland Star City Smeaton Whitefox
2000 2000 2000 2001 2001

Source of Variationt d.f. Mean Squares
Blocks 5 (4) + 6.57** 4.76** 10.24 117.58 27.31§

BCT - Till Control I 0.01 0.53 0.31 5.63 9.62
BC - No Till Control I 0.06 0.00 3.01 § 0.11 28.12
SP - No Till Control 1 0.04 0.34 0.00 2.78 0.00
Foliar - No Till Control 1 0.53 2.01 2.10 0.02 9.30
BCTCS-BCCS I 0.54 0.83 0.06 33.99** 4.72
BCTCO- BCCO I 0.38 0.01 3.84* 28.51 ** 4.46
BCT- SP I 0.42 1.68 1.58 70.25* 19.26
BCT- Foliar I 0.43 2.35 0.65 33.73** 0.00
BC-SP 1 0.33 0.67 5.07* 3.74 47.09§
BC- Foliar I 0.53 4.04* 0.04 0.41 6.41
SP - Foliar I 1.28 6.00* 3.19§ 4.97 14.06
BCT CS - BCT CO 1 0.29 0.12 1.02 20.91* 11.07�
BCCS- BC CO 1 0.67 0.41 1.40 16.67* 11.47N

Error 65 (52) t 0.69 0.91 0.89 3.24 13.10
Total 83 (69) t
t Refer to Table 3.2 for a complete description of treatments.
t Bracketed number refers to d.f. for Bradwell site only.
§, *, ** represent differences at significance levels of P ::; 0.10, 0.05 and 0.0 I, respectively.



weights. Also, by contrast analysis, CS is significantly better than CO, whether BC or

BCT.

Grain Cu concentration for first year treatments: Although contrasts of grain Cu

concentrations at three sites (i.e., Bradwell, Choiceland and Smeaton) show significant
increases due to Cu application, this is not evident in the contrasts for combined sites

(Tables 3.5, 3.9, 3.10). However, a trend at the three sites would support the results

from other parameters, showing benefits from foliar and BCT CS treatments.

Combined site LSD analysis shows that although the foliar application at Feekes 10

produces the highest grain Cu concentration, the foliar application at Feekes 6 produces
the lowest Cu concentration (Table 3.9). In the latter case, the result from this stage of

application is not significantly different from the control.

Grain Cu accumulation for first year treatments: Accumulation of Cu in grain
on a per hectare basis shows the foliar application of Cu at Feekes 10 to be significantly

higher than all other treatments by combined site LSD analysis (Table 3.11). At

Smeaton and Whitefox, BCT CS is also ranked as high or higher than foliar treatments ..

Combined site contrasts show the foliar applications to be significantly higher than the

BC, BCT and SP placements and control treatment (Tables 3.5, 3.11, 3.12).
Tissue Cu concentration for first year treatments: Tissue Cu concentrations are

available for three sites in 2000. Combined site contrasts show no significant
differences according to treatment (Tables 3.5, 3.13, 3.14). The combined site LSD

analysis shows only one significant increase due to any method of Cu application and

that is achieved by broadcasting a high rate ofCS (Table 3.13).
Tissue Cu concentrations are not shown for 2001 experiments due to suspected

contamination of plants by blowing soil. Suspect data show concentrations ofup to 50

and 100 mg Cu kg" tissue. These values are 5 to 15 times higher than tissues analyzed
for Cu after toxic levels have been applied (Piper, 1942). Evidence to support the theory
ofblowing soil includes the corresponding high Fe data, indicative of soil

contamination. There is no relationship between the very high values and other

parameters; neither is there a geographical relationship within the plot, other than

relating to higher and denser stubble cover. Due to the drier season and the use of a

43



Table3.9.Wheatgrain Cu concentration in first year of application for a variety of Cu placements, forms and rates at five locations.

Bradwell Choiceland Star City Smeaton Whitefox Mean

2000 2000 2000 2001 2001

Treatmentt Treatment Number Grain Cu Concentration (ug g-�
okaCuha'.NoTill Control I 3.65 5.41 5.10 2.54 1.68 3.67

okgCuha',TillControl 2 3.57 5.37 5.25 1.95 2.35 3.70

5.6kgCuha-IasCopper Sulphate (CS), Broadcast (BC) 3 3.63 5.34 5.31 2.57 1.73 3.71

5.6kgCuha'lasCS, Broadcast with tillage (BCT) 4 3.35 5.09 5.08 3.17 2.01 3.74

11.2kgCuha-IasCS, BC 5 3.49 5.47 5.33 2.35 2.74 3.88

11.2kgCuha"asCS, BCT 6 3.60 5.29 5.36 3.80 2.63 4.14

5.6kgCuha-IasCopper Oxysulphate (CO), BC 7 3.54 5.55 5.13 2.05 2.54 3.76

5.6kgCuha"asCO, BCT 8 3.29 5.38 5.37 2.11 2.79 3.79

11.2kgCuha-IasCO, BC 9 3.70 5.46 5.31 1.93 3.19 3.92

11.2kgCuha-IasCO, BCT 10 3.51 5.48 5.18 2.11 2.58 3.77

1.1kgCuha-IasCS, Seed placed (SP) 11 3.42 5.40 5.41 2.55 1.87 3.73
1.1kgCuha-IasCO, SP 12 3.63 5.43 5.24 2.46 2.56 3.87

0.28kgCuha-IasCopper complex, Foliar, Feekes 6 13 3.59 5.54 5.18 2.11 1.55 3.59
�
0.28kgCuha"-IasCopper complex, Foliar, Feekes 10 14 4.67 5.88 5.14 2.79 2.57 4.21�
LSD(0.05) 0.52 0.42 0.36 0.68 1.18 0.31

Contrasts Treatments Compared Differences between Means

BCT-TillControl 4,6,8,10 - 2 -0.14 -0.06 0.00 0.85 ** 0.15 0.16

BC-NoTillControl 3,5,7,9 - 1 -0.06 0.05 0.17 0.31 0.87 t 0.14

SP-NoTillControl 11,12 - I -0.13 0.07 0.23 -0.03 0.53 0.12
Foliar-NoTillControl 13,14 - 1 0.48 * 0.30 0.06 -0.09 0.38 0.23

BCTCS-BCCS 4,6 - 3,5 -0.09 -0.22 -0.10 1.03 ** 0.08 0.14
BCTCO-BCCO 8,10-7,9 -0.22 -0.07 0.06 0.12 -0.18 0.06

BCT-SP 4,6,8,10 - 11,12 -0.09 -0.10 -0.08 0.29 0.29 0.06

BCT-Foliar 4,6,8,10 - 13,14 -0.70 ** -0.40 ** 0.09 0.35 t 0.44 -0.04

BC-SP 3,5,7,9 - 11,12 0.Q7 0.04 -0.06 -0.28 0.34 0.02
BC-Foliar 3,5,7,9 - 13,14 -0.54 ** -0.26 t 0.11 -0.22 0.49 -0.08
SP-Foliar 11,12 - 13,14 -0.61 ** -0.30 t 0.17 0.06 0.16 -0.10
BCTCS-BCTCO 4,6-8,10 0.Q7 -0.24 -0.06 1.38 ** -0.36 0.16
BCCS-BCCO 3,5 - 7,9 -0.06 -0.10 0.10 0.47t -0.63 -0.05
tRefertoTable3.2 for a cornnlete descrintion of treatments.

t,",**representdifferences at significance levels of P � 0.10,0.05 and 0.01, respectively.



Table 3.10. Mean squares from the analysis of variance for wheat grain Cu concentration for a variety ofCu treatments at five

locations.

Bradwell Choiceland Star City Smeaton Whitefox

2000 2000 2000 2001 2001

Source of Variationt d.f. Mean Squares

Blocks 5 (4) t 5.53** 0.87** 3.19** 7.72** 34.21**

BCT - Till Control I 0.07 0.01 0.00 3.46** 0.11

BC - No Till Control I 0.01 om 0.14 0.47 3.63§

SP - No Till Control I 0.05 0.00 0.21 0.00 1.13

Foliar - No Till Control I 0.77* 0.37 0.01 0.03 0.57

BCTCS-BCCS I 0.04 0.28 0.05 6.32** 0.04

BCTCO-BCCO I 0.25 0.03 0.02 0.08 0.20

BCT- SP I 0.05 0.09 0.05 0.68 0.67

BCT- Foliar I 3.23** 1.28** 0.07 0.99§ 1.58

BC-SP I 0.03 0.01 0.03 0.63 0.92

BC- Foliar I 1.93** 0.52§ 0.10 0.39 1.95

+:>-
SP - Foliar I 1.86** 0.53§ 0.18 0.02 0.14

Vl BCT CS - BCT CO 1 0.03 0.35 0.02 11.39** 0.78

BC CS - BC CO 1 0.02 0.06 0.06 1.31§ 2.37

Error 65 (52) t 0.17 0.13 0.10 0.35 1.05

Total 83 (69) t

t Refer to Table 3.2 for a complete description of treatments.

t Bracketed number refers to d.f. for Bradwell site only.

\*,** represent differences at significance levels of P � 0.10, 0.05 and 0.01, respectively.



Table3.11.Wheat grain Cu accumulation in first year of application for a variety of Cu placements, forms and rates at five locations.

