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The application of lime to an acid Nekia soil significantly

increased the yield of winter wheat and alfalfa in a field experiment.

Crop yields maximized when the lime was partially mixed into the sur-

face four inches of the soil. Thorough mixing of the lime into the

surface six inches of soil did not increase crop yields over partial

mixing of lime, and on some plots the yields were reduced by the more

thorough mixing treatment. The reduction in yield on the thoroughly

mixed plots occurred with the lower rates of lime application.

Deterioration of soil structure due to rototilling was also a factor

in the reduction of yield in the plots where the lime was thoroughly

mixed.

The yields of wheat decreased over a three-year period

following the application of one ton of lime per acre. It was felt

that part of this decrease in yield was caused by a more thorough

mixing of the lime into the soil with annual seedbed preparation on

the partially mixed plots, and by a decrease of Ca and increase of Al



in the soil solution as the quantity of free lime in the soil decreased.

The importance of the soil solution pH and Al and Ca concentrations in

the soil solution is also demonstrated by the fact that the R
2

values

for the relationship between the soil test pH and wheat yields, were

highest for the 1 N KC1 pH values the first two years, and highest for

the water pH value the third year. Third-year wheat yields were also

decreased by an infestation of the root fungus, Ophiobolus Graninus,

with the adverse effect on the yield decreasing as the lime rates in-

creased.

High levels of soil acidity adversely affected the survival

of the alfalfa seedlings and the rhizobia which inoculate the alfalfa.

The concentration of nitrogen in the plants and the quantity of nitro-

gen harvested in the plants, increased as the rate of lime applied

increased.

The wheat and alfalfa roots which grew in the unlimed soil

exhibited Al-toxicity symptoms. The Al-toxic roots were thicker than

the healthy roots, and there was very little lateral root development

on the Al-affected roots. The application of the intermediate and high

rates of lime to the acid Nekia soil eliminated the Al-toxicity

symptoms and promoted the growth of fine fibrous root systems. The

distribution of the alfalfa roots in the samples taken from the field

experiment, corresponded with the distribution of the lime in the soil.

The field experimental data showed that the yields of wheat and alfalfa

were closely correlated to the weight of the root samples.



Growth chamber experiments using winter wheat as an indicator

crop and acid Nekia and Dayton soils were also conducted. Maximum

yields of dry matter were harvested when 30 per cent of the total soil

volume was limed, and the dry matter yield decreased as the low rate of

lime was mixed into larger volumes of soil. The wheat roots grew in

the limed portion of soil, whereas root growth was restricted in the

unlimed soil. Plant analysis data showed that the concentrations of

plant nutrients were similar for all lime treatments. Plant water po-

tential data indicated that water stress induced by Al-toxicity of

wheat roots contributed to the lower yields of wheat grown in soil

receiving zero and one ton of lime per acre.
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THE EFFECT OF SOIL ACIDITY AND LIME PLACEMENT
ON ROOT GROWTH AND YIELD OF WINTER WHEAT AND ALFALFA

I. INTRODUCTION

Soil acidity and liming have been the focus of numerous

ccearch projects over many years. The emphasis of these research

projects has ranged from studies on the basic chemistry of soil acidity

to research which measured crop response to different rates of lime

applied to an acid soil. An integration of the results obtained

through research has made it possible to draw some conclusions about

the basic properties of an acid soil and the effect these properties

have on plant growth.

The acid reaction of the soil led some researchers to believe

+
that the hydrogen (H ) ion was the predominant ion in an acid soil sys-

tem. Acid soil was considered to be similar to a weak acid, and

titration or buffer curves were developed for many different soils.

Research over the past 25 years has shown that the source of acidity in

an acid soil system is not H
+

but aluminum (A13+). This changed the

direction of plant-related soil acidity research.

Soil acidity can have an adverse or beneficial effect on

plant growth, Most agronomic crops are adversely affected by high

levels of soil acidity. The emphasis of much of the earlier research

centered around the effect of soil acidity on the availability of plant

nutrients. The quantity of nutrient that was taken up by the plant was

used as a criterion in measuring the availability of that nutrient.
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The increase or decrease in the availability of a nutrient was ex-

plained on the basis of the chemistry of that nutrient at a given level

of soil acidity. The relationship between the availability of plant

nutrients and soil acidity has taken on a new perspective since it has

been determined that Al3+ is the ion which most affects soil acidity.

High levels of A13+ have a detrimental effect on the growth and devel-

opment of plant roots. The limited root growth caused by aluminum

toxicity could logically explain some of the decrease in the

availability, as measured by plant uptake, of immobile plant nutrients.

The neutralization of soil acidity by the application of lime

has been thoroughly documented. The rate of application of lime has

been determined in many instances by laboratory tests and/or greenhouse

experiments. The results of many field experiments have shown that the

optimum rate of lime application, as determined in laboratory or green-

house research, was higher than was necessary for optimum crop yields.

Often the lime was thoroughly mixed with the soil in the laboratory and

the greenhouse experiments to produce a uniform mixture. It has been

postulated that at a given rate of lime, the discrepancy between the

results obtained in the greenhouse and the results obtained in the

field can be explained on the basis of how well the lime was mixed with

the soil. Usually the best field technique for mixing lime with the

soil does not approach the thoroughness of mixing attainable in a

laboratory or greenhouse study.
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The objectives of this research were to: (1) determine how

thoroughly the lime must be mixed with the soil to obtain maximum crop

production; and (2) study the effect of soil acidity on root growth and

crop production.
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II. LITERATURE REVIEW

Placement of Lime and Crop Response

The magnitude of crop response to an application of lime

which is applied to neutralize the acidity of an acid soil, depends on

where the lime is placed and the quantity of lime applied. Lathwell

and Peech (1965) found that low rates of lime (1 to 2 tons/acre) gave

superior yields of alfalfa when the lime was mixed with the uppermost

three inches of an acid Mardin soil, compared to the same quantity of

lime mixed with the upper six inches of the acid soil profile. They

reported that the response of alfalfa to four and eight tons of lime

per acre applied to the acid Mardin soil, was independent of the depth

to which the lime was mixed.

Woodhouse (1956) measured the response of alfalfa when lime

was applied to the surface, plowed down, and mixed with the surface

four inches of acid soil. The mixed application of lime gave the

highest yield of alfalfa. The yield increase of alfalfa was inter-

mediate when the lime was plowed down, and no yield response resulted

from the surface application of lime.

Agronomic crops do not all respond in the same manner to the

application of lime to an acid soil. The placement of lime in a

specific position in a soil profile is more important for a crop which

exhibits only geotropism than it is for a crop which exhibits chemo-

tropism. Pearson, et al. (1973) studied the effects of the placement

of lime in an acid subsoil on the rate at which cotton roots penetrated

that subsoil. They observed that cotton roots did not exhibit
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chemotropism. The root elongation rate of cotton was maximum when lime

was thoroughly mixed into the acid subsoil. It was found that the rate

of root elongation was reduced by 50 per cent of the maximum rate when

lime was mixed with only 66 per cent of the total mass of subsoil. The

root elongation rate of cotton was further reduced when a smaller per-

centage of the subsoil mass was mixed with lime.

The agronomic crops which exhibit chemotropism do not require

that the lime be mixed with the subsoil to produce maximum yields.

Fehrenbacker, et al. (1958) mixed nine tons of lime per acre into an

acid soil to depths of 9, 18, 27, and 36 inches. They found that the

increase in yield of corn which occurred when lime was applied to an

acid soil, was independent of how deep the lime was mixed into the

soil, Hourigan, et al. (1961) reported that when they mixed lime with

an acid subsoil, the yield of alfalfa was not increased when the

surface soil was adequately limed.

The application of lime in a band or when pelleted with the

seed can be beneficial under certain circumstances. Baker, et al.

(1968) reported that lime pelleted with alfalfa seeds and rhizobia

inoculum increased the percentage of plants which were inoculated when

the pelleted seed was planted in an acid soil. However, the quantity

of lime which could be pelleted with the alfalfa seed was not adequate

to produce a maximum yield of alfalfa.
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Soil Acidity and Root Growth

SOLUBLE ALUMINUM IN SOIL

The shift from the concept of a hydrogen (H +) saturated acid

soil to an aluminum (Al 3+
) saturated acid soil has changed the emphasis

of much of the research related to soil acidity. Research on the

chemistry of soluble Al in a soil system has contributed to an under-

standing of why agronomic crops respond to the application of lime to

an acid soil. A knowledge of the effect of soluble Al on different

plant species and on different varieties within the same species was

important in understanding the differential responses of agronomic

crops to the application of lime to an acid soil.

The pH of a soil system has a significant effect on the con-

centration of soluble Al present in that soil system. Moore (1974)

examined the theoretical relationship between pH and the solubility of

Al(OH)3. He showed that the solubility of Al(OH)3 increased very

rapidly as the pH decreased from pH 5 to 4.6. Research has shown that

there is a relationship between pH and soluble Al in a soil system

which is similar to the theoretical relationship described by Moore

(Foy 1974; Janghorbani 1969; Peterson 1972). The relationship between

the measured pH and the level of extractable Al of a soil system is

affected by other soil factors such as the type of predominant clay

minerals present and the organic matter content of that soil. Adams

and Lund (1966) reported that the predominant type of clay found in a

given soil had a marked effect on the relationship between the measured

pH of the soil and the level of exchangeable Al in that soil. They



7

reported that at a pH of 4.8 the level of exchangeable Al was

0.71 meg/100g for a soil whose predominant clay was kaolinite; between

1.01 and 1.99 meg/100g for a soil whose predominant clay was vermicu-

lite; and 5.00 meg/100g for a soil whose predominant clay was mont-

morillonite. The amount of organic matter which each of these subsoils

contained was not reported.

MEASUREMENT OF SOLUBLE ALUMINUM

Different methods have been used to measure the concentration

of soluble Al in a soil system. The procedure most commonly used to

extract soluble Al from a soil has been a neutral salt extraction. The

salts most often used are potassium chloride (KC1), sodium chloride

(NaCl), and calcium chloride (CaCl2) (Hoyt and Nyborg 1971; Reeve and

Sumner 1970; and Adams and Lund 1966). Lin and Coleman (1960) reported

that one normal solutions of KC1, CaC1
2

and NaC1 removed the same

amount of Al from a number of soils and clays as long as the samples

were thoroughly leached. They found KC1 to be the most effective dis-

placing agent; CaCl2 to be intermediate; and NaC1 to be least effective

when the soil and clay samples were submitted to limited leaching.

Other extractants which have been used to extract soluble Al from soils

are ammonium acetate adjusted to a pH of 4.8, hydrochloric acid and

ammonium chloride (Hoyt and Nyborg 1971; John, et al. 1972; and

Peterson 1972). The diversity of chemicals and procedures which have

been used to extract Al from the soil is an indication of how complex
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the problem is in finding an extraction procedure which would be

satisfactory for all soils and crops.

The measurement of Al in the soil solution was proposed as a

means by which a critical value for Al could be established for a given

crop over a wide range of soils. Adams and Lund (1966), using a Debye-

Huckel equation, calculated the molar activity for Al in soil and

nutrient solutions. These calculations made it possible to establish

a common relationship between the primary root growth of cotton and the

levels of Al found in the soil solutions of different soils and in

nutrient solutions. Evans and Kamprath (1970) measured soil solution

Al in both mineral and organic soils. They found that soybeans re-

sponded to the application of lime on all soils when the concentration

of soil solution Al was greater than 0.20 milliequivalents per liter

(me/1), and that except for one soil, corn responded to an application

of lime when the concentration of soil solution Al was greater than

0.4 me/1. Misra, et al. (1974) constructed an empirical equation to

estimate the concentration of Al in a soil extract when the pH of the

soil extract was between 5.6 and 9. The work which has been done on

soil solution Al indicates that this approach may be one which could

solve some of the problems which have been plaguing researchers who

have worked with Al-toxicity problems in soil systems. However, the

difficulty of obtaining a soil solution will limit the use of soil

solution Al concentrations as an indicator of plant susceptibility to

Al-toxicity in an acid soil.
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EFFECT OF SOLUBLE ALUMINUM ON PLANTS

Plant species, and in some cases different varieties of the

same species, exhibit differences in their tolerance to excess soluble

or extractable Al in acid soils or in nutrient solutions. Foy (1974)

has reviewed the literature on the range of plant tolerance to Al.

Foy points out the extreme variability between plant species, and cites

cranberries as an example of a tolerant plant which requires 150 ppm Al

in solution to reduce shoot growth; and alfalfa as a sensitive plant

which requires only 0.5 ppm Al in solution to reduce growth. Kerridge

(1969) showed that the wheat variety Atlas 66 was tolerant to four

times more Al than was the wheat variety Gaines. This information

shows that soluble Al affects each group of plants differently and in-

creases the complexity of interpreting the results of experiments on

acid soils.

One of the primary effects of Al on the plant is its effect

on root growth (Foy 1974). Al-injured roots have a characteristi-

cally stubby appearance, and have short, thickened, lateral roots; and

the root system is conspicuously absent of finely branched roots

(Kerridge 1969; Foy 1974). Henning (1975) examined Al-injured roots

and concluded that for wheat, the plant part most severely affected by

Al is the root system. MacLeod and Jackson (1965) reported that

alfalfa root growth was restricted when grown in a solution containing

0.5 ppm Al, and that it was prohibited when grown in a solution con-

taining 1.5 to 2.0 ppm Al.
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The concentration of other ions in the soil or nutrient

solution has an effect on the toxicity of Al at a given concentration.

All (1973) showed that at a given concentration of Al, the toxic

effects of Al on wheat roots increased as the ionic strength of the

nutrient solution was decreased. The addition of any one of the ions,

Ca, Mg, K or Na, completely overcame the toxic effects of Al on wheat

roots. All also showed that aluminum toxicity was not due to a defi-

ciency of Ca, Mg, K or P. Moore (1974) reported that an increase in

the concentration of H
+

ions caused a decrease in the toxic effects of

Al on plant roots. He showed that Al concentrations of two ppm at pH

4.5, four ppm at 4.3, and six ppm at 4.2 had a similar effect on the

elongation of Druchamp wheat roots. Rhue (1976) also suggested that

the H
+

ion in a nutrient solution may reduce the toxicity of Al to wheat

roots as does Na and K. Rhue (1976) reported that the degree to which

the wheat root meristem was damaged by Al depended on the length of time

the root was exposed to an Al solution and the concentration of that

solution. The higher concentrations of Al caused permanent damage to

the wheat root meristem in a short period of time. The length of time

required to cause permanent damage to the wheat root meristem increased

as the concentration of Al in the solution decreased. Rhue (1976) also

found that, at a given concentration of Al, longer exposure periods

were required to cause permanent damage to a larger primary root meri-

stem than were required to cause the same degree of damage to a small

lateral root meristem. The time-concentration interaction of Al

toxicity in wheat root meristems makes it possible to explain the



11

appearance of Al-toxicity symptoms and decreased lateral root develop-

ment under field conditions when the concentration of Al is very low.

