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Field-plot experiments and pot culture techniques were used to

investigate reported Cu deficiency in certain Oregon organic soils.

Field experiments were established in 1973 and 1974 on an acid peat

soil and two alkaline muck soils near Klamath Falls, The effect of

rates of from 0 to 45 kg Cu/ha on barley, oats, triticale, and wheat

was determined by measuring grain yield and tissue Cu levels. Plant

samples were collected at various stages of maturity and analyzed for

Cu. These and other soils were studied by pot culture of barley in

the greenhouse to measure the effect of applied Cu. Levels of Cu

in barley were compared to DTPA extractable Cu and total soil Cu

determined by HNO
3
-HC10

4
digestion. The purpose of this series of

studies was to provide a basis for predicting Cu deficiency and sub-

sequent correction of deficient soils with fertilization.

Yield responses from Cu fertilization were not observed

primarily due to climatic extremes. Application of CuSO4.5H20 in-

creased plant Cu levels, particularly at rates of 22 and 45 kg Cu/ha.



Wheat and triticale showed greater increases in Cu content than

did barley and oats. A consistent pattern was observed for Cu levels

in barley to remain constant or increase slightly with plant maturity.

Copper levels in oats, triticale, and wheat commonly decreased with

maturity. Due to differences between the four species it is impor-

tant to select precise stages of maturity for collection of plant

samples.

Barley grown to the tille ring stage of maturity was found to be

Cu deficient in three organic soils samples tested in the greenhouse.

Application of CuSO4 to the pots prevented Cu deficiency from occurring.

Leaf Cu levels were less than 3.5 ppm in the deficient plants. A

critical leaf level of approximately 4.0 ppm Cu is suggested from

field and greenhouse data.

Extraction of soil Cu with DTPA correlated successfully with leaf

Cu levels in a logarithmic relationship. Conversion of the DTPA

analysis values to a volume basis yielded an improved curve which

improved prediction of plant Cu for both mineral and organic soils.

Plant Cu levels were found to be closely cor lated with total soil

Cu in a nearly linear relationship. The regression was particularly

successful if limited to soils which were greater than 20% organic

matter. In the organic soils a critical plant level of 4.0 ppm

Cu corresponded to 11 ppm total soil Cu. Adjustment of the total

soil Cu values to a volume basis improved the prediction of plant

responses for all of the soils tested. Thus, plant and soil analysis

may be used to successfully diagnose plant Cu deficiency in a wide

range of soils.
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DIAGNOSIS AND CORRECTION OF
COPPER DEFICIENCY OF SMALL

GRAINS IN OREGON

INTRODUCTION

Copper has been established as an essential nutrient for plants

and animals. Plants have been found to be deficient with tissue Cu

levels below a range of from 2 to 5 ppm. The occurrence of Cu

deficiency is not widespread and has most frequently been reported

on organic soils or on leached sandy soils. Toxicity of Cu may occur

at tissue levels in excess of approximately 30 ppm in most plants.

Plant yield responses to Cu had been reported on organic soils

in the Klamath area of Oregon. A survey was completed in 1972 (Kresge,

Paul. Identification of potential copper and molybdenum livestock

nutrition problems with forage analysis. M.S. Thesis. Oregon State

University, Corvallis.) which indicated that Cu levels in forage were

generally low throughout the area. This study was initiated to invest-

igate the reported Cu deficiency in cereal crops growing on the organic

soils. A series of field plot experiments was established in 1973 and

1974 to study the response of cereal crops to applications of Cu. The

experimental program was expanded in 1974 and 1975 to provide more

detailed analysis of the soil and plant relationships involved. Large

samples of the organic soils were studied in greenhouse and laboratory

experiments. The soils studied were selected on the basis of suspected

Cu deficiency or for comparison purposes.

The original impetus for this series of researches was the need
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for identification of Cu deficiency problems and subsequent establish-

ment of corrective measures. The specific goals of the study are

summarized below for each -phase of the study; field greenhouse.

Field Plot Experiments

1. To determine the response of plants to Cu fertilization

on organic soils.

2. To compare the response and uptake of barley (Hordeum

vulgare L. var. Larker), wheat (Triticum aestivum L. var.

Maxigene 1651), oats (Avena sativa L. var. Cayuse) and

triticale 206.

3. To examine the Cu content at different stages of maturity.

Greenhouse Experiment

1. To determine the uptake and yield response of barley

to applications of Cu to selected soils.

2. To compare the Cu uptake and herbage yield with tested

soil properties including extracted Cu.

Note: The symbol "Cu" is used in a general sense in this report.

In a specific instance a number of ionic or complex species

may be included. Where a specific species is known or referred

to, a more specific modification of the symbolism is used such

as Cu
2+

or Cu
1+

.



3

REVIEW OF LITERATURE

Essentiality of Cu

The early researches that led to the conclusion that Cu is

essential to plants were primarily production oriented. Near the end

of the nineteenth century and in the early twentieth century it was

found that the Bordeaux mix, a combination of CuSO4 and lime, was a

successful treatment for "dieback" and similar ailments of fruit

trees and other crops. Lutman (1916) extensively reviewed the tech-

nology of Bordeaux sprays. The Bordeaux mix had been found beneficial

to potatoes where "tip-burn" and other maladies were a problem. He

could not attribute all of the beneficial effects of Bordeaux to

pesticidal properties and wrestled with the question of whether Cu

might enter the plant cells with a stimulating effect. A similar

review by Cook (1923) discussed the benefits of using Cu on potatoes

in various areas of the Eastern United States. He emphasized the

effect of Cu on increasing yield and reducing tip burn in addition

to controlling insects and diseases. Among the reasons expressed

for this additional benefit was that a small quantity of Cu might

be taken up by the plant and "stimulate it to increased activity."

Floyd (1917) reported that soil applications of CuSO4 or the

use of Bordeaux spray were the most successful cures for citrus die-

back in Florida. He noted that dieback was confined to trees growing

on sandy soils and was aggravated by the addition of organic matter

(manure) and organic ammonia sources. However, his view was that

dieback was caused by some unknown organic compound or compounds
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in the soil that induced abnormal processes in the plant cells. It was

not until 10 years later that the effect of CuSO4 or Bordeaux spray was

suspected to be as a source of Cu. Allison, Bryan, and Hunter (1927) re-

ported the results of applying a number of materials to raw Everglades

peat and nearly 60 agricultural crops. Some limited responses to other

nutrients were found but Cu gave very striking results in terms of

plant growth and yield. These results along with observations of the

effects of Cu led them to conclude that Cu was directly utilized and in

fact required by plants. The view that Cu was essential to plants was

also expressed by Felix (1927). He had corrected severe abnormalities

of lettuce growing on muck soils in New York with soil or foliar appli-

cations of Cu. A response to foliar application of CuSO4 was also shown

by Bryan (1929) in conjunction with the previous work in the Everglades.

Early efforts to confirm the requirement of plants for Cu with

solution culture techniques were unsuccessful. The presence of Cu in

the nutrient salts and contamination of the distilled water by Cu metal

plumbing were sufficient to supply the needs of the plants. The recog-

nition of these problems led to the successful demonstration by Sommer

(1931) of a Cu deficiency in solution culture. She used pyrex dis-

stilled water for recrystallization of salts and all solutions. Sun-

flowers, tomatoes, and flax to which no Cu was added were markedly

stunted and additions of very small amounts of Cu were sufficient for

normal growth and yield. With this finding the role of Cu as a plant

nutrient was convincingly proposed. The level of Cu used was 0.125 ppm

Cu as CuSO4 with two subsequent additions of 0.125 ppm and 0.06 ppm

respectively during the growth period.
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Further evidence of the Cu requirement was given by Lipman and

McKinney (1931). They reported that barley plants not receiving Cu

were unable to flower or produce seed. Levels of 0.0625 and 0.125 ppm

Cu as CuS0
4 in solution were sufficient for apparently normal develop-

ment and increased dry matter production. Their previous work had

shown levels above 0.25 ppm Cu in solution to be toxic. These results

were confirmed for a number of plant species in later years. Aside

from historical purposes it is useful to consider the levels of

solution Cu used by the various workers.

Arnon and Stout (1939) demonstrated that Cu could not be replaced

as a nutrient by some other element by adding a wide range of

elements. Adding .002 mg of Cu as CuSO4 per tomato plant prevented

the development of deficiency symptoms. They also sprayed the leaves

of young tomato plants showing deficiency symptoms with an 0.02 ppm

Cu solution and brought about complete recovery. Particular attention

was paid to deficiency symptoms and Cu uptake of tomato plants grown

in solutions of 0, 0.01, 0.05, and 0.1 ppm Cu as CuSO4. The 0 (zero)

level treatment was purified to contain less than 5.00 ppb of Cu.

Inward rolling of leaf margins, blue-green color, chlorosis and

necrosis developed in mature leaves only on plants to which no Cu

was added. The plants receiving 0.01 ppm Cu appeared normal but

growth was restricted. The optimum level for top growth was 0.05 ppm

Cu. Piper (1942) had also used solution culture to investigate

Cu deficiency of tomatoes as well as other crop species. He reported

that 0.003 ppm Cu improved growth but was still not sufficient for

oats, wheat, ryegrass, flax, tomato, and alfalfa. There was no
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deficiency when the solutions contained 0.1 ppm Cu. Oats showed

symptoms of toxicity at a level greater than 0.25 ppm Cu.

The next stage of research on the essentiality of Cu for plants

involved finding its physiologic or metabolic role. Sommer (1945)

reviewed the then current knowledge concerning the role of Cu. A

number of workers had found correlations between Cu and the chlorophyll

content of plants. It had been suggested that Cu was involved in

chlorophyll synthesis either directly or indirectly through general

metabolism or through a protective mechanism. The major lines of

evidence involved observations of plants grown with and without

sufficient Cu. However, enzyme research was to provide the most

definitive evidence in Cu metabolism. Among the important Cu-protein

complexes are ascorbic acid oxidase, poly-phenol oxidase, tyrosinase

(0-phenolase), laccase (p-phenolase), cytochrome oxidase, and plasto-

cyanin. Extensive discussion on the discovery, properties, and role

of these and other Cu-proteins may be found in collections of papers

edited by King, Mason, and Morison (1965) and by Peisach, Aisen,

and Blumberg (1966). The latter work is particularly significant as

a comprehensive presentation of the role of Cu in biological systems,

both plant and animal. Perhaps of most importance to the requirement

of plants for Cu is its essentiality for the activity of cytochrome

oxidase and plastocyanin.
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Availability of Cu

Optimum production by the plant requires that essential nutrients

and other inputs be available in sufficient quantity for their meta-

bolic function. The presence of sufficient Cu in the plant tissue is

a result of an integrated system of physical and biological factors

and processes. This system includes soil factors controlling the

amount of Cu in the soil solution, the interface of the root with

the soil solution and consequent uptake, and factors affecting the

translocation and utlization Cu within the plant. It is convenient

to divide the literature into subject areas of soil processes and

plant processes including uptake.

An element may be unavailable to plants for two general reasons.

One is that the element may not be present in sufficient quantity, and

the second is that reactions and interactions in the soil may serve

to make it less available. Although Cu is required in low amounts

and widely distributed in the earth's crust, it is important to consider

total soil Cu. The distribution of Cu in soils may be viewed from

a geochemical standpoint as reviewed by Krauskopf (1972). The most

stable and abundant minerals of Cu are sulfides rather than oxides

or silicates. Igneous parent materials may have a wide range of

Cu contents with basalt being much higher in Cu than granite. Sedi-

mentary rocks may contain discrete grains of Cu minerals but very

high concentrations in shales indicates that Cu occurs primarily as

adsorbed ions. Parent material may have significant influence on the

Cu content of soils but regardless of parent material the product of

weathering is primarily Cu
2+

.
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In oxidizing and acid solutions Cu2+ will not precipitate but

forms many stable complex ions and molecules with common anions and

organic compounds. In alkaline solutions Cu2+ may precipitate as an

oxide, carbonate, or silicate. In reducing environments Cu2+ may

precipitate as Cu20, the native metal, or more probably as a sulfide.

Krauskopf (1972) concluded that precipitation is uncommon in soil

formation and that adsorption is the primary mechanism that removes

Cu from solution. Adsorption by quartz, Fe(OH)3, and particularly

by clay and organic matter serves to keep soil solution concentrations

of Cu low. Thus, although total soil Cu may be locally affected by

parent material and the solution environment, the chemistry of Cu in

soils is primarily concerned with adsorption.

Copper-Clay Systems

Initial studies of the relationship of Cu and Clay minerals

were by Bower and Truog (1940) who investigated the property of most

polyvalent cations to combine with clays in greater quantity than

the base exchange capacity on a chemically equivalent basis. They

explained this finding as the ability of polyvalent cations to form

basic exchange salts by hydrolysis of the saturating ion. In the

case of Cu, approximately twice as much Cu was exchanged as were mono-

valent cations on a milliequivalent basis. This hypothesis was

advanced by Menzel and Jackson (1950) who found sorption of hydroxy

cupric ions to be increased by increasing the Cu concentrations or by

increasing the solution pH. The process was more pronounced with

kaolinite than montmorillonite. DeMumbrum and Jackson (1950a) found
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that Ca-montmorillonite accumulated significant quantities of Cu

from very dilute neutral solutions and appeared to have an increment

of exchange capacity that is specific for cations such as Cu and Zn.

Infrared adsorption data indicated that Cu reacted with the structural

hydroxyls of clays accounting for at least a portion of the additional

increment of exchange capacity (DeMumbrum and Jackson, 1956b).

Bingham, et al. (1964) concluded that excess retention

of Cu was due to the precipitation of Cu(OH)2 in the clay system.

They felt that the contribution of the hydroxy cation was insignifi-

cant and that where the pH was too low for Cu (OH)2 formation,

adsorption was equal to the exchange capacity. The more recent

findings of McBride and Mortland (1974) support the view that the

apparent excess Cu adsorption is due to precipitation of Cu(OH)2

or retention in acetate systems. At ambient temperature Cu was

hydrated on clay interlamellar surfaces and when heated the dehydrated

Cu moved into hexagonal holes of the lattice. Reaction of Cu with

structural hydroxyls was deemed impossible. These findings are

consistent with the thermodynamic data of El-Sayed et al.

(1970) who found a more ordered structure of Cu on the clay surface

due to structural hydration. The present conclusion is that Cu

behaves similarly to other divalent ions and that excess adsorption

in soils is due to precipitation of Cu(OH)2.