Bradwell Choiceland Star City Smeaton Whitefox Mean
2000 2000 2000 2001 2001

Treatment" Treatment Number Grain Accumulation (g Cu ha')
okzCuha-'_NoTill Control I 11.43 15.56 14.80 3.88 0.25 9.19
okgCuha',TillControl 2 12.31 15.66 15.43 2.20 0.39 9.20
5.6kgCuha-'asCopper Sulphate (CS), Broadcast (BC) 3 11.09 15.68 15.18 4.37 0.92 9.45
5.6kgCuhalasCS, Broadcast with tillage (BCT) 4 9.66 14.70 14_74 5.02 1.74 9_17
11.2kgCuha'as CS, BC 5 10.73 16.31 15.56 3.22 1.59 9.48
11.2kgCuha-'as CS, BCT 6 10.67 15.59 15.84 6.19 2.67 10.19
5.6kgCuha-'asCopper Oxysulphate (CO), BC 7 11.22 16.37 14.78 2.64 0.55 9.11
5.6kgCuha'asCO, BCT 8 9.99 15.09 14.74 3.34 0.65 8.76
11.2kgCuha-'as CO, BC 9 11.41 16.63 15.47 2.27 1.18 9.39
11.2kgCuha-'as CO, BCT 10 10.59 16.23 15.14 3.77 0.49 9.24
1.1kgCuha'asCS, Seed placed (SP) 11 9.86 16.50 15.63 4.37 0.62 9.39
1.1kgC�ha"asCO, SP 12 12.09 15.89 14.76 3.00 0.44 9.24
0.28kgCuha-'as Copper complex, Foliar, Feekes 6 13 1-2.43 17.07 15.57 3.59 0.59 9.85�
0.28kgCuha'as Copper complex, Foliar, Feekes 10 14 15.50 17.36 15.98 4.000\ 2.19 11.00
LSD(0.05) 2.29 1.57 1.37 1.73 1.05 0.71

Contrasts Treatments Compared Differences between Means
BCT-TillControl 4,6,8,10 - 2 -2.08 * -0.26 -0.32 2.38 ** 1.00 * 0.14
BC-NoTillControl 3,5,7,9 - I -0.32 0.66 0.45 -0.75 0.81 t 0.17
SP-NoTillControl 11,12 - I -0.46 0.61 0.40 -0.19 0.28 0.13
Foliar-NoTillControl 13,14 - I 2.53* 1.62 * 0.98 -0.08 1.14 * 1.24 *

BCTCS-BCCS 4,6 - 3,5 -0.75 -0.84 -0.08 1.82 ** 0.95 * 0.22
BCTCO-BCCO 8,10-7,9 -1.02 -0.84 -0.18 1.1 0 t -0.30 -0.25
BCT-SP 4,6,8,10-11,12 -0.75 -0.79 -0.08 0.89 t 0.86 ** 0.03
BCT-Foliar 4,6,8,10-13,14 -3.74 ** -1.81 ** -0.66 0.79 -0.01 -1.08 **

BC-SP 3,5,7,9 - 11,12 0.14 0.05 0.05 -0.56 0.53 0.04
BC-Foliar 3,5,7,9 - 13,14 -2.85 ** -0.97 * -0.53 -0.67 -0.33 -1.07 **

SP-Foliar 11,12 - 13,14 -2.99 ** -1.02 t -0.58 -0.11 -0.87 * -1.11 **

BCTCS-BCTCO 4,6 - 8,10 -0.13 -0.51 0.35 2.06 ** 1.64 ** 0.68 t
BCCS-BCCO 3,5 - 7,9 -0.40 -0.51 0.24 1.34 * 0.39 0.21tRefertoTable3.2 for a complete description of treatments.

t,*,**representdifferences at significance levels of P � 0.10, 0.05 and 0.01, respectively.



Table 3.12. Mean squares from the analysis of variance for wheat grain Cu accumulation for a variety of Cu treatments at five
locations.

Bradwell Choiceland Star City Smeaton Whitefox
2000 2000 2000 2001 2001

Source of Variationt d.f. Mean Squares
Blocks 5 (4) t 84.54** 57.85** 19.14** 65.48** 2.87**

BCT - Till Control I 17.28* 0.32 0.48 27.10** 4.78*
BC - No Till Control 1 0.41 2.06 0.98 2.72 3.16§
SP - No Till Control 1 0.69 1.46 0.64 0.15 0.31
Foliar - No Till Control 1 21.39* 10.53* 383 0.Q3 5.23*
BCT CS - BC CS . I 2.78 4.27 0.04 19.78** 5.42*
BCTCO- BCCO 1 5.20 4.24 0.20 7.19§ 0.54
BCT- SP 1 3.72 4.01 0.05 6.40§ 5.91 **

BCT- Foliar I 93.03** 26.18** 3.48 4.96 0.00
BC-SP I 0.12 0.02 0.02 2.52 2.28
BC- Foliar I 54.26** 7.48* 2.22 3.57 0.88

..J::. SP - Foliar I 44.67** 6.21 § 2.00 0.07 4.50*
-....l BCT CS - BCT CO I 0.08 1.56 0.72 25.40** 16.10**

BC CS- BCCO 1 0.82 1.55 0.36 10.72* 0.90
Error 65 (52) t 3.26 1.86 1.42 2.26 0.83
Total 83 (69) t

t Refer to Table 3.2 for a complete description of treatments.
t Bracketed number refers to d.f. for Bradwell site only.
§, *, ** represent differences at significance levels of P S; 0.10,0.05 and 0.01, respectively.



Table3.13.Wheat tissue Cu concentration in first year of application for a variety of Cu placements, forms and rates at five locations.

Bradwell Choiceland Star City Smeaton Whitefox Mean
2000 2000 2000 2001 2001

Treatmentt Treatment Number Tissue Cu Concentration (ug g")
okgCuha",NoTill Control I 11.04 9.32 7.72 - - 9.36
okgCuha",TillControl 2 11.74 9.21 8.20 - - 9.72
5.6kgCuha'asCopper Sulphate (CS), Broadcast (BC) 3 11.22 8.79 7.95 - - 9.32
5.6kgCuhalasCS, Broadcast with tillage (BCT) 4 13.60 9.23 8.31 - - 10.38
11.2kgCuha'as CS, BC 5 13.60 10.12 8.37 - - 10.69
11.2kgCuha-Ias CS, BCT 6 11.54 10.18 8.11 - - 9.94
5.6kgCuha'asCopper Oxysulphate (CO), BC 7 11.52 9.78 8.04 - - 9.78
5.6kgCuha-I•asCO, BCT 8 12.60 9.35 7.77 - - 9.91
11.2kgCuha"as CO, BC 9 11.48 9.56 9.00 - - 10.01
11.2kgCuha-Ias CO, BCT 10 12.46 9.28 7.40 - - 9.71
1.1kgCuha·1asCS, Seed placed (SP) II 12.80 9.49 7.76 - - 10.01
1.1kgCuha"asCO, SP 12 11.60 9.05 8.45 - - 9.70
LSD(0.05) 2.24+ 0.97 0.86§ - - 0.79'1�
00
Contrasts Treatments Compared Differences between Means
BCT-TillControl 4,6,8,10 - 2 0.81 0.30 -0.30 - 0.26
BC-NoTillControl 3,5,7,9 - I 0.92 0.25 0.62 #

- 0.59
SP-NoTillControl 11,12 - I 1.16 -0.05 0.38 - - 0.50
BCTCS-BCCS 4,6 - 3,5 0.16 0.25 0.05 - - 0.15
BCTCO-BCCO 8,10 -7,9 1.03 -0.35 -0.93 **

- -0.09
BCT-SP 4,6,8,10 - 11,12 0.35 0.24 -0.20 0.12
BC-SP 3,5,7,9 - 11,12 -0.25 0.29 0.24 - - 0.10
BCTCS-BCTCO 4,6.- 8,10 0.04 0.38 0.63 *

- - 0.35
BCCS-BCCO 3,5 - 7,9 0.91 -0.22 -0.36 - - 0.11
tRefertoTable3.2 for a complete description of treatments.
tLSD=2.24forcomparing any treatments excluding treatment 10. LSD = 2.39 for comparing treatment 10 with any other treatment.
§LSD=0.86forcomparing any treatments excluding treatments 2 and 12. LSD = 0.91 for comparing treatment 2 or 12 with any other treatment. LSD = 0.96 for comparing between
treatments2and12.
'IILSD=0.79forcomparing any treatments excluding 2, 10 and 12. LSD = 0.80 for comparing treatments 2, 10 or 12 with any other treatment. LSD = 0.82 for comparing among
treatments2,10and 12.

#,*,**representdifferences at significance levels of P � 0.10,0.05 and 0.01, respectively.



Table 3.14. Mean squares from the analysis of variance for wheat tissue Cu concentration for a variety of Cu treatments at

three locations.

Bradwell Choiceland Star City Smeaton Whitefox

2000 2000 2000 2001 2001

Source ofVariationt d.f. Mean Squares
Blocks 5 (4) t 33.08** 4.99 4.27

BCT - Till Control I 2.58 0.40 0.37

BC - No Till Control I 3.35 0.29 1.82§
SP - No Till Control I 4.49 0.01 0.56

BCTCS-BCCS I 0.13 0.37 0.02

BCTCO- BCCO I 4.95 0.75 5.23**

BCT- SP I 0.79 0.47 0.31

BC-SP I 0.40 0.69 0.42

BCT CS - BCT CO I 0.01 0.88 2.37*

BC CS- BCCO I 4.14 0.29 0.76

Error 55 (43) t 3.10 0.70 0.56

+:-
Total 71 (58)t

\0 t Refer to Table 3.2 for a complete description of treatments.

t Bracketed number refers to d.f. for Bradwell site only.
§, *, ** represent differences at significance levels of P $; 0.10, 0.05 and 0.01, respectively.



rototiller in 2001 to incorporate the BCT treatments, the opportunity for blowing soil

existed.

Residual effects: Residual effects of Cu applications to soil were examined at the

Choiceland site. There are few significant increases to any of the measured parameters

due to Cu application in either year, particularly using LSD analysis (Tables 3.15 and

3.16).

According to contrast analysis, grain yields show nearly opposite results between

the two years (Tables 3.15 and 3.17). For example, whereas the foliar treatments in

2000 were significantly better than the BCT treatments, the opposite was true in 2001.

Other opposite significant differences occur between BCT and BC CO, and BCT and

SP. These results show the significant positive effect of incorporation of CS and CO on

grain yield in the second year.

Whereas foliar treatments produced significantly higher kernel weights over BC and

SP treatments in 2000, BCT produced significant increases over other placements in

2001, as seen in the contrast analysis (Tables 3.15 and 3.17).
Grain Cu concentration and accumulation tended to be significantly higher for foliar

treatments in 2000, whereas in 2001 the soil applied treatments tended to perform better

than the foliar treatments (Tables 3.16 and 3.17).
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Table3.15.Wheat grain yield and thousand kernel weight in first and second year of application for a variety ofCu placements, forms and rates at Choiceland.