The relationship between soluble Al and the over-all effect

on crop yield has been thoroughly researched for many different crops.

The application of lime has reduced the level of soluble Al in an acid

soil, and has produced large increases in the yield of alfalfa

(Moschler, et al. 1960; Janghorbani, et al. 1975; Hutchinson and Hunter

1970; and Hoyt and Nybord 1971); corn (Evans and Kamprath 1970); soy-

beans (Martini, et al. 1974; Sartain and Kamprath 1975); barley (Gupta,

et al. 1973; Hoyt and Webber 1974); oats and millet (Long, et al. 1973);

and cotton (Adams, et al. 1967). The majority of the researchers men-

tioned above did not measure the effects of Al on the root system of

the plant.

ROOT SAMPLING TECHNIQUES

An adequate and healthy root system is an important component

in obtaining maximum crop production. However, the difficulty of

taking good root samples from field plots has limited the quantity of

research on the effects of different soil properties on the root growth

of a crop and the effects of root growth on crop production. The pur-

pose for taking root samples dictates what root sampling method is most

applicable and yields the best data. Three basic techniques have been

developed for taking root samples in the field. They are:

(1) monoliths; (2) core samples; and (3) direct observation.
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A number of different techniques have been used to obtain

monoliths of soil which could be used to study root distribution in the

soil. Fehrenbacher and Snider (1954) forced flat trays into the side

of a soil pit and removed a monolith which was 4 x 12 x 72 inches. The

monolith was divided into sections by depth and the soil was washed

from the corn roots. The corn roots were then assembled to show the

root distribution by depth in the soil profile, and were photographed.

Nelson and Allmaras (1969) used a small power-driven trencher to cut

out a 152 x 41 x 91-cm monolith containing corn roots. The roots were

held in place by metal rods inserted through the monolith as the soil

was washed away. Photographs of the root system were used to record

the root distribution found in the different plots. Raper and Barber

(1970) obtained monoliths containing soybean roots by driving 15-cm

spikes through a 60 x 90-cm board placed against the side of a soil

pit. The monoliths they obtained in this manner were soaked, and the

soil was removed by a fine spray of water. Bloomberg (1974) forced a

metal box into the side of a soil pit and removed a block of soil. He

then put nylon fishing line through the soil block in two different

directions, and washed the soil from the roots, using a dunking

machine. This technique made it possible to obtain a three-dimensional

root distribution.

Fehrenbacher and Alexander (1955) used a core sampling

method to study the macro-distribution of corn roots. The roots were

washed free of soil in an oscillating type washer, and were photo-

graphed. Mengel and Barber (1974) also used a core-sampling procedure

to study the macro-distribution and development of corn roots.
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Melhuish and Lang (1968) did a quantitative study of the length and

diameter of cotton roots, using a core-sampling technique. The roots

that were removed from the soil were photographed, and root length was

calculated by measurements taken from the photograph.

Adams, et al. (1967) made an on-site inspection of the effect

of soil acidity on the growth of cotton roots growing into an acid sub-

soil by removing the soil from the root system of cotton plants near

the end of the plots. Pearson and Lund (1968) installed plate-glass

panels in a pit and observed the root growth of cotton next to the

glass panels.

The majority of the techniques which have been developed to

study root growth and development under field conditions have been de-

signed to study the over-all effects of the physical properties of the

soil on root growth or to study the size and distribution of a root

system for a given crop. These techniques were designed to obtain a

picture of the total root system, and were not designed to study the

semi-microenvironment in which the plant roots grow. The increased

interest in the relationship of root growth to crop yield, particularly

under acid soil conditions, makes it necessary to develop better tech-

niques to study the root system of plants on a semi-microenvironment

basis.

EFFECT OF ROOT GROWTH ON YIELD AND WATER UPTAKE

The yield of a crop is often determined by soil characteris-

tics which limit or promote root growth. Adams, et al. (1967) reported



that the average yield of seed cotton over a three-year period was

896 kg/ha higher for deep-rooted cotton grown on slightly acid subsoil

plots than for shallow-rooted cotton grown on very acid subsoil plots.

They concluded that this difference in yield was due to the ability of

the deep-rooted plants to extract more water from the subsoil. The

additional water from the subsoil made it possible for the cotton

plants to withstand longer periods of time without rain. Doss and Lund

(1975) confirmed the conclusion that the yield difference between deep-

rooted and shallow-rooted cotton plants was due to plant water stress.

They showed that the reduction in cotton seed yields, resulting from

shallow-root systems on acid subsoils, could be overcome by frequent

irrigations of the surface soil during periods of low rainfall.

Fehrenbacher and Rust (1956) measured the rooting depth of corn grown

on four Indiana soils with different physical conditions in their sub-

soil. They found that the long-time average corn yields increased as

the effective rooting depth increased. They were able to establish a

very significant relationship between long-time average corn yield and

the available water-holding capacity of the effective rooting depth of

these Indiana soils.

The results of the research work reported in the preceding

paragraph show that soil acidity has an adverse effect on uptake of

water by the plant because Al-toxicity restricts root growth. Very

little research work has been initiated to study what effect the phy-

siology of an Al-toxic root has on its ability to take up water.

Velasco, et al. (1959) reported that tomato plants grown in limed soil

guttated profusely, while tomatoes grown in unlimed soil did not
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guttate. Plants treated with 2.5 ppm Al failed to guttate even when

the atmosphere in the bell jar under which they were grown was main-

tained at 100 per cent relative humidity. Ota (1968) reported addi-

tional indirect evidence to suggest that Al-toxic roots may be less

efficient than healthy roots in taking up water. He observed that

sugar accumulated in the leaf blades of rice, and the photosynthesis

rate decreased as the degree of Al-toxicity increased. Studies on the

effects of water stress on plants have shown that both sugar accumula-

tion and reduction in the rate of photosynthesis were symptoms of water

stress. The data which is reported in the literature on the physio-

logical effect of Al-toxicity on plant roots on water uptake by those

roots, is not sufficient to make it possible to come to any definite

conclusions about the existence of a relationship between water uptake

and Al-toxicity or the magnitude of the effect if it does exist. But

it stands to reason that when root growth is restricted, water uptake

from subsoil is limited.

Soil Acidity and Growth of Legumes

Legumes are affected by soil acidity in two different ways.

Soil acidity affects the survival and growth of the plant and the sur-

vival and activity of the rhizobia, which form a symbiotic relationship

with the plant and fix atmospheric nitrogen. The evidence which is

available suggests that the legume plant can tolerate more soil acidity

than can its respective rhizobia species. McKee (1961) reported that

birdsfoot trefoil survived at a soil pH of 5.5, but that effective
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nodulation of the trefoil did not occur until the soil pH was raised to

a pH of 6.2 or greater. Baker, et al. (1968) measured the beneficial

effects from coating inoculated alfalfa seed with limestone flour.

They concluded that the lime contributed to the survival of the

rhizobia, and that the nitrogen fixed by the rhizobia accounted for the

larger yield of alfalfa on the plots which were seeded with pelleted

seeds, as compared to the yield on the plots which were seeded with

only inoculated seeds. Pohlman (1946) found that alfalfa roots would

grow through as much as 16 inches of acid soil to a limed layer of

soil. Nodulation occurred only in the layer of limed soil.

Attempts are being made to find varieties of alfalfa and

strains of rhizobia which are tolerant to acid soil conditions. Burton

(1972), in a review on nodulation and symbiotic nitrogen fixation of

alfalfa, states that acid-tolerant strains of R. Meliloti may exist,

but that essentially no progress has been made in locating them.

Buss, et al. (1975) tested different clones of alfalfa for tolerance to

soil acidity. He found that some clones appeared to be more tolerant

to soil acidity than others, but that the differences were quite small.

Much information about the effects of soil acidity on legumes indicates

the necessity of neutralizing the acidity in an acid soil to obtain

good yields of legumes.
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III. METHODS AND MATERIALS

Field Experiment

The field experiment was located on a Nekia silty clay loam

soil with a two- to seven-percent slope. The soil is of the clayey,

mixed, mesic family of the Xeric Haplohumults, and is located in Marion

Count. The original plow layer (0-6") soil test values which are re-

ported in Table I indicate that the soil was strongly acid and

contained low levels of available phosphorus (P) and potassium (K).

The plot area was fallowed during the summer of 1972 to eradicate weeds

and grasses. The lime treatments were applied in the fall of 1972 at

the rates of 0, 1, 3.75 and 6.5 tons per acre (T/A). The highest rate

of lime was calculated to give approximately 100 percent base satura-

tion using the following equation:

rate of lime in tons/acre= cation exchange capacity (CEC) total bases
2

where cation exchange capacity and total bases are expressed in milli-

equivalents per 100 grams (meq/100g) of soil. The assumption was made

that one ton of lime would add sufficient calcium (Ca) and/or magnesium

(Mg) to increase the soil test level for the total bases in the surface

six inches of soil by two meq/100g. The soil test level for Mg was

low, so one T/A of dolomite limestone was applied to all the limed

plots. The remainder of the lime was applied as calcite lime. The
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TABLE I. INITIAL SOIL TEST VALUES FOR THE NEKIA AND DAYTON SOILS

Soil Tests
1/

Nekia Soil Dayton Soil

pH 5.0 4.3

pHs 4.3 3.6

SMP Buffer pH 5.6 5.7

P ppm 9 7

K ppm 77 74

Ca meq/100g 4.2 2.3

Mg meq/100g 0.56 0.97

CEC meq/100g 22.2 12.7

Base Saturation % 22.5 26.8

Boron (B) ppm 0.36 0.23

1/
Soil Test Procedures are outlined in Table V.
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3.75 T/A rate of lime was selected as an intermediate rate. A summary

of the rates, kinds and quality of lime applied is given in Table II.

The experimental plots were established using a split - split

plot design with three replications. A schematic diagram of the break-

down of the variables for one replication is shown in Figure I. The

main plot variables consisted of two kinds of crops: One an annual

crop (wheat), and the other a perennial crop (alfalfa). The crops were

randomized within each replication. The subplot variables consisted of

two mixing treatments a minimum mixing treatment (Md) and a maximum

mixing treatment (Mr). These mixing treatments were randomized in each

main plot. The lime on the M
d
subplots was mixed into the soil by

discing three times to a depth of three to four inches. The lime on

the M
r
subplots was mixed into the soil by discing three times and then

rototilling three times to a depth of five to six inches. The sub-

subplot variables were the rates of lime applied to the soil. The

rates of lime were randomized within each subplot. The subplots of

the annual crop main plots were divided into four strips the length of

the replication as indicated in Figure I; and the two varieties of

wheat were randomly assigned to each set of two strips. The analysis

of variance tables for the different crop, mixing and rate combina-

tions, are shown in Table III.



TABLE II. THE QUANTITY, CHEMICAL COMPOSITION, AND QUALITY OF THE
LIMING MATERIAL APPLIED TO THE EXPERIMENTAL PLOTS
LOCATED ON A NEKIA SOIL

20

Kind of Material Applied

Treatment Dolomite
1/

Calcite
2/

Total Quantity
No. Lime Lime of Lime

Tons per Acre

1 0 0 0

2 1 0 1

3 1 2.75 3.75

4 1 5.5 6.5

1/
34% CaCO

3
and 56% MgCO3, 85% passing a 100 mesh screen

2/
93% CaCO

3'
90% passing a 100 mesh screen
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TABLE III. ANALYSIS OF VARIANCE TABLES
FOR FIELD AND GROWTH CHAMBER EXPERIMENTS

Source Degrees of Freedom

Table for One Set of Main Plots

Block
2

Mixing
1

Error for Block and Mixing 2

Lime Rates
3

Lime Rates X Mixing
3

Error
12

TOTAL
23

Table for Total Field Experiment

Block
2

Mixing
1

Error for Block and Mixing 2

Crop
1

Crop X Mixing
1

Error for Crop and Interaction 4

Lime Rates
3

Lime Rates X Mixing
3

Lime Rates X Crop
3

Lime Rates X Crop X Mixing
3

Error 24

TOTAL
47

Table for Growth Chamber Experiments

Treatment 12

Error 30

TOTAL
51
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Information on the varieties planted, fertilizer used,

herbicides used, and the area harvested, can be found in Table IV. The

seed bed for the annual crop was prepared in the fall of 1973 and 1974

by tilling the plot once with a heavy 13-foot offset disc. The plots

were then worked two times with a light harrow.

Soil samples were taken in the spring of 1973, 1974, and

1975. All the lime plots were sampled to a depth of six inches, and

six- to twelve-inch samples were taken from each of the no-lime and

6.5-T/A lime plots. The soil samples were analyzed in the OSU Soil

Testing Laboratory, using the methods summarized in Table V.

Plant samples were taken from all plots. The top two-thirds

of the wheat plant was sampled when the wheat was in the late boot or

early head stage of growth. The top two-thirds of the alfalfa plant

was sampled when the alfalfa was in the one-quarter to one-half bloom

stage of growth. The plant samples were analyzed in the OSU Soil Test-

ing Laboratory, using the methods summarized in Table VI.