In addition to adsorption and exchange reactions of Cu with

clay, some attention has been given to the mobility of Cu in clay

systems. Ellis et al. (1970) determined the diffusion

coefficients of Cu in several clays and at various concentrations.
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The diffusion coefficients varied in the order kaolinite> illite

> montmorillonite > vermiculite. With various anions present the

order of diffusion coefficients was CuC12 > Cu(NO3)2 > CuSO4 > Cu(OAc)
2

with the respective coefficients being 9.5, 8.3, 6.9, and 2.7 x 10 -7

cm
2

sec
-1

respectively at a Cu concentration of 0.5 meq/g of mont-

morillonite. An estimate was made of diffusion in the liquid and

adsorbed phase. Subsequent work by Phillips et al.

(1972) showed that Cu diffused mainly in the adsorbed phase in

Ca-dominated kaolinite and montmorillonite, particularly at low Cu

concentrations. Although clay undoubtedly plays an important role

in the Cu status of the soil solution, it is probably of greater signi-

ficance to investigate the role of organic matter.

Copper-organic Matter Systems

The organic component of soils is a complex system. It is a

dynamic mixture of organic structures and compounds derived from

organisms in various stages of decomposition. To understand the

reactions of Cu with this system will require a detailed knowledge

of the processes and organic structures involved. At present a

great body of literature exists but this research is far from complete.

Lacking precise and detailed information a number of operational

concepts have been developed based on gross characteristics. These

operational definitions have undergone considerable refinement and

provide the basis for speculations about the role of organic matter

in the soil.

The term humus was used by the Romans to designate the soil as
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a whole. Humus has since come to designate a variety of concepts

relating to soil organic matter, most commonly the total of organic

components of the soil. Though vague, even early workers realized

that humus was associated with decomposition of plant material either

chemically or microbiologically. The term humus has also been used

to designate various extracts or preparations of organic matter and

humification refers to theories as to their formation. Although

ideas related to humus and humification have provided the operational

definitions of soil organic matter a great deal of confusion has

resulted.

The subject of humus was extensively reviewed by Waksman (1938),

serving to bring the subject into the twentieth century. His defini-

tion of humus was "a complex aggregate of brown to dark colored

amorhpous substances, which have originated during the decomposition

of plant and animal residues by microorganisms ..." consisting "of

certain constituents of the original plant material resistant to

further decomposition; of substances undergoing decomposition; of

complexes resulting from decomposition; ... and of various compounds

synthesized by microorganisms." A number of workers had fractionated

humus based on its solubility in dilute alkali, reprecipitation with

acid, and extraction with other reagents. Some viewed these prepar-

ations as specific components of humus. Waksman viewed humus as a

mixture of nonspecific compounds such as celluloses, proteins, fats,

and waxes. He sought to characterize humus based on proximate analysis

for these substances. These concepts were widely accepted but con-

tinued research led to a great deal of criticism.
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More recent discussion by Kononova (1966) outlines the present

operational model of soil organic matter. The total organic matter

of soil is divided into two main groups. The first group consists

of substances of non-specific nature belonging to the well known

groups of organic chemistry such as proteins and their derivatives,

organic acids, fats, waxes, lignins, and carbohydrates. These com-

pounds arise from the decomposition of organic residues, products of

their decomposition and products of microbial resynthesis. Biochemicals

comprise a very diverse group of compounds, often in negligible

amounts, which taken as a group amount to 10-15% of the total

soil organic matter. The humus or humic substances comprise the

second general grouping of soil organic matter and account for 85-90%

of the total.

Humic substances are not related to any of the groups of organic

chemistry and yet are a consistent feature of all classes of soil

organic matter. In spite of extensive study little is yet known about

this group of compounds with respect to their nature, structure, and

origin. A traditional classification of humic substances has developed

based on their solubility in various solvents. Three major groups

are humic acid which is soluble in alkali but insoluble in acid, fulvic

acid which is soluble in both alkali and acid, and humin which is in-

soluble in both alkali and acid. The classification is not satis-

factory but does provide a basis for discussion. Humic acids are

high molecular weight compounds with a common form of structure though

not identical with one another. The molecules are formed by the

condensation of polyphenol type aromatic compounds with nitrogen
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containing compounds from protein decomposition and possibly reducing

compounds of carbohydrate origin. A general structural form has been

established but the amount and arrangement of structural units has not

been established. It has been found that the humin fraction of humic

substances is very similar if not the same structure as humic acid.

Humins form very strong linkages with the mineral portion of the soil

rendering them insoluble in alkali. This tendency may be a manifesta-

tion of humic acids with a relatively simpler, lower molecular weight,

structure. Fulvic acids are thought to have structures similar to those

of humic acids but with weakly expressed aromatic rings and a predom-

inance of side chains. They may represent simpler or less mature humic

acids. At the present point in research it appears that soil humic

substances represent a system of polymers with a range of properties

but with similarities of structure and origin.

A wide range of characteristics is possible within the humic acids

depending upon the nature of the original compounds, the varying ratio

of the reacting substances and the conditions of the medium. The nature

of humic acids are closely related to particular soil types and may

possess classifiable genetic characteristics. Of particular interest is

the ratio of aromatic to aliphatic structures which affects, among other

properties, behavior toward electrolytes. For example, humic acids from

podzolic soils have a predominance of aliphatic groups while those from

chernozems (mollisols) contain clearly expressed aromatic rings. It is

of interest to note that peat soils contain a large proportion of in-

completely humified plant residues. A distinct system of humic acids are

present which after a longer period of agricultural use, develop quite
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Peat and muck soils are formed from accumulations of plant material

in anaerobic environments. Numerous terms are used to describe organic

soils as outlined by Allison (1973). Peat usually refers to deposits

containing more than 35 % organic matter which tend to be coarse

and fibrous and retain identifiable portions of the original vegeta-

tion. A muck soil is taken to be one which contains more than 35%

organic matter and in which plant origins are not identifiable. Muck

soils are usually formed through drainage and subsequent oxidation of

peat deposits. Obviously a wide range of deposition conditions exist

which results in wide variations in the resulting soil. The special

nature of these soils must be taken into account when comparing metal

reactions in them with those of soil organic matter formed in aerobic

environments. With improved knowledge about soil organic matter and

particularly humic substances it will be possible to predict with more

certainty their behavior toward Cu.

The occurrence of Cu deficiencies in organic soils had led to

intuitive conclusions that soil organic matter might be relatively

more important than clay in the retention of Cu in soils. Some evidence

to this effect was reviewed by Hodgson (1963). He noted that the micro-

nutrient content and solubility were often found to be correlated to

the organic matter content. Removal of organic matter often decreases

the reactivity of heavy metals in soils. Wei (1958) found that Cu

added to soil was first adsorbed by the organic matter and then by

the clay fraction. Further evidence of the importance of organic matter

comes from investigations of the nature of its reactions with Cu.
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Studies with various extractants for organic matter led Bremner et

al. (1946) to conclude that at least a portion of the Cu and other poly-

valent metal cations in soils existed as insoluble metalo-organic com-

plexes. Extractants which formed coordination complexes with polyvalent

metals also were successful at solubilizing organic matter. These

findings led numerous workers to explore the nature of Cu complexing by

soil organic matter. A series of papers by F. E. Broadbent and his co-

workers are indicative of this interest. Broadbent and Bradford (1952)

methylated functional groups in organic preparations and proposed that

the majority of these groups are carboxyls and phenolic and enolic

hydroxyls. Broadbent and Ott (1957) reported spectrophotometric evi-

dence of chelate formation in dilute solutions of CuSO4 and soluble

organic matter. The degree of complexing depended upon the cation con-

centration, pH, nature of the cation, and the time of contact. Complexes

of Cu were much more stable than those cf the alkaline earths. The

results of leaching Cu or Ca saturated chromatography columns with HC1

were reported by Broadbent (1957). Four elution peaks were found for Cu

as opposed to two for Ca suggesting that Cu complexed with some groups

with which Ca did not. A broad initial peak was due to carboxyl reten-

tion. A study by Lewis and Broadbent (1961a) using synthetic resins to

model carboxyllic and phenolic compounds showed that Cu was absorbed as

CuOH
+

by the carboxyl groups and phenolic groups generally complexed

Cu
2+

. Additional work utilized selective methyllation of functional

groups in preparations of soil organic matter (Lewis and Broadbent,

1961b). Retention was apparently as Cu2+ by some sites and as CuOH+

by other sites. It was suggested that steric relationships were respon-
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sible for adsorption of Cu0H+ by some phenols. The most acidic sites

were believed to retain CuOH+ in preference to Cu 2+
. These reactions

were primarily controlled by pH. A minimum limiting pH was found below

which no further adsorption took place.

Other evidence of the nature of Cu-organic matter preparations was

found by several investigators. Martin and Reeve (1958) found no evi-

dence of complex formation between Cu and organic matter using titri-

metric methods. They questioned the formation of simple bidentate

complexes and proposed that stearic factors, electrostatic properties,

and reaction with Fe and Al played a major role in metal binding in

organic matter. Beckwith (1959) responded to these questions with titri-

metric evidence on organic matter from which Al had been removed. His

titration curves suggested that complex formation took place with car-

boxyl and phenolic or hydroxylic sites. Potentiometric titration of

organic preparations by Khanma and Stevenson (1962) showed the formation

of stable metal complexes with Cu, probably with acid groupings. Evi-

dence of the formation of heterocyclic ring compounds was not found.

Ong and Bisque (1968) cited evidence that coagulation and surface

adsorption may be responsible for much of the interaction of metals

with organic matter often attributed to complex formation. Pavel (1959)

reported spectrophotometric evidence that Cu formed at least one type

of complex with soil organic matter. Davies et al. (1969) found that

washing peat with acid removed most of the Cu they had added but that

the strength of binding increased as the Cu content decreased. The Cu

retention capacity decreased by approximately one-half upon blocking

of carboxyls, hydroxyls, or both.
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Beginning in the early 1960's considerable data came from a

series of studies at the laboratory of M. Schnitzer in Canada. Much

of this research was summarized in a review by Schnitzer (1969) in

which he noted the potentially great impact of organo-metallic com-

plexes in soils and plants. Organic matter from the B
h
horizon of

a podzol soil was extracted and characterized (Schnitzer et al., 1959).

Schnitzer and Skinner (1963) used titrimetric, spectrophotometric and

flocculation methods to investigate the reactions of this organic

matter with polyvalent cations. Copper formed water soluble 1:1

molar ratios with organic matter at pH 3 and 2:1 molar ratios at

pH 5. The complexes became more water insoluble as more metal was

complexed. By selectively blocking functional groups of organic matter

Schnitzer and Skinner (1965) found that acidic carboxyls and phenolic

hydroxyls contributed significantly to Cu retention. Less acidic

carboxyl groups made a minor contribution to metal retention and

alcoholic hydroxyls did not contribute. As an extension of this

research Schnitzer and Skinner (1966) determined the stability constants

of their fulvic acid with Cu, Fe, and Zn. The order of stability of

the metals was Cu> Fe> Zn. The log K value of the Cu-fulvic acid

complex was 5.78 at pH 3.5 and 8.69 at pH 5.0 using an ion exchange

technique. In addition to this study, the stability of Cu complexes

with soil organic matter has been investigated at other laboratories.

Several methods have been used to determine the stability constants

of Cu complexes. Methods used include ion-exchange equilibrium,

potentiometric titration, spectrophotometric measurements, liquid-

liquid partition, polarographic measurements and replacement of one
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ligand by another. These methods have been carefully reviewed by

Stevenson and Ardakani (1972) and by Schnitzer and Khan (1972). The

most extensive study of the stability of metal-organic matter complexes

is that of Schnitzer and Skinner (1966) cited above. Earlier work

by Coleman et al. (1956) yielded an average K value for Cu-peat

complexes of 3.2 x 10
6

(log K = 6.51).

Some important implications of this stability constant data were

reviewed by Stevenson and Ardakani (1972). Although some investigators

had found discrepencies with the stability series proposed by Irving

and Williams (1948), in all cases studied the stability of Cu com-

plexes was higher than that of other micronutrients. It also appeared

that stabilities reported for metal complexes with humic substances

were generally lower than those of the same metals with commercial

chelating agents (e.g., DTPA) and with many naturally occurring bio-

chemical compounds. High stability of Cu complexes of these biochem-

icals such as amino acids and simple hydroxy acids would have great

influence upon the mobility of Cu in soil solutions.

The movement of Cu into the plant root requires that sufficient

quantity be in the soil solution. There is evidence that soluble

organic matter complexes with Cu and serves to release it from insol-

uble fractions and facilitate movement to the plant root. Soluble

organic compounds include fulvic acid and the non-specific biochemicals.

These organic compounds and their metal bonding were reviewed by

Mortensen (1963). Among the compounds present which chelate metals

are organic acids, amino acids, organic phosphates, chlorophyll

compounds, polysaccharides, prophyrins, phenolic compounds, and
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auxins. Compounds exuded from the root itself may also serve as

chelates and increase the solution concentration of Cu. EXudates

include sugars, amino acids, vitamins, organic acids, and enzymes

(Rovira, 1969). The effect of soluble organic matter on the release

of nutrients is difficult to assess. A technique that may prove use-

ful involves the release of metal ions from a gel into a stream of

solution containing the chelating agent in question (Hodgson et al.,

1967). 3lgawary et al. (1970) used a simulated plant root to show

mobilization of Zn. Sophisticated techniques were used to determine

the extent of complexing of Cu in soil solution. Hodgson et al. (1965)

used liquid-liquid partition of soil solutions from several mineral

soils. They found that over 99% of the Cu may have been in the

complexed form. In a following study Hodgson et al. (1966) confirmed

that 98 to 99% of the Cu in displaced soil solutions was in complexed

form. As a comparison less than 75% of the Zn was complexed. Geering

and Hodgson (1969) studied acid dissociation and stability constants

of dialysis products of concentrated soil solution. The nondialyzable

fraction, tentatively identified as fulvic acid, was most effective

in complexing Cu. It had a poorly defined acid dissociation constant

of from 3 to 4.7 and an average formation constant (log10) of 5.5.

The dialyzable fraction had acid dissociation constants of 4.5 to

9.5 which were attributed to aliphatic and amino acids respectively.

Both fractions had an average metal/ligand ratio of unity. This

work established the nature of groups complexing Cu in a soil and

the great importance of organic complexes in the behavior of Cu in

soil solution.
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Information regarding Cu-chelate formation and action in soil has

been gained in part through the use of synthetic chelating agents.

The discovery that chelates increased the availability of metals in

soil generated interest in their use to alleviate crop deficiencies.