Year I Year 2 Year I Year 2
Treatment" Treatment # Grain Yield (kg ha") 1000 Kernel Weight (g)
okgCuha'.NoTill Control I 2885 1656 31.25 28.13
okgCuha',Till Control 2 2902 1805 31.08 29.55
5.6kgCuha-1asCopper Sulphate (CS), Broadcast (BC) 3 2926 1637 31.29 28.83
5.6kgCuhalasCS, Broadcast with tillage (BCT) 4 2870 1742 31.58 29.57
11.2kgCuha-Ias CS, BC 5 2985 1720 30.94 27.65
11.2kgCuha-1as CS, BCT 6 2946 1875 31.39 29.78
5.6kgCuha-1asCopper Oxysulphate (CO), BC 7 2940 1601 31.22 28.03
5.6kgCuha·1asCO, BCT 8 2796 1952 31.23 28.73
11.2kgCuha-1as CO, BC 9 3020 1616 31.54 26.60
11.2kgCuha'as CO, BCT 10 2951 1829 31.46 30.45
1.1kgCuha-1asCS, Seed placed (SP) 11 3054 1697 30.98 28.19
1.1kgCuha"asCO, SP 12 2931 1780 30.94 27.86
0.28kgCuha-1as Copper complex, Foliar, Feekes 6 13 3072 1791 32.08 28.08
0.28kgCuha'as Copper complex, Foliar, Feekes 10 14 2953 1627 31.84 28.19VI
LSD(0.05) 145 167 1.10 2.00-

Contrasts Treatment Comparison Differences between Means
BCT-TillControl 4,6,8,10 - 2 -11 44 0.33 0.08
BC-NoTillControl 3,5,7,9 - 1 83 -12 0.00 -0.35
SP-NoTillControl 11,12 - I 108 t 83 -0.29 -0.10
Foliar-NoTillControl 13,14 - I 128 * 53 0.71 0.01
BCTCS-BCCS 4,6 - 3,5 -48 130 * 0.37 1.44 *

BCTCO-BCCO 8,10 -7,9 -107 * 282 ** -0.03 2.28 **

BCT-SP 4,6,8,10 - 11,12 -102 * III * 0.46 1.61 *

BCT-Foliar 4,6,8,10-13,14 -122 ** 141 ** -0.54 1.50 t

BC-SP 3,5,7,9 - 11,12 -25 -95 t 0.29 -0.25
BC-Foliar 3,5,7,9 - 13,14 -45 -65 -0.71 * -0.36
SP-Foliar 11,12 - 13,14 -20 30 -1.00 * -0.11
BCTCS-BCTCO 4,6-8,10 34 -81 0.14 0.09
BCCS-BCCO 3,5 - 7,9 -24 70 -0.26 0.93
tRefertoTable3.2 for a comolete descriotion of treatments.

t.",**reoresentdifferences at significance levels of P S 0.10.0.05 and 0.01. resnectivelv.



Table3.16.Wheat grain Cu concentration and accumulation in first and second year of application for a variety of Cu placements, forms and rates at Choiceland.

Year I Year 2 Year I Year 2

Treatmentt Treatment # Grain Cu Concentration (ug s') Grain Cu Accumulation (g CII ha-')
okzCuha".NoTiIl Control I 5.41 4.80 15.59 7.80
okgCuha-J,Till Control 2 4.37 4.70 15.66 8.37
5.6kgCuha"asCopper Sulphate (CS), Broadcast (BC) 3 5.34 6.14 15.67 9.87
5.6kgCuhaiasCS, Broadcast with tillage (BCT) 4 5.09 4.98 14.70 8.61
11.2kgCuha'as CS, BC 5 5.47 5.20 16.31 8.89
11.2kgCuha"as CS, BCT 6 5.29 5.11 15.59 9.41
5.6kgCuha-JasCopper Oxysulphate (CO), BC 7 5.55 4.90 16.37 7.80
5.6kgCuha'asCO, BCT 8 5.38 5.08 15.09 9.81
11.2kgCuha·1as CO, BC 9 5.46 5.28 16.63 8.53
11.2kgCuha'as CO, BCT 10 5.48 4.64 16.23 8.43
1.1kgCuha'asCS, Seed placed (SP) 11 5.40 4.60 16.50 7.71
1.1kgCuha-IasCO, SP 12 5.43 4.63 15.89 8.12
0.28kgCuha'as Copper complex, Foliar, Feekes 6 13 5.54 5.07 17.07 9.04
0.28kgCuha-Jas Copper complex, Foliar, Feekes 10 14 5.88 5.28 17.36 8.55
V1
LSD(0.05) 0.42 0.86 1.57 1.76N

Contrasts Treatment Comparison Differences between Means

BCT-TillControl 4,6,8,10 - 2 -0.06 0.26 -0.26 0.70
BC-NoTillControl 3,5,7,9 - 1 0.05 0.58 t 0.66 0.97
SP-NoTillControl 11,12 - I 0.01 -0.19 0.61 0.12
Foliar-NoTillControl 13,14 - I 0.30 0.37 1.62 * 1.00
BCTCS-BCCS 4,6 - 3,5 -0.22 -0.62 * -0.84 -0.37
BCTCO-BCCO 8,10 - 7,9 -0.07 -0.23 -0.84 0.95
BCT-SP 4,6,8,10 - 11,12 -0.10 0.34 -0.79 1.15 *

BCT-Foliar 4,6,8,10 - 13,14 -0.40 ** -0.22 -1.81 ** 0.27
BC-SP 3,5,7,9 - 11,12 0.04 0.76 ** 0.05 0.86
BC-Foliar 3,5,7,9 - 13,14 -0.26 t 0.21 -0.97 * -0.03
SP-Foliar 11,12 - 13,14 -0.30 t -0.56 -1.02 t -0.88
BCTCS-BCTCO 4,6-8,10 -0.24 0.18 -0.51 -0.11
BCCS-BCCO 3,5 - 7,9 -0.10 0.58 -0.51 1.21 t

fRefertoTable3.2 for a complete description of treatments.

t.*.**representdifferences at significance levels of P $ 0.10.0.05 and 0.01. resnectivelv.



Table3.17.Mean squares from the analysis of variance for wheat grain yield, thousand kernel weight, grain Cu concentration and accumulation for a variety of Cu treatments at

Choicelandin2000 and 2001.

Grain Yield Thousand Kernel Weight Grain Cu Concentration Grain Cu Accumulation

2000 2001 2000 2001 2000 2001 2000 2001
SourceofVariationt d.f. Mean Squares
Blocks 5 1075407** 966416** 4.76* 5.30 0.87** 3.67** 57.85** 6.45*
BCT-TillControl 1 624 9467 0.53 0.03 0.01 0.32 0.32 2.32
BC-NoTill Control 1 33385 696 0.00 0.59 0.01 1.60t 2.06 4.55
SP-NoTillControl 1 46686t 27554 0.34 0.04 0.00 0.14 1.46 0.05
Foliar-NoTill Control I 65667* 11381 2.01 0.00 0.37 0.55 10.53* 3.99
BCTCS-BC CS 1 13822 102089* 0.83 12.38* 0.28 2.34* 4.27 0.82
BCTCO-BCCO 1 68490* 476893** 0.01 31.1 0** 0.03 0.31 4.24 5.46
BCT-SP 1 83321** 98826* 1.68 20.65* 0.09 0.90 5.01 10.60*
BCT-Foliar I 119361 158601** 2.35 17.92t 1.28** 0.39 26.18** 0.57
BC-SP 1 4855 72258t 0.67 0.50 0.01 4.65** 0.02 5.89
VIBC-Foliar I 16006 34198 4.04* 1.04 0.52t 0.34 7.48* 0.01
UJSP-Foliar 1 2422 5277 6;00* 0.07 0.53t 1.86 6.21 t 4.68
BCTCS-BCT CO I 7118 39837 0.12 0.05 0.35 0.20 1.56 0.07
BCCS-BCCO 1 3572 29401 0.41 5.15 0.06 2.00 1.55 8.83�
Error 65 15897 20869 0.91 2.99 0.13 0.56 1.86 2.33
Total 83
tRefertoTable 3.2 for a complete description of treatments.

t,*,**represent differences at significance levels of P :::; 0.10, 0.05 and 0.01, respectively.



3.4 Discussion

Relative effectiveness of the different Cu fertilization strategies used in this study
was indicated by several parameters, including wheat grain yield, thousand kernel

weight, grain and tissue Cu concentration, grain Cu accumulation on a per hectare basis,

and harvest index.

Grain yield was overall the best and clearest indicator of effectiveness of Cu

application, as one might expect, given that Cu is directly involved in the process of

pollen grain formation (Graham, 1975; Nambiar, 1976). Generally, the other parameters

supported the grain yield results.

Typically, foliar applications were the most effective treatment for increasing grain

yield in the first year experiments in this study. Although timing has been considered

critical to the success of foliar applications (Graham, 1976; Miller et aI., 1994), there

were no clear differences between the two times of application used in this study. Only
one parameter, grain Cu concentration, showed a significant advantage to either timing:
the application at. Feekes 10 resulted in higher grain Cu concentration than at Feekes 6.

Manufacturer recommendations include a range of Feekes 6 to 10 for the foliar product
used in these experiments (Brad Arran, UAP Canada, personal communication, 2002),

therefore, the two timings used may have been expected to perform similarly.
Some research has shown response to foliar applications to be erratic and less

effective than soil applications (Karamanos et aI., 1986; Penney et aI., 1993). One

reason to justify foliar applications over soil applications is the adsorptive behavior of

Cu to soil constituents, rendering soil applied Cu unavailable to plants (Graham et al.,

1981). This may provide a reason for success of foliar applications in this study. It

could also be assumed that, due to the wide variety of foliar products available and used

in the various studies, some would be more effective than others.

It has been suggested that foliar Cu applications may be acting as a fungicide,

directly influencing yield in that way. Although Cu has been used as a constituent of

some fungicides, the rates at which it would normally be applied as a fungicide are 10

to 100 times that ofCu rates used to correct deficiencies (Graham and Webb, 1991).
Past research indicates that foliar Cu applied at a typical fertilizer rate is more likely to

increase disease resistance rather than to act directly as a fungicide (Graham and Webb,
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1991). Evidence to support this argument is found in several studies where soil

applications resulted in a reduction of disease symptoms, suggesting that Cu nutrition is

linked to disease resistance (Graham, 1980; Graham and Nambiar, 1981; Simojoki,

1969; Tainio, 1961; Toms, 1958). Although there may be a link between the low foliar

Cu rates used in this study and disease resistance, disease ratings were not done in this

study.

Broadcast and incorporated CS has been long known as a successful treatment for

correction ofCu deficiency (Martens and Westermann, 1991). In this study of first year

responses, it performed only second to the foliar treatments. There was no advantage
seen in any of the parameters measured to using a higher rate. Longer term data may be

very useful for differentiating between the residual responses of incorporated and non

incorporated normal and high rates of Cu. Data for second year responses at a single site

in this study is inadequate to make such judgments with confidence, although there

appears to be improved response to soil applied products when compared to foliar

treatments in the second year, as indicated by grain yield, thousand kernel weight and

grain Cu concentration and accumulation. Other work has also shown broadcast

treatments to perform better in the year following application (Gartrell, 1981).

Incorporation of CS appears not to have been as critical to producing improved first

year yields, as one would expect, given the immobility of the nutrient. Considering both

the LSD's and contrasts of combined site data, there was no significant yield advantage
to incorporation. At the same time, it is also important to note that there were only two

sites where the LSD's showed a significant yield increase due to BC or BCT CS

compared with the control (i.e., Whitefox and Smeaton). Perhaps this was due to lower

levels of available Cu at these two sites, separating the results to a greater degree than at

the other three sites.