Root Sampling Technique

A method was developed for taking undisturbed root samples

from the field experimental plots. The method involved using a chain

saw to cut out a soil monolith 2" thick x 12" wide x 8" deep. The soil

monolith was taken at a right angle to the crop row. The position of

the plants with relation to the monolith is shown in Figure II. A

monolith taken from this position made it possible to compare the quan-

tity of roots which grew between the rows, to the quantity of roots



TABLE IV. SUMMARY OF VARIETIES, FERTILIZERS, AND SPRAYS USED ON THE EXPERIMENTAL PLOTS

Fertilizer

Year Variety
N P205 K20 S

Lbs/A

Area Harvested
Spray

ft
2

1972 Fall

Wheat

Yamhill and Hyslop 25 85 70 30

1973 Spring 125 0 0 0 2,4-D, 1 pint/A

1973 Fall Yamhill and Nugaines 25 100 - 50 - 30 Karmex, 2 lbs. product/A 18-2/3

1974 Spring 125 0 0 0 2,4-D, 1 pint/A

1974 - Fall Yamhill and Nugaines 25 65 125 - 30 Karmex, 2 lbs. product/A 37-1/3

1975 Spring 125 - 0 - 0 0 2,4-D, 1 pint/A

1975 Fall 37-1/3

Alfalfa

1972 - Fall 0 - 85 - 70 - 0

1973 Spring Thor inoculated with "Nitragin" 1/

1973 Fall 0 100 125 40 Kreb, 3 lbs. product/A

1974 - Spring
4 lbs B/A

120 1st

1974 - Fall 0 - 65 - 125 - 40 Karmex, 3 lbs. product/A
90 2nd

1975 Summer 90 1st
180 2nd

1/
Trade name
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TABLE V. METHODS OF SOIL ANALYSIS

Soil-Test- -Method Reference

pH (1:2 soil to H2O) Jackson, 1958

pH
s

(1:2 soil to 1 N KC1)

P (0,03 N NH4F and 0,025 Bray, 1945
N HC1 extractable)

B (Hot H2O extractable) Dibble, et al, 1954

SMP Buffer pH (Lime Requirement Test) Shoemaker, et al, 1961

CEC (Neutral 1 N NH
4
OAc) Schollenberger

and Simon, 1945

TABLE VI. METHODS OF PLANT ANALYSIS

Plant Nutrient Method Reference

Total Nitrogen (Micro-Kjeldahl) Horowitz, 1970

Nitric Acid - Perchloric Acid Digestible

P (Vanadate-Molybdate) Inter-Institute
Committee, 1969

K (Atomic Absorption)

Ca

Mg

Mn

(
II

)

(
II

)

(
II 11

)
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Figure The Position of the Plants in the Soil Monolith
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which grew in the row. The photograph in Figure Illa shows a monolith

which was removed from an experimental plot.

The soil monoliths were placed in a wire basket and soaked

for a minimum of four hours in a "Calgon" detergent solution before

they were placed in the washer. A grid made of 2.5-inch nails was in-

serted into the soil monolith after it had soaked in the detergent

solution. The nails were spaced on an alternate one-half-inch grid

pattern so that the maximum diagonal distance between two nails was

slightly over 5/8 of an inch. One of the grids is shown in Figure IIIb.

The root washer was constructed using angle iron and a

2 x 2 x 4 foot stock tank. A carriage was constructed which would hold

four samples. The carriage was propelled by an electric motor, and had

a 12" stroke. The carriage made about 30 oscillations per minute. The

stock tank was filled about 2/3 full of water. The samples were placed

on the carriage in a horizontal position with the open part of the grid

to the top. A minimum of root material was lost during the washing

period with the grid in this position. The soil was washed from the

root system by the turbulence resulting from the root sample movement

through the water in the tank. The washer is pictured in Figure 111c.

The Nekia soil had a very firm structure. It was necessary

at times to break up the firmly structured part of the soil with a

special nozzle constructed from a pistol-grip garden-hose nozzle and

fitted with a piece of 1/8-inch copper tubing. This nozzle was also

used to wash the soil from the thickly matted root systems which was

not removed in the washer during the washing period.



a b

Figure III. Photographs of a Soil Monolith and the Equipment Used to
Wash the Soil From the Root Samples
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The washed root samples were placed on a sheet of glass

situated above a white background, and were photographed. A picture of

the photostand can be seen in Figure Illb. The photographs of the root

systems show how the placement of lime affected root distribution in

the soil and how soil acidity affected the morphology of the roots.

The root samples were oven-dried at 55 to 60°C and were weighed. The

organic matter was ignited by placing the root samples in a muffle fur-

nace overnight at 550°C. The samples were removed from the furnace,

allowed to cool, and weighed. The loss of weight was used as a measure

of the quantity of roots in the sample. Hachett (1973) also used a

loss-of-weight method to measure the quantity of roots present in a

sample contaminated with soil. The loss of the water of hydration of

clays and amorphous materials which were not washed from the root sys-

tems could increase the amount of weight that was lost during ignition.

However, the samples which contained the greatest quantity of soil also

contained the largest number of roots. The quantity of ash from the

larger root systems would tend to offset the error caused by the loss

of water from the soil.

Growth Chamber Experiment

The soils used in the growth chamber experiments were surface

soils taken from the Nekia soil located on the field experimental site

described above; and a Dayton silt loam soil located on another field

experimental site located in Linn County. The Dayton soil is of the

fine, montmorillonitic, mesic family of the Typic Albaqualfs. The soil
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test values reported in Table I indicate that the Dayton Soil was

strongly acid. Different size lots of soil were taken from the two

bulk samples, and appropriate amounts of a mixture of reagent grade

CaCO
3

and MgCO3 were mixed with each lot. The rates of lime applied to

each lot of soil are shown in Table VII. Each combination of lime rate

and per cent of soil limed will hereafter be referred to as a treat-

ment. The limed soils were incubated at field capacity for two to

three months. The incubated soil was then dried, crushed and sieved.

Each lot of soil, both limed and unlimed, was mixed with reagent grade

chemicals of N, P, K and S. The rates at which these plant nutrients

were applied are shown in Table VIII. The soils were moistened to 2/3

field capacity and were sieved through a 2-mm sieve. This gave the

soil a granular structure, which became quite stable upon drying. Dif-

ferent amounts of limed and unlimed soil were placed in 30 x 30 x 1 cm

boxes, so that the final bulk density of the soil in the boxes was

approximately 1.4 g/cm
3

. A diagram of how the limed and unlimed soil

was placed in the boxes is shown in Figure IV. Three viaflow tapes

were placed vertically from top to bottom between the side of each box

and the soil, and were positioned so that each tape would supply water

to an equal volume of soil. The soil in the boxes was watered to field

capacity (approx. 28% moisture). Thirty wheat seeds of the variety

Nugaines were planted in each box. The treatments were replicated four

times, and the boxes were completely randomized when placed in the

growth chamber.



TABLE VII. THE COMPOSITION OF LIMING MATERIAL AND LIME RATES APPLIED TO THE SOILS
WHICH WERE USED IN THE GROWTH CHAMBER EXPERIMENT

Nekia Soil Dayton Soil

Treatment
No.

Lime Rates Per Cent
of

Soil Limed

Lime Rates Per Cent
of

Soil Limed
Total Soil Limed

Volume Portion

Total Soil Limed
Volume Portion

1

2

Tons/Acre

0 0

1 1/ 10

0

10

Tons/Acre

0 0

1 1/ 10

0

10

3 1 3.3 3o 1 3.3 3o

4 1 1.7 6o 1 1.7 6o

5 1 1 100 1 1 100

6 4 Y 4o 10
4/

30 10

7 4 13.3 3o 3 10 3o

8 4 6.7 6o 3 5 60

9 4 4 100 3 3 100

10 7.5 ..Y 75 10 5-51 5o lo

11 7.5 25 3o 5 16.7 30

12 7.5 12.5 6o 5 8.3 6o

13 7.5 7.5 100 5 5 100

Composition of Liming Material: 1/ 40% MgCO3 & 60% CaCO3

2/ 10% " & 90% "

3/ 5.6% " & 94.4% "

4/ 13.8% MgCO3& 86.2% CaCO3
37 8.2% " & 91.8%



TABLE VIII. FERTILIZER APPLIED TO GROWTH CHAMBER SOILS
1/
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Soil Series
Plant Nutrients

N P
2
0
5

K
2
0 S

Nekia

Dayton

Rate Equivalents in lbs/Acre

100 40 60 20

100 + 25 1/ 40 60 20

1/ Reagent Grade NH
4
NO

3
, KH

2
PO

4
and K

2
SO

4
chemicals were used as

sources of plant nutrients.

2/ The 25 units of N was added at four weeks through the watering

system.

The growth chamber was programmed for a 14-hour day, and the

light intensity varied with the time of the day. The day temperature

in the growth chamber was 30°C, and the night temperature was 20°C.

The plants were watered daily. The amount of water which was added

daily was determined by measuring the loss of weight of selected boxes

which were representative of a group of treatments.

The wheat plants were grown for six weeks in the case of the

Nekia soil, and nine weeks in the case of the Dayton soil. At the end

of the growth period, the above-ground part of the plants was harvested,

dried at 55 °C, and weighed. The plant material was then ground, and
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Figure IV. Distribution of Limed and Unlimed Soil in Boxes Used in
Growth Chamber Experiment
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chemical analyses were performed. Two of the four boxes from each

treatment were used to obtain information on how the wheat roots re-

sponded to the placement of lime. The roots and soil were removed from

the box and were placed on a grid consisting of one-inch nails on a

one-cm grid. The soil was washed from the roots with running water.

The root systems were photographed, dried and weighed.

Soil samples were taken from the remaining two boxes of each

treatment. A composite sample, to determine the overall soil test

values for the total soil system in the box, was obtained by removing

a three-inch strip of soil from the bottom of the box (Figure V). The

strips of soil associated with each band of limed soil were sampled in

the manner illustrated in Figure V, and were composited for each box.

The soil samples were analyzed by the OSU Soil Testing Laboratory.

Measurement of Plant Water Potential

The plant water potential was measured using a pressure bomb

apparatus on the next-to-the-top leaf of nine-week-old wheat plants

grown in the growth chamber. The plant leaf was placed in a slit made

in a rubber stopper. The rubber stopper was placed in the pressure

chamber so that the cut end of the wheat leaf could be observed while

the rest of the leaf was inside the pressure chamber. Nitrogen gas was

allowed to flow into the pressure chamber until water droplets appeared

on the cut end of the wheat leaf. The pressure at which the droplets

appeared was recorded and was used as a measure of the plant water po-

tential. The soil in each box was watered to an optimum moisture level
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Figure V. A Diagram Showing the Manner in Which the Soil
Samples Were Taken from the Boxes of the Dayton
Soil Growth Chamber Experiment
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the day before the leaf samples were taken. The soil which was mixed

with the higher rates of lime appeared to be drier than the unlimed

soil at the time the leaf samples were taken.

Statistical Analysis

An analysis of variance was performed on all the data, as

shown in Table lll. The interactions and main effects were tested for

significances by the F-statistic. Using Regression Analysis, the best

fitting equations were computed using a combination of the x and x
2

values of the independent variable. The best fitting regression equa-

tion was determined by step-wise addition of the values for the inde-

pendent variable. Any value for the independent variable which did not

substantially increase the R
2
- value, was not included in the

regression equation. A set of orthogonal contrasts was used to test

for differences between the means of each treatment in the growth

chamber experiment. This set of orthogonal contrasts is shown in

Table IX.



TABLE IX. ORTHOGONAL CONTRASTS USED IN THE ANALYSIS OF THE GROWTH CHAMBER DATA

Lime Rate No. 1 2 3 4

Lime Rates, Tons/Acre
Nelda Soil 0 1 4 7.5
Dayton Soil 0 1 3 5

Treatments Per Cent of Soil Mixed With Lime
Contrasted 0 10 30 60 100 10 30 60 100 10 30 60 100

1 vs. 2,3,4
1/

-12 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1

2 vs. 3,4 0 -2 -2 -2 -2 +1 +1 +1 +1 +1 +1 +1 +1

3 vs. 4 0 0 0 0 0 -1 -1 -1 -1 +1 +1 +1 +1

10% vs. others 0 -3 +1 +1 +1 -3 +1 +1 +1 -3 +1 +1 +1

30% vs. greater 0 0 -2 +1 +1 0 -2 +1 +1 0 -2 +1 +1

60% vs. 100% 0 0 0 -1 +1 0 0 -1 +1 0 0 -1 +1

10% (2-3 & 4) vs.
others (2-3 & 4) 0 -6 +2 +2 +2 +3 -1 -1 -1 +3 -1 -1 -1

30% (2-3 & 4) vs.
others (2-3 & 4) 0 0 -4 +2 +2 0 +2 -1 -1 0 +2 -1 -1

60% (2-3 & 4) vs.
100% (2-3 & 4) 0 0 0 -2 +2 0 0 +1 -1 0 0 +1 -1

10% (3-4) vs.
others (3-4) 0 0 0 0 0 -3 +1 +1 +1 +3 -1 -1 -1

30% (3-4) vs.
others (3-4) 0 0 0 0 0 0 -2 +1 +1 0 +2 -1 -1

60% (3-4) vs.
100% (3-4) 0 0 0 0 0 0 0 -1 +1 0 0 +1 -1

1/ These numbers correspond to the Lime Rate No.
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IV. RESULTS AND DISCUSSION

Introduction

Wheat was chosen as an indicator crop because: (1) it was an

important annual crop in the Willamette Valley; and (2) the varieties

grown in the Willamette Valley were shown to be moderately sensitive to

Aluminum (Al) in both nutrient solutions and in acid soil systems

(Kerridge, 1969). The wheat varieties, Yamhill and Hyslop, had pre-

viously been screened for tolerance to Al-toxicity, and were shown to

be moderately sensitive and sensitive respectively. These varieties

were selected because of the difference in their sensitivity to Al, and

because they are two of the most widely grown varieties in the area

where the experimental plots were located.

The first year's data (1973) from the experimental plots

showed that the particular selection of Hyslop wheat seed planted was

as tolerant to Al as the Yamhill variety. The genetic variability of

the Hyslop variety could result in some selections being as tolerant

to Al as the Yamhill variety.
1/

Therefore, a more sensitive and gene-

tically pure variety, Nugaines,was planted for the next two years in

place of the Hyslop variety.

The varying tolerance of the two wheat varieties to Al made

it possible to measure Al-toxicity over a greater range of Al concen-

trations in the soil system.

1/ Personal communication with Dr. D. P. Moore
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Alfalfa is an agronomic crop which is sensitive to soil

acidity. Soil acidity affects both the alfalfa plant and the rhizobia

which form a symbiotic relationship with the alfalfa plant. The

relationship of the rhizobia and alfalfa has been discussed in the

literature review. The alfalfa seeds planted in the field experiment

germinated, and the seedlings emerged on all the plots; but few sur-

vived on the plots on which the zero and one-T/A rate of lime was

applied. McKee (1961) and Dessureaux (1969) reported that high concen-

trations of Al did not affect the germinating alfalfa seed, but that

they did affect the seedling after it began to grow. The alfalfa plants

that did survive on the low-lime plots grew very slowly and were yellow

in color, which indicated a nitrogen deficiency. An inspection of

their root systems showed that these plants were not nodulated. This

observation helps to substantiate the observations of others, that the

alfalfa plants can tolerate more soil acidity than can the rhizobia

that inoculate the alfalfa roots.

Crop Response to Different Rates of Lime

The application of lime significantly increased the yield of

alfalfa and wheat grown on the Nekia soil, in both field and growth

chamber experiments. The application of lime to the Dayton soil sig-

nificantly increased the yield of wheat in a growth chamber experiment.