Reference to agricultural uses of chelates may be found by Wallace

(1962), Lindsay et al. (1967), and Brown (1969) among others. Chelat-

ing agents are also finding wide usage in research methods. Norvell

(1972) listed diagnostic extractions, selective dissolution and

fractionation of mineral phases, and studies of the solubility and

exchange relations of micronutrient metals. He also presented exten-

sive graphic data on equilibria of micronutrient metals and a variety

of chelating compounds. Chelates of Cu were generally more stable

than chelates of Zn. Cu chelates became less stable at lower pH with

two exceptions. Data indicate that the Cu
2+

concentration in some

soils could equal (H+)2 x 103 with a maximum of 10-6 M. Studies of

the stability of Cu chelates of EDTA (ethylenediaminetetraacetic

acid) and DTPA (diethylenetriaminepentaacetic acid) had been carried

out by Norvell and Lindsay (1969, 1972). Both are amino-polyacetates

which form stable Cu chelates, especially near neutral pH. At

extremes of pH, Cu is replaced by Fe or Ca. Formation constant data

for these and other chelates may be found in Norvell (1972) and Sillen

and Martell (1964, 1971).

The mechanisms involved in transferring metals from chelates to

the plant is not well known. Roots are able to remove Fe from chelat-

ing agents and may be in a competitive relationship with chelating

agents (Brown, 1969; Hodgson, 1968). It has also been found that
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intact metal complexes can be taken into the plant (DeKock, 1955;

Chaney et al., 1972). It is not known if uptake of intact complexes

plays a significant role in plant nutrition.

A number of factors controlling the mobility of micronutrient

metals have been combined into a transport model by Hodgson (1969).

An important contribution to the theoretical treatment is the role of

soluble organic matter in increasing the metal solubility. The model

also considers the effect of competing ions, absorption by the root,

equilibrium with the solid phase, convection and diffusion, and

competition of the root with the chelating agent. This model has been

verified using corn plants and is a significant contribution to under-

standing of the mineral nutrition of plants.

Soil Diagnostic Procedures

A soil diagnostic procedure must provide a measure of plant-

available Cu which will correlate with uptake by the plant and the

resultant yield level. This measure should be useful for predicting

not only deficiency, sufficiency or excess of Cu but for extrapolating

data of field experiments to expected benefits of corrective procedures.

The previous discussion has shown that Cu is often in forms of low

solubility in the soil due to adsorption and complex formation. Much

of the Cu in stable forms may not be readily available for plant

uptake. A soil test should quantify the Cu in the soil solution plus

an added increment of the unsolved Cu. This added increment should

correspond to the Cu which may be solubilized within the spatial and

temporal periods of plant demand. Solubilization may occur in response
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to concentration gradients established by uptake, degradation of

humic substances, and chelation by soluble organic compounds.

Cox and Kamprath (1972) reviewed the methods that have been used

to measure available Cu. They classified these methods as bioassay,

water soluble and exchangeable, dilute acids, and chelating agents.

Specific methods for a number of these extracts were published by

Fiskell (1965). The methods given are for NH4NO3, acid NH40Ac

(ammonium acetate), dilute HC1, and citrate - EDTA. Several compari-

sons of various extracting methods have been made. Kruglova (1962)

concludes that the weakest extractants were the most successful in

predicting plant available Cu, particularly hot water. He used hot

water, KC1, HNO3, HC1, Ca-lactate and a mixture of acetic acid and

Na-acetate. Blevins and Massey (1959) found a highly significant

correlation between EDTA and dithizone extractable Cu and Cu uptake

by millet on 34 Kentucky soils. They concluded however, that neither

method was sufficiently accurate to measure the Cu-supplying power

of soil. Grewal et al. (1969) found 1N NH40Ac to be a better estimator

of Cu responses than acids or EDTA.

Considerable interest has been generated in the use of chelating

agents for soil testing procedures. Among those already mentioned

are citrate - EDTA, dithizone, and EDTA. A soil test procedure for

Cu, Zn, Mn, and Fe deficiencies using DTPA was reported by Lindsay

and Norvell (1969). The DTPA soil test was successful in Colorado

and has come into widespread use, particularly in the Western United

States. The extracting solution contains 0.005 M DTPA, 0.01 M CaC12,

and 0.1 M TEA (triethanolamine) adjusted to pH 7.3 with HC1. The
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use of DTPA and the pH were selected based on investigations of Cu-

chelate stabilities by Norvell and Lindsay (1972). Follett and Lindsay

(1970) reported results of using DTPA to predict deficiency of Zn and

Fe although Cu deficiency was not studied. The Cu extracted with DTPA

was highly correlated with total soil Cu and correlated with organic

matter content at the 5% level. This soil test also gave favorable

results as an indicator of residual response to Cu fertilization in

a greenhouse study (Follett and Lindsay, 1971). A DTPA extract was

used by Lopez and Graham (1970) to determine the labile pool of Cu in

the soil. DTPA was also used by Baker (1973) in a proposed soil test-

ing procedure utilizing ionic equilbria of several elements with the

soil. The extracting solution contains a quantity of the element to

be determined and measures its partition between the solid and solution

phases.

Measurement of total soil Cu is not generally considered a

viable means of predicting plant responses. Kruglova (1962) deter-

mined total Cu in a variety of soils by digestion with HF and H2SO4.

Measurement of total Cu was described by Fiskell (1965) using H202

for oxidation of organic matter followed by digestion with HF in

conjunction with HNO3, HCl04 and H2SO4. A procedure with these acids

was also used by Follett and Lindsay (1970).

Correction of Cu Deficiency

Prior to the establishment of Cu as an essential nutrient for

plants, Cu materials had been used to correct various "disorders".

The most common of these was Bordeaux mix, a mixture of CuSO4 (or
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CuSO4 . 5H20) and lime (Lutman, 1916; Floyd, 1917; and Cook, 1923).

Responses to soil applied CuSO4 were reported by Allison et al. (1927)

and Felix (1927) on organic soils. Felix (1927) and Bryan (1929)

showed responses to foliar applications of CuSO4. Since the essential-

ity of Cu was established a number of papers have been published

concerning fertilization with Cu. Of particular interest to this

report is work with the cereal grains.

Responses of cereal grains to Cu fertilization were measured by

Lucas (1948a). The Cu contents of barley, oats, and wheat were 10,

11, and 8 ppm respectively without Cu, increasing to 14 ppm Cu for

barley, 15 ppm Cu for oats, and 12 ppm Cu for wheat with 112 kg

CuSO4/ha. Most plants showing deficiency had about 5 ppm Cu except

barley and oats which had 10 ppm Cu or more. The Cu levels were

measured in mature plants colorimetrically. No details of the digestion

procedure are provided. Yield response of wheat to Cu applications

of 6 kg/ha were reported by Younts and Patterson (1964.) on high organic

matter soils. Copper applications did not increase the Cu content of

the plant, particularly when the pH was increased above 5.1. However,

Bridger et al. (1962) found no decrease in Cu uptake from liming both

mineral and organic soils. Reith (1968) corrected Cu deficiency

in oats with applications of 11-22 kgCu/ha and reported that the resi-

dual effect of fertilization might last up to 8 years. Research on

Cu fertilization in Michigan was reviewed by Murphy and Walsh (1972).

An interesting concept is the classification of the responsiveness of

various crops to Cu fertilization as high, medium and low. Barley is

classified as having medium response while wheat and oats have high
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responsiveness.

To date CuSO4 is the most commonly used Cu fertilizer material.

Other materials used include CuO and Cu90, coated granular fertilizers,

fritted Cu preparations and Cu chelates. A number of materials were

compared by Kretchmer and Forsee (1954) including CuO and CuSO4.

Essentially no difference was found between CuO and CuSO4 with respect

to yield increases of plant analysis results. This was true of the

Cu compound applied by itself or with various mixed fertilizers and

at rates of 12 and 24 lb Cu/A. Bridger et al. (1962) found Cu(NH4)-

PO
4
.H

2
0 to be effective for soil or foliar applications on a number

of crops. Fusions of Cu compounds with S were investigated by

Sharpee et al. (1969). Yield responses were not found but the materials

did increase plant Cu contents. Organic sources of Cu were reviewed

by Murphy and Walsh (1972) including Cu EDTA, Cu-ligninsulfonates and

Cu polyflavinoids. They note that organic sources are particularly

adapted to foliar application. Application rates for cereal crops

of about 75g Cu/ha in 185 liters of H2O are recommended. Soil applica-

tion rates range from 1 - 5.5 kg/ha. Treatment of seed with Cu was

also reviewed as an alternative to soil or foliar applications.

Russian workers have had successful results with treating seed

by dusting or soaking. Saric and Saciragic (1969) increased the

yield of oats by soaking the seeds in a 0.001% CuSO4 solution for

24 hours followed by a three day drying period before planting.
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MATERIALS AND METHODS

Field-Plot Experiments

In 1973 and 1974 a series of field-plot experiments was established

in the Klamath Falls area to investigate Cu fertility needs and methods.

The specific objectives were:

1. To determine the response of plants to Cu fertilization

on organic soils.

2. To compare the response and uptake of barley, oats,

triticale, and wheat.

3. To examine the Cu content of plants at different stages

of maturity.

Two experiments established in 1973 imposed variable rates of Cu

fertilization on four cereal grains; barley, oats, triticale, and

wheat. One of these was on the Lower Klamath lake plot area of the

Klamath Branch Experiment Station. The other was located on the

Agency Lake acreage of Tualana Farms. This latter experiment was

replanted to oats in 1974 to measure the residual effect of Cu

fertilization. An additional experiment in 1973 was designed to

measure the effect of P fertilizer materials containing Cu on Cu

uptake. Two experiments in 1974 again imposed variable rates of Cu

fertilization on four cereal grains. '.ach experiment will be described

individually.

Lower Klamath lake 1973

This field-plot experiment compared the uptake of barley, cats,
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triticale, and wheat with four levels of Cu fertilization. The

experiment was located at the grazing plot area of the Klamath Branch

Experiment Station approximately 2 miles northeast of Worden, Oregon

on the east side of U.S. highway 97. This location will be referred

to as Lower KES. The elevation of the area is approximately 1250 m

(4100 ft.). The mean annual precipitation is 25 to 36 cm (10 - 14 in.)

with a frostfree season of 90 to 120 days. The average annual air

temperature is about 8° C (Cahoon and Simonson, 1969). The soils of

the area known as lower Klamath lake were formed in recently deposited

lake materials including organic matter, diatomaceous deposits, vol-

canic ash, sand, and silt. The area was covered with shallow water

until reclamation began in the 1930's. The area is drained by diking

and pumping. The primary usage of this area is for growing small

grains and improved pasture. The acreage of soils of this type in

Klamath county may total more than 22,000 hectares (54,000 A). Analysis

data for this soil are given in Table 1. Significant characteristics

are the alkaline pH and 50% organic matter content. This soil would

be a borohemist under the present classification system. No series

designation has been assigned.

Table 1. Soil Analysis Data from Field Plot Areas

mmho ppm
% meg/100g x 103 DTPA Total

Soil DH OM P Ca ME K Na Ec Cu Cu

Lower KES 8.5 51 64 75 41 2.06 4.1 0.9 1.6 28.0

SW Dunn 8.5 35 33 51 28 0.64 5.0 1.9 2.6 26.8

Agency 5.0 75 3 24 6 1.00 0.5 0.4 4.8 33.1
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A split-block design was used for this experiment. The variable

was four levels of Cu (0, 11, 22, and 45 kg Cu/ha) applied to barley,

oats, triticale, and wheat with four replications. The plot area was

77 m long by 16.5 m wide with 2 m borders between replications and

between Cu treatments. Copperwas broadcast as CuSO4.5H20 each of four

segments of each replication and rototilled into the soil. Wheat, oats,

barley, and triticale were seeded in 2 m drill strips across the Cu

treatments on 8 May. The grain species and Cu treatments were random-

ized within each replication. Individual plots were 2 M wide by

7.5 m long. A list of treatments is given in Table 2.

Table 2. Copper Treatments Applied to Barley, Oats,
Triticale, and Wheat at the Lower Klamath

Experiment Station in 1973

Treat.
No.

Treat.
kgCu/ha*

4
0

2 11

3 22

4 45

All treatments were applied to barley, oats, triticale,
and wheat in four replications.

Cu was broadcast as CuS0
4
.5H

2
0

Response to Cu was evaluated by taking plant samples from each

plot at three stages of growth. Plant tops at tillering stage were

taken on 6 June, leaves at jointing-preboot on 28 June, and flag leaves

at flowering on 12 July. The Cu content of whole plants was compared
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with that of leaves by also sampling leaves from two replications

on 6 June. The plant samples were analyzed according to procedures

give in the section on plant analysis.

Agency Lake 1973 -7k

This field experiment was very similar to the one established

on Lower Klamath Lake in 1973. The purpose of the experiment was

to evaluate the response of cereal grains to fertilization with Cu.

An additional objective was to investigate the residual effect of Cu

fertilization. The experimental area was on an area of peat soil near

Agency Lake approximately 35 miles north of Klamath Falls. The area

was drained and put into production in 1968 by Tulana Farms.

The soils in this location are formed from lake material deposited

in shallow water. The soil is fibrous peat (borofibrist) with 70 to

80% organic matter and a pH of from 5.0 to 6.0. Average values of

analysis of several soil samples from this plot area are given in

Table 1. A tentative series name of Yamsay has been given to histo-

sols in this area which may apply to the location of the experiment.

The Yamsay soil is described as stratified muck and peat containing

recent diatomaceous sediments. In most places a substratum of white

pumice ash occurs below 1.5m (Cahoon and Simonson, 1969). The Yamsay

tentative series may comprise over 14,000 hectares (35,000 A) around

Upper Klamath Lake and at Klamath Marsh. Associated soils formed

primarily in diatomaceous sediments with muck and peat may equal

nearly 12,000 additional hectares. The area was recently drained by dik-

ingand the water table level is maintained by pumping. The elevation
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is approximately 1250 M (4100 ft.). Mean annual precipitation is

41 to 61 cm (16 - 24 in.) and the mean annual air temperature is

about 5.5° C. The frostfree season is often less than 50 days and

killing frosts may occur at any time.

The experiment was a split-block design on an area 110 m long

by 76 m wide. Grain species whole unit treatments were applied to

the area as a randomized complete-block design. Copper subunit

treatments were then applied across the whole units randomized for

each replication. A summary of treatments is shown in Table 3. The

long dimension was divided into five replications of 22 by 76 m.

Each replicate was divided into five segments 15 m wide by 22 m long

to which five levels of Cu were applied at random. The levels of Cu

applied were 0, 6, 11, 22, and 45 kg Cu/ha as CuSO4.5H20. The CuSO4 was

broadcast and rototilled into the soil. Barley, oats, triticale,

and wheat were seeded in strips 5.5 m wide by 76 m long across the

Cu treatments on 8 May. The plots froze in mid-June and were replanted

on 26 June.

The response of the small grains to Cu fertilization was evalu-

ated by analyzing plant tissue samples taken at three stages of growth.

Leaf samples were taken at tillering on 12 July, top leaves at joint-

ing on 24 July, and flag leaves at flowering on 9 August. The plant

tissue was analyzed according to procedures given in the section on

plant analysis.