Copper treatments in the form of CO (all placement methods and rates) and seed

placement (either CO or CS) were not effective. It could be expected that CO would not

be as effective as CS due to relatively poor solubility and therefore, poor root to Cu

contact (Gartrell, 1981; Karamanos et al., 1986). Seed placed granular Cu products have

not performed well historically (Loewen-Rudgers et al., 1978; Varvel, 1983). This may

be due to widely spaced placement of relatively large granules within a seed row as a
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consequence of large granule size and low application rates. The extent of root ability to

take up Cu has been shown to be limited to less than 2 em when using Cu

superphosphate in a very Cu deficient sandy soil (0.4 mg total Cu kg") (Gilkes and

Sadleir, 1979). Placement is therefore critical to success of Cu fertilizer applications.
Grain Cu concentration was not as useful as grain yield for differentiating

effectiveness of Cu treatments. Previous research has shown that although there can be

a correlation between grain Cu concentration and yield within an experiment there has

sometimes been difficulty with identifying deficient soils with this parameter (Brennan
et aI., 1986; Modaihsh, 1997). However, the results here appear to show higher yield
increases on sites with lower average grain Cu concentrations, such as seen at Smeaton

and Whitefox.

Tissue Cu concentration was the poorest of all parameters used for differentiating
effectiveness of Cu treatment; however, correct interpretation may be limited due to

having data for only three of the five sites. Due to the Piper-Steenberg effect, tissue Cu

concentration might be expected to be of less value than other parameters (Hill et aI.,

1979; Loneragan et aI., 1980). This well documented phenomenon shows that when

tissue concentration ofminerals (x-axis) is plotted against plant yield (y-axis), there can

exist a C-shaped curve, where the bottom and top of the curve has similar mineral

content at both very high and low yields. This is a function of a combination of

elemental dilution or concentration, based on quantity ofplant material produced.

Agronomic implications: In general, first year responses to the various Cu fertilizer

application methods can be described, in order of effectiveness from highest to lowest

as Foliar Feekes 6 = Foliar Feekes 10> BCT CS normal rate = BCT CS high rate z BC

CS. None of the CO treatments or seed placed treatments were effective and should not

be recommended for expected yield enhancement in the first year of application.
Based on limited data, it appears that although foliar applications are most effective

in the first year, incorporated broadcast Cu sulphate and oxysulphate applications may

become more effective than foliar applications and non-incorporated applications in the

second year.
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4 A NOVEL COPPER APPLICATION METHOD:

COPPER IMPREGNATED FERTILIZER AND WHEAT GROWTH

4.1 Introduction

The adequate distribution of Cu, a non-mobile nutrient, for effective plant uptake is

often limited by relatively low application rates of Cu and the size of fertilizer granules.

Coating (impregnating) liquid micronutrient formulations onto granular macronutrient

products, either by the manufacturer or locally, can provide a means to improve the

distribution pattern of a micronutrient in the field. The micronutrient formulation

adheres as a thin film on the surface of the macronutrient granule, thereby enhancing
the overall distribution pattern of the micronutrient. Mortvedt (1991) suggests that at

least two challenges exist for this approach. The first is ensuring that the micronutrient

does not react with the macronutrient forming an insoluble, and thus unavailable, form.

For example, improper coating procedure with chelated products may enhance the

breakdown of the ligand bond, making the nutrient subject to other chemical reactions

and/or immobilization, thus unavailable, to plants. A second challenge for a coated

product is the dependence on the macronutrient fertilizer rate to provide sufficient rates

of the micronutrient (Mortvedt, 1991),
Some researchers have pointed to the potential of forming insoluble compounds

because of the direct contact between phosphate and Cu compounds in impregnated

phosphate blends. However, research has found no evidence of this when interaction.

When Cu sulphate (CS) was applied to the surface of superphosphate granules and

broadcast on soil, although the phosphate and sulphate components leached, the Cu

component did not, indicating that insoluble phosphates of Cu did not form (Gilkes et

al., 1975).
Field research was conducted in Alberta to ascertain the impact ofmoderate to high

rates ofphosphate on the effectiveness of Cu applied as CS on barley yield (Penney et
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aI., 1991). No negative interaction was found between Cu and P. However, response to

P fertilization was inhibited when Cu was deficient.

The objective of this field experiment was to identify any benefits of Cu

impregnated fertilizer blends to wheat production on soils with low levels of available

Cu.

4.2 Materials and methods

4.2.1 Study sites and soil tests

In 2000, field experiments were conducted at two sites: near Choiceland SK and

Rimbey AB. These sites were located within commercial fields and in areas where low

Cu levels were confirmed by soil analysis. The soils were classified as (Soil
Classification Working Group, 1998):

1. Choiceland area: Shellbrook Soil Association: Orthic Dark Gray
Chemozemic soil developed from loamy lacustrine deposits. The site was

located on NE 26-51-18 W2;

2. Rimbey area: Rimbey Soil Association: Orthic Dark Gray Chemozemic soil

developed from loamy glaciolacustrine materials. The site was located on

SE 11-43-2 W5.

Soils were sampled at each location before seeding. These composite soil samples
were analyzed for pH and electrical conductivity (Hendershot et al., 1993; Janzen,

1993); soil texture (qualitative by hand-feel); N03-N (Laverty and Bollo-Kamara,

1988); S04-S (Combs et al., 1998); P and K (Qian et al., 1994); Cu, Fe, Zn, Mn (Liang
and Karamanos, 1993); B (Keren, 1996) and organic matter (Thiessen and Moir, 1993)

(Table 4.1). Gravimetric soil moisture was determined for the Choiceland site prior to

tilling the site (Table 4.l). Precipitation was recorded at each site with rain gauges.

Actual and long-term precipitation and temperature data for the two sites are presented
in Appendix A.
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Table 4.1. Physico-chemical properties of soils at sites used for the Cu

impregnated fertilizer experiments in 2000.

Soil Property/Nutrient' Choiceland

Soil pH 6.4
Electrical Conductivity (mS ern") 0.2
Textural Class Clay Loam

N03-N (mg kg-I) 17.5
P (mg kg") 7.9
K (mg kg") 129

S04-S (mg kg") 18.5
Cu

0-15 em (mg kg") 0.6
15-30 em (mg kg") 0.7

Fe (mg kg") 71

Zn (mg kg') 18.1

Mn(mg kg") 0.9
B (mg kg") 0.9

Organic Matter (%) 3.3

Spring Gravimetric Moisture
0-15 em depth (%) 19.3

15-30 em depth (%) 17.0
30-60 em depth (%) 15.6

t 0-15 em depth, unless otherwise noted.

4.2.2 Experimental procedure

Rimbey
5.3

0.1

Clay Loam

>36.0
11.0
183
7.5

0.7
0.6
180
5.8
14.0
0.7
5.6

A randomized complete block design with six replications was used at two sites in

2000. Each experiment consisted of seven Cu treatments (Table 4.2). Broadcast and

incorporated (BCT) Cu sulphate was chosen as a Cu control due to its common

successful and historical usage. Three placement strategies of Cu-impregnated fertilizer

are compared: side-banded (SB), seed placed (SP), and broadcast and incorporated

(BCT). A higher impregnated Cu rate is compared in SB and BCT treatments.

Hard red spring wheat (Triticum aestivum L. cv. AC Barrie) was seeded at a rate of

125 kg ha' on May 12 at Choiceland and May 19 at Rimbey (Table 4.3). The Rimbey

experiment was seeded with a small plot air seeder equipped with paired row openers

and on-row packing (Harmon International Industries Inc., Saskatoon SK) into standing

barley stubble. The Choiceland experiment was seeded with a light-duty three-point
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hitch seeder equipped with double disk openers and on-row packing. Due to the

inability of the seeder to penetrate the existing straw residues, the site was pre-worked
several times using a light duty cultivator with attached spring tine harrows mounted on

a three-point hitch.

Table 4.2. Copper treatments used at two sites used for the study of Cu-impregnated
fertilizer during the 2000 field season.

Seed place (SP) Side-band (SB) Broadcast and

Incorporate (BCT)
Treatment Description

I No Cu Control (SB N) 29 35 0 74 35 0 0 0 0
2 Cu Control (BCT CS) 29 35 0 74 35 0 0 0 5500
3 SP Impregnated Lo Rate Cut 29 35 55 74 35 0 0 0 0
4 SB Impregnated Lo Rate Cu 29 35 0 74 35 55 0 0 0
5 SB Impregnated Hi Rate Cu 29 35 0 74 35 103 0 0 0
6 BC Impregnated Hi Rate Cu 29 35 0 8 35 0 66 0 103
7 No Cu Control (BCT N) 29 35 0 8 35 0 66 0 0

t Copper product used for all Cu-impregnated fertilizer treatments was a liquid Cu suspension product,
Coptrel500 (33% Cu, PHOSYN, Pocklington, York, U.K.).

Table 4.3. Dates of field activities for the Cu-impregnated fertilizer experiment

sites, 2000.

Field Activity Choiceland Rimbey
Pre-seeding tillage May 8

Seeding May 12 May 19

In-crop herbicides June s' June 22t
Tissues Sampled July 5 July 6
Harvest Sept 8 Oct 10

tAttain and Puma Super (0.6 L ha-I Attain A, 1 L ha-i Attain B, 1 L ha-I Puma).
tRefme, Prestige, Horizon and Score (5.0 g ha" Refine, 0.8 L ha" Prestige A, 2.0 L ha" Prestige
B, 0.25 L ha' Horizon, 1.0 L Score adjuvant 100 L-1 spray solution.

All treatments were designed to achieve a total macronutrient application of 103 kg
N ha-I and 70 kg P20S ha-I. Also common to all treatments was seed placed 29 kg Nand

35 kg P20S ha'. Treatments 1 and 7 are both 'no Cu control' treatments, only differing

according to the placement of the majority ofN, which is either side-banded (SB N) or

broadcast and incorporated (BCT N). A third control treatment (Treatment 3) includes
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BCT CS to reflect potential responsiveness to a standard source and placement of Cu

fertilizer.

Copper impregnation (Treatments 3 to 6) of macronutrient fertilizer blends was

done by hand by applying enough of the liquid Cu suspension product, Coptrel 500

(33% Cu, PHOSYN, Pocklington, York, U.K.), to achieve at least 40 g Cu ha-I by

applying at least 100 kg granular blend ha-I as per manufacturer's recommendations.

Macronutrient blends ofN and P were made from urea (46-0-0) and ammonium

phosphate (12-51-0). The broadcast products, urea and coarse CS (Pestell Minerals and

Ingredients, New Hamburg, ON, Canada) were applied by hand and incorporated by
rake at Choiceland; they were broadcast and incorporated with seed openers at Rimbey.

Each plot of the Rimbey experiment included six rows of spring wheat and two

outside guard rows of winter wheat (Triticum aestivum L. cv. AC Readymade) at 23 em

spacing. Each plot of the Choiceland experiment included six rows of spring wheat and

one guard row of winter wheat at 18 em spacing. All plots measured 13.7 m long and

were subsequently trimmed to 7.6 m long for harvest purposes.