The data for these experiments is shown in Tables X and XII.
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TABLE X. YIELD OF WHEAT AND ALFALFA UNDER FIELD EXPERIMENTAL
CONDITIONS WHEN LIME WAS APPLIED TO THE SOIL

Rate of Lime

Field Experiment Crops

Wheat Varieties

Yamhill
1/

Hyslop
1/

Nugaines .Y Alfalfa 2/

T/A Bushels/Acre

0 52 66 33 0.02

1 78 86 58 0.38

3.75 97 105 84 3.32

6.5 101 105 87 3.83

1/ Average of three years' data

2/ One year's data

3/ Average of two years' data

The yield increases for all three wheat varieties were signi-

ficantly greater with each increment of lime applied, up to the 3.75

T/A application of lime in the field experiments. The yields of the

three wheat varieties grown on the 3.75-T/A and the 6.5-T/A plots were

not significantly different. The percent increase in yield with each

increment of lime applied is similar for both Yamhill and Hyslop wheat.

The magnitudes of the response of the Al-sensitive wheat variety

(Nugaines) to the application of different increments of lime, differed

from the Yamhill and Hyslop varieties. The yield increase of the
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Al-sensitive Nugaines wheat variety was 20 per cent greater at the

one-T/A rate, and 10 per cent greater at the 3.75-T/A rate of lime than

the yield increase of the Al-tolerant Yamhill and Hyslop wheat varie-

ties. The larger increases in the yield of the Nugaineswheat resulting

from the application of lime, confirms that the Nugaines wheat variety

was the most acid-sensitive wheat variety used in this experiment. The

over-all lower yield for the Nugaines wheat variety suggests that its

yield potential is slightly lower than that of the varieties Yamhill

and Hyslop.

The yield response of Nugaines wheat from the application of

lime to the Nekia and Dayton soils was quite similar for both soils

under growth chamber conditions. The larger dry matter yield of wheat

for the Dayton soil, as compared to the yield for the Nekia soil, was

not caused by a difference in soils, but was rather caused by different

experimental conditions. The growth period for Nugaines wheat was six

weeks on the Nekia soil, and nine weeks on the Dayton soil. The wheat

grown on the Nekia soil showed some signs of nitrogen deficiency.

Accordingly, wheat grown on the Dayton soil was given supplemental

nitrogen through the watering system when the plants were four weeks

old. The longer growing period and the addition of nitrogen could

account for the greater yields of wheat dry matter obtained on the

Dayton soil compared to the Nekia soil.

The yield data which shows the response of alfalfa to the

application of lime in the field experiment, is shown in Table X.

There was no significant increase in yield of dry matter with the

application of one T/A of lime when alfalfa was used as an indicator
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crop. A large significant increase in the yield of alfalfa dry matter

was observed with the application of 3.75 T/A of lime to the acid Nekia

soil. The application of an additional 2.75 T/A of lime gave a small

increase in yield of alfalfa. This type of response of alfalfa to the

application of increasing rates of lime is indicative of the sensiti-

vity of alfalfa to soil acidity. The one T/A of lime applied to the

acid Nekia soil did not reduce soil acidity to an adequate level for

good growth of alfalfa.

The response of wheat and alfalfa to the application of lime

was significant, and substantiates that the soil acidity levels found

in the soils used in these experiments were high enough to cause reduc-

tions in yields. The factors which caused these reductions in yield

will be discussed in detail later in the text.

INTERACTION OF MIXING AND RATE OF LIME ON CROP RESPONSE

Research work has shown that crop response to the application

of lime to an acid soil depends on the quantity of lime applied and the

way the lime is mixed with the soil (Peech and Lathwell, 1965). Other

researchers have observed that the rates of lime which give optimum

yields in field experiments may be considerably below the theoretical

optimum rates.-
2/

It has been suggested that the thoroughness with

which the lime was mixed with the soil in the field could account for

2/ Personal communication with Dr. E. Hugh Gardner and
Dr. T. L. Jackson
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this discrepancy. Field and growth chamber experiments were designed

to study the interrelationship between the thoroughness of mixing and

the rate of lime applied to an acid soil.

The results which illustrate the interrelationship between

rates and mixing of lime for the field experiments are shown in

Table XI. The yield of wheat for all varieties was lower on the thor-

oughly mixed (M
r

) plots, as compared to the partially mixed (M
d

) plots

for all rates of lime applied to the acid Nekia soil. The lower yields

on the M
r
plots suggest that physical soil conditions which had an ad-

verse effect on plant growth, resulted from the thorough mixing of lime

with the soil using a rototiller. The factor which caused the lower

yields on the M
r
plots was evident during the three years in which

yield data was collected. The average yield for the different years is

shown in Table XIV. No research was initiated to determine what caused

the lower yields on the Mr plots. The data for wheat in Table XI shows

that the adverse effect of rototilling was not as great on the high-

limed plots as it was on the low-limed plots. The data in Table XI

also shows that there was no advantage in thoroughly mixing the lime

with the acid Nekia soil when wheat was used as an indicator crop.

The growth chamber experiments with wheat further investi-

gated the relationship between the rate of lime applied to acid Nekia

and Dayton soils and the percentage of soil with which the lime was

mixed. The summary data for these experiments are shown in Table XII.

Statistical analysis of the data for the Nekia soil indicates that only

the 10 per cent mixing treatment was significantly different from the
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other treatments. Apparently the limited volume of soil which was

limed was not adequate to produce the maximum yield of wheat. Liming

30 per cent or more of the soil was sufficient to produce the maximum

yield of wheat dry matter on the Nekia soil under growth chamber condi-

tions.

TABLE XI. YIELD OF WHEAT AND ALFALFA UNDER FIELD EXPERIMENTAL CON-
DITIONS WHEN LIME WAS PARTIALLY (Md) AND THOROUGHLY (Mr)
MIXED WITH THE NEKIA SOIL

Crop Mixing
Lime Rates, T/A
1 3.75 6.5

Wheat Variety

Md

M
r

M
d

r

M
d

M

61

43

73

59

43

22

8o

75

100

72

75

4o

Bushels/A

101

93

97

113

89

79

102

99

109

101

94

80

Yamhill

Hyslop

Nugaines

r

Alfalfa

T/A

M
d

.03 .71 3.49 3.78

M
r

0 .06 3.13 3.87
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TABLE XII. YIELD OF WHEAT (DRY MATTER) GROWN ON
NEKIA SOIL IN GROWTH CHAMBER

Rate of Per Cent of Soil Limed
Lime 0 10 30 60 100 Means

T/A Grams/Box

0

1

4

7.5

Means

SE = 0.080

0.91+

1.36 1.50 1.38 1.41

1.39 1.76 1.81 1.64

1.52 1.90 2.08 1.90

1.42 g 1.72 h 1.76 h 1.65 h

0.94 a
1/

1.41 b

1.65 c

1.85 d

YIELD OF WHEAT (DRY MATTER) GROWN ON
DAYTON SOIL IN A GROWTH CHAMBER

Rate of Per Cent of Soil Limed
Lime 0 10 30 60 100 Means

T/A Grams/Box

0 1.27 1.27 a-
1/

1 1.95 2.42 2.03 1.83 2.06 b

3 1.85 3.10 3.02 2.60 2.65 c

5 1.72 3.50 2.90 2.60 2.68 c

Means 1.84 e 3.01 e 2.65 f 2.34 f

SE = 1.53

1/ Different letters indicate a significant difference between means
using Orthogonal contrasts. The means for the rates of lime were
not compared with the means for the mixing percentages.
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The results from the growth chamber experiment using the

Dayton soil confirmed the conclusion that maximum yields of wheat dry

matter were not obtained under growth chamber conditions unless 30 per

cent or more of the soil was mixed with a quantity of lime which was

equivalent to the rate of three T/A. Liming 10 per cent of the soil

was not adequate to produce optimum yields. The optimum yield in this

experiment was obtained from boxes which had 30 per cent of the soil

limed. The significantly lower yields from boxes in which 60 and 100

per cent of the soil was limed resulted in part from the lower yields

from boxes to which the one-T/A rate of lime was applied.

The results show that there was an interaction between the

rate of lime applied and the percentage of the soil into which the lime

was mixed. When lime was mixed into 10 per cent of the soil, yields

were not increased by lime applications exceeding one T/A. When lime

was mixed into 30, 60, or 100 per cent of the soil, yields from the

three-T/A rate of lime application exceeded those from the one-T/A.

The one-T/A rate of lime mixed in 10 per cent of the soil would give a

liming rate equivalent to 10 T/A in the limed portion of the soil. The

same rate mixed with 30 per cent of the soil would be equivalent to the

rate of 3.3 T/A of lime in the limed portion of the soil. The average

yield for the set of boxes in which the one T/A rate of lime was mixed

with 30 per cent of the soil, is only slightly less than the yield for

the three-T/A rate mixed with 100 per cent of the soil. The yields of

wheat dry matter for the one-T/A rate decreased as that quantity of

lime was mixed with larger volumes of Dayton soil. The dilution effect



as reported by Peech and Lathwell (1956) could cause this decrease in

yield.
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The results of the growth chamber experiments help to explain

why optimum yields can be obtained in field experiments from lower than

theoretical optimum rates of lime. The growth chamber experiments show

that adequate liming of 30 per cent or more of the soil to a pH of

6.9 was sufficient for optimum growth of wheat. This would mean that

one-third of theoretical optimum rate of lime applied to an acid soil

and mixed with approximately 30 per cent of the surface soil, would be

sufficient on a short-term basis. As the lime was thoroughly mixed

into the soil, the effectiveness of lower rates of lime would decrease.

The interaction between the rate of lime applied to the acid

Nekia soil and the degree to which the lime was mixed with the soil was

more pronounced when alfalfa was used as an indicator crop. The data

in Table XV shows that the response of alfalfa to a one T/A application

of lime thoroughly mixed into the soil was significantly less than when

the quantity of lime was only partially mixed into the soil. The

alfalfa yields on the plots on which 3.75-T/A of lime was applied, were

greatest when the lime was only partially mixed with the soil, as com-

pared to when the lime was thoroughly mixed with the soil. The method

of mixing lime with the soil did not affect the yield of alfalfa on the

plots that received a 6.5-T/A application. The larger yields of

alfalfa on the M
d

plots as compared to the M
r

plots when less than

theoretically optimum rates of lime were applied, could be caused by

the dilution of the lime when it was thoroughly mixed with the soil.
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Regions of high lime concentrations in small volumes of soil occurred

when the lime was poorly mixed with the soil.

The effects of mixing on the distribution of lime in the soil

is illustrated by the soil pH values in Table XIII. The soil was

sampled to a depth of 10 inches by a probe one inch in diameter. The

10-inch core was divided into five equal segments, and the pH was

measured for each of these two-inch core samples. The 13 soil sample

cores were taken from a 6 x 10" area in the perennial crop field plots

to which the 6.5-T/A rate of lime had been applied. The pH data is

placed in Table XIII in the position in which it was found in the

field. The data in Table XIII shows that the pH of the soil was rela-

tively uniform to a depth of six inches on the Mr plots; and the

highest pH values for the Mr plots were considerably lower than the

highest pH values for the samples taken from the Md plots. The lime is

concentrated in the surface four inches of the M
d

plot. The pH data

for the M
d
plot also shows that there is a large variation in pH values

even in the top two inches of soil. Lathwell and Peech (1965) reported

that yield of the indicator crop decreased when low rates of lime were

mixed into larger volumes of soil. The pH values in Table XVI show

that the one-ton and 3.75-T/A rates of lime were not sufficient to neu-

tralize the amount of the soil acidity which was required to produce

optimum yields of alfalfa when these rates of lime were thoroughly

mixed into the top six inches of soil. The data in Table XIII show

that when the 6.5-T/A rate of lime was partially mixed with the soil,

there occurred regions of soil with high concentrations of lime. The

assumption can be made that small regions of soil in which adequate



TABLE XIII. THE EFFECT OF DIFFERENT MIXING TECHNIQUES ON THE pH
OF SOIL CORES TAKEN FROM PLOTS ON AN ACID NEKIA SOIL
TO WHICH LIME WAS APPLIED AT A RATE OF 6.5 T/A, 1/
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Partially Mixed (Md)
pH

0-2" Soil Depth
6.9 6.5 6.9

6.6 7.0
6.4 6.3 6.2

6.7 6.8
6.8 6.8 7.2

1---*1
10"

2-4" Soil Depth
6.4 6.5 7.o

6.6 6.2

5.7 5.1 5.7
5.0 5.1

6.7 6.6 6.6

4-6" Soil Death

5. 5.:
5.6 5.3

5.3 5.1

6-8" Soil Death

5.3 5.

5.4

5.3 5.3
5.2

5.3

8-10" Soil Death

5.3 5.

5.5 5.4

5.2 5.3
5.2 5.3

5.5 5.2

5.5

5.4

5.4

5.2

5.3

5.3

5.2

5.4

5.4

Thoroughly Mixed (M )

pH

0-2" Soil Depth

5.9

5.6

6 o

6.1

6.1

5.9

6.0

6.3

6.2

6.3

6.1

5.9

6.2

2"

2-4" Soil Depth
6.4 6.2 6.3

6.5 6.2
6.1 6.2 6.2

6.3 6.2
6.2 6.4 6.5

4-6" Soil Depth
6.3 6.2 5.6

6.o 6.0
5.8 5.8 6.1

5.8 5.6
5.8 6.1 5.9

8-10" Soil Death

5.5 5.5 5.2
5.4 5.3

5.4 5.5 5.5
5.3 5.4

5.5 5.3 5.3

1/ These samples were taken from a 6 x 10 inch area with a one-inch-
diameter sampling tube. The pH values have been placed in such a
way as to show the position from which each sample was taken.
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quantities of lime were present to neutralize the soil acidity, could

also occur in the partially mixed plots to which the 1- and 3.75-T/A

rates of lime were applied. The roots of alfalfa plants could develop

in these regions and nodulation could occur. Longnecker and Merkle

(1952) reported that crimson clover roots developed in the regions

where the soil was limed. Pohlman (1946) showed that alfalfa roots

grew and nodulated in the portion of the soil profile which was limed.

Baker, et al (1968) and MacLeod and Bradfield (1964) showed that nodu-

lation of alfalfa occurred in small limed regions of soil. This

evidence supports the hypothesis that the higher yields of alfalfa from

the plots in which the 1- and 3.75-T/A rates of lime were partially

mixed into the soil, resulted from pockets of high lime concentration

which were present in the partially mixed plots but which were not pre-

sent when the lime was thoroughly mixed with the soil.