An objective of this experiment was to investigate the carry-

over effect of Cu fertilization. The plot area was rototilled and

seeded to oats on 8 May 1974. The initial seeding failed to due to
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frost damage and was reseeded on 26 June. Plant samples were taken

from each Cu variable plot on 26 July and on 15 August. The plant

tissues were analyzed by the Procedures in the section on plant

analysis.

Table 3. Copper Treatments Applied to Barley, Oats,
Triticale, and Wheat at Agency Lake in 1973

Treat.
No.

Treat.*
kgCu/ha

1 0

2 6

3 11

4 22

5 45

All treatments were applied to barley, oats,
triticale, and wheat in five replications.

Cu was broadcast as CuS0
4
.5H

2
0

Copper Source 1973

A number of Cu sources exist which may be used to correct Cu

deficiency in plants. An experiment was designed to compare the

effectiveness of Cu
2
0 and CuSO4 in conjunction with several P ferti-

lizer materials. The plot area was adjacent to the Agency Cu experi-

ment described previously and the same soil conditions apply. Nine

treatments were randomly applied to five blocks in a randomized

complete block design. The treatments used are summarized in Table 4.

Treatments number 1 and 9 are Cu check treatments with no Cu added.
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Treatments 2 through 5 were granular ammonium polyphosphate (15-62-0)

and triple superphosphate (0-46-0) coated with Cu20 or CuSO4 by the

Tennessee Valley Authority. Treatment 6 was a starter mix of

6-20-20 fertilizer containing 2.5% Cu used by Tulana Farms. Treat-

ment 7 was a fritted Cu-phosphate mixture containing 35% Cu and 50%

P205. Treatment 8 consisted of CuO with monocalcium phosphate

(0-20-0). Appropriate quantities of each material were applied to

supply 6 kgCu/ha. Concentrated superphosphate (TVA 0-46-0) and

NH4NO3 were added to bring the total addition to 128 kg P205/ha

and 3 kg N/ha. All treatments were banded at seeding of oats on

8 May. Due to freezing the plots were reseeded on 26 June. Response

was measured by analyzing plant tissue samples following the procedures

in the section on plant analysis. Leaf samples were taken at the

early seedling stage on 12 July, at tillering on 24 July, and at

the boot stage on 9 August.

Table 4. Copper Sources Applied to Oats at Agency Lake in 1973

Treat. P Source
No.

Cu Source % Cu Material
Applied

Added P
2
0
5

as TSP

1

kg/ha kg/ha

2 APP CuS0
4

2.5

3 APP Cu
2
0 3.5 32

4 TSP CuSO4 2.7 40

5 TSP Cu
2
0 3.2 50

6 6-20-20 2.5 83

7 Frits 35.0 16 120

8 0-20-0 CuO

9
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Lower Klamath Lake 1974

An experiment was established on Lower Klamath Lake in 1974 as

a continuation of the investigation of soil fertility problems in

this area. The experiment included N, Mn, and Cu variables applied

to barley, oats, wheat, and triticale in a split-plot randomized

complete block design. The methods and results of this experiment

were discussed by Kalayci (M. Kalayci, 1975, Effect of N, Mn, and

Cu treatments on nutrient uptake by barley, oats, wheat, and triticale.

M. S. Thesis. Oregon State University, Corvallis) in considerable

detail. For the purpose of this presentation three treatments in

the experiment will be reported. These Cu treatments were included

to complement the experiments established in 1973 and the work in

1974.

The experimental area was on Lower Klamath lake three miles

northeast of Worden and is referred to as the S. W. Dunn site. The

area is just north of the Lower KES site described earlier and most

of the soil information is similar. As Table 1 shows, this soil has

an alkaline reaction and 35% organic matter.

The split-plot experiment included 12 treatments shown in

Table 5 applied to barley with four of these also applied to whole

units of oats, wheat, and triticale. Three of the treatments applied

to barley are unconfounded Cu treatments. Two of these were also

applied to the other three cereal grains. A summary of these Cu

treatments is given in Table 5. The treatment combinations were

replicated five times. Individual plots were 1 .5by 9 m.
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Table 5. Copper Treatments Applied to Barley, Oats,
Triticale, and Wheat at Lower Klamath Lake in 1974

Treat. Treat.*
No. kgCu/ha

3 0

4 6

5

All treatments were applied to barley. Treatment
Nos. 3 and 4 were applied to oats, triticale, and
wheat.

34 kgN/ha as (NH4)2504 and 10 kgMn/ha as MnSO4
were banded at planting.

Cu was broadcast as CuS0
4
.5H

2
0

Preparation of the plot area consisted of a broadcast application

of 45 kg P
2
0
5
/ha as superphosphate and 101 kg K

2
0/ha as KC1, discing,

and injection of 90 kg N/ha as anhydrous ammonia. Broadcast treat-

ments including Cu were applied and incorporated with a rototiller.

Banded treatments were applied at planting on 7 May 1974. Plant

samples were taken as follows:

1. whole plants at early seedling stage on 10 June

2. leaves at tillering stage on 20 June

3. flag leaves at boot stage on 1 July

4. flag leaves at flowering on 29 July.

Each plot was harvested on 17 September and the grain was cleaned

and weighed.

Agency Lake - 1974

Investigation of the Cu fertility in the Klamath Area included
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two years of experiments at the Agency Lake site. In addition to

the 1973 experiment which also measured residual response in 1974

and the P source experiment in 1973, a field plot experiment was

established there in 1974. The objectives were to measure the response

of four cereal grains to Cu, K, and Zn. An additional objective was

to compare Cu20 and CuSO4 as sources of Cu for oats. The experiment

was a split-plot design with five blocks, four cereal grains as whole

units and six fertilizer treatments completely randomized within

the whole units. The oats whole unit was extended a distance sufficient

to provide for treatments of zero Cu, Cu20, and CuSO4 with five repli-

cations on one end of the plot area. A summary of the treatments is

given in Table 6. Treatments one, two, and three were designed to

measure the response of barley, oats, triticale, and wheat to levels

of 0, 6, and 11 kgCu/ha. Treatments four, five and six imposed variable

levels of K and Zn on the effect of Cu as compared to treatment three.

Treatment four vs. treatment three compared the 11 kg Cu/ha treatment

at two levels of K and treatment five vs. treatment three compared Cu

with two levels of Zn. Treatment six also imposed two levels of Zn

but at a third level of K.

The experimental area was 41 by 46 m in size. Individual plots

were 1.5 by 9 m. The area was disced prior to the application of

broadcast treatments. Treatments seven, eight, and nine received

broadcast treatments of (NH4)2SO4 at a rate of 100 kg N/ha and KC1

at a rate of 100 kg K20/ha. All Cu treatments were broadcast. The

area was then rototilled to incorporate the fertilizer. Treatments one

through six received a band application of 336 kg of 16-20-0 per
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hectare in addition to the K and Zn variables which were also banded

at seeding. Treatments seven, eight and nine received band applica-

tions of concentrated superphosphate (0-46-0) at seeding at a rate

of 146 kg/ha (29 kg P/ha). The area was seeded with barley, oats,

triticale, and wheat on 8 May 1974. The oats were damaged by frost

and were reseeded on 26 June.

Table 6. Treatments Applied to Barley, Oats, Triticale,
and Wheat at Agency lake in 1974

Treat.
No.

Cu*

Treatment
Zn* K

2
0

kg/ha

1 0 11 134
2 6 11 134

3 11 11 134
4 11 11 0

5 11 0 134
6 11 0 67

7 0 11 134
8 11(Cu20) 11 134
9 11(CuSO4) 11 134

Treatments 1 - 9 were applied to oats.
Treatments 1 - 6 only were applied to barley, triticale,
and wheat.

*
Cu and Zn were applied as CuSO4.5H20 and "Rayplex"
Zn chelate respectively.

The effect of Cu fertilization was measured by Cu analysis of plant

tissue. Foliar samples were taken from barley, wheat, and triticale

on 2 July and from all four species on 26 July. The 26 July sampling

of oats was of plants which had survived frost damage. The reseeded

oats were sampled on 1 August. Grain was harvested from barley, oats,

and wheat on 16 September, cleaned and weighed.
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Greenhouse Experiments

In an effort to extend field data on Cu availability of organic

soils, a greenhouse pot culture experiment was initiated. The objectives

of the experiment were to:

1. compare the Cu uptake of barley on selected soils

2. to correlate Cu uptake and yield with levels of Cu

application

3. to correlate Cu uptake with soil properties including

extractable Cu.

The soils tested are listed in Table 7 with pH, organic matter, and

the weight of soil used in each pot. Additional data are in Appendix

Table 3. Many of the soils used were from the plot areas described

in the previous section. Six samples from the Agency Lake plots

represent the top and second 30 cm depths of the zero Cu treat-

ment and the surface of the 6, 11, 22, and 45 kg/ha Cu treat-

ments. Two other samples were taken from nearby peat soils; one

with a shorter period of reclamation but with less-fibrous peat

(Agency 17) and one with a pasture cover (Hooper). Two soils

from near the mouth of Williamson River represent a gradation between

mineral and organic soils in the area (Swamp No. 1 and Swamp No. 2).

Five of the soils are from Lower Klamath Lake. Two samples are

from the zero and 45 kg Cu/ha treatments of the 1973 cereal

experiment. Two other samples from the Lower Klamath Exper-

iment Station ( Roundup and Rice Field ) were selected from areas to
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Table 7. Soils used for pot culture of barley in the
greenhouse experiments.

Soil
Identification

Depth
pH

Group

5.7
6.7
5.8
8.5
6.7

5.9
6.6
6.6
5.2
5.6

% OM
Weight of
Soil in potcm.

Mineral Soil
0-30
0-30
0-30
0-30
0-30
0-30
0-30
0-30
0-30
0-30

Hill Farm (KES)
Klamath Station
Redmond Station
Bartow
Platt
Walker
Wiley
Hyslop
Roseburg 3A
Roseburg 10A

0.9
1.0
2.2
2.7
1.4
1.6
2.2
3.6
3.6
4.3

3.o
3.0
3.0

2.0
3.0
3.0

2.5
3.o
2.5
2.5

Organic Soil Group
Agency 1-0 30-60 4.9 82.6 0.5
Agency 1-0 0-30 5.2 78.2 0.7
Agency 1-5 0-30 5.2 71.8 0.7
Agency 1-10 0-30 5.1 68.6 0.7
Agency 1-20 0-30 5.0 77..5 0.7
Agency 1-40 0-30 5.2 72.7 0.7
Agency 17 0-30 4.9 73.0 0.7
Hooper 0-30 5.9 78.4 0.8
Swamp No. 1 0-30 6.o 53.8 1.0
Swamp No. 2 0-30 6.1 30.8 1.2
Lower KES 0-30 8.3 45.8 1.5roundup)
Lower KES (Rice Field) 0-30 8.8 41.2 1.5
Lower KES - 0 0-30 8.4 51.5 1.5
Lower KES - 40 0-30 8.6 52.1 1.5
S.W. Dunn 0-30 8.5 35.1 1.5
Running Y 0-30 6.2 51.8 1.5
Burns OM 0-30 8.2 16.7 1.7
Burns Salty 0-30 8.5 13.0 2.0
Burns Salty 30-60 8.7 16.4 2.1
Freeway Peat 0-30 5.8 62.8 1.6
Kurth 0-30 5.5 52.7 1.6
Bibby 0-30 5.9 24.8 1.8
Clatskanie 0-30 4.5 26.1 2.0
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avoid the salt problems associated with the cereal experiment. The

Rice Field soil has not had Cu applied in the past. The S.W. Dunn

soil sample was from the 1974 cereal experiment. In addition to

these soils for which field data were available, other organic soils

from Oregon were sampled. Three soils samples from the Malheur

valley near Burns represented a high organic matter situation

and the surface and subsurface of a soil with high salt levels.

Three soils were from Lake Labish near Salem. The Freeway Peat

sample is from an area of raw peat. The Kurth and Bibby samples are

from onion fields where the organic matter is more oxidized and which

contain more mineral material. A soil sample from near the mouth

of the Clatskanie River is influenced by a more coastal environment.

with some estuarine characteristics.

A series of 10 samples was also collected from mineral soils. In

some cases the soils were suspected to have micronutrient deficiencies

but most were selected to provide a comparison to the organic soils.

The latter is true of the soils from the Hill Farm and Klamath

Experiment Station near Klamath Falls, the two samples of a "red

hill" soil near Roseburg, the soil from the Hyslop Farm near Corvallis

and the soil from the Redmond Experiment Station. The remaining four

samples are from the Central Oregon area near Redmond and are identified

by the name of the owner of the property from which they were collected.

Each of the 33 soil samples was brought to the greenhouse and

air dried if necessary. The organic soils were not dried completely

but stored in a moist condition. The soil was crushed with a roller,

roots and weeds were removed, and stored in a plastic bag until the
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pots were filled. Prior to storage each soil was subsampled for soil

analysis according to methods given in the appropriate section of this

paper. The results appear in Appendix Table 3.

The group of mineral soils was treated as a separate experiment

in the greenhouse. The experiment was a split-plot design with soils

as whole units and two levels of Cu as subunits with four replications.

Each of the 10 soils was weighed into 8 pots with a top diameter of

18 cm, a base diameter of 14 cm and a height of 16 cm. The approximate

soil volume was 2.5 liters. Due to insufficient soil to fill all pots,

one pot is missing for the soils designated Walker, Wiley, and Redmond

Station. These vacancies were filled with a planted, dummy pot in the

randomization. The weight of soil varied somewhat between soils but

was the same within each whole unit and is given in Table 7. Each soil

was then mixed with water and fertilizer. A base treatment of N, P,

and S was added to each pot at a rate per kg of soil of 50 mg N, 25 mg

P, and 10 mg S as ammonium polyphosphate (15-60-0), (NH4)2SO4, and

NH41103. Four pots of each soil received a treatment of 10 mg Cu per

kg of soil as CuS02. The pots were seeded with 15 barley seeds on

10 December 1975. Each set of eight pots was divided into four pairs

of a check and Cu treatment and the pairs were randomized into four

replications. The subunits were further randomized positionally by

the toss of a coin. The entire 80 pots were on a single bench in the

greenhouse measuring 1.3 by 5.2 m.

Automatic controls maintained a day temperature of 21° C and

a night temperature of 15.5° C. A day length of 16 hours was provided

by "daylight" type fluorescent lighting. The pots were watered with
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an amount of distilled water determined by weighing random pots at

two -day intervals. The pots in each pair were interchanged on the

bench weekly to minimize the edge effect of the bench. Barley growing

on soil from the Redmond Station and the Walker farm was noted to be

growing abnormally and was harvested on 6 January along with the

plants from the Wiley farm soil for comparison. The remaining pots

were fertilized with an additional 25 mg/kg P as ammonium polyphosphate

on 7 January. All of these pots were harvested on 7 February after

a growth period of 47 days. The plant material was ovendried,

weighed, ground, and analyzed according to procedures given in the

section on plant analysis. A probe was used to sample the soil in

each pot. After preparation the soils were analyzed for Cu using

the DTPA procedure given in the section on soil analysis.