Weeds were controlled by applying glyphosate prior to seeding at all locations as

well as in-crop spraying of herbicides (Table 4.3).

4.2.3 Sample collection and analysis

Plant tissue samples were collected from each plot by clipping the entire

aboveground portion of 15 wheat plants chosen to most closely represent the plant

growth stage Feekes 6 and the entire plot. The composite plant sample for each plot was

dried, ground, digested and analyzed for Cu concentration by inductively coupled

plasma spectroscopy (ICP) (Huang and Schulte, 1985).
Grain yields were determined using a small plot combine (Table 4.3). Thousand

kernel weights were determined by using an automated seed counter (Model ESC-I,

Agriculex Inc., Guelph, ON).
Grain Cu concentrations were determined in samples ground with a Cyclone Mill

(Cyclotec, USA), digesting the samples using standard procedures (Wolf, 1982), and
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analyzing total Cu concentration by atomic absorption spectrophotometry using a

Perkin Elmer HGA-600 Graphite Furnace (Perkin-Elmer, Norwalk, CT, USA).

4.2.4 Statistical analysis
Data for each site were analyzed using the general linear model procedure of SAS

(SAS Institute Inc., 1999).

Significant differences among treatments were evaluated using LSD at the 5%

probability level. Orthogonal contrasts were used to find differences at significance
levels ofP<0.10, 0.05 and 0.01 to compare groups of treatments.

4.3 Results

Germination at Choiceland was poor due to dry seedbed conditions caused by pre

working of the site, poor penetration to the moist soil layer by seeding equipment and

lack of significant rain until the last week of May. Germination at Rimbey was good.

Growing conditions at both sites in July were very wet, with precipitation levels at

approximately 70% above normal (Appendix A). Some frost damage occurred at

Rimbey, which is located in the foothills of the Rocky Mountains, where wetter and

cooler conditions than normal delayed ripening and harvest.

Grain yields: There were no significant differences in grain yield due to any

treatment at Rimbey, according to both LSD and contrast analysis (Tables 4.4, 4.5). At

Choiceland, grain yield showed significant responses to placement ofN, but were not

affected by Cu treatment, as seen in the contrast analysis. Treatments including side

banded (SB) N have significantly lower yields than those with broadcast and

incorporated (BCT) N. There was no significant increase in yield due to BCT CS or Cu

impregnated fertilizer, except where N was broadcast, as seen in the LSD analysis.
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Table4.4.Wheat grain yield, thousand kernel weight and grain Cu concentration in response to Cu-impregnated fertilizer at Choiceland and
Rimbey,2000.

Choiceland Rimbey Choiceland Rimbey Choiceland Rimbey
Grain Yield 1000 Kernel Weight Grain Cu Concentration

Treatment" Treatment Number (kg ha") (g) (ug gO')
NoCuControl (SB N) 1 2812 4320 29.23 30.96 4.86 3.57
CuControl(BCT CS) 2 3047 4227 30.25 31.31 5.37 3.52
SPImpregnated Lo Rate Cu 3 3122 4374 29.95 30.33 4.23 3.27
SBImpregnated Lo Rate Cu 4 3210 4392 29.68 30.13 4.60 3.53
SBImpregnated Hi Rate Cu 5 3055 4314 29.76 30.73 4.74 3.98
BCTImpregnated Hi Rate Cu 6 3587 4373 32.33 30.87 5.12 3.62
NoCuControl (BCT N) 7 3428 4169 3l.29 30.24 5.16 3.73
0\LSD(0.05) 433 290 1.60 1.17 0.65 0.56Vol

Contrasts Treatments Compared Differences between Means

NoCu-Cu 1,7 - 2,3,4,5,6 84 92 0.13 0.07 -0.20 -0.07
SBN-BCTN 1,2,3,4,5 - 6,7 -458** 54 -2.04** 0.14 -0.38t -0.10
tRefertoTable 4.2 for a complete description of treatments.

t,*,**represent differences at significance levels of P $; 0.10,0.05 and 0.01, respectively.



Table4.5.Mean squares from the analysis of variance for wheat grain yield, thousand kernel weight, grain Cu concentration and accumulation and tissue Cu
concentration in response to Cu-impregnated fertilizer at Choiceland and Rimbey, 2000.

SourceofVariationt

Grain Yield 1000 Kernel Weight
Choiceland Rimbey Choiceland Rimbey

d.f. Mean Squares
5 184201 829745 3.18 2.55

60841 72260 0.14 0.05
1 1798108** 25226 35.50** 0.16

30 135106 60450 1.83 0.99
41

Grain Cu Concentration

Choiceland Rimbey

Blocks

NoCu-Cu

SBN-BCTN

Error

Total

0.95

0.34

1.24 t

0.30

5.12

0.04

0.09

0.22

Grain Cu Accumulation Tissue Cu Concentration
0\
..j:::.. Choiceland Rimbey Choice land Rimbey

Blocks

NoCu-Cu

SBN-BCTN

Error

Total

Mean Squares
5 2.68 83.80 34.96 4.05
1 0.02 0.10 3.64 1.57

104.23** 0.10 0.03 10.84t
30 6.82 6.51 1.49 2.62
41

"RefertoTable 4.2 for a complete description of treatments.

t,*,**represent differences at significance levels ofP � 0.10,0.05 and 0.01, respectively.



Thousand-kernel weight: Significant increases in thousand-kernel weights at

Choiceland, shown in the contrast analysis, resulted from the BCT N treatments (Tables

4.4,4.5). Also evident in the contrast analysis, there were no differences due to Cu

additions. At Rimbey, no treatments were significantly greater than the two control (i.e.,
no Cu) treatments, however the SB low rate of impregnated fertilizer was significantly
lower than the BCT CS treatment.

Grain Cu concentration: The LSD analysis shows no treatments had significantly

greater grain Cu concentrations than the control (i.e., no Cu) treatments at either site

(Tables 4.4,4.5). At Rimbey, the only significant difference in grain Cu concentration

between treatments was found for the high rate of SB Cu-impregnated fertilizer being

higher than the low rate of seed placed (SP) Cu-impregnated fertilizer. Wheat at

Choiceland showed a trend for lower grain Cu concentrations where N was side

banded.

Grain Cu accumulation: Broadcast N produced higher accumulations of Cu in the

grain on a per hectare basis than SB N at Choiceland (Tables 4.5, 4.6). Rimbey grain Cu

accumulations reflect grain Cu concentrations.

Tissue copper concentration: No significant differences in tissue Cu

concentrations were found at Choiceland (Tables 4.5, 4.6). At Rimbey, the high rate of

BCT Cu-impregnated fertilizer produced significantly higher tissue Cu concentration

levels than all other treatments, except for the high rate of SB Cu-impregnated fertilizer.
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Table4.6.Grain Cu accumulation and tissue Cu concentration in response to Cu-impregnated fertilizer at Choiceland and Rimbey in 2000.

Choiceland Rimbey Choiceland Rimbey
Grain Cu Accumulation Tissue Cu Concentration

Treatmentt Treatment Number (g Cu ha') (ug Cu s')
NoCuControl (SB N) 1 13.52 15.48 13.76 9.99
euControl(BCT CS) 2 16.44 14.83 14.84 10.17
SPImpregnated Lo Rate Cu 3 13.18 14.12 14.09 9.83
SBImpregnated Lo Rate Cu 4 14.75 15.46 14.44 9.76
SBImpregnated Hi Rate Cu 5 14.49 17.23 14.89 10.72
BCTImpregnated Hi Rate Cu 6 18.42 15.79 14.61 12.21
NoCuControl (BCT N) 7 17.50 15.27 14.08 10.23
LSD(0.05) 3.08 3.01 1.44 1.91
0\
0\

Contrasts Treatments Compared
NoCu-Cu 1,7 - 2,3,4,5,6
SBN-BCTN 1,2,3,4,5 - 6,7 -3.49**

Differences between Means
0.11 0.65

-0.11 0.06

0.43

-1.12t
-0.05

tRefertoTable 4.2 for a complete description of treatments.

t,*,**represent differences at significance levels ofP::; 0.10,0.05 and 0.01, respectively.



4.4 Discussion

In this study, there were no clear benefits to Cu applications, either in the form of

CS or as Cu-impregnated fertilizer, at either Choiceland or Rimbey. Lack of response to

the proven method of BCT CS would indicate that the soil Cu levels were unresponsive
and therefore, by definition, could be described as not deficient in Cu. However, as was

seen in the experiment described in Chapter 3 of this thesis, perhaps the response to CS

would have been more apparent in the second year after application and a superior

comparative treatment of Cu, particularly for a one-year study, would have been foliar

Cu. In fact, at the Choiceland site, an adjacent experiment described in Chapter 3 found

a foliar Cu response. There is not enough information from these two sites to judge the

effectiveness of the Cu-impregnation method.

Further complicating' the results are the indications from the Choiceland data, as

well as visual confirmation in the field, that SB N damaged wheat seedlings. There was

not enough separation between the seed and SB N to protect the seedlings from N

toxicity in the relatively dry seedbed conditions that existed at that site during the

germination and crop establishment phase.

Agronomic implications: Although no recommendations can be made directly
from this study, novel concepts of application methods for Cu that improve its

distribution relative to root accessibility remains an issue for further development and

study.
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5 MOBILITY OF COPPER FERTILIZERS IN SOILS

5.1 Introduction

Due to its cationic nature, Cu mobility is assumed to be very limited in Prairie soils,

which are dominated by negatively charged constituents (McLaren et aI., 1983). Clay
and organic matter are major sources of these negatively charged surfaces. Root

interception, therefore, plays an important role in plant uptake of Cu. Normally, where

Cu fertilizer applications are required to correct a deficiency, proximity to growing
roots is considered essential (Gilkes and Sadleir, 1979).

Incorporation of surface broadcast Cu sulphate pentahydrate (CUS04' 5H20) has

been an effective.practice. However, over the past decade in Saskatchewan, there has

been a significant shift towards less tillage and an increased awareness of other products
and methods of application.