THE INTERACTION OF TIME AND LIME RATES ON CROP YIELDS

The data reported in Table XIV shows that the yield of

Yamhill wheat was 91 and 89 bushes per acre (Bu/A) in 1973, and de-

clined to 85 and 72 Bu/A in 1974 in the M
d

and M
r

plots to which the

lower rate of lime had been applied. There was no decrease in the

yield of Yamhill wheat from 1973 to 1974 on the plots which received

the higher rates of lime. The data also shows that the over-all yields

of Yamhill and Nugaines wheat were 19 per cent lower in 1975 compared

to 1973 or 1974. The reduced 1975 yield was caused by an infestation

of Ophiobolus Graninus, commonly referred to as "take-all," which is a
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TABLE XIV. THE EFFECT OF TIME ON THE YIELD RESPONSE OF WINTER WHEAT
TO THE APPLICATION OF LIME TO AN ACID NEKIA SOIL

Variety Mixing Year
Lime Rates, T/A Standard

Error0 1 3.75 6.5

Yamhill

Hyslop

Nugaines

M
d

M
r

M
d

M
r

M
d

M
r

1973

1974
1975

1973

1974

1975

1973

1973

1974
1975

1974

1975

67

66

50

48

49

32

73

59

49

36

27

17

Bushels/Acre

91 109

85 110

64 85

89 94

72 94

63 92

100 97

72 113

86 96

64 82

46 86

33 71

94

116

96

99

99

98

109

101

107

81

88
71

10.28
8.32
8.28

10.28
8.32
8.28

14.60

14.60

9.02
8.46

9.02
8.46

TABLE XV. THE EFFECT OF TIME ON THE YIELD RESPONSE OF ALFALFA TO
THE APPLICATION OF LIME TO AN ACID NEKIA SOIL

Mixing Year
Lime Rates, T/A

0 1 3.75 6.5

M
d

M
r

1974
1975

1974
1975

0.03
0.04

0

0

Yield, T/A

0.38 3.70
1.04 3.28

0.04 3.31

0.09 2.95

3.92
3.64

4.18
3.56
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fungus disease affecting the roots of the wheat plants. The yield data

in Table XIV shows that "take-all" reduced the yields of Yamhill and

Nugaines wheat on the plots to which the 0, 1, 3.75 and 6.5 T/A rate of

lime had been applied, by an average of 31, 20, 15, and 15 per cent re-

spectively. This suggests that when the wheat plant was not under a

stress caused by soil acidity, it was better able to withstand the

detrimental effects of the "take-all" disease, even though the activity

of the "take-all" organism increases as the rhizosphere pH increases. 3/

The yearly decrease in the yield of wheat grown on the plots

to which one T/A of lime was applied, could be the result of two fac-

tors. The first factor which could contribute to the higher yields of

wheat grown on the low lime plots the first year after the lime was

applied, could be the heterogeneity of the soil. The effect of small

pockets of lime in the soil was discussed in the preceding section.

The wheat roots would develop in the small regions of soil where higher

concentrations of lime occurred. The preparation of the seed bed for a

new crop each fall would tend to cause the lime to become more

thoroughly mixed with the soil with each succeeding year.

The second factor was the rate at which the lime, acting as a

base in the soil solution, would equilibrate with the soil acidity on

the cation exchange complex in the soil. The solution pH of the soil

system could be relatively high, even though the quantity of exchange

acidity was large. Harward and Coleman (1954) observed that Al-

3/ Personal communication with Dr. R. L. Powelson
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saturated clay equilibrated very slowly when titrated with NaOH. This

slow rate of equilibration in an Al clay system could mean that as the

lime dissolved the soil solution Al could be very low, even though the

exchangeable Al is high. Adams and Lund (1966) showed that the

activity of Al in the soil solution was a good indicator of the effect

that soil solution Al would have on the rate at which cotton roots

grew. The dissolution of lime in the soil system would raise the pH of

the soil solution and precipitate out the soluble Al. The dissolution

of lime in the soil would also cause the concentration of Ca in the

soil solution to be higher than in the unlimed soil. Ali (1973) showed

that the addition of Ca to a solution containing Al reduced the toxi-

city of a given concentration of Al when wheat was used as an indicator

plant. The effect of the dissolution of lime in the soil system would

decrease as the concentration of free lime decreased over time.

The effect of time on the yield of alfalfa on the Nekia soil

experimental plots is shown in Table XV. The average yield of alfalfa

decreased from 1.95 T/A in 1974 to 1.85 T/A in 1975. The alfalfa yield

on the plots on which one T/A of lime was applied, increased in 1975,

while the yields on the other limed plots decreased. The larger yield

in 1975 on the plots to which one T/A of lime was applied could be the

result of better and more effective nodulation with time. The lower

yield of alfalfa on the other limed plots was caused to a large extent

by rodents which reduced the density of the alfalfa stand and damaged

the root system.
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Extractable Aluminum, Root Growth and Crop Yields

pHs AND EXTRACTABLE Al

A salt solution in equilibrium with a soil displaces the

exchangeable acidity from the soil system and makes it possible to

measure both the soluble and exchangeable acidity (McLean, 1965). The

exchangeable and soluble acidity include both the H
+

and the A13+ ions

present in the soil system. The term pHs in this text will refer to

the pH of a one normal KC1 solution equilibrated with the soil at a

ratio of one part of soil to two parts of KC1 solution.

The pHs of the soil system has been demonstrated to be

related to the amount of extractable Al in that system (Janghorbani,

1969). The reactions which occur when Al is brought into solution by

KC1 are shown in the following equations.

Al (absorbed) + 3K+ , 3K (absorbed) + Al3+

Al
3+ + HOH Al OH

2+
+ H

+

AlOH
2+

+ HOH Al (OH)2 + H
+

Al (OH)
2

+ HOH Al (OH)
3
+ H

+

The equilibrium pHs of the soil-solution system is related to the rela-

tive concentrations of mono-, di-, and trivalent Aluminum ions which

would be found in the soil system.

The relationship between pHs and extractable Al for the Jory

and Nekia Soil Series as determined by Peterson (1972) and Janghorbani

(1969) is shown in Figure VI. The Jory Soil Series is associated with

the Nekia Soil Series and is differentiated from Nekia because it has a

deeper profile. Therefore the relationship between pHs and extractable
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Extractable
Al

meq/100g

7
6,

0 0

A

a

0
0

A
0

0

Nekia

o Jory
Peterson, 1972

A Jory Janghorbani, 1969

4.0 4 4.4 5.0 5.2 5.4

pHs

Figure VI. The Relationship of pHs Measured in 1 N KC1 Salt
Solution to Extractable Aluminum for the Jory and
Nekia Soil Series
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Al should be similar for both the Jory and the Nekia Soil Series, as is

shown in Figure VI. Janghorbani (1969) determined the relationship be-

tween pHs and extractable Al for the Jory Soil Series at different

depths in the soil profile. Peterson (1972) limed samples of Jory and

Nekia soil taken from different locations and incubated the limed soil

in the greenhouse. He then determined pHs and' extractable Al on these

samples. The data points in Figure VI show that there is a very good

relationship between pHs and extractable Al for both Janghorbani's and

Peterson's samples. The shape of the curve reflects the shape of the

curve for the solubility of Al(OH)i. This data suggests that pHs can

be used as an indicator of the level of extractable Al for these soils.

The pHs values for the different treatments in the experiment

on Nekia soil are shown in Table XVI. An analysis of variance showed

that for the wheat plots, and in 1973 for the alfalfa plots, there was

no significant difference between the pHs of the composite soil samples

taken randomly from the Md plots into which the lime was partially

mixed with the soil, and the pHs of the soil samples taken randomly

from the M
r
plots into which the lime was thoroughly mixed with the

soil. Data for the perennial crop for 1974 and 1975 shows that there

was a statistically significant difference between the pHs of the soil

samples taken from the Md plots and the M
r

plots. The effects of vary-

ing degrees of mixing lime into the soil on the pHs of the soil system

in the alfalfa plots occurred only at the 6.5-T/A rate of lime. It

should also be pointed out that the pHs values reported in Table XVI

are the mean values for the plots, and do not measure the variability



TABLE XVI. THE CHANGES IN SOIL pHs (1:2 SOIL TO 1 N KC1) UPON
THE APPLICATION OF LIME TO AN ACID NEKIA SOIL, IN SOIL
SAMPLES TAKEN FROM THE SURFACE SIX INCHES OF THE SOIL
PROFILE
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Crop Mixing Year Lime Rates, T/A Standard
Error

0 1 3.75 6.5

pHs

Wheat M
d

1973 4.23 4.43 5.13 5.40 0.074
1974 4.30 4.57 4.93 5.53 0.047
1975 4.27 4.32 4.90 5.5o 0.061

M 1973 4.13 4.26 4.83 5.50 0.074
r

1974 4.20 4.37 4.80 5.40 0.047
1975 4.17 4.23 4.83 5.47 0.061

Alfalfa M
d

1973 4.27 4.37 4.97 5.53 0.060
1974 4.20 4.4o 4.90 5.83 0.083
1975 4.30 4.43 4.93 5.73 0.065

M
r

1973 4.20 4.33 '5.03 5.53 0.060
1974 4.23 4.37 4.97 5.23 0.083
1975 4.30 4.43 5.03 5.33 0.065

TABLE XVII. THE R
2
VALUES FOR THE REGRESSION EQUATIONS FOR pH

(1:2 SOIL TO H20)AND pHs (1:2 SOIL TO 1 N KC1) AND
YIELDS OF YAMHILL AND NUGAINES WHEAT

Variety Year pH pH
s

Yamhill 1973 0.708 0.700
1974 0.770 0.794
1975 0.896 0.717

Nugaines 1974 0.829 0.856
1975 0.868 0.759
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within a plot. The assumption can be made that the variation of the

pHs within a given plot would be similar to the variation of the pH

values reported in Table XIII. Because of more intimate mixing with

the soil, the lime applied to the Mr plots would dissolve faster than

the lime applied to the Md plots. The annual seedbed preparation for

the wheat would result in the lime in the M
d
wheat plots being mixed

more thoroughly with the soil, and thus would reduce the M
d

effect on

the 6.5-T/A rate of lime in the wheat crop plots. The greater possi-

bility of free lime occurring in the top six inches of the Md alfalfa

plots could explain why the pHs of the plots on which 6.5 T/A of lime

was applied, was higher than the pHs of the Mr perennial plots on which

6.5 T/A of lime was applied. The data shown in Table XIII verifies the

possibility of the existence of free lime in the M
d
plots, and show the

heterogeniety of the soil in the Md plots as compared to the Mr plots.

With one or two exceptions, the one-T/A application of lime

to the acid Nekia soil failed to significantly increase pHs values.

The increases in pHs as a result of the application of lime were sta-

tistically significant for the 3.75- and 6.5-T/A rates of applications.

The relationship between pHs and extractable Al shown in Figure VI

would suggest that application rates of one and 3.75 T/A of lime re-

duced the quantity of extractable Al in the soil system, from approxi-

mately two meq/100g in the unlimed soil to approximately one meq/100g

and no extractable Al respectively. The reduction of extractable Al

would be quite small when more than 3.75 T/A of lime was applied to an

acid Nekia soil.
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RELATIONSHIP OF pH AND pHs AND CROP YIELD

Research has shown that soil acidity and soluble Al in acid

soils have adverse effects on plant growth and development (Foy, 1974,

and Moore, 1974). The effects of soil acidity as measured in a salt

solution in equilibrium with the soil on the yield of wheat and alfalfa

were evaluated in this study. The data for the Yamhill variety of

wheat will be used to illustrate the relationship between soil pH and

wheat yields.

The relationship between the soil pHs and the yield of

Yamhill wheat is shown in Figure VII. The R
2
values for the regression

equation for each set of data is over 0.7. There was thus a high

degree of correlation between soil pHs and the yield of wheat. The

data presented in Figure VII also shows that the regression curve

shifted to the right for each succeeding year. The pHs at which maxi-

mum yield was obtained also shifted to the right or to a higher pHs

between 1973 and 1974 and 1975.

The shift of the yield response curves to the right with time

can be attributed to three main factors. The shift in the yield curves

to a lower maximum yield between the years 1974 and 1975 was caused, to

a large part, by an infestation of a plant disease Ophiobolus Graninus,

commonly known as "take-all." This plant disease, which is more preva-

lent on fields where wheat has previously been grown, reduced the yield

on all plots and caused the greatest decrease in yield on the zero and

low-lime plots. The shift to the right of the yield curve and the pHs

at which maximum yield was obtained between the years 1973 and 1974,
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was most evident on the plots to which one T/A of lime was applied

(Table XIV). The decrease in the yield on the plots to which the one-

T/A rate of lime was applied could have been the result of an increase

of Al in the soil solution in 1974 and 1975 and a decrease of Ca in the

soil solution after dissolution of the lime applied in 1972 and the

additional mixing of the lime with the i when the seedbed was pre-

pared in the fall of 1973 and 1974.

The R
2
values for the regression equations which relate the

pH and pH
s
to the yields of Yamhill and Nugaines wheat, are shown in

Table XVII. The pHs values correlated best with the yield for 1973 and

1974, but the pH values correlated best in 1975. The pH is a measure

of the soluble acidity, whereas the pHs is a measure of the soluble and

exchangeable acidity. The quantity of exchangeable acidity present in

the soil is much greater than the quantity of soluble acidity, and

therefore the pHs values are lower than the pH values. One possible

explanation for the higher R
2

values for the pH
s

for 1973 and 1974 is

that the soils to which lime was applied would require a considerable

amount of time for the lime to react with the soil acidity and for the

soils to reach a state of equilibrium. During the time the soils are

equilibrating, the soluble and exchangeable acidity may have been the

best measure of acidity in relation to crop yield. Three years after

the lime had been applied, the soil could have reached a state of

equilibrium in relation to the reaction of lime with soil acidity. In

the equlibrium state, the pH which measured the soluble acidity may be

a better measure of soil acidity. These observations would support the
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theory that the soil solution pH may be the pH which should be measured

to determine whether there is a sufficient concentration of Al present

in the soil system to be toxic to the plant roots.

The relationship between soil pHs and yield of alfalfa is

shown in Figure VIII. The R
2
values for the regression curves are both

over 0.85. These high R
2
values indicate a very good relationship be-

tween the soil pHs and the total yield of alfalfa. Moschler,et al

(1960) reported a very good relationship between the yield of alfalfa

and 1 N NaC1 extractable Al. Figure VI shows the relationship between

pH
s
and extractable Al for the Jory and Nekia Soil Series. The re-

search reported by Moschler,et al (1960) and the data presented in

Figure VI suggest that the response of alfalfa to the application of

lime reported in Figure VIII could have resulted from the precipitation

of Al in the soil system upon the application of lime to the acid Nekia

soil.

RELATIONSHIP OF SOIL pHs AND ROOT GROWTH

An adequate and healthy root system is essential for maximum

crop yields. Research has shown that high levels of acidity and Al are

detrimental to the root growth of plants (Moore, 1974, and Foy, 1974).