A number of pots from this experiment were replanted on

24 February. The soils designated Walker and Wiley had been harvested

early. Another soil sample from the Redmond Experiment Station was

used instead of the one from the previous experiment. The original

sample was from the edge of a mint field and may have been contaminated

with herbicide. A new bulk sample was collected from an adjacent

barley field on which herbicides had not been used. The two soils

from Roseburg were also replanted due to poor growth previously.

The Walker, Wiley, and Redmond Station soils received 150 mg of N

per pot and 75 mg of P per pot as NH4NO3 and ammonium polyphosphate.

The Cu treated pots from the Walker farm received an additional

30 mg Cu per pot as CuSO4. The Roseburg soils received 225 mg of

N per pot and 112.5 mg of P per pot as NH4NO3 and ammonium poly-
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phosphate. Each pot was dumped out, mixed with water and fertilizer,

and replaced in the pot. Seeding, care and growth conditions were

the same as those in the first experiment. The plants were harvested

on 15 April and dried, weighed, and analyzed by the same procedures

used previously.

The experiment which tested Cu uptake from the 23 organic soils

was also a split-plot design with four replications. However, three

levels of Cu were used as the subunits. A summary of the soils,

treatments, and the weight of soil in each pot is given in Table 7.

Each soil was weighed into 12 pots in an amount determined to fill

the pots uniformly. The weight of soil used is shown in Table 7.

Each pot of soil was mixed with water and fertilizer as with the

mineral soils. All pots received 125 mg of P as ammonium polyphosphate

and 148.8 mg of N as (NH4)2SO4 for a total N rate of 120 mg per pot.

Four pots from each whole unit received a treatment of 120 mg of Cu

per pot and four received 240 mg Cu per pot. The Cu treatments

were as CuSO4 in 30 ml of distilled H
2
O. The remaining four pots

in each whole unit received no Cu treatment.

Each pot was planted with 15 barley seeds on 6 February 1976.

The whole units were divided into four groups of three pots each.

Each of the three pots was assigned a Cu treatment. The groups of

three pots were randomized into four blocks, each block occupying

one-half of two adjacent benches in the greenhouse. Each group of

three pots was further randomized positionally. Temperature and

day length were maintained at the same level as with the mineral soils.

One week after germination the plants were thinned to 12 plants
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in each pot. The pots were watered with distilled water. The amount

of water and interval of irrigation were determined by weighing random

pots. Each group of three pots was rotated at one-week intervals

throughout the growth period.

The plants were harvested by cutting on 15 March, placed

in paper bags, and dried at 75° C in a forced draft oven. After

drying the plants were weighed and leaf material was separated from

stems for analysis as given in the section on plant analysis. A

sample of soil was taken from each pot with a probe and analyzed

for Cu using the DTPA procedure given in the section on soil analysis.

Plant Analysis

Samples of plant tissue were dried at 75
o

iC in a forced draft

oven, ground in a small laboratory-type Wiley mill to pass a 20-mesh

screen and stored in manilla coin envelopes. Stainless steel knives

and screens were used for grinding. A 0.5 g subsample was weighed

for digestion into a 125 ml ehrlenmeyer flask with glass beads

added. The sample was first digested with 8 ml of HNO3, 3 ml of

HC10
4

were added and the contents evaporated to dryness. The residue

was dissolved in 10 ml of NHC1 and filtered into 28 ml plastic vials.

This digest was used for analysis for Cu, Zn, Mn, Ca, Mg, K, and P.

Flame atomic absorption spectrophotometry was used to analyze

for Cu, Zn, Mn, Ca, Mg, and K. Standard instrument settings were

used on a Perkin-Elmer Model 306 instrument as found in the 1971

Perkin-Elmer manual, Analytical Methods for Atomic Absorption

Spectrophotometry. Phosphorus was determined colorimetrically on
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an aliquot of the digest using ammonium vanadate-molybdate color

forming reagent (Jackson, 1958).

Soil Analysis

Analysis of soil samples from the field plot experiments and

from soils selected for greenhouse study for pH, P, Ca, Mg, K, Na,

and EC were carried out by the Oregon State University Soil Testing

Laboratory. The specific procedures used were published by Roberts

et al. (1971). Soil pH was determined on a 1:2 soil-water paste.

Phosphorus was extracted with NaHCO
3
from soils from east of the

Cascades and with dilute acid-fluoride from western Oregon soils.

Calcium, Mg, Na, and K were extracted with N ammonium acetate.

Soluble salts (EC) were determined on a saturated paste extract. The

10 mineral soils from the greenhouse study were analyzed for organic

matter content using the Wakley-Black procedure given in the above

publication. The organic matter content of the high organic matter

soils was determined gravimetrically by igniting 3-5 g of soil in

silica cruicibles for eight hours at 550° C.

A measure of total Cu was found by digesting 0.5 g of soil with

HNO
3
and HC10

4
according to the procedure given in the section on

plant analysis. The only modification was the use of 12 ml of HNO
3

to facilitate digestion of the more resistant organic matter. The

DTPA solution used for extraction of Cu was identical in composition

to that of Lindsay and Norvell (1969). The soil to solution ratio

given by those authors (10 g to 20 ml) was unsuitable for some organic

soils and ratios of 5 g to 20 ml and 5 g to L0 ml were used when
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made necessary by the capacity of the soil to absorb solution.



24.6

RESULTS AND DISCUSSION

A series of experiments was established to study possible Cu

deficiency problems and provide a basis for recommending corrective

measures. The study included field plot experiments on organic soils,

greenhouse experiments with selected soils, and laboratory analysis

of soil chemical properties. These three areas of study will be

discussed separately with individual experiments discussed in each

section.

Data from plant and soil analysis are listed in the Appendix

section. The plant analysis values represent means of four or five

replications to simplify organization and presentation of the data.

Appendix Table 1 presents means of plant analysis data from each of

the field plot experiments by whole unit and subunit treatments.

Plant analysis data from the greenhouse experiment are shown in

Appendix Table 2. Soil analysis data for soils used in these studies

are shown in Appendix Table 3. A number of analyses were made but

only those which have a bearing on plant Cu deficiency will be

discussed.

Field Plot xperiments

Lower Lake 1973

The Cu content of barley, oats, triticale, and wheat was

compared at levels of soil-applied Cu of 0, 5.6, 11.2, 22.4, and

44.8 kg/ha. The plants were sampled at the tillering, preboot, and

flowering stages of maturity. The soil at this location is an

alkaline muck with 50% organic matter and a pH of 8.5. A number
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of problems developed with this experiment during the growing season.

The plot area received a base treatment of 11.2 kg Mn/ha as a top

dressing shortly after planting but the plants may have been Mn

deficient early in the growth period. Some of the plants

were frost damaged prior to the initial sampling. The plants also

suffered stress from increasing salt levels. Movement of salt into

the area was due to surface irrigation of adjacent areas and continued

evapotranspiration with no irrigation in the plot area. The electrical

conductivity value of a soil sample taken in the fall was 16 mmho/cm3.

Due to severe damage to the plants after flowering, yield data

were not taken. However, plant Cu levels showed significant increases

from fertilization.

Some of the plant tissue samples taken on 28 June were contaminated

with Cu from disintegration of a bronze bearing in a blender used for

grinding. These values will not be included in discussion of Cu

response. The mean Cu levels in the plants for each treatment are

shown in Table 8 for whole plant samples taken on 6 June, leaves

sampled in 6 June and flag leaves sampled on 12 July. The split-block

design used in this experiment was analyzed statistically as a split-

plot design. The use of this ANOVA was justified since the objectives

of the experiment were to compare Cu treatments within grain species

and mean Cu levels of whole units. The use of a split-block design

facilitates field implementation but sacrifices precision for the

measurement of the main effect of Cu treatments. Restriction of

randomization also limits the interpretation of interactions within

or between units. Split-plot ANOVA for the 6 June samples did not
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indicate any statistically significant effects. There was, however,

a consistent trend for Cu treatment to increase plant Cu levels within

each whole unit. Treatments with 45 kg Cu/ha increased the Cu level

above the zero Cu treatment in barley by 38%, in oats by 11%, in

triticale by 30% and in wheat by 46%. These effects are great enough

that the possibility of increased plant uptake from fertilization

should not be ignored. Leaf samples taken from two replications on

6 June did show highly significant F values for Cu treatments and

for the unpartitioned interaction term. The difference in plant Cu

levels between the zero and 45 kg/ha treatments were significant

at the .05 level for all grain species. The difference for barley

was significant at the .01 level. Comparison of the zero and 11 kg

Cu/ha treatments shows that much of the increase in plant Cu occurred

between these levels. This increase was significant at the .05 level

for wheat and triticale. These data substantiate the previous obser-

vation that application of Cu increased the Cu content of the whole

plant samples on 6 June. The difference in Cu concentration with fertil-

ization between whole plants and leaf material at the tillering stage has

important implications for programs to diagnose Cu deficiency with plant

analysis. The leaf samples gave higher mean values for Cu content on the

Cu treated plots in all cases but lower mean Cu values for the check

treatments for the four species. Thus, the differences found in leaf

material were identified as being statistically significant while the

whole plant samples did not show significant differences. Different

portions of the plant will contain different levels of Cu
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and thus affect the differential uptake measured as well as the

absolute values that may be assigned to critical plant levels.

Copper levels in the flag leaves sampled at flowering on 12 July

were quite low. However, statistical analysis showed significant (.01)

F values for whole units and subunits. The effect of Cu treatments

was not significant for barley and oats. Triticale and wheat showed

highly significant increases in plant Cu with the 45 kg Cu/ha treat-

ment over the zero Cu level. The increase in Cu for wheat with 45 kg

Cu/ha was higher than with the 6 kg Cu/ha treatment. The mean Cu

level of 0.2 ppm in oats was significantly lower than the other three

species. Triticale had a mean level of 1.3 ppm Cu which was higher than

with wheat 0.8 ppm Cu. The Cu level in barley of 1.0 ppm was nearly

the same as wheat.

The decrease in plant Cu levels with maturity is very striking

for all species. The mean Cu level in barley decreased from 6.1 to

1.0 ppm, in oats from 4.8 to 0.2 ppm Cu, in triticale from 5.8 to

1.3 ppm Cu and in wheat from 4.6 to 0.8 ppm Cu. These decreases

amounted to 83%, 95%, 78%, and 83% of whole plant Cu values on 6 June

for each species respectively. The high salt levels present in the

soil by the July sampling date could have influenced these changes in

Cu content. The flag leaves sampled were showing necrosis from salt

stress and low Cu values could be the result of the poor condition of

the plants.

In spite of poor plant growth conditions, some conclusions

are justified from plant Cu analysis data on the two sampling dates.

Fertilization with 11, 22, and 45 kg Cu/ha increased the Cu content
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of barley, oats, triticale, and wheat. Leaves were found to have a

higher Cu content than whole plants at tillering on fertilized plots

except for barley. Leave samples generally gave a better measure of

differences in plant levels. levels of Cu in leaf material decreased

to very low values by the flowering stage.

Table 8. The effect of Cu fertilization and sampling date
on the Cu content of barley, oats, triticale, and wheat

at Lower Klamath Lake in 1973

Plant Species

Barley

JZ

Oats

Triticale

Wheat

Plant Cu
Cu Date of Sampling

Treatment 6 June 12 July
---kg/ha--- ppm

Whole Flag
Plant Leaf leaf

0 5.0 2.4 0.8
11 5.8 5.7 1.0
22 6.6 5.8 0.9
45 6.9 6.4 1.2

6.1 5.1 1.0

0 4.7 4.4 0.2
11 5.1 7.2 0.2
22 4.3 8.7 0.3
45 5.2 9.4 0.3

4.8 7.4 0.2

0 5.2 3.8 0.9
11 5.7 6.8 1.2
22 5.7 6.4 1.1

45 6.8 7.6 2.1

5.8 6.2 1.3

0 3.9 3.1 0.4
11 4.3 5.6 0.6
22 4.5 5.1 0.9
45 5.7 6.8 1.3

7 4.6 5.2 0.8
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Agency Lake - 1973

A field plot experiment was established on moderately acid peat

soil to measure the response of barley, oats, triticale, and wheat to

fertilization with 0, 6, 11, 22, and 45 kg Cu/ha. Plant Cu was

measured by Cu analysis of leaf samples taken at tillering on 12 July,

top leaves at jointing on 24 July and flag leaves at flowering on

9 August. Yield data was not taken due to the late date of spring

planting and poor maturity in the fall. The mean Cu levels for

each treatment and sampling date are given in Table 9. Statistical

analysis consisted of split-plot ANOVA as in the previous experiment.

Comparison of Cu treatments within species units and of species means

was made using LSD values. The LSD values are shown in Table 10 for

the three 1973 sampling dates.

Mean Cu values and significant relationships were quite similar

for the 12 July and 24 July sampling dates. Copper levels in the

four grains showed a highly significant increase with the 45 kg Cu/ha

level as compared to the zero Cu level. Treatments with 22 kg Cu/ha

resulted in highly significant increases in plant Cu on both dates

for all species. In addition to increased plant Cu due to application

of levels of 22 and 45 kg Cu/ha over the zero Cu level, triticale

and wheat consistently showed increases with added increments above

the 6 kg/ha level. The wheat samples from 12 July showed a significant

increase in Cu level between the 6, 11, and 45 kg Cu/ha treatments.

Wheat samples from 12 July and triticale on both dates showed highly

significant increases from the addition of 15 and 20 kg Cu/ha above

the 6 kg Cu/ha level. Barley and oats differed from triticale and
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Table 9. The effect of Cu fertilization and sampling date
on the Cu content of barley, oats, triticale, and wheat

at Agency Lake in 1973

Plant Cu*
Plant Species Treatment Sample Date

--lbCu/A-- 12 July 24 July 9 August
ppm

Barley

Oats

Triticale

R

Wheat

0 3.3 3.8 2.8

5 4.5 5.2 4.2
10 5.4 5.5 5.6
20 5.9 6.8 6.6
40 6.6 6.5 7.1

5.1 5.6 5.3

0 4.4 4.5 1.7

5 5.7 5.5 2.1
10 5.9 5.5 2.2
20 6.8 6.0 2.5
40 7.6 7.0 212_

6.0 5.7 2.2

0 5.2 6.0 2.0

5 7.2 7.1 2.6

10 7.5 7.6 2.6
20 9.3 8.9 3.2
40 11.6 9.8 3.7

8.1 7.9 2.8

0 3.6 4.6 1.9

5 5.7 6.0 2.8
10 6.5 6.1 2.8
20 7.1 7.2 3.7
40 7.9 8.1 3.8

6.1 6.4 3.0

*
Cu values are means of 5 replications.

wheat in that no significant increase in tissue Cu was found with

increments of Cu above the 6 kg/ha treatment on the first date. The

difference in Cu levels for barley and oats on the second date was
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Table 10. The Values of ISD Used for Testing Significance
in the 1973 Agency Lake Experiment

Comparison
Value of ISD

ppm
12 July 24 July 9 August

Species Means

.01 60 1.0 2.4 1.4

.05 60 0.8 1.7 1.0

Cu Means

.01 12 2.9 1.7 1.7

.05 12 2.2 1.3 1.3

Comparison of Cu means within whole units.

significant at the .05 level between the 6 and 45 kg Cu/ha levels. The

mean Cu level for each species did not change more than 0.4 ppm between

the tillering stage on 12 July and the jointing-preboot stage on 24 July.