Copper in soil solution exists primarily as organic complexes (80-99%) (Hodgson et

aI., 1966; McGrath et aI., 1988). Organic matter, both soluble and insoluble, forms

strong complexes with Cu, making Cu less mobile in soils, but also providing

opportunity for facilitated transport by soluble organics, when present (Camobreco et

aI., 1996; Karathanasis, 1999; McBride, 1981). A fractionation experiment on 27

Saskatchewan soils, exhibiting a variety ofphysical and chemical properties, indicated

sesquioxides and organic matter were major components responsible for the adsorption
of added Cu (Liang et aI., 1991). In a study of 10 soils, fine-textured soils had a large

proportion of Cu associated with the clay fraction, but coarse-textured soils had

proportionately more Cu associated with the organic matter fraction (Shuman, 1979).
The radioactive isotope, Cu64, was used to monitor Cu movement associated with

Cu sulphate fertilizer, using a variety ofhomogenous soils in column experiments

(Jones and Belling, 1967). After 45.7 em of simulated rainfall, Cu did not move, except

in soils described as deep sands of low exchange capacities, where Cu moved 1 to 3 ern.
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Chelating agents are added to nutrient solutions to increase the solubility of metal

cations. Metal chelates are characterized by the formation of more than one bond

between the metal and functional groups of the complexing agent, forming a ring
structure incorporating the metal ion (Mortvedt, 1991). One of the most common

chelating agents used for this application is EDTA (ethylene diamine triacetic acid).
The relatively high stability of this product in chemical reactions is seen as an

advantage for maintaining the availability of the nutrient (Mortvedt, 1991; Norvell,

1991).
The objective of this experiment was to identify the relative mobility of Cu in soils

of different texture and organic matter by using two Cu fertilizer products, namely, CS

(salt) and a Cu-EDTA (chelate).

5.2 Materials and methods

5.2.1 Soil properties and column construction

Copper mobility was investigated in a column experiment using five homogenous
surface soils (0-10 em). The soils were collected in Saskatchewan and Alberta and

represent a variety of organic matter and clay contents. The soils are classified as (Soil
Classification Working Group, 1998):

1. Sylvania: Orthic Gray Luvisolic soil developed from coarse to medium

textured, sandy glacio-fluvial and glacio-lacustrine deposits. The bulk soil

sample was collected from SW 2-52-20 W2 (Smeaton area);
2. Meota: Orthic Black Chemozemic soil developed on weakly calcareous

coarse to moderately coarse-textured sandy glacio-lacustrine deposits. The

bulk soil sample was collected from NW 21-41-11 W3 (Radisson area);
3. Oxbow: Orthic Black Chemozemic soil developed from medium textured,

calcareous glacial till. The bulk soil sample was collected from NW 21-41-

22 W2 (Middle Lake area);
4. Waitville: Orthic Gray Luvisol developed from medium to moderately fine

textured, unsorted glacial till. The bulk soil sample was collected from NE

24-42-22 W2 (Middle Lake area);
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5. Malmo: Eluviated Black Chemozem developed on moderately fine to fine

glacio-lacustrine parent material. The bulk soil sample was collected from

SE 25-51-25 W4 (Ellerslie area).

These soils were chosen because they represent a range of organic matter and clay
contents. Bulk soils were collected, air-dried at room temperature, manually ground to

pass through a 2 mm sieve, mixed, then sub-sampled for analysis of organic matter, pH,
and particle size. The physico-chemical properties are provided in Table 5.1. The

particle size distribution was determined using the pipette method (Day, 1965). Soil

organic carbon content was analyzed by dry combustion (Yeomans and Bremner, 1991)
with a Leco CR-12 Carbon Determinator (LECO Instruments Ltd., st. Joseph, MI,

USA) on samples previously ground with a ball mill (SPEX Industries, Inc., Metuchen,

NJ, USA). Soil pH was measured on a 1:2 (soil:water) suspension. None of the soils

effervesced upon treatment with weak hydrochloric acid, indicating absence of free

carbonates.

Table 5.1. Physico-chemical properties of soils used in the Cu mobility experiment.

Soil Association Sand Silt Clay Texture Organic C pH B.D.t
(%) (%) (%) (%) (g/cm3)

Sylvania 77.7 18.2 4.1 Loamy Sand 0.2 5.1 1.4

Meota 81.1 12.6 6.2 Loamy Sand 1.6 7.4 1.4
Waitville 33.7 53.4 12.9 Silt Loam 2.1 6.7 1.2
Oxbow 33.8 43.5 22.7 Loam 5.0 6.9 1.1
Malmo 10.4 54.7 34.9 Siltl Clal Loam 10.8 6.7 0.9
"Note: Bulk densities used to pack columns with dry soil.

Soil column sleeves were 15 em long x 9 em diameter and were constructed of

Glycol Modified Polyethylene Terephthalate (PETG) plastic liners fitted with vinyl caps

(Giddings Machine Company Ltd, Ft. Collins, CO, USA) (Fig.5.1). Drain funnels were

created for each column by inserting a tip less 5 ml syringe barrel through a hole drilled

in each cap. A Whatman #4 filter paper was placed on the bottom of the column. Two

em of greenhouse polyethylene 4 mm beads were layered on top of this filter and a

second Whatman #4 filter paper was placed on top of this. Reasonable bulk densities for
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each soil were tested by packing soils to a 3 em depth (Table 5.1), and then packed

accordingly in 3 and 4 em intervals until a total of 10 em of dry soil was packed into

each column, leaving 3 em of free space at the top of each column. A Whatman glass
fiber (GFIA) filter was placed on the soil surface of each column to minimize physical
soil mixing by water treatments. Treatments were replicated four times and columns

were arranged in a completely randomized design. These columns were suspended
above 40-dram vials to collect leachate.

Figure 5.1 Column apparatus used in the Cu mobility experiment.
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5.2.2 Experimental procedure

The experiment was carried out at room temperature in a relatively stable

environment (i.e., a laboratory). Columns were pre-wetted from above with pulses of

127 ml (equivalent to 2 em) deionized distilled water until leachate broke through the

base of the column. Columns were allowed to equilibrate for 12 h prior to Cu

application.
Three treatments were applied to the surface of the columns:

1) Control - 5 ml of water;

2) Cu sulphate - 12.7 mg Cu diluted with deionized distilled water to 5 ml solution;

3) Cu chelate (Cu 7.5% EDTA, fully chelated) - 12.7 mg Cu diluted with deionized

distilled water to 5 ml solution.

Copper treatments were applied to the column surface at a rate of 12.7 mg Cu per

column, equivalent to 0.20 mg Cu em" or 20 kg Cu ha'. The Cu solutions were applied
with a syringe evenly across the surface of each column. Pulses of 127 ml (2 em) of

deionized distilled water were added to each column every day. This was to be repeated
for 10 days following initial Cu application; however, after 2-3 days, water movement

was restricted in the Waitville soil. To allow for better flow, the deionized distilled

water, used as infiltrate, was replaced with a solution of 0.0 1M CaCh prepared with

deionized distilled water. Also, 5 x 1 mm slits were punched from below through the

bottom of the filter papers of all columns to permit solution to flow through more freely.
After water treatments were finished, the cores were allowed to equilibrate for 3 d.

5.2.3 Sample collection and analysis

Leachate from each column was collected each day and refrigerated at 4°C for later

analysis. These samples were analyzed for total Cu concentration by atomic absorption

spectrophotometry using a Perkin Elmer HGA-600 (Perkin-Elmer, Norwalk, CT, USA).
Leachate data is presented as Cu found in leachate of Cu treatment minus Cu found in

leachate of control treatment.
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At the completion of the experiment, soil columns were sliced into 1 em increments,
dried at 30 to 40°C, and then weighed. Sub-samples were analyzed for DTPA

extractable Cu, representing plant-available Cu, using atomic absorption

spectrophotometry (Lindsay and Norvell, 1978). Soil Cu data is presented as DTPA

extractable Cu found in the soil of the Cu treatment minus Cu found in soil of the

control treatment.

5.3 Results

Copper found in leachate: Copper was not detected in the leachate of soils treated

with Cu sulphate (Tables 5.2 and 5.3). However, Cu, when applied as Cu chelate,

leached through all five soils (Fig. 5.2). The Meota and Sylvania soils, representing the

soils with lowest clay and organic matter contents, allowed more Cu to leach through
than the other soils. The Malmo soil, representing the soil with greatest clay and organic
matter content, allowed the least Cu to flow through. Where Cu chelate was applied, Cu

was detected in the leachate within the first day of application. Recovery typically was

maximized within 3 d of application, after which little or no additional Cu was leached

through the soil.
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Table5.2. Mean percent recovery of applied Cu in soil and leachate in five soils.

Depth Malmo Meota Oxbow Sylvania Waitville Malmo Meota Oxbow Sylvania Waitville
------------------------ Cu-�Dllj\ ------------------------ -------------------------- Cu S04 ------------------------------

Recovery (%) Recovery (%)(cm)

-..l
�

0-1
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10
10-11

9.30t
2.34
3.23
4.53
5.56
2.91
1.48
0.92
0.57
0.26
0.21

3.90
0.78
0.88
2.19
4.52
3.60
2.12
2.12
2.12
2.79

5.43 4.00 l.47 54.55 5l.88 48.01 19.84
1.45 l.41 0.98 0.09 l.47 0.19 13.65
3.01 1.56 0.86 0.02 0.00 0.03 4.12
3.99 3.19 l.49 -0.04 0.02 -0.13 l.05
2.83 4.01 2.77 0.13 -0.02 -0.03 0.52
2.29 2.94 2.19 -0.08 -0.02 0.08 0.29
1.97 2.48 1.22 -0.08 -0.02 -0.02 0.10
1.11 2.57 0.55 0.07 0.01 0.06 0.02
0.74 2.91 0.57 0.12 0.00 -0.09 0.02
0.93 0.53 -0.27 0.03 0.11

-0.23

llotalSoil 31.31 25.02 23.73 25.07 12.63 54.28 53.34 48.20
TotalLeachate l.89 46.12 1l.80 43.84 5.69 0.01 -0.02 0.02
TotalRecovery 33.20 7l.14 35.53 68.92 18.32 54.29 53.32 48.22
Notrecovered 66.80 28.86 64.47 3l.08 8l.68 45.71 46.68 5l.78

39.61
0.00

39.60
60.40

40.22
0.19
0.01

-0.01
0.01
0.01
0.00
0.02

-0.01
-0.04

40.40
0.00

40.40
59.60

tDatarepresents percent recovery of copper in soil treated with copper subtracting the Cu detected in control soil.



Table5.3. Recovery (mg) of applied Cu in soil and leachate in five soils.