The difficult task of obtaining good root samples from field experi-

ments has limited the amount of research which has been done in the

area of soil acidity and root growth under field conditions.

Root samples were taken from each of the treatments in the

field experiment. Figure IX shows the relationship between the pHs of
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the soil and the quantity of wheat roots which grew in that soil. The

R
2 value for the regression equation for the Yamhill wheat was 0.71,

which is quite high, but was only 0.43 for the Nugaines wheat. The

greater tolerance of Yamhill wheat to Al as compared to the Nugaines

wheat could be a factor which would help to explain the difference in

the shape of the regression curves. The Yamhill wheat, because of its

greater tolerance to Al, would have a larger root system at a lower

pH
s

. The regression equation for the Nugaines wheat suggests that the

optimum pHs for maximum root growth has not been obtained in this ex-

periment. The yield data would indicate that optimum conditions for

the growth of Nugaines wheat had been obtained in this experiment.

The relationship between the pHs of Nekia soil and the quan-

tity of alfalfa roots produced is shown in Figure X. The R
2

value of

0.73 is quite high, indicating the importance of the effect of soil

pH
s
on the root growth of alfalfa. The regression line suggests that

optimum conditions for maximum root growth had not been obtained. How-

ever, the relationship between yield of dry matter and pHs does not

support this conclusion.

The results of this research indicates that the effect of

soil pHs on the growth of wheat and alfalfa roots is of primary impor-

tance in explaining the effect of soil acidity on crop yields.
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RELATIONSHIP OF LIME PLACEMENT TO ROOT GROWTH

Field Experiments

The placement of lime in the soil affects the distribution of

acid-sensitive plant roots which exhibit chemotropism. Acid-sensitive

plant roots will proliferate in regions of an acid soil where lime has

neutralized the soil acidity. Wheat and alfalfa roots exhibit chemo-

tropism. Photographs were taken of root samples which represented the

root systems of the plants grown in the field experiment on the acid

Nekia soil. The entire root systems of the plants grown in the growth

chamber were photographed.

Photographs of the wheat root systems taken from the field

experiment are shown in Figures XI through XIV. On each photograph is

a label which indicates the mixing and lime treatment of the plot from

which the root sample was taken. The "min." mixing (Md) indicates that

the root sample was taken from the plots where the lime was disced

three to four inches into the soil; and the "max." mixing (Mr) indi-

cates that the samples were taken from the plots where in addition to

discing, the lime was rototilled five to six inches into the soil. The

rate-of-lime notation is self-explanatory.

The most interesting feature of the photographs shown in

Figures XI through XIV is the poor wheat root systems from the zero

lime plots. The root systems from these plots all showed severe Al-

toxicity symptoms. The Al-toxicity symptoms included poor primary root

development and essentially no lateral or secondary root development.

The majority of the fine roots which can be seen in the photographs of
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the root systems taken from the no-lime plots are from a grass which

was not controlled by the application of the herbicide "Karmex."

The wheat root systems taken from the zero-lime M
d

plots

which are shown in Figures XIa and XIIIa appear to be larger than the

wheat root systems taken from the zero-lime Mr plots which are shown in

Figures Xlla and XIVa. This difference in the quantity of roots which

grew on the M
d

and M
r
plots could help explain why the wheat yields on

the M
d
plots were higher than the wheat yields on the M

r
plots. Root

growth characteristics indicate that the concentration of Al in the un-

limed soil system was high enough to be toxic to both varieties. The

wheat root systems which developed on the one-T/A lime plots, appear to

be quite similar regardless of the mixing treatment. A small concen-

tration of roots can be seen near the surface of the soil in the root

system taken from the M
d

plots (Figures Xlb and XIIIb), which is not

evident in the root systems taken from the Mr plots (Figures Xl1b and

XIVb). The wheat root system in the one-T/A lime plots show some Al-

toxicity symptoms. The primary roots tend to be quite large in dia-

meter, and there is only minimal lateral or secondary root development.

The wheat root systems which developed on the plots to which

3.75 and 6.5 T/A of lime was applied, do not show any Al-toxicity symp-

toms. The wheat roots are small in diameter, and there is a large

proliferation of small lateral or feeder roots. The root systems were

so dense that it was difficult to wash all the soil from them. The

development of a thick mass of wheat roots near the surface of the soil

on the M
d
plots shown in Figures Xlc and d and XIIIc and d, as compared
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to a deeper distribution of wheat root on the Mr plots as shown in

Figures XIIc and d and XIVc and d, reflects a higher concentration of

lime near the soil surface on the M
d
plots as compared to the M

r
plots.

The pH values of soil samples taken from a Md and a M
r

plot substan-

tiate that there was a difference in the distribution of lime in the

soil (Table XIII). The wheat plants on the Mr plots which rooted

deeper than the plant on the Md plots, did not give greater yields.

Therefore there was no advantage in mixing the lime to a depth of six

inches instead of three to four inches.

The photographs show that there was a difference in tolerance

to Al between the Yamhill and Nugaines wheat varieties. The roots of

the Yamhill variety grew to a greater depth than the roots of the

Nugaines wheat. This is evident when Figures XIa and XIIa, c, and d

are compared with Figures XIIIa and XIVa, c, and d. The root samples

taken from the Nugaines Md 3.75- and 6.5-T/A plots were not as deep as

those taken from the Yamhill M
d

3.75- and 6.5-T/A plots. This differ-

ence in sampling depth helps to explain the very apparent difference in

depth of rooting of the Yamhill and Nugaines wheat as shown in Figures

XIc and d and XIIIc and d. The root systems of the Yamhill wheat grown

on the zero-lime plots (Figures XIa and Xlla) appear to be larger than

the root systems of the Nugaines wheat (Figures XIIIa and XIVa) grown

on the sample plots, although both show symptoms of Al-toxicity.

Photographs of the alfalfa root systems taken from the experi-

mental plots located on an acid Nekia soil are shown in Figures XV and

XVI. The effects of Al-toxicity are evident in the root systems which
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were taken from the plots receiving the zero- and one-T/A rates of

lime. In these cases, the tap roots are very stunted and there are

very few if any lateral or secondary roots. The presence of some small

roots in the sample from the one-T/A M
d

plot shown in Figure XVb may be

the result of an infestation of grass in the plot area.

The photographs shown in Figures XVc and d and XVIc and d

of the alfalfa root systems taken from plots on which the 3.75- and

6.5-T/A rates of lime were applied, indicate that these rates of lime

were sufficient to neutralize most of the acidity in the Nekia soil,

which allowed the development of good alfalfa root systems. The depth

to which the lime was mixed into the soil is shown by the distribution

of the alfalfa root systems. The shallow root system of the alfalfa

plants which were grown on the M
d

plots (Figure XVc and d) coincides

with the distribution of lime, as shown by the soil pH values in Table

XIII. These shallow alfalfa root systems are in contrast to the deeper

root systems of the alfalfa plants grown on the Mr plots (Figure XVIc

and d). Pohlman (1946) reported that an alfalfa root system developed

primarily in the limed layer of soil when the limed layers were at a

0-8, 8-16, or 16-24" depth in the soil profile. The distribution of

the alfalfa root systems in this experiment would support the observa-

tions of Pohlman (1946).

The second difference in the alfalfa root systems taken from

the high lime Md as compared to the Mr plots is the density of the root

systems in the limed portion of the soil. The alfalfa root systems

were denser in the limed regions of the soil on the Md plot than they

were in the limed region of the Mr plots. Mixing the lime to a greater
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depth in the soil would reduce the concentration of lime per unit

volume of soil. The smaller quantity of lime per unit volume of soil

would neutralize less of the soil acidity in that volume of soil with

which the lime was mixed. This is evident from the data in Table XIII.

The higher concentration of soil acidity which was not neutralized in

the limed portion of the soil on the Mr plots, as compared to the con-

centration of soil acidity which was not neutralized in the limed

portion of the soil on the M
d
plots, could account for the difference

in the density of the alfalfa root systems from these plots. The

growth of the alfalfa roots appeared to be restricted by soil acidity

on the M
r
plots to which the 3.75-T/A rate of lime was applied

(Figure XVIc), as compared to the growth of the alfalfa roots in the

Md plots which received the 3.75 T/A of lime, and could explain why the

yields of dry matter were lower on these plots as compared to the

yields from the other high-lime plots.

Growth Chamber Experiments

Growth chamber experiments were designed to study in more de-

tail the effects of placement of lime in the soil and the quantity of

lime mixed with the soil on root growth of wheat. The growth chamber

experiments were conducted using the Nekia and Dayton soils. The re-

sults which were obtained from the experiments with the Nekia and

Dayton soils were very similar.

The photographs of the root systems grown in boxes in which

lime was mixed with 100 per cent of the Dayton soil are shown in
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Figure XVII. The root systems shown in Figure XVIla, in which wheat

was grown in the unlimed Dayton soil, showed symptoms of Al-toxicity.

The primary roots are stunted and very few lateral roots developed.

The small protrusions on the sides of the primary roots are the lateral

roots which were greatly inhibited by the Al present in the soil.

Henning (1975) and Rhue (1976) showed that the smaller lateral roots

are more sensitive to a given concentration of Al than are the larger

primary roots. The wheat root system which developed in the acid

Dayton soil, indicates that the concentration of Al in that soil was

sublethal to the primary roots but lethal to the secondary or lateral

roots.

The effect on wheat root growth of the addition of the

equivalent-to-one-ton of lime thoroughly mixed with the top six inches

of an acre of Dayton soil, is shown in Figure XVIIb. The concentration

of Al in the soil system was reduced to a level which allowed the pri-

mary roots to grow, but the secondary wheat root growth was almost

completely inhibited. The contrast in the wheat root systems shown in

Figure XVIIa, b, and c illustrates the effect that lime has on the

growth of wheat roots as the lime reduces the solubility of Al in the

Dayton soil. The wheat root systems shown in Figure XVIIc and d

(3 and 5 T/A lime) do not show any Al-toxicity symptoms, as these root

systems are very fine and have many small feeder roots.

The effects of the placement of lime on wheat root growth in

Dayton soil and an illustration of the chemotropic characteristics of

the wheat roots are shown in Figure XVIII. The vertical lines in the
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photographs indicate the approximate position of the limed and unlimed

soil interfaces. Most of the apparent root growth into the unlimed

soil was a result of the washing procedure which was used to remove the

soil from the root systems. These photographs illustrate the ability

of the wheat root to proliferate in the regions of soil which have

favorable conditions for root growth. The roots which attempted to

grow in the unlimed soil showed symptoms of Al-toxicity. The pHs of

the unlimed soil was 3.7.

The effect of mixing a given quantity of lime into larger

quantities of soil is also illustrated in Figure XVIII. The rate

equivalent of one T/A of lime was adequate to eliminate Al-toxicity

symptoms in wheat roots growing in the limed portion of the Dayton soil

when the lime was mixed with 10 and 30 per cent of the total soil mass

(Figure XVIIIa and b), but was not adequate to eliminate Al-toxicity in

wheat roots growing in the limed portion of the soil when mixed with

60 per cent of the total soil mass (Figure XVIIIc). The pHs of the

limed soil for the one-T/A rate of lime mixed with 10, 30, and 60 per

cent of the soil, was 5.7, 4.5 and 3.9 respectively. The three-T/A

rate of lime when mixed with 60 per cent of the total soil mass, was

adequate to eliminate Al-toxicity symptoms on wheat roots which grew in

the limed portion of the soil (Figure XVIIId). The pHs of the limed

soil for the three-T/A rate of lime mixed with 60 per cent of the soil,

was 5.4.

The insights gained about the growth characteristic of wheat

roots in relation to the rate of lime applied to an acid soil, and the
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interaction of the rate and the placement of lime on the growth of

wheat roots under the controlled conditions of the growth chamber ex-

periments, help to explain the effects of rate and mixing of lime which

were observed in the field experiments.

RELATIONSHIP OF ROOT GROWTH AND CROP YIELD

The relationship between different levels of soil acidity and

crop yield and between different levels of soil acidity and root growth

have been discussed for the field experiment on Nekia soil, It was ob-

served that both crop yield and root growth were related to the level

of soil acidity in the different limed plots. These results would

suggest that the effect of soil acidity on yield is related to the

effect that soil acidity has on root growth, The restricted plant root

growth resulting from the presence of Al in the acid Nekia soil would

have a deleterious effect on the yield of that plant,

The relationships between the weight of the root samples and

the yield of wheat are shown in Figure XIX, The R
2

value of 0,68 for

the regression equation, which relates root weight to the yield of the

Yamhill wheat variety, is quite high. The R
2
value for the regression

equation, which relates root weight to the yield of the Nugaines wheat

variety, is 0.57. The difference in the shapes of the regression

curves could reflect the difference in the over-all yield potential and

in the tolerance to Al of the two wheat varieties. These relationships

between root weight and yield show the importance of a good root system

in producing a high yield of wheat, and also suggest that the increase
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in yield of wheat upon the application of lime to an acid soil, is

directly related to the effect that Al-toxicity has on the development

of the wheat root system.

The relationship between the weight of the root sample and

the yield of alfalfa is shown in Figure XX. The R2 value of 0.94 indi-

cates a high degree of correlation between the weight of the root

sample and the yield of alfalfa. This data suggests that the low

yields on the zero- and low-lime plots were caused to a large extent by

the toxic effects of Al on the root system of the alfalfa. The effects

of soil acidity on nitrogen fixation, which will be discussed later,

would also be an important factor in reducing yield of alfalfa growing

on the acid Nekia soil.

The data shown in Figures XIX and XX and discussed above,

show that restricted root growth caused by soil acidity (predominantly

soluble Al) can have an adverse effect on crop yield. There are many

reasons for this adverse effect. Two of the more important reasons

are: (1) the inability of the restricted root system to supply ade-

quate quantities of plant nutrients; and (2) the inability of the

restricted root system to supply an adequate quantity of water. The

inability of the restricted root system to supply adequate water and

plant nutrients to the plant could be caused by the fact that the re-

stricted root system limits the volume of soil from which nutrients and

water can be extracted and/or by the inability of an Al-toxic root to

take up nutrients and water.

Aluminum-toxic roots which are enlarged and have no small

lateral roots would appear to be less efficient than normal roots in
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taking up nutrients and water. Kerridge (1969) showed that the concen-

tration of Mg, Ca, K, P, Fe, and Mn decreased in the shoots of moder-

ately sensitive and sensitive wheat varieties when the root growth of

these wheat varieties was restricted by concentrations of Al up to 3.2

ppm in nutrient solution. Kerridge also reported a competition for

uptake sites between Mg and Al at sublethal concentrations of Al.