With this in mind, comparison of the species means for each sampling

date must be done with caution since significant relationships compared

with LSD's did change slightly. On 12 July barley at 5.1 ppm Cu was

significantly lower than wheat and oats at 6.1 and 6.0 ppm Cu respective-

ly. Triticale was significantly higher (.01) than the other three

species with 8.1 ppm Cu. On 24 July the Cu levels in barley, wheat,

and oats did not differ significantly. The mean for triticale of

7.9 ppm Cu was still highest and differed significantly from barley

and oats.

Flag leaf samples taken on 9 August were much lower in Cu than

the two previous dates with the exception of barley. The mean Cu level

in barley of 5.3 ppm was not greatly different from 12 July or 24 July

and was much higher than the other three grains on 9 August. All Cu
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treatments increased the Cu in barley leaves above the zero Cu level.

The increase in Cu was highly significant between the 6 and 11, and the

11 and 45 kg Cu/ha treatments. Oats did not show a significant Cu

increase on this date. Higher plant Cu in triticale and wheat was found

only at the highest levels of Cu. These levels were 45 kg Cu/ha for

triticale and both 22 and 45 kg Cu/ha for wheat. The mean Cu level of

5.3 ppm in barley was much higher than the other three species. The

difference is highly significant. Oats with 2.2 ppm Cu was somewhat

lower than triticale and wheat with 2.8 and 3.0 ppm Cu respectively

but the difference was not significant.

The plot area was seeded to oats in 1974 to measure residual response

from the Cu fertilizer treatments applied in 1973. The oats were sam-

pled on 26 July and 15 August from each of the Cu split-blocks. The

results of Cu analysis of the samples are shown in Table 11. Analysis

of variance consisted of randomized block analysis of each date and com-

bined analysis as a split-plot in time with dates as whole units. Indi-

vidual analysis of the first sampling date indicated no significant dif-

ference between Cu treatments. The mean Cu level on 26 July was 8.4 ppm.

Table 11. The Effect of Cu Applied to the 1973 Agency
Lake Experiment on the Cu Content of Oats

Grown the Following Year.

Treatment Sample Date
kgCu/ha 26 July 15 August

Plant Cu*
ppm

0 8.8 5.3
6 8.6 6.3
11 8.2 7.0
22 8.8 7.6
45 7.8 8.1

7 8.4 6.7

Values are means of 5 replications.



55

Analysis of variance for samples taken on 15 August gave a highly

significant treatment effect. The increase in leaf Cu from Cu treat-

ments was highly significant for the 11 and 45 kg Cu/ha treatment

and significant for the 22 kg/ha treatment. The Cu level for the

45 kg/ha treated plots was significantly higher than either the 6,

11, or 22 kg Cu/ha plots. Treatment of the data as a split-plot in

time showed a highly significant difference between sampling dates.

The degrees of freedom are small but significant F values show that

the Cu content of oats decreased from 8.4 ppm on 26 July to 6.7 ppm

on 15 August. The interaction of Cu treatments with time was not

significant but it is apparent that the greatest decreases were with

the low levels of Cu application.

The Agency Lake experiments in 1973 and 1974 provided information

about the effects of Cu fertilizer on cereal grains. Analyses of

samples from this experiment show that the Cu content of barley, oats,

triticale, and wheat were increased by fertilization in 1973. A

greater increase was noted for wheat and triticale samples on 12 July

and 24 July. The measured Cu levels in oats, triticale, and wheat

decreased between 24 July and 9 August. The lower values for these

species by 9 August decreased the apparent response from Cu. Barley

samples did not show as much decrease in Cu between 24 July and

9 August. Barley sampled on 9 August showed Cu increases similar

to those of the other sampling dates. Significant increases in the

Cu level of oats from residual Cu was found for the second sampling

in the year following fertilization. Samples taken on 26 July 1974

did not show an effect from Cu application. The plants from the
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second sampling had lower Cu contents than the first indicating

that plant Cu decreased with maturity.

Copper Source Experiment

The objective of this experiment was to evaluate the effective-

ness of different sources of Cu for oats. The Cu sources included

TVA preparations of ammonium polyphosphate and triple superphosphate,

Cu mixed with commercial fertilizer, fritted Cu and two check treat-

ments. The treatments were banded at seeding in a randomized complete-

block design with five replications. Due to freezing, dry surface

soils, and subsequent replanting, the plants were not mature in

time for harvest and yield data are not available. The effective-

ness of the fertilizer materials was evaluated by comparing the Cu

content of plant tissue samples taken at three stages of maturity.

The results of Cu analysis of the plant samples taken on

12 July, 24 July, and 9 August are given in Table 12. ANOVA did

not show a significant treatment effect for any of the three sam-

pling dates. None of the fertilizer materials significantly

increased plant Cu levels above those of the check plots. Com-

parison of the overall means of each sampling date shows only a

slight decrease in Cu levels with maturity. The mean Cu levels

for three sampling dates were 5.7, 5.2, and 4.6 ppm Cu respective-

ly.

Very little useful data was contributed by this experiment.

Climatic extremes and apparent soil variability may have played
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a part in the ineffectiveness of the Cu materials. Banding of the

Cu materials was a departure from the method of broadcasting and

incorporation used in the other field experiments. No comparison

was available within this experiment to determine if this may

have played a role in lack of plant Cu increase.

Table 12. The effect of several fertilizer sources of
Cu on the Cu content of oats at Agency Lake in 1973

Treat.
No.

Cu Content
Date of Sampling

12 July 24 July 9 August
ppm

1 5.4 5.1 3.3
2 5.6 4.4 3.7
3 4.8 5.0 5.3
4 5.6 6.0 3.8

5 6.1 4.8 4.0

6 6.3 5.9 4.9

7 5.8 5.1 5.7
8 5.5 5.1 4.0

9 6.1 5.4 3.6

*
Treatments are described in Table 4, p. 32.

Lower Klamath Lake 1974

The comparison of yield and Cu uptake of cereal grains with

Cu fertilization continued in 1974 with the establishment of two

field-plot experiments. The Lower Klamath Lake experiment consisted

of Cu plus Mn and other treatments applied in a split-plot design.

The two copper treatments of 0 and 11 kg Cu/ha are reported here.
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Plant tissue samples were takerr on 10 June, 20 June, 1 July, and

29 July and the grain was harvested from each plot on 17 September.

The yield and plant analysis data were reported by Kalayci (see

materials and methods). Yield data did not show a significant

response from Cu and will not be reported here.

Plant samples were reanalyzed for Cu after analytical procedures

were improved. The mean Cu levels for each treatment on four sampling

dates are shown in Table 13. Application of 11 kg Cu/ha did not

increase plant Cu content significantly for any of the grain species

at any of the stages of maturity sampled. The greenhouse and labora-

tory evaluation showed that this soil contains a relatively high level

of Cu. The higher soil Cu level compared to the other field experi-

ments may account for the lack of increased plant Cu and the lack

of a grain yield response in this experiment.

Table 13. The Effect of Fertilization with Cu and Date of
Sampling on the Yield and Cu Content of Barley, Oats,

Triticale, and Wheat at Lower Klamath lake in 1974.

Treat. Yield Plant Cu Content
Plant Species kgCu/ha kg/ha 10 June 20 June 1 July 29 July

ppm

Barley 0 3420 5.3 7.8 7.7 9.7
11 3480 5.6 8.5 7.4 9.6

Oats 0 620 4.3 9.3 6.5 8.6
11 580 3.6 7.7 6.1 7.2

Triticale 0 2810 4.8 10.4 8.4 8.4
11 2500 5.5 9.7 8.3 9.0

Wheat 0 2230 5.5 9.0 8.0 6.6
11 2360 5.4 10.1 7.0 7.2

LSD for comparing species

.01 1.2 2.1 1.1 0.9

.05 0.8 1.5 0.8 0.6
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The differences between mean Cu levels for each species were

highly significant at each stage of maturity sampled. The mean Cu

level of each species was compared on each date using the LSD values

in Table 13. At the first sampling date oats was lower in Cu content

(.01) than the other species. At the second date oats and barley

were lower than triticale and wheat but only significantly lower than

triticale. On the third date barley and wheat did not differ. Oats

was lower (.01) and triticale was higher (.01) than barley and wheat.

On the final date all species were at least significantly different

decreasing in Cu level from barley, to triticale, to oats, to wheat.

These differences may be due in large part to patterns of increasing

or decreasing Cu levels with maturity. All of the species approximately

doubled in Cu content between the first two sampling dates and then

decreased slightly at the third sampling date. Barley, oats, and

triticale increased slightly to the last date while wheat decreased.

Oats and triticale were still lower at the last date than at the

second. Barley was higher at the last sampling date than at the

other three. It may be seen that barley was the only species to sub-

stantially increase in Cu content with maturity. Wheat increased initial-

ly and then decreased in Cu content with maturity. Oats and triticale

initially increased but did not change substantially at the last three

stages of maturity. The increase in Cu level between the seedling

and the tillering stage is not consistent with the results of the

other field experiments. It is important to note that this location

had higher soil Cu levels which may have led to progressive increases.

The first sample also represents a younger stage of maturity than



6o

for the other experiments. Stress from low spring temperatures may

have played a role in this pattern. The lack of decreasing Cu levels

in barley with maturity were also seen in the 1973 and 1974 Cu level

experiments at Agency Lake.

Significant differences in Cu levels were apparent between

species even though a significant increase in plant Cu levels or

grain yield from Cu application was not seen. Oats had generally

lower levels of Cu than the other three species. The relative

levels of Cu for each species was difficult to determine with the

differing maturity patterns. With the exception of the first two

sampling dates wheat decreased in Cu content and barley may have

increased slightly. Oats and triticale did not show an apparent

tendency to change greatly in Cu level at the last three sampling

dates.

Agency Lake - 1974

A field-plot experiment was established at Agency Lake in 1974

adjacent to the 1973-74 plot area. The experiment was designed to

compliment the 1974 Lower lake experiment and the 1973 experiments.

A split-plot design was used to compare the response of barley, oats,

wheat, and triticale to three levels of Cu. Plant response was

measured by Cu analysis of tissue samples taken on three dates.

Barley, wheat, and triticale were sampled at the tillering stage on

2 July, all species were sampled at jointing on 26 July and the reseeded

oats was sampled on 1 August.
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Treatment and species Cu means were compared using split-plot

ANOVA with LSD values to test for significant effects. Copper treatment

effects were not significant for either 2 July or 26 July. The

differences between species were highly significant for both sampling

dates. The mean Cu levels for each species and both dates are shown

in Table 14 with LSD values. The mean Cu levels in triticale were

significantly higher (1% confidence level) than the other species on

both dates with the levels decreasing from 8.5 to 7.5 ppm with maturity.

Barley and wheat did not differ significantly in Cu content on 2 July.

Triticale also had a higher Cu content than the other species on

26 July. Oats and wheat did not differ in Cu level on 26 July and

were somewhat lower in Cu than barley. The mean Cu level for barley

increased slightly with maturity while wheat Cu content decreased by

nearly 1 ppm.

Table 14. The Effect of Cu Fertilization and Sampling Date
on the Cu Content of Barley, Oats, Triticale, and Wheat

at Agency Lake in 1974.

Plant Cu
2 July 26 July

ppm

Barley 5.7 6.1
Oats -- 5.7*
Triticale 8.5 7.5
Wheat 6.2 5.3

LSD for comparing species

LSD .01 1.6 0.9
LSD .05 1.1 0.6

*
Mean of treatments 1-6 (see Table 6)
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Oats that had been reseeded on 26 June were sampled on 1 August.

Application of Cu may have resulted in a slight increase in Cu level

from 5.9 to 6.4 ppm. Comparison of the extra zero Cu, Cu20, and

CuSO4 plots on 26 July and 1 August was designed to compare Cu
2
0 and

CuSO4 as sources of Cu. Use of Cu
2
0 and CuSO4 may have resulted in a

slight increase in plant Cu on 26 July but the materials appear nearly

equal in terms of plant uptake. The oats treated with zero Cu had

4.6 ppm Cu while the Cu20 and CuSO4 treated plants contained 5.2 and

5.0 ppm Cu respectively.

Analysis of plant samples from this experiment failed to show

a significant difference between barley, oats, triticale, and wheat

with applications of 6 and 11 kg Cu/ha. Fertilization with K and

Zn did not influence Cu levels. Plant levels of Cu were found to be

significantly different on each of two sampling dates. Triticale

had the highest Cu levels of the four species while wheat and barley

had similar though lower levels. The Cu content of wheat and triticale

decreased with maturity. Barley did not show a decreasing trend

and the Cu levels were similar in both samples. Treatments included

to compare Cu levels of oats with applications of Cu
2
0 or CuSO4 did

not show either material to increase plant Cu when compared to the

others.

Greenhouse Experiments

It was noted in the discussion of field-plot results that climatic

variables often complicated the experiments. Yield responses and

visual symptoms of Cu deficiency were not observed in the field to
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provide clear evidence of Cu deficiency. Further testing of a

number of possibly Cu deficient soils with field experiments would

be prohibitively expensive. For these reasons a number of soils were

sampled and used for two greenhouse experiments. Soil samples included

23 organic soils and 10 mineral soils. The two groups of soils were

treated as separate experiments. Copper levels in barley at the

tillering stage were compared with levels of Cu fertilizer applied

as well as soil Cu measured by DTPA extraction and acid digestion.

The yield data and plant analysis results are listed in Appendix

Table 2 and results of soil analysis are listed in Appendix Table 3.

To facilitate presentation of the results the yield and plant analysis

data will be discussed for each experiment followed by comparison of

these results with soil analysis data.