Depth Malmo Meota Oxbow Sylvania Waitville Malmo Meota Oxbow Sylvania Waitville
------------------------ Cu-�Dllj\ ------------------------- ------------------------- Cu S04 -------------------------

(cm) Recovery (mg) Recovery (mg)
0-1 1.18t 0.49 0.69 0.51 0.19 6.93 6.59 6.10 2.52 5.11
1-2 0.30 0.10 0.18 0.18 0.12 0.01 0.19 0.02 1.73 0.02
2-3 0.41 0.11 0.38 0.20 0.11 0.00 0.00 0.00 0.52 0.00
3-4 0.57 0.28 0.51 0.40 0.19 -0.01 0.00 -0.02 0.13 0.00
4-5 0.71 0.57 0.36 0.51 0.35 0.02 0.00 0.00 0.07 0.00
-...)5-6 0.37 0.46 0.29 0.37 0.28 -0.01 0.00 0.01 0.04 0.00
VI
6-7 0.19 0.27 0.25 0.32 0.16 -0.01 0.00 0.00 0.01 0.00
7-8 0.12 0.27 0.14 0.33 0.07 0.01 0.00 0.01 0.00 0.00
8-9 0.07 0.27 0.09 0.37 0.07 0.01 0.00 -0.01 0.00 0.00
9-10 0.03 0.35 0.12 0.07 -0.03 0.00 0.01 . -0.01
10-11 0.03 -0.03

llotalSoil 3.98 3.18 3.01 3.18 l.60 6.89 6.77 6.12 5.03 5.13
Leachate 0.24 5.86 1.50 5.57 0.72 0.00 0.00 0.00 0.00 0.00
TotalRecovery 4.22 9.04 4.51 8.75 2.32 6.89 6.77 6.12 5.03 5.13
NotRecovered 8.48 3.66 8.19 3.95 10.38 5.81 5.93 6.58 7.67 7.57
%�xchCu in Colt 31.91 46.45 26.91 44.66 13.39 54.28 53.34 48.20 39.60 40.40
tDatarepresents percent recovery of copper in soil treated with copper subtracting the Cu detected in control soil.
tpercentofCu remaining in the soil (not found in leachate) that remains available, as measured by the D'TP j\ extraction method.



7�------------------------------------------------�

Meota

::::J
o

CU 4

'0
I-

�
:;
'3
E 2
::::J
o

-

m
E 5
-

-- ---- --- - - ---- ----------------- ----- ------- -_.- -------------j

-----U-xoow
--

�--�BB----eB----BB__--�B�--�B�--�Br_---8
Waitville

2 3 4 5 6 7 8 9 10

Day of Leachate Collection

Figure 5.2 Cumulative total Cu found in leachate of five soils over a 10-day period

following application of Cu chelate.

The analysis ofDTPA-extractable Cu in the soils, by depth is represented in Fig. 5.3

and Tables 5.2 and 5.3. Differences in the final height of the columns were due to

variable expansion and compaction of the soils on wetting. When applied as CS, nearly
all the Cu remained within 1 em of the surface of all soils, although some Cu was

detected below the surface 1 em in the Meota and Sylvania soils. The Sylvania soil, in

particular, behaved quite differently relative to the other soils. Under the CS treatment,

extractable Cu was detected in significant though progressively lesser amounts in lower

depths, to a maximum depth of 7 em. Total recovery in all soils, calculated as Cu

detected in both leachate and the soil divided by the amount applied, indicated that

approximately 40 to 55% of the Cu applied as CS was measured by analysis.
When applied in chelate form, Cu was detected in all depths of all soils. Where total

recovery was high, recovery values reflect the degree to which Cu was found in the
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leachate, the range of which approximates 20 to 70%. No strong association between

Cu and the surface layer is seen in the soil-Cu data under the chelate treatment.

5.4 Discussion

Copper sulphate: The behavior of Cu in this experiment, applied as CS, confirms

previous work describing Cu as strongly adsorbing to clay and organic matter, and

therefore, having restricted mobility (Jones and Belling, 1967). The relative degree of

movement of Cu in various soils was clearly related to the amounts of clay and organic
constituents in each of the soils. The uniquely high degree of Cu movement in the

Sylvania soil can be attributed to the extremely low contents of clay, organic matter and

a low pH. Theoretically, a low pH should provide for greater mobility of Cu, however,

association of Cu with organic constituents normally overshadows the effect ofpH on

Cu movement (McBride, 1994). Given the data provided, it is impossible to separate the

impact of clay versus organic matter, since the relative magnitude of each is identical in

these soils. This situation is difficult to avoid, however, because in most mineral soils

organic matter is intimately associated with clay, often occurring as clay-metal-organic

complexes (Stevenson and Fitch, 1981).

Desorption experiments have shown that in bulk soil very little Cu is desorbed from

some oxide and organic components (McLaren et aI., 1983). What is critical about these

findings for applying Cu to soil is that it is likely Cu will strongly adsorb to the first

component with which it makes contact. When metals are adsorbed by the strong forces

of specific adsorption, metal retention is practically irreversible, leading to long-term
immobilization as desorption often is a much slower process than adsorption (Kabata

Pendias, 2001; McBride, 1994).

Within the short period of this experiment, 46 to 60% of the amount of Cu applied
was unrecoverable and deemed 'unavailable' according the DTPA extraction method.

With extended time it is likely that more Cu would become unavailable as a

consequence of sorption processes. However, the availability of Cu in soils low in clay

minerals, hydrous oxides, and organic matter is less likely to decrease with time
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Figure 5.3 Percent recovery of Cu found in soil, by depth, and leachate for five soils:

a) Malmo b) Oxbow c) Waitville d) Meota e) Sylvania.
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because oflimited opportunities for further adsorption (Ritchie and Sposito, 1995).

Therefore, it is probable that the Cu that had become unavailable, particularly in soils

other than those represented by the characteristics of the Sylvania soil (low clay and

organic matter), would not readily return to the available fraction.

Copper chelate: Copper, applied as Cu chelate, behaves in a manner similar to CS

in terms of its relative mobility depending on soil characteristics. However, the degree
ofmovement through all of the soils reflects the designed behavior of the chelated

product. The effectiveness of chelates as metal carriers in soils depends on their ability
to keep these metals in soluble, mobile forms (Lindsay and Norvell, 1969). The results

of this experiment demonstrate that EDTA was effective in allowing a portion of the Cu

to leach through the 10 em column of soil. The size of that portion appears to be related

to the same soil qualities that restricted the Cu applied as CS (i.e., texture and organic
matter content), with the sandiest soils ofleast organic matter allowing more Cu

movement.

Copper was detected in the leachate of the Cu chelate treatment on the first day,

essentially reaching maximum cumulative levels by the third day of the experiment.
The sudden absence of Cu in the leachate from all of the soils indicates that a change
had occurred in that product by that time, as the leachate-Cu did not account for the full

amount of Cu applied. In fact, when the total leachate and total DTPA-extractable Cu

were summed, there was still 29 to 67% of the applied Cu unaccounted for. Of the Cu

remaining in the soil, DTPA extractable Cu amounted to only 13 to 46% of the applied
Cu remaining in the soil. We also do not know how much of the leachate-Cu would

have remained in an extractable form in the soil if it had not been removed from the soil

environment. It may be possible to explain the fate of the Cu chelate according to the

stability of Cu-EDTA.

The stability of the metal-ligand bond generally determines solubility and therefore

availability of the applied nutrient (Mortvedt and Cox, 1985). In soil solutions, EDTA

exists in equilibria with a variety of cations. An effective chelate is one for which the

rate of substitution of the chelated micronutrient for cations already in the soil is low,

maintaining the applied nutrient in chelate form for sufficient time to be absorbed by

plant roots. Therefore, the ligand must remain in solution and must continue to complex
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the applied Cu. There are at least two things that can happen to the metal-ligand bond.

Firstly, EDTA itself can be adsorbed to soil particles. In one experiment, when Cu

EDTA was applied to various soils, the rate of adsorption of EDTA that had been

associated with Cu was quite rapid during the first few days, with most adsorption

occurring within the first 2 d, and decreasing sharply thereafter. The amount of EDTA

adsorbed was less than 25%, though the exact figure was not stated specifically

(Lindsay and Norvell, 1969). A Cu-EDTA bond also may be broken when the stability
of an alternative metal-EDTA bond is stronger, often based on pH and the abundance of

other suitable cations. Lindsay and Norvell (1969) found that EDTA complexed with

Cu from a Cu-EDTA application was reduced to approximately 35%, 65%, 55%, 45%

and 20% in solutions ofpH 5.7, 6.1, 6.75, 7.3 and 7.85 respectively. The maximum

stability for Cu-EDTA was found at soil suspension pH 6.75, above which Ca became

the competing cation and below which Fe was the major competing cation. The

tendency for the proportion of EDTA associated with Cu to approach a constant level

with time indicated that there is an equilibrium that develops, keeping a portion of the

Cu-EDTA in solution.

In this experiment, the Cu-EDTA possibly had exchanged Cu2+ for Fe3+ or Ca2+ in

soil solution. In the case of Fe, because the theoretical stability constant for Fe-EDTA

(26.5) is greater than that for Cu-EDTA (19.7) and most soils contain far more Fe than

Cu, this exchange could occur readily (Norvell, 1991). Although the stability constant

for Ca-EDTA is only 11.6, perhaps the abundance ofCa as a competing cation for

EDTA and competing anions, such as OR for Cu, would allow for exchange to occur.

These exchanges would then allow the Cu2+ to adsorb to clay or organic matter

constituents. That which is specifically adsorbed would then be strongly held and

therefore likely not reclaimed as part of the 'available fraction' represented by the

DTPA method of extraction.

The Waitville soil exhibited behavior inconsistent with its relative clay and organic
matter content, when compared with the other four soils. Compared to the two most

similar soils (Oxbow and Meota) less Cu was recovered from the Waitville columns,

under both the CS and Cu chelate treatments. Although this may be a phenomenon of

this particular soil, it is suspected that the difficulty with flow in the Waitville soils at
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Days 2 and 3 provided extended opportunity for the Cu to adsorb to soil constituents

and therefore leach to a lesser extent and become less available.

Agronomic implications: The results of this experiment confirm that CS normally
must be placed within the root zone of plants for effective uptake. However, where soils

are extremely low in clay and organic matter, there is some potential for movement,

potentially making root zone placement less necessary.

Copper chelate, on the other hand, has potential for movement with water to the root

zone in the full range of soils studied. Therefore, root zone placement may not be

necessary. However, since mobility was hindered within three days of application, this

form of Cu will also become. non-mobile.
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6 GENERAL CONCLUSIONS AND RECOMMENDATIONS

Mobility of Cu in soil is a critical consideration to the design of successful Cu

fertilization strategies. Generally, under Canadian Prairie conditions, Cu is readily
adsorbed to soil constituents such as clay and organic matter and therefore becomes

non-mobile. Mobility, however, differs depending on speciation. Therefore, Cu in

various fertilizer formulations has somewhat different mobility characteristics. When a

Cu fertilizer is known to be immobile, it becomes more important to place that product
within the root zone for effective plant uptake. Choice of form and placement of Cu

fertilizer are therefore the two main issues facing producers and agrologists when they
need to correct a Cu deficiency.