Studies on the effects of root distribution resulting from

soil acidity and other soil factors on water uptake have been reported

in the literature. Adams, et al (1967) reported that only 38 per cent

of the available water was extracted from an acid subsoil, while under

the same environmental conditions 98 per cent of the available water

was extracted from a subsoil which had been limed. Doss, et al (1975)

showed that the adverse effects of acidity in the subsoil which re-

stricted root growth on the yield of cotton could be overcome by fre-

quent irrigation. Fehrenbacker and Rust (1956) reported that the main

factors which were responsible for the long-time average corn yields on

different soils, were the depth of root penetration and the available

soil moisture in the rooting zone of these soils.

The distribution and quantity of plant roots within a given

volume of soil caused by different levels of acidity in that soil

volume, can have an effect on the moisture potential of the plants

grown in those soils. The data in Figure XXI shows the relationship

between the quantity of lime which was applied to an acid Dayton soil

and the water potential of the wheat plants grown under growth chamber

conditions. The wheat plants which were grown on the unlimed soil had

the highest negative water potential, and the negative water potential
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Figure XXI. The Relationship Between the Rates of Lime Applied to an
Acid Dayton Soil and the Plant Water Potential Measured
in Wheat Leaves
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in the wheat plants decreased as the rate of lime which was applied to

the soil decreased. The soil to which no lime was applied appeared

wetter than the soils to which lime had been applied, when these soils

were visually inspected after the leaf water potential measurements had

been made. This observation suggests that the wheat roots which showed

Al-toxicity symptoms were not as efficient as the healthy wheat roots

in extracting water from the soil system. The relationship between the

dry matter yield of wheat and the water potential of the leaves from

those wheat plants is shown in Figure XXII. The reader is reminded

that the larger pressure bomb values indicate a smaller positive water

potential value in the plant. Examples of root systems for the plants

on which the water potential measurements were made can be seen in

Figure XVII. The data presented here is not sufficient to draw any con-

clusion as to whether the reduced water content in the wheat plants

grown in the unlimed soil is due strictly to the limited root growth of

the plants, or whether an uptake-efficiency factor may also play a role

in reducing the quantity of water which is taken up by the Al-toxic

roots. The data does show that reduced water uptake even under favor-

able soil moisture conditions, may be a factor which could reduce the

yield of crops grown on acid soils. More research should be done to

clarify the effects of soil acidity on water uptake by the plant.

The literature contains numerous reports of the adverse

effects of soil acidity on plant nutrient uptake (Gupta, 1972;

Janghorbani, et al, 1975). The most commonly used explanation of the

increase in the nutrient content of plants grown on limed soil as com-



Yield of
Dry Matter
Grams/box

3.0

2.0

1.5

1.0

1:77/
1

140 1 180Io60 80 100 120 200 220
Pressure Bomb Reading, lbs/in2

Figure XXII. The Relationship Between Plant Water Potential and the Yield of Nugaines
Wheat Grown in a Dayton Soil Under Growth Chamber Conditions



90

pared to unlimed soil, has been the increase in the availability of the

plant nutrients in the soil system. The availability of plant

nutrients in the soil is only one aspect which should be considered.

The data presented in this thesis shows that high levels of soil

acidity severely restricted the root growth of the wheat and alfalfa

plants. Barber (1974) stated that root density could have a decided

effect on the quantity of an immobile nutrient such as phosphorus which

is taken up by the plant. However, chemical analyses of wheat and

alfalfa plant samples taken from the field and growth chamber experi-

ments, showed that there were no nutrient deficiencies or toxicities.

These results indicate that the alfalfa and wheat plants grown in the

plots on which little or no lime was applied, were able to take up

sufficient nutrients for the limited top growth which occurred. These

results would suggest that the relationship between Al-toxicity of the

roots and the ability of those roots to take up water may be a very im-

portant factor.

SOIL ACIDITY AND NITROGEN FIXATION

High levels of soil acidity have adverse effects on the

alfalfa plant and the rhizobia which fix nitrogen in a symbiotic rela-

tionship with the alfalfa plant. The over-all effects of soil acidity

on yield and root growth of alfalfa have been discussed in previous

sections of this thesis. The effects of lime applied at different

rates, on the quantity of nitrogen harvested in the crop, is shown in

Table XVIII. The relationship between the pHs values of the soil and
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TABLE XVIII. THE RELATIONSHIP OF YIELD OF TOTAL NITROGEN TO
RATES OF LIME APPLIED TO THE ACID NEKIA SOIL

Mixing Year
Lime Rates, T/A

0 1 3.75 6.5

Nitrogen, Lbs/A

M
d

1974 0.6 17.5 187.6 190.6
1975 1.3 49.7 191.2 212.5

M
r

1974

1975

0

0

1.40

3.4

173.2
173.2

212.9
216.9

the nitrogen concentration in the plant is shown in Figure XXIII. The

quantity of nitrogen which was harvested in the alfalfa significantly

increased when lime was applied to the acid Nekia soil. This is

related to an increased yield of dry matter, but the differences are

amplified by the increase in the percentage of total N in the plant.

The R
2
values of 0.7 for the regression relationships between

pHs value and per cent total nitrogen in the alfalfa plants, indicates

the important effect that pHs has on the rhizobia which fix nitrogen

for the alfalfa plant. The more advanced maturity of the alfalfa when

the plant samples were taken in 1974, could account for the higher

values for total nitrogen in 1975 as compared to 1974. Inspection of

the roots as the root samples were washed and photographed, showed that

there were no nodules on the root systems which were taken from the no-

lime plots. Nodules were present on only one of the root systems which
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were taken from the plots on which the one-T/A rate was applied.

Nodules could be found on all the root systems taken from the plots to

which the 3.75- and 6.5-T/A rates of lime were applied. The larger

quantity of nitrogen which was harvested from the M
d

plots on which the

1- and 3.75-T/A rates of lime were applied, as compared to the Mr plots

which received the same rates of lime, could be the result of better

nodulation of and/or more effective nodules on the alfalfa roots grow-

ing in the regions of high lime concentration resulting from the partial

mixing of lime with the soil (Table XVIII). These regions of high lime

concentration would not occur when the lime was thoroughly mixed with

the soil. Baker, et al (1968) and MacLeod and Bradfield (1964) showed

that nodulation was enhanced when the lime was mixed with only a small

volume of acid soil next to the seed.

The combined beneficial effects of larger root systems and

better nodulation as a result of the application of lime, contributed

to increased yield of alfalfa as the soil acidity was neutralized.

Nitrogen deficiency in the alfalfa plants that were not nodulated may

have had an adverse effect on the quantity of roots of those plants.

The reduction in alfalfa yields caused by soil acidity could have re-

sulted from the interactions of the factors discussed above and/or by

other factors. However, evidence which is presented here strongly sug-

gests that Al-toxicity,which primarily affects root growth and soil

acidity, which primarily affects the survival and activity of the

rhizobia, is responsible for the reduced yield of alfalfa grown on the

acid Nekia soil.
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V, SUMMARY AND CONCLUSIONS

The application of lime to the acid Nekia and Dayton soils

significantly increased the pH (1:2 soil to water) and pH (1:2 soil to

1 N KC1 solution) of the soil. The pH values of two-inch increments of

soil samples taken to a depth of ten inches and two inches apart, show

that the lime was thoroughly distributed in the top five to six inches

of soil when the lime was mixed in with a rototiller (M
r

plots), but

that it was unevenly distributed to a depth of three to four inches

when the lime was mixed with a disc (M
d

plots). The mean variations of

pH and pH
s
of the soil samples taken from the replicated field plots on

which the highest rate of lime had been applied, were 0.3 and 0.4 pH

units respectively for the Md plots, and 0.2 and 0.2 pH units respect-

ively for the Mr plots. Janghorbani (1969) and Peterson (1972) showed

that there was a good relationship between the pHs, of the soil and the

quantity of aluminum (Al) which could be extracted from the soil with a

salt solution for the Nekia and Jory soils. Their data also showed

that when the pHs of the soil system was below 4.5, the concentration

of Al in the extracting solution increased exponentially as the pHs de-

creased. The data of Janghorbani and Peterson indicates that there

would be extractable Al present in the unlimed soils used in the experi-

ments reported in this thesis.

The application of lime to the acid Nekia and Dayton soils

significantly increased the yields of alfalfa and wheat in the field

experiment on the Nekia soil, and the yields of wheat in the growth

chamber experiments with both soils. The application of lime at the
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rate of one T/A to the Nekia soil in the field experiment, significant-

ly increased the yield of wheat but did not significantly increase the

yield of alfalfa. Maximum wheat yields for the first three years after

the lime had been applied to the Nekia soil in the field experiment,

were harvested from the plots on which the 3.75-T/A rate of lime was

applied. The application of an additional 2.75 T/A of lime did not

further increase the wheat yields. The yield of wheat which was har-

vested from the plots on which the one-T/A rate of lime was applied

was the largest the first harvest year, and decreased each year for the

next two harvest years. The yields of wheat harvested from the 3.75

and 6.5-T/A plots remained at the same level over the first two harvest

years. The decrease with time in the yield of wheat harvested from the

plots on which the one-T/A rate of lime was applied, may have been the

result of the destruction of the small regions of high lime concentra-

tion when the seed bed was prepared each fall, and an increase in the

concentration of soil solution Al as well as a decrease in the soil

solution Ca after the majority of the lime had dissolved during the

first year after application. The infestation in the third crop year

of the disease Ophiobolus Graninus, commonly known as "take-all," re-

duced the yields on all the plots; but the percentage by which the

yields were reduced decreased as the rate of lime which was applied to

the Nekia soil increased.

The yield of wheat dry matter in the growth chamber experi-

ments increased significantly with each additional increment of lime

(1, 4, and 7.5 T/A) added to the Nekia soil, but increased only with
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the addition of the first two increments of lime (1 and 3 T/A) added to

the Dayton soil. The results of the Dayton soil growth chamber experi-

ment were similar to the results obtained from the field experiment on

Nekia soil.

The yield of alfalfa was significantly increased when 3.75

T/A of lime was applied to the Nekia soil in the field experiment, and

the maximum yield of alfalfa was obtained when 6.5 T/A of lime was

applied.

The winter wheat yields from the Mr plots were lower than the

yields from the M
d

plots for all rates of liming. It is possible that

the rototilling may have had some adverse effect on the soil structure

which in turn caused the lower yields of wheat. The data from the

field experiments for both wheat and alfalfa showed that no yield in-

crease resulted from the thorough mixing of lime with the soil as com-

pared to partial mixing of the lime. The data showed that thorough

mixing of the lime with the soil depressed the yield of alfalfa in the

plots to which lime was applied at the one- and 3.75-T/A rates. The

prevalence of regions of high lime concentrations in the Md plots could

be advantageous to plant root growth and nodulation of alfalfa, and in

this way affect the yield of the alfalfa crop. The maximum yields of

wheat dry matter in the growth chamber experiments were obtained from

the boxes in which 30 per cent of the total soil volume had been mixed

with lime. The yields of wheat dry matter did not increase when the

percentages of limed soil were increased to 60 and 100 per cent of the

total volume of soil. The maximum yield for the one-T/A rate of lime



97

under growth chamber experimental conditions was harvested from the

boxes in which the lime was mixed with 30 per cent of the soil volume.

The yield decreased as the one-T/A rate of lime was mixed with larger

percentages of the total soil volume. These results are consistent

with the field experiments in which thorough mixing of the lower rates

of lime with the soil reduced the yield of alfalfa and to some extent

the yield of wheat.

Kerridge (1969) showed that Al in both nutrient solutions and

acid soil systems adversely affected the growth of wheat roots. Root

samples were taken from both the alfalfa and wheat plots of the field

experiment and the growth chamber experiment to determine what effect

Al had on root growth. The root samples also facilitated a study of

the root distribution in relation to the placement of lime in the soil.

Root growth of wheat and alfalfa was severely restricted in the plots

or boxes where no lime was applied to the soil. The roots growing in

the unlimed soils showed Al-toxicity symptoms which included enlarge-

ment of the primary roots and little or no development of lateral roots.

The addition of lime to the soil increased the quantity of alfalfa and

wheat roots in both the field and growth chamber experiments. The ana-

tomy of roots changed upon the application of lime--from large, single

roots with very little or no branching, to fine, fibrous roots with

multiple branching. The growth chamber experiments showed that the

wheat roots developed in the part of the soil where the lime had been

placed. The distribution of the alfalfa roots grown on the M
d

and M
r

plots in the field experiment showed that the lime was mixed to a
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greater depth in the soil on the M
r
plots as compared to the M

d
plots.

The total quantity of roots growing in the top three to four inches on

the M
d
plots on which the 1-, 3.75-, and 6.5-1/A rates of lime were

applied, was approximately 260, 70, and 30 per cent greater respective-

ly than the total quantity of roots growing in the surface five to six

inches on the M
r

plots.

The root system is the avenue through which the plant obtains

most of the water and mineral nutrients that are required for vegeta-

tive growth and seed production. The growth of the wheat and alfalfa

root systems was severely restricted in the unlimed Nekia and Dayton

soils, and was restricted to some extent when one T/A of lime was

applied to the soils. There was a good positive relationship between

the weights of the root systems and the yields of both wheat and alfalfa

under field experimental conditions. Chemical analysis of the wheat

and alfalfa plants showed that the restricted root systems of the

plants grown in the unlimed soil took up sufficient nutrients so that

concentrations of these nutrients were above the critical level. The

negative water potentials of wheat leaves taken from the growth chamber

experiments and measured with a pressure bomb apparatus, were about

three times greater in plants grown in the boxes of unlimed soil as

compared to the water potential in the plants grown in the boxes of

soil to which the 5-T/A rate of lime had been applied and thoroughly

mixed. The plant water potential data suggests that an inadequate

quantity of water was taken up when Al-toxicity restricted root growth.

More research should be initiated to study the relationship between

Al-toxicity of the roots and water uptake.
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High levels of soil acidity not only affect the root growth

of the alfalfa plant, but also affect the rhizobia which form a symbio-

tic relationship with the alfalfa plant. Chemical analysis of the

plant material showed that the level of nitrogen in the alfalfa plants

increased as the soil acidity was neutralized upon the application of

lime. The total quantity of nitrogen which was harvested from the

plots increased by a factor of approximately 200 when 6.5 T/A of lime

was applied to the soil. The yield of alfalfa was positively affected

by increased root growth and nitrogen fixation when lime was applied to

an acid Nekia soil.