Copper deficiency and response to applied Cu was observed in

three of the organic soils tested. Visual symptoms of deficiency

were noted for the barley with the zero Cu level in the Agency 1

subsurface, Hooper, and Running Y soils after about three weeks of

growth. Deficient barley grown in the Hooper and Running Y soils was

easily distinguished from the Cu treated pots by stunted growth and

the tips of the deficient leaves developed a white, necrotic, needle-

like appearance from 1 to 4 cm in length. These symptoms

were much more pronounced for barley grown in the Hooper soil than in

barley in the Running Y soil. Barley in the Agency 1 subsoil also

had white leaf tips and less growth at the zero Cu level but all pots

had less growth indicating problems other than Cu deficiency. Yield

data for these soils shown in Table 15 confirm a response to applica-
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tion of Cu. The mean yield of all pots was 5.49 g of dry matter.

The Cu treated barley in Hooper and Running Y soils had optimum

growth whereas the zero Cu levels were below average. Barley in the

Hooper soil showed the greatest response to Cu with only 1.49 g of

dry matter per pot at the zero Cu level. Yield was well below optimum

for all Cu levels in the Agency 1 subsoil but a response from Cu was

still evident.

Table 15. The Effect of Cu Treatment of the Agency 1
Subsurface, Hooper and Running Y Soil Units on the

Dry Matter Yield of Barley.

Soil Cu
Treatment Yield

LSD
.01

LSD
.05

-mg/pot - g/pot ---- ppm ----

Agency 1 0 2.02 .44 .29

Subsoil 120 2.86
240 2.70

Hooper 0 1.49 .59 .39
120 4.60
24o 5.45

Running Y 0 3.25 1.52 1.00
120 4.68
24o 5.20

LSD values are for comparison of treatment means within
soil units.

Statistical analysis of the yield data as a split-plot design

did not give a significant F value for Cu treatments. The F values

for blocks, soil effects, and the interaction were highly significant

which indicates that all soils did not have the same degree of Cu

deficiency. Yield data for each of the three soils shown in Table 15

was analyzed as a randomized complete block design to compare Cu

treatments with yield increases. The F values for treatment effects
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were highly significant for the three soils. These F values with

the LSD values for 1% and 5% confidence levels are given in Table 15.

This method of analysis provides a more precise evaluation of

response for individual soils. The most severe symptoms, the lowest

zero Cu yield and therefore the greatest yield increase from Cu

treatment was on the Hooper soil. Treatment of this soil with 120 mg

Cu/pot increased yield from 1.49 g/pot to 4.60 g/pot. The 240 mg

Cu/pot treatment produced an additional yield increase above the

120 mg Cu/pot level to 5.45 g, /pot. Mean dry matter yield at the zero

Cu level on the Running Y soil was 3.25 g/pot. Application of 120

and 240 mg Cu/pot increased yields to 4.68 g/pot and 5.20 g/pot

respectively. The difference in yield between the 120 mg and 240 mg

Cu levels was not statistically significant. Both the 120 mg and

240 mg Cu treatments gave highly significant yield increases on the

Agency 1 subsoil. There was not a significant difference between

yields at the 120 and 240 mg Cu/pot levels.

The possibility of a yield decrease from higher rates of Cu was

also evident. A decrease in yield from excessive Cu application may

have occurred with the Agency 17, the Dunn, and the three Burns soils.

Randomized block ANOVA showed the yield decrease to be significant for

the Burns salty topsoil and the S.W. Dunn soils. The decrease was

highly significant for the Agency 17 soil for each increment of added

Cu. These data indicate that the levels of Cu applied caused toxicity

problems in at least some of the soils. The 120 mg and 240 mg Cu treat-

ments also caused high levels of Cu in the plant samples as shown by

the results of plant analysis.
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The mean Cu level in barley leaves was 10.0 ppm at the zero Cu

level and 23.9 ppm Cu for the 120 mg Cu/pot treatment. This increase

in leaf Cu was highly significant for all soils. Treatment with 240 mg

Cu/pot resulted in a mean Cu level of 25.7 ppm, an overall increase of

only 1.8 ppm above the 120 mg Cu treatment. These values are very

high when compared to Cu levels from field experiments reported in

this paper. Analysis of whole plants also gave very high Cu values for

the Cu treatments. The mean Cu level for the zero Cu treatment was

6.9 ppm. Treatment with 120 and 240 mg Cu/pot increased plant Cu to

14.7 and 16.0 ppm respectively with whole plant means being lower than

leaf Cu means in all cases. The variations in leaf and whole plant Cu

did not differ greatly. In both cases the effect of soils and of Cu

treatment was highly significant. There is some difference in how the

apparent critical level was affected.

Yield response to Cu was observed in barley on three soils. Leaf

Cu levels were 3.4, 3.4, and 2.6 ppm for the Agency 1 subsurface, Hooper

and Running Y soils respectively. The next highest leaf Cu levels were

4.3 and 4.8 ppm for the Rice Field and Swamp No. 1 soils. These data

indicate that the critical level for leaf Cu is between 3.4 and 4.3 ppm.

The median value for critical leaf Cu is 3.8 ppm. Whole plant samples

from the Agency 1 subsurface, Hooper and Running Y soils had mean levels

of 3.4, 1.8, and 2.8 ppm Cu respectively with levels for the Agency and

Running Y soils being nearly identical to the leaf Cu levels. Whole

plant samples from the Hooper soil were lower in Cu than the leaves.

Some adjustment of the Hooper values may be in order since the 0.5 g

leaf sample represented fully a third of the total yield of 1.5 g. The
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actual values of whole plant Cu would be a weighted average between 1.8

and 2.6 ppm. Measurement of Cu in the whole plant samples did not re-

solve a critical level for plant analysis. Barley from the Swamp No. 1

soil contained 3.6 ppm Cu with 3.4 ppm Cu being present in plants from

the Freeway Peat soil. These soils could not be separated from those

showing yield response on the basis of whole plant Cu levels. The best

that may be said is that barley showing Cu deficiency contained less than

3.4 ppm Cu in whole plant samples. The lower Cu levels for whole plant

samples also present a problem for plant sampling and analysis procedures.

Inclusion of stem material in analysis will modify values for plant Cu

and may increase the variability of the data. The results of this

study suggest that sampling leaves presents a much better technique for

assessing plant Cu status than analysis of. whole plants.

Six of the soil samples were included to evaluate the effect of

residual Cu applied at the 1973-74 Agency Lake field-plot experiment.

Only the subsurface sample proved Cu deficient for barley and no differ-

ences were found between the 0, 6, 11, 22, and 45 kg Cu/ha treated sur-

face samples. This is in contrast to the two samples from the 1973

Lower Klamath Lake experiment in which leaf Cu levels were highest in

the soil treated with 40 kg Cu/ha. Residual Cu from fertilization was

also easily detected by soil analysis. This suggests that mixing of

the peat soil at Agency Lake resulted in the degree of homogeneity

found between Cu treatments.. The light soil is more easily moved by

cultivation, water, and wind and the plot size could have been too small.

This suggestion and plant analyses from 1973-74 field experiments opens

the possibility that soil from this location could have been Cu deficient
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without prior Cu treatment.

A group of 10 mineral soils was treated with two levels of Cu and

the effect on barley was measured by determining yield and tissue Cu

levels. Yield and plant analysis data for the mineral soils are compli-

cated by early harvesting of three of the soil units. The Redmond

Station, Walker and Wiley soils were harvested on 6 January due to the

death of the barley on the zero Cu treated Redmond sample. The Walker

soil plants exhibited abnormal growth and the Wiley soil pots were har-

vested for comparison purposes. Barley in the Redmond soil stopped

growing at about 5 cm in height and progressed from chlorsis to nearly

complete necrosis. The leaves were narrow and fine with a helical twist.

Mean dry matter yield was 0.19 g/pot for the zero Cu level compared to

0.44 g/pot for the Cu treated plants. The plants with Cu added were

also chlorotic, somewhat twisted, and had reduced yield compared to the

Wiley soil units which had a mean yield of 1.79 g/pot. The plants in

the Walker soil pots were stunted with twisted, very dark green, short,

thickened leaves. The Cu treated plants may have shown slightly better

growth as evidenced by a mean yield of 0.63 g/pot compared to 0.43 g/pot

for the zero Cu level. The Walker and Wiley units were replanted along

with a new sample from the Redmond Experiment Station. Maximum dry matter

yields were much greater than the first planting due to the improved

light regime later in the spring. The Walker unit plants grew normally

and yielded an average of 15.31 g of dry mater per pot. This was comparable

to the mean yield of the Wiley unit of 13.98 g/pot. No difference could

be detected for either soil between the zero and the 10 mg Cu/kg soil

treatments based on yield or appearance. The poor growth of barley
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in the first planting of the Walker soil unit is as yet unexplained.

The additional soil from the Redmond Station also showed a response

to CuSO4. The Cu treated barley yielded 15.24 g of dry matter per pot

and appeared as healthy as the other two soil units. The barley with

zero Cu was generally chlorotic and the mean yield was only 3.67 g/pot.

The response to CuSO4 may be due to:

1. Residue of Sinbar herbicide in the soil

2. A response to S as SO4

3. Or a response to Cu

A response to S is discounted due to the use of 10 mg of S/kg of

soil as (NH
4

)
2
SO
4
prior to planting in all pots. A Cu response of

this magnitude is questioned because of a lack of any Cu deficiency

problems in the past and the soil test values are not low. The

existence of herbicide residue is not confirmed. Yield data for

the other seven soils does not demonstrate a case of Cu deficiency.

Split-plot ANOVA of yield data for these soils did not show any

significant difference between Cu treatments. The difference between

soil whole units was highly significant due to reduced yields for

the two Roseburg soil samples and the Platt sample. Insufficient

P may have been a problem with these plants, as evidenced by purple

coloration of the stems and by low P levels in the plant tissue.

Plants grown on soil 3A had a mean level of 0.28% P and the 10A soil

had a mean level of 0.40% P. The Platt sample hari a mean P level of

0.44%. The Hyslop unit plants had a 0.40% P without a yield reduction

suggesting that insufficient P may not have been the entire problem.

Observation of the potted soils indicated that poor soil condition may
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have contributed to lower yields, particularly in the Roseburg soils.

Preparation of the soil and repeated watering degraded the structure

of these soils and may have resulted in poor growth conditions.

Application of Cu increased the content and uptake of Cu by

barley. A split-plot ANOVA of plant Cu content gave highly signifi-

cant F values for soil units, Cu treatments, and the interaction of

soil and Cu variables. The LSD values for Cu content and Cu uptake

are shown in Table 16 for the mineral soils excluding the Walker,

Wiley, and Redmond units. Based on these values, application of Cu

increased plant Cu levels for all soils except the Wiley and Roseburg

10A units. Barley samples from the Wiley soil were at a very young

stage of maturity and a difference may be difficult to detect. The

Roseburg soils had high initial total Cu contents in excess of 40 ppm

which may have reduced the apparent effect of applied Cu. It has

also been noted that additional factors were implicated in the reduced

yield in these soils.

Table 16. ISD Values used for Testing Significant Differences
in Plant Cu for the Mineral Soil Group in the Greenhouse.

Comparison Cu Content Cu Uptake

Between soils

ISD .01 1.08 .51

LSD .05 0.79 .37

Within soils

LSD .01 1.68 .73
ISD .05 1.24 .54
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Soil Analysis Results

A Cu deficiency was found for three of the soils tested in

the greenhouse and these deficiencies were corrected by Cu applica-

tion. Examination of the Cu content of the plants indicated that

the critical level below which yield response would be expected was

approximately 4 ppm Cu in the leaves. A further objective of study

was to provide a basis for predicting Cu response from results of

a soil test. This involved not only finding a critical level or

range to predict Cu deficiency but investigating the relationship

of Cu uptake to soil Cu over the range of soils tested. Prior to

planting the soils were tested for total Cu by acid digestion and

DTPA extractable Cu.

The results of comparing total soil Cu analysis with Cu levels

of barley at the zero Cu level are shown in Figure 1 for the organic

soils. Linear regression analysis of all values was highly signifi-

cant and is represented by the dashed line. In spite of high statis-

tical significance the coefficient of linear correlation (r) was

too low at 0.60 for predictive purposes. The poor fit of this line

was due primarily to the three Burns soils and the Agency 17 soil.

As will be shown later the Burns soils behave as mineral soils in this

relationship. Removal of the four points improved the coefficient

of linear correlation to 0.93. This regression shown by the solid

line in Figure 1 represents a good fit of most of the data particularly

at lower levels of plant and total soil Cu. Measurement of total

soil Cu distinguished between soils in which barley did and did not
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Figure 1. The relationship between the Cu content of barley leaves
and total soil Cu.
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respond to Cu. The mean critical value for total soil Cu below

which barley responded was 11 ppm Cu. The range for this value between

soils was from 8.8 to 13.2 ppm. The total Cu value of 11 ppm cor-

responds to a leaf Cu level of 3.9 ppm predicted from the regression

equation excluding four data points. Evaluation using all of the

data yields a critical leaf Cu level of 3.6 ppm. These predicted

values correspond quite well to the value suggested by plant analysis

of 3.8 ppm Cu. Soil units in which barley yield responded to Cu were

easily distinguished by this procedure and a high degree of linearity

of the relationship was demonstrated. Although the Burns soil units

and the Agency 17 unit deviated a great deal from regression of the

other soils, they were not included below the critical soil test

value of 11 ppm total Cu. This is in contrast to the DTPA soil test

which failed to indicate the high leaf Cu levels actually found from

these soils.

Leaf Cu levels at the zero Cu treatment level are plotted

against DTPA extractable Cu determined prior to planting in Figure 2.

Linear regression was not significant for the data as a whole. Dis-

regarding the two Burns soils and the Kurth soil resulted in a signifi-

cant linear regression with a correlation coefficient of 0.84. The

three soil units which were not in the regression exhibited very high

plant uptake at low levels of DTPA Cu. A yield response was not

observed for any of the three soils so their removal from the calcul-

ations will aid the examination of the DTPA test as an indicator of Cu

deficiency. Examination of the scatter diagram suggests that the rela-

tionship may not be linear for these data particularly at low levels



30

20-

10-

0

0

---Y = 3.95 + 1.03X; r = 0.84

Y = 1.74 (10X)'432; r = 0.90

0 Removed from regression

o Cu deficient

5

DTPA EXTRACTABLE SOIL Cu (ppm)

Figure 2. The relationship between the Cu content of barley leaves and DTPA
extractable Cu of organic soils.
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of DTPA Cu. Exponential equations (semi-log) did not improve the

regression over linear equations. An unmodified logarithmic curve of

the form Y = aX
b

did not alter the degree of fit but offered a more

reasonable explanation of the data. Modification of the log trans-

formation to include an additional constant, c, in the form Y = a(cX)
b

resulted in a greatly improved fit of the data and as will be shown

offers a means of comparing a range of DTPA soil analysis values.