The overall objectives of this research program were to examine any differences in

wheat response to Cu depending on its form and placement and explore mobility issues

relating to Cu placement. These objectives were met through a series of field and

laboratory experiments.
The results of field experiments indicate that in the first year of application, foliar

applications ofRSA Liquid Cu 5% at either growth stages Feekes 6 or 10 (and probably
in between, although this was not tested in this experiment) were superior to other

methods used to increase wheat grain yield and other response parameters. Since there

are many foliar products available on the market, a study comparing the effectiveness of

a wide variety of foliar Cu formulations would provide helpful information to

agrologists wishing to make knowledgeable foliar recommendations. Also, there

remains a question of whether foliar-applied products, particularly when applied to

wheat on soils ofmarginal Cu levels, are directly controlling disease to enhance yield or

whether it is a true Cu response. Research should clarify the role of foliar-applied Cu

and diseases of wheat.
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Of the soil-applied products, Cu sulphate was superior to Cu oxysulphate in the first

year. Placement method of Cu sulphate had a significant influence on wheat response.

Incorporation was important to increase wheat response to broadcast Cu sulphate. Seed

placement of Cu sulphate did not produce a yield response in the first year. A low

solubility oxysulphate product (Tiger Tech Copper 15/12) was not effective in the first

year under any application method used, including broadcast, broadcast and

incorporation or seed placement. Since there are a variety of Cu oxysulphate
formulations on the market, made up of different ratios of Cu sulphate and Cu oxide,
some of these products are presumably more effective than others. Unfortunately,

potential buyers of Cu oxysulphates are not made aware of these specifications through

product labels and little is known about the potential differences in effectiveness

between oxysulphates.
The longer-term effects of soil-applied Cu provide equally important information to

the decision-making process as to which form and placement ofCu fertilizer to use. For

the purpose of this thesis, data froin only one site was available for the second year after

application of soil-applied products. Although data is insufficient to make strong

conclusions, at the single site the foliar application was not as effective in the second

year compared with its performance in the first year or compared with residual soil

applications. Due to dry conditions, overall yields were about half of that achieved in

the first year, which may have affected the performance of foliar-applied Cu. Residual

effects ofbroadcast and incorporated Cu, in either sulphate and oxysulphate form,

indicate that these treatments were more effective placements than foliar, surface

broadcast or seed placed methods in the second year. This may indicate that the

broadcast and incorporated treatments require time (more than one season) to be

effective. Longer-term research at more sites is required to differentiate effectiveness of

residual responses between these soil-applied products and placements.

Why was seed placement of Cu sulphate and oxysulphate not effective in producing
a wheat response? Perhaps it was due to the sporadic placement of relatively large

granules at a low rate within the seed row, resulting in poor root to fertilizer contact and

thus, poor crop response. Results from the Cu mobility experiment would support this

explanation. Innovative application methods have been developed to try to address the
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issue of granule size and low rates. One method available to overcome this problem is

to coat, or impregnate, macronutrient granular fertilizer with a liquid formulation of Cu,

creating a more continuous band ofCu within or close to the seed row.

In a field experiment within this research program, there was no wheat response due

to Cu-impregnated fertilizer. However, there also was no response to broadcast and

incorporated Cu sulphate. From this experiment, no conclusion can be made about

whether Cu-impregnated fertilizer could be effective or not. Instead, the results may

indicate that the crop was not responsive to Cu at these two sites, regardless ofmethod

of application. However, in another experiment located at one of the sites (Choiceland),
foliar applications significantly increased yield in the year of application, even though
broadcast and incorporated Cu sulphate did not. The choice ofbroadcast and

incorporated Cu sulphate, as a standard measure of Cu-responsiveness in the first year

of application, may be questionable. Foliar application of Cu may be a better indicator

ofpotential Cu response and therefore more useful for first year comparisons.

Impregnating macronutrients with Cu is only one way that has been attempted to try

to address the issue of sporadic placement of Cu in the seed row. More research could

be conducted to try to make seed placement of Cu more effective. Possibilities may

exist for successful seed placed impregnated products or liquid fertilizer applications,
both of which could improve continuous placement within the seed row, but could also

accentuate nutrient interactions and subsequent unavailability of those nutrients.

Benefits of a successful seed placement strategy would include: minimum tillage
treatments that are conducive to the direct seeding system of crop production; avoiding
the timeliness issue often cited for foliar applications; and, the potential for greater

confidence in having the Cu both physically and chemically available to the crop.

Treatments chosen for comparison in the field experiments were designed to address

the efficacy of various forms and placements of Cu fertilizer, recognizing the issue of

Cu mobility in soils. Since mobility is known to be an issue for Cu fertilization and

there was evidence for this in the field trials, a column experiment was designed to

directly compare the mobility ofCu sulphate and a chelated Cu fertilizer (Cu-EDTA) in

five soils of high and low organic matter and clay contents. Copper sulphate was

virtually non-mobile in all soils with at least 2% organic matter and 10% clay.
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However, in the two soils with less organic matter and clay, downward movement of Cu

did occur. In the soil with the least organic matter (0.2%) and clay (4%), Cu moved as

much as 7 em within the timeframe of 10 daily applications of2 em of water. In most

soils of Saskatchewan, having more organic matter and clay, incorporation ofbroadcast

Cu sulphate is critical to distributing Cu within the root zone, as it will not naturally
move deep enough into the soil for roots to access it. Given the observation that Cu

sulphate was virtually non-mobile in this laboratory experiment, it is not surprising that

the field experiments showed the broadcast treatments without incorporation were

ineffective in the first year.

In contrast, a portion (2 to 46%) of the Cu-EDTA moved through the entire 10 em

column within 3 d of water additions. Chelated forms of Cu are therefore, as designed,
more likely than Cu sulphate to move into the root zone even when broadcast on a soil

surface with no incorporation. Within 3 d of application, however, this movement of Cu

stopped, indicating that the chemical nature of the product was likely altered with time.

Future research should focus on how the mobile behavior ofCu-EDTA, as seen in this

laboratory experiment, is reflected in terms of seasonal crop response in a field situation

with long-term discontinuous precipitation and subsequent wet and dry cycles at the soil

surface.

Although the question of soil Cu critical levels was not included in the objectives of

this study, the critical level for wheat of 0.4 mg DTPA-extractable (available) Cu kg"
soil was observed to be a reasonable estimate. The six sites used for the field

experiments had levels of 0.2 to 0.8 mg available Cu kg" soil. Those four sites with

levels over 0.4 mg Cu kg-1 were less responsive, whereas the two fields with less than

0.4 mg Cu kg" were very responsive to Cu, even in the first year of application. Since

there were fewer and smaller significant positive responses of wheat at sites with higher
levels of available Cu, it is reasonable to classify soils with 0.4 - 0.8 mg Cu kg" soil as

'marginal', reflecting the uncertainty of economic response, while at the same time

suggesting the potential for response. Alerting landowners of a potential but uncertain

response is useful, considering the patchy nature of Cu deficiencies within fields,

combined with typical composite soil sampling methods from large fields.
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In this research project, grain yield was the most useful parameter for distinguishing
effectiveness of Cu fertilizer strategies on wheat. Other measurements, such as thousand

kernel weight, grain Cu concentration and accumulation, although supportive of the

grain yield results, did not add to the separation of treatments. Since tissue data was not

available for 2001, it is difficult make conclusions about the usefulness of tissue data.

Although tissues were only sampled from soil-applied treatments, unfortunately the

soil-applied treatments were more effective in 2001, the year of missing data.

The following agronomic recommendations can be offered from this research

program:

1) Foliar Cu fertilizers should be applied to wheat to achieve an effective response

from Cu fertilizer in the season of application.

2) To achieve long-term responses that are more agronomically and economically

effective, broadcast and incorporate Cu sulphate or oxysulphate. These should

be applied more than one season (as much as one year) prior to growing wheat.

3) If a producer wishes to confirm the potential for Cu fertilizer responsiveness in a

field before proceeding with large-scale applications, applying a test strip of

foliar Cu would be most useful as a single season trial.

4) Incorporation is important for achieving full value ofbroadcast Cu sulphate on

most soils. It is possible that adequate Cu movement would take place under

normal precipitation without incorporation if Cu sulphate were broadcast onto a

soil with less than 1 % organic matter and 5% clay.

5) Seed placed Cu sulphate and oxysulphate are not effective for current season

responses of wheat. Although this experiment did not confirm positively or

negatively that Cu-coated fertilizers are effective, strategies such as this,

designed to improve continuity of Cu within the seed row could improve the

potential for seed placed Cu.

6) Doubling the recommended 5 kg Cu ha-1 rate of non-incorporated broadcast Cu

sulphate and oxysulphate does not improve responses of wheat in the first year.

7) Applications ofRSA Liquid Cu 5% can effectively be applied between Feekes 6

and 10 growth stages for wheat to correct a Cu deficiency.
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8) Fully chelated Cu fertilizer formulations, such as Cu-EDTA, have greater
potential for movement than Cu sulphate in a variety of soils. However, this
behavior appears to be time-limited.
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Appendix A. Precipitation and temperature data for the sites used for Cu placement and Cu-

impregnated fertilizer experiments in 2000 and 2001.

Preci�itation {mm) Tem�erature eC)
Month 2000 2001 Normal' 2000t 2001t Normal'

Bradwell:
May 10.7 --

§ 44.2 18.2 18.4
June 77.8 63.4 21.3 23.0

July 80.5 58.0 25.3 25.4

August 21.8 36.8 24.2 24.5
Total 190.8 202.4

Choicelandl
May 49.5 7.6 43.7 16.3 19.4 17.8
June 74.9 47.0 72.4 19.2 20.7 22.2

July 132.1 110.5 77.8 24.2 24.8 24.2
. August 85.8 13.2 59.5 22.7 27.l 23.0

Total 342.3 178.3 253.4

Rimbey"
May 25.4 49.8 14.1 17.l
June 82.6 74.9 18.4 20.7

July 143.5 86.0 22.4 22.6

August 46.7 65.2 20.6 22.0
Total 298.2 275.9

Smeatonl
May 2.6 43.7 19.4 17.8
June 42.9 72.4 20.7 22.2

July 59.7 77.8 24.8 24.2

August 17.8 59.5 27.l 23.0
Total 123.0 253.4

Star Clty"
May 53.3 41.4 16.0 17.3
June 73.9 61.9 19.0 22.0

July 110.0 66.6 23.4 23.9

August 32.0 53.l 22.5 23.0

Total 269.2 223.0
Wbitefox�

May 34.3 43.7 19.4 17.8

June 25.4 72.4 20.7 22.2

July 148.6 77.8 24.8 24.2

August 19.1 59.5 27.1 23.0

Total 227.4 253.4
t Source: Environment Canada, Saskatoon, SK.
t Long-term and actual temperature data is for Saskatoon.
§ No experiment was at this site in this year.
� Long-term data is for Choiceland; actual temperature data is for Nipawin.
#
Long-term data is for Lacombe; actual temperature data is for Lobstick.

tt Long-term and actual temperature data is for Melfort.
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