A logarithmic curve was plotted from the transformation Y = log Y and

X = log 10X and is shown as the solid line in Figure 2. This trans-

formation resulted in a highly significant regression which improved

the correlation to r = 0.90. It should be noted that the logarithmic

curve in Figure 2 does not accurately distinguish between soils in

which barley responded to Cu and those in which it did not.

Establishing a critical DTPA test level of 1.1 ppm Cu to include the

three Cu deficient soils would also predict deficiency for a fourth

soil (Rice Field) in which no response was observed. Although this

soil might give Cu deficiency for a different crop or set of conditions

the accuracy of DTPA test is questionable in this case.

A yield response to Cu was not found in the mineral soils so

a critical soil test value for this group of soils cannot be assigned.

It is still informative to consider the relationship between soil Cu

values and plant Cu levels. The relationship between DTPA extractable

Cu determined prior to Cu treatment and the mean Cu levels in barley

from the zero Cu level was analyzed by linear regression methods. The:

relationship was significant (.05) and the coefficent of correlation

(r) was 0.76. This significance and correlation are too low



76

for reliable use of the data for predicting Cu uptake from a DTPA

test. To allow evaluation of the DTPA soil test over a wider range

of soil and plant Cu levels the mean plant Cu content and DTPA extract-

able Cu were compared for both Cu treatments. These data are shown

in Figure 3 with the results of linear and logarithmic regression

analsysis. The linear regression shown by the dashed line was highly

significant with r = 0.67. This line does not fit the data well

enough for diagnostic pruposes nor would it provide for deficient

soil Cu levels. Logarithmic transformation of the data in the form

Y'= log Y and X' = log 10X resulted in the improvement of the coefficient

of linear correlation to r = 0.78. The equation of this regression

represents a curve nearly parallel to that found for the organic soils.

The curve for organic soils is lower with respect to plant Cu levels

and the difference is great enough to warrant caution in using the

DTPA test over a wide range of soils. Several reasons may account

for these differences.

Modifications to the DTPA procedure may account for some of

the differences between the two soil groups or at least some of the

variation. A soil to solution ratio of 10g:20m1 was used for extraction

of the mineral soils. The large capacity of some organic soils to

hold water necessitated use of more extracting solution. A soil:solution

ratio of 5g:20m1 was used in most instances but in some cases a ratio

of 5g:40m1 was required. The differences in regression of Cu uptake

with DTPA soil Cu between mineral and organic soils may also relate to

the strength and degree of bonding of Cu by the soil. Past research

indicates that Cu is strongly bound by organic matter, forming stable
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Figure 3. The relationship between the Cu content of barley leaves and DTPA
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complexes which would limit availability. Assuming that DTPA has

a greater ability to remove Cu than the plant it might follow that

plant Cu levels would be lower in organic soils than in mineral soils

at equal values of DTPA extractable Cu. This explanation is consistent

with literature results but ignores a simpler approach related to the

bulk density of the soil.

The results of DTPA extraction are reported on a weight basis.

A DTPA Cu value for an organic soil with low bulk density would represent

a larger soil volume than an equal DTPA value for a mineral soil. Thus

on a per hectare basis the organic soil would contain less Cu than

the mineral soil. The DTPA Cu value for an organic soil might then

require correcting to a lower value to be comparable to the values

for soil with higher bulk densities. This would compensate for the

lower total Cu in solution or otherwise available for exploitation by

plants in organic soils. Under greenhouse conditions this effect may

be increased since rooting is confined to a limited volume of soil.

An approach to adjusting soil test values of the greenhouse soils is

to multiply the DTPA test values (mg Cu/kg soil) by the weight of soil

in the pot (kg) giving mg Cu/pot. This value is an approximation of

the influence of bulk density. The soils were treated as equally as

possible in preparation with respect to grinding, degree of drying

and filling the pots. The pots were filled to approximately the same

level and the weight of soil recorded (see Table 7). The use of this

approximation is perhaps improved since in this case rooting was

confined to within a pot.

The DTPA Cu test results used in Figures 2 and 3 were adjusted
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to a volume basis and compared with plant Cu levels in Figure 4. The

best fit to the data was of a logarithmic curve of the type used

previously. The curve for each soil group with its respective equation

is shown in Figure 4. The two lines were quite close together particu-

larly at low values of DTPA Cu. Regression analysis of all of the data

provided a combined curve shown in Figure 4 that fit quite well with

a highly significant correlation coefficient of 0.87. Adjustment of

the DTPA soil Cu values on a volume basis was successful in explaining

the observed differences between mineral and organic soils. Differences in

the bulk densities of the soils would have resulted in a differential

assessment of critical levels assigned to the DTPA soil test for

Cu. It may be seen that for most soils a relationship does exist

between DTPA-extractable soil Cu and plant Cu levels. In addition the

data indicate that the results of the DTPA test may be compared over

a wide range of soils provided that the values are corrected to a

volume basis. This effect may have been accentuated by the confined

rooting volume in the greenhouse. Transformation of the DTPA soil

Cu values to a volume basis also improved the prediction of Cu

response. The points in Figure 4 for the soil units giving Cu

response are easily distinguished from all others. The logarithmic

equation calculated from all soils distinguished between the responsive

and unresponsive soil units using a critical plant level of 4.2 ppm

Cu. This is within the range for the critical value found from the

results of plant analysis and corresponds to a DTPA soil test value

of 0.6 mg Cu/pot. A predictive equation based only upon the organic

soil group in Figure 4 yields plant Cu levels within 0.3 ppm of
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actual levels for the five soils with the soils lowest Cu levels.

The relationship of DTPA extractable Cu to total Cu is shown

in Figure 5 for all soils. Data points for mineral soils are

distinguished from those for organic soils. A striking result of

this relationship is that the three Burns soils which have less

than 20% organic matter and significant quantities of volcanic ash

behaved similarly to the mineral soil group. Their inclusion in

the organic soil group is therefore questionable and the unusually

high plant uptake in relation to the soil tests is more easily

expalined. Two distinct regressions were found for the two groups

of soils. Linear regression for the mineral soil group including

Burns soils was highly significant with r = 0.68. Inclusion of these

soils in the mineral group resulted in a highly significant regres-

sion for the organic soils with r = 0.87. The distinct difference

between the organic and mineral soils suggests that different

mechanisms are in operation. The difference may indicate that

DTPA is less effective in removing some of the Cu from mineral soils.

This Cu may be in insoluble inorganic phases which are dissolved by

acid digestion but do not equilibrate with DTPA.

A mechanism of this type may limit the usefulness of the total

Cu test to organic soils in which acid digestion and DTPA extraction

measure a similar Cu fraction. Based on this data, DTPA extraction

correlated best with plant availability for both organic and mineral

soils if calculated on a volume basis.
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SUMMARY

Copper deficiency was a suspected problem of plants growing

in certain Oregon soils. This was particularly true of organic soils

in the Klamath Basin area of south-central Oregon. Field experiments

were established at three locations in this area in 1973 and 1974 to

evaluate Cu fertilizer variables on barley, oats, triticale, and

wheat. Yield response to Cu was measured where possible and plant

tissue samples were collected to assess the Cu status of the plants

at different stages of maturity. Samples of these and other soils

were brought to the greenhouse in 1975 to study the response of

barley to applied Cu under more controlled conditions. Dry matter

yield and plant Cu levels were determined to evaluate the effect of

Cu deficiency and sufficiency on growth and development. These soil

samples were analyzed for Cu content and other properties which

were compared with plant Cu levels and response. The overall objectives

of these studies were to develop diagnostic techniques for predicting

Cu response and to provide information on which subsequent corrective

measures might be based.

Yield responses of small grains to Cu fertilization were not

observed in field-plot experiments at Agency Lake and Lower Klamath

Lake. Failure of the untreated plants to exhibit Cu deficiency

indicated that the soils may not have been Cu deficient or that

oxidation of the peat soil as a result of reclamation was improving

Cu availability. The study of these soils in pot culture of barley

did not show Cu deficiency to be a problem except for the subsurface
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peat sample from Agency Lake. This sample may represent a less

oxidized state approximating the condition which existed shortly

after reclamation. Although the lack of a yield response limited

the usefulness of the data for diagnostic purposes some insight was

gained into the effect of Cu application on plant Cu levels.

The Cu content of barley, oats, triticale, and wheat was

increased by broadcast applications of CuSO4:5H20. Application of

45 kg Cu/ha usually resulted in highly significant increases in plant

Cu. Application of 11 and 22 kg Cu/ha less frequently increased

plant Cu. At the Lower Klamath lake and Agency Lake experiments

in 1974 plant increases in Cu were not seen at rates of 6 and 11 kg

Cu/ha. The 1973-74 Agency Lake Experiment demonstrated increased

plant Cu in the growing season one year following application of Cu

illustrating a carryover of residual Cu in an acid peat soils. Greater

increases in Cu content were seen for wheat and triticale than for

barley and oats at all levels of applied Cu in 1973. In the 1973

experiments, wheat and triticale Cu levels were increased by rates of

11 and 22 kg Cu/ha whereas barley and oats levels were not. Differ-

ences were also suggested between species with respect to varying

levels of Cu at different stages of maturity.

A sharp decrease in plant Cu levels observed at the Lower Lake

in 1973 may have been complicated by salt stress to the plants.

At Agency Lake in 1973 oats, triticale, and wheat decreased in Cu

content between tillering and flowering. The mean Cu level in oats

decreased from 6.0 to 2.2 ppm, in triticale from 8.1 to 2.8 ppm and
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in wheat from 6.1 to 3.0 ppm. Barley showed a different pattern and

Cu content did not change appreciably with maturity. These patterns

are substantiated by the 1974 experiment at Agency Lake. Wheat and

triticale decreased in Cu with maturity and barley did not change.

All four species increased in Cu in the seedling stage at Lower

Klamath Lake in 1974. After the tillering stage, wheat decreased in

Cu content, oats and triticale did not change, and barley increased

slightly. The increase in Cu at this site may be due to higher soil

Cu levels confirmed in the greenhouse study.

Of the four cereal grains, oats most frequently had the lowest

Cu level while triticale was most frequently highest. Wheat and

barley had comparable levels intermediate between the other two. Due

to the propensity of the species to exhibit different patterns of

change in Cu levels with maturity, however, it is difficult to

assess their relative levels of Cu with certainty. The relative Cu

levels and patterns of Cu content with maturity suggests that wheat

and oats differ from barley in these respects. Differences in

plant Cu between species and between stages of maturity do not

diminish the value of plant analysis as a diagnostic technique if

they are considered when establishing and interpreting plant analysis

programs. Leaf samples taken between tillering and jointing appear

to have reasonably consistent Cu levels.

Pot-culture of barley in the greenhouse allowed critical levels

of plant Cu to be evaluated under controlled conditions. Barley in

the Agency 1 subsurface, Hooper and Running Y soil samples was Cu

deficient and yields were increased by soil application of CuSO4.
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Copper deficient plants had leaf Cu levels lower than 3.4 ppm and

the median range between deficient and non-deficient plants was

3.8 ppm Cu. Leaf samples provided a better measure of critical

plant Cu than whole plant samples. Analysis of the whole plant did

not distinguish between two nondeficient soils and the Cu deficient

soils.

Comparison of plant Cu levels with soil Cu levels measured

by DTPA extraction and acid digestions provided improved knowledge

for predicting Cu response. Regression of DTPA extractable soil Cu

with leaf Cu levels was highly significant for both mineral and organic

soils. Use of a logarithmic curve resulted in improved correlation

and provided better resolution at the Cu deficient levels. Problems

with this procedure were that several soils did not fit the regres-

sion and would have been erroneously classified as Cu deficient.

The regression equation for the organic and mineral soil groups

were parallel but differed with respect to predicted plant Cu levels.

Based on the organic soil curve, a yield response would have been

predicted for several mineral soils in which Cu deficiency was not

observed.

The differences between the mineral and organic soil groups

were diminished by conversion of the DTPA test values to a volume

basis. In addition to producing closely related curves the use of

soil volume produced an average curve which accurately distinguished

between soils in which barley did and did not respond to Cu. The

critical soil test values for the DTPA procedure was between 0.55
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and 0.87 mg Cu/pot which corresponded to approximately one ppm

soil Cu. Based on these data it is concluded that the DTPA soil

test will correlate well with plant Cu levels and predict Cu deficiency

for a wide variety of soils if modified to include consideration of

soil bulk density. The use of a logarithmic curve may present some

problem due to its steepness in the region of the critical values.

Total soil Cu measured by digestion with HNO3 and HCl04 was

closely correlated with plant Cu in the organic soil group. Consider-

ing only organic soils, a critical value of 11 ppm total soil Cu

could be assigned below which Cu deficiency of barley could be

predicted. Thus, total soil Cu was evaluated as a more successful

test in the organic soils than DTPA extraction. There was again a

great difference between organic and mineral soils in the relation-

ship betwen total soil Cu and plant Cu levels. This difference

led to failure of total soil Cu as a soil test for both mineral

and organic soils. Conversion of the total Cu values to a volume

basis produced a somewhat better evaluation of critical soil test

values. However, this test still did not discriminate fully between

organic soils producing Cu deficiency and two mineral soils in which

response was not found. Comparison of DTPA extractable Cu with

total soil Cu led to further insight into this problem.

The amount of Cu extracted by DTPA was closely correlated

with total soil Cu if the mineral soil group was distinguised from

the organic soils. Examination of the two distinct regressions

produced demonstrated that three soils from the organic soil group
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in fact behaved similarly to the mineral soils. If criteria could

be established for distinguishing between so-called mineral and

organic soils, total soil Cu by this procedure would be a successful

approach to soil analysis. The results of this study suggest that

soils with less than approximately 20% organic matter behaved as

mineral soils. Further study must show if organic matter content

stands as a single criterion or if other factors play significant

roles in the relationship of plant Cu levels with total soil Cu

measured by this procedure.

The results of field-plot and pot culture experiments provide

a basis for evaluating and correcting Cu deficiency problems. Soils

likely to be deficient in Cu for small grains could be distinguished

by a soil analysis program. Measurement of both DTPA extractable

and total Cu would provide a better indication of possible response

than either analysis by itself. As a single test for organic soils,

total Cu may prove more useful for predicting Cu responses. The

reliability of both procedures was improved by evaluation of soil

bulk density and the organic character of the soils. The results of

field experiments show that Cu fertilization was effective. Dif-

ferences in Cu uptake and the effect of maturity on Cu uptake between

grain species must be recognized when establishing diagnostic programs

utilizing plant tissue analysis. Recognition of the variables

affecting the results of soil and plant analysis provide for a

more effective interpretation of these values. Diagnosis of existing

and probable plant Cu deficiency allows effective application of

CuSOL s a successful approach to increasing the amount of Cu
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available to plants in organic soils.
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