The results of the research reported in this thesis show that

maximum crop yields were obtained when the lime was partially mixed

with the soil. Maximum yields of wheat and alfalfa were harvested from

the field plots where the lime had been partially mixed into the soil

with a disc, and from the boxes of the growth chamber experiments where

the lime was mixed with 30 per cent of the total soil volume. Thorough

mixing of sub-optimum rates of lime reduced the yield of wheat and

alfalfa. The results also showed that the yields of the indicator

crops were closely related to the root growth of that crop. The con-

centrations of soluble Al which occurred in the acid Nekia and Dayton

soils were toxic to the wheat and alfalfa roots, thereby restricting

the root growth of these crops. The restricted root growth did not

reduce the level of the nutrients in the plant below an adequate con-

centration, but did cause a high negative plant water potential in the

plants grown on the unlimed soil in the growth chamber. More research

needs to be initiated to study whether an Al-toxic root is limited in



100

its capacity to take up nutrients and water because of the small volume

of soil which the root exploits, or because of the anatomical structure

of the Al-toxic roots, or because of a combination of these two factors.

The results reported in this thesis suggest that on a short-

term basis, less than optimum rates of lime could be applied to the

soil under field conditions, and that optimum yields would be harvested

if the lime was not thoroughly mixed with the soil. This practice

would make it possible to spread the cost of lime over a two- to three-

year period of time. The split application of lime would make it

possible to mix the lime thoroughly with the soil without using special

equipment or tillage practices.
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Appendix Table 1 The Initial Soil Test Data
for the Nekia Soil Field Experiment

Soil Test Replication
II

0-6" Samples

pH 4.7 5.1 5.1

pH
s

4.2 4.3 4.3

SMP Buffer pH 5.5 5.7 5.7

P (PM) 7 16 5

K (ppm) 84 64 64

Ca (meg/100g) 3.5 4.3 4.7

Mg (meg/100g) 0.43 0.53 0.53

Total Bases

(meg/100g) 4.35 4.99 5.39

CEC (meg/100g) 24.6 19.7 22.4

% Base Saturation 18 25 24

Boron (ppm) 0.40 0.34 0.34

0-12" Samples

pH 5.2 5.3 5.3

pHs 4.3 4.3 4.3

K (ppm) 48 44 44

Ca (meg/100g) 3.5 4.5 4.5

Mg (meg/100g) 0.46 0.69 0.69

CEC (meg/100g) 20.0 19.8 19.5



Appendix Table 2 Soil Test (0-6" Sample), Yield and Plant Analysis Data for the Annual Crop Plots for 1973

Soil Test Data Yamhill
Lime 1.2 1.2 SMP NH4F 1:10 Plant Analysis Data
Rate H2O N (Cl Buffer P Na HCO

3
T/A Mix Rep pH pH pH ppm ppm

0 Min.

0 Max.

1 Min.

1 Max.

3-3/4 Min.

3-3/4 Max.

6-1/2 Min.

6-1/2 Max.

1 4.7 4.0

2 5.1 4.4

3 5.1 4.3

1 4.7 4.1

2 4.9 4.1

3 5.0 4.2

1 5.1 4.3
2 5.4 4.6

3 5.2 4.4

1 4.8 4.2
2 5.2 4.3

3 5.1 4.3

1 5.5 4.9
2 5.8 5.2

3 6.0 5.3

1 5.4 4.7

2 5.7 4.8

3 5.7 5.0

1 6.0 5.4
2 6.0 5.3
3 6.1 5.5

1 6.0 5.4
2 6.2 5.5
3 6.0 5.6

5.5 15 9

5.8 9 7

5.7 14 7

5.6 8 7

5.6 9 7

5.6 9 7

5.6 9 7

5.9 8 7

5.8 9 5

5.7 10 8

5.8 9 6

5.8 7 5

6.4 7 6
6.2 9 6

6.2 15 6

6.0 10 9
6.1 8 6

6.1 7 7

6.3 12 10

6.3 8 5

6.3 12 6

6.3 9 8

6.4 8 5
6.4 11 9

K Ca Mg Yield P N
ppm me /100 me /100 Bu/A % %

116 2.9 0.43 20 0.24 3.57
106 5.3 0.53 93 0.29 3.87
72 5.6 0.63 88 0.26 4.00

96 3.2 0.43 16 0.21 3.66
112 3.0 0.46 54 0.23 3.60
84 4.8 0.53 75 0.29 3.84

96 4.8 0.82 72 0.25 3.68
76 5.5 1.1 119 0.29 3.57
72 6.1 1.1 83 0.25 3.64

106 3.4 0.92 95 0.24 3.92
64 3.8 0.89 85 0.24 3.58
54 5.1 0.99 86 0.27 3.93

84 9.9 0.53 111 0.26
84 13.1 0.69 119 0.29
54 13.1 0.76 97 0.28

88 7.9 0.59 82 0.30
54 8.1 0.82 105 0.31
60 9.5 0.82 94 0.30

100 15.3 0.43 96 0.25 3.45
76 13.9 0.53 108 0.28 3.36
60 13.5 0.59 103 0.28 3.97

72 14.7 0.46 110 0.25 3.72
66 13.5 0.46 97 0.31 3.66
72 13.9 0.53 90 0.28 3.78

Mn Mg

ppm %

94 0.10
91 0.13

100 0.12

85 0.12
100 0.11
94 0.14

82 0.15
79 0.16
85 0.18

82 0.15
76 0.16
85 0.16

53 0.13
62 0.15
65 0.16

47 0.15
59 0.15
59 0.18

56

56

65

38

56
62

Hyslop

Yield
Bu/A

Plant Analysis Data
P N MN Mg

% % ppm %

7 0.22 3.80 115 0.12
85 0.29 3.88 97 0.14

127 0.29 3.89 97 0.16

9 0.25 3.76 97
58 0.26 3.62 112 0.13
105 0.28 4.06 103 0.17

79 0.28 3.56 82 0.14
109 0.29 3.78 91 0.18
112 0.32 3.91 106 0.18

51 0.25 3.85 85 0.15
76 0.29 3.76 85 0.18
87 0.28 4.08 94 0.18

97 0.29 79 0.13
88 0.32 76 0.18

105 0.32 94 0.18

101 0.32 76 0.17
122 0.31 74 0.17
116 0133 85 0.19

103 0.28 3.69 76 --
112 0.27 3.32 76
113 0.28 3.74 91

112 0.26 3.39 74 --
94 0.31 3.46 76 --

98 0.28 3.96 85 -- 8
,./



Appendix Table 3 Soil Test (0-6" Sample), Yield and Plant Analysis Data for the Annual Crop Plots for 1974

Soil Test Data Yamhill Nugalnes
Lime 1:2 1:2 SMP NH4F 1:10 Plant Analysis Data Plant Analysis Data
Rate H2O N KC1 Buffer P NaHCO3
T/A Mix Rep pH pH pH ppm P ppm

0 Min.

0 Max.

1 Min.

1 Max.

3-3/4 Min.

3-3/4 Max.

6-1/2 Min.

6-1/2 Max.

1 4.9 4.1

2 5.1 4.3

3 5.3 4.5

1 4.9 4.1

2 4.9 4.2

3 5.2 4.3

1 5.2 4.3
2 5.4 4.6
3 5.4 4.8

1 5.1 4.2
2 5.2 4.4

3 5.3 4.5

1 5.6 4.7
2 5.8 5.0

3 5.8 5.1

1 5.7 4.7
2 5.6 4.8

3 5.8 4.9

1 6.0 5.1

2 6.5 5.8
3 6.2 5.7

1 6.1 5.2
2 6.3 5.5

3 6.3 5.5

5.7 11 7

5.7 20 12

5.8 13 7

5.7 13 8

5.7 14 8

5.8 13 10

5.8 12 7

5.9 10 5

5.8 11 6

5.8 12 9

5.9 8 6

5.9 lo 4

6.1 11 6

6.3 10 5

6.1 12 6

6.1 11 6

6.1 9 7

6.2 12 7

6.2 8 6

6.5 14 10

6.3 11 9

6.4 7 5

6.4 11 7

6.5 11 6

K Ca Mg Yield P N

ppm meq/100g meq/100g Bu/A % %

140 2.1 0.25 17 0.16 1.86
152 4.0 0.43 92 0.19 2.31

112 5.8 0.59 90 0.20 2.29

140 2.3 0.30 32 0.17 2.11
124 2.5 0.43 58 0.15 2.23
106 4.2 0.46 56 0.18 2.22

124 4.2 1.1 78 0.14 2.30
112 5.3 1.2 82 0.20 2.18
106 5.8 0.99 95 0.17 2.14

124 2.7 0.89 55 0.18 2.17
88 3.7 0.92 76 0.18 2.26
84 4.8 0.99 84 0.18 2.13

124 7.4 0.63 106 0.21 2.16
88 8.3 0.63 103 0.23 2.23

106 8.4 0.82 121 0.20 1.82

106 6.4 0.59 88 0.20 2.30
88 6.2 0.76 101 0.24 2.53

112 8.3 0.89 93 0.19 2.10

116 10.6 0.43 120 0.19 1.97
128 14.1 0.53 112 0.24 2.19
88 12.0 0.53 115 0.22 2.13

76 11.2 0.53 97 0.21 2.04
156 12.2 0.69 105 0.23 2.26
96 12.0 0.63 94 0.22 2.16

Mn Mg Yield P N Mn Mg

ppm % Bu/A % % ppm %

57 0.08 5

67 0.09 55
39 0.11 87

66 0.09 11

51 0.10 26
91 0.09 45

45 0.09 65

54 0.12 94
76 0.13 99

69 0.09 25

76 0.12 51

7o 0.11 63

57 0.12 92

54 0.16 89
51 0.10 107

61 0.11 75
64 0.15 94
61 0.12 90

48 0.08 112

51 0.12 105

48 0.12 105

48 0.11 83

51 0.12 98
61 0.16 83

0.15 1.87 51 0.08
0.17 2.53 57 0.12
0.17 2.54 82 0.15

0.15 2.23 54 0.09
0.19 2.25 70 0.10
0.16 2.45 61 0.15

0.17 2.37 54 0.11
0.23 2.68 57 0.17
0.21 2.67 57 0.16

0.20 2.17 69 0.12
0.18 2.41 57 0.14
0.19 2.53 61 0.11

0.23 2.41 48 0.12
0.26 3.00 57 0.18
0.17 2.01 51 0.12

0.22 2.58 57 0.14
0.25 2.81 67 0.17
0.22 2.64 61 0.12

0.16 2.00 48 0.08
0.24 2.58 48 0.13
0.23 2.53 48 0.13

0.26 2.37 45 0.11

0.25 2.62 57 0.16
0.30 2.74 54 0.16 0

co



Appendix Table 4 Soil Test (0-6" Sample), Yield and Root Weight Data for the Annual Crop for 1975

Lime
Rate
T/A Mix

Soil Test Data
Yamhill Nugaines

Rep

1:2

H2O

pH

1:2

N KC1
pH

SMP

Buffer
pH

NH4F
P

ppm
K

ppm
Ca

meg/1009
Mg

meg/100g
Yield
Bu/A

Root Weight
Gm/Monolith

Yield
Bu/A

Root Weight
Gm/Monolith

0 Min. 1 4.9 4.1 5.6 19 192 2.3 0.25 4 5.8 1 6.6
2 5.3 4.3 5.7 19 170 4.7 0.46 68 6.4 27 5.0

3 5.4 4.4 5.8 22 136 5.1 0.46 79 10.6 79 8.5

0 Max. 1 4.9 4.2 5.5 25 146 2.1 0.20 8 3.4 0.5 4.8
2 5.0 4.1 5.6 29 140 2.4 0.25 39 1.5 3 0.8

3 5.2 4.2 5.7 19 164 3.4 0.30 49 6.6 48 5.2

1 Min. 1 5.3 4.4 5.8 22 186 4.0 0.92 59 12.2 46 12.6
2 5.5 4.5 5.9 17 164 4.8 1.2 57 8.3 69 7.5
3 5.4 4.3 5.8 21 136 5.1 0.99 77 15.9 76 12.1

1 Max. 1 5.1 4.1 5.8 21 170 2.5 0.63 42 8.2 15 9.8
2 5.3 4.3 5.8 20 152 3.8 0.89 61 11.3 38 5.5
3 5.4 4.3 5.8 20 140 4.3 0.76 85 11.5 45 10.4

3-3/4 Min. 1 5.7 4.7 6.0 16 128 7.9 0.76 77 18.0 66 23.0

2 6.0 5.1 6.2 19 146 9.9 0.89 88 18.9 86 14.9

3 6.0 5.1 6.2 21 146 9.7 0.89 90 22.1 93 14.7

3-3/4 Max. 1 5.8 4.8 6.1 21 174 7.1 0.69 78 15.5 66 15.8

2 5.8 4.8 6.1 23 174 7.1 0.89 91 15.2 70 9.9

3 5.9 4.9 6.2 18 140 8.1 0.89 107 15.0 77 11.8

6-1/2 Min. 1 6.3 5.5 6.4 16 136 12.2 0.46 95 10.5 75 23.3
2 6.5 5.7 6.6 18 112 15.1 0.53 96 17.8 84 15.9
3 6.4 5.4 6.4 18 116 12.0 0.53 98 21.9 83 13.1

6-1/2 Max. 1 6.4 5.5 6.4 16 156 12.0 0.69 93 16.4 81 20.4
2 6.4 5.5 6.5 16 164 11.6 0.76 100 18.2 74 8.5

3 6.3 5.4 6.4 18 136 11.0 0.76 101 19.8 75 11.7



Appendix Table 5 Soil Test Data (0-6" Sample) for the Perennial Crop for 1973

Lime

Rate
T/A Mix Rep

1:2

H2O

pH

1:2

N KC1
pH

SMP

Buffer
pH

NH4F
P

ppm

1:10

NaHCO3
p ppm

K

ppm
Ca

meo/100g
Mg

meg/1009

0 Min. 1 5.4 4.3 5.7 9 7 96 5.0 0.59
2 5.4 4.4 5.8 11 7 112 5.6 0.59
3 5.3 4.1 5.6 16 9 140 3.4 0.59

0 Max. 1 5.0 4.2 5.5 16 11 156 2.7 0.46
2 5.2 4.2 5.7 9 9 116 3.7 0.46
3 5.5 4.2 5.7 10 6 116 4.2 0.53

1 Min. 1 55 4.5 5.8 13 7 106 5.5 0.89
2 5.4 4.3 5.8 7 4 76 4.3 0.99

3 5.3 4.3 5.8 10 8 88 3.8 0.92

1 Max. 1 5.1 4.2 5.7 10 9 112 3.0 0.82
2 5.3 4.4 5.9 6 7 106 5.1 1.1

3 5.5 4.4 5.9 9 7 100 4.7 0.99

3-3/4 Min. 1 5.6 4.9 6.0 9 8 100 9.0 0.46

2 5.7 4.9 6.0 6 4 84 8.6 0.46

3 6.o 5.1 6.3 15 10 140 10.1 0.76

3-3/4 Max. 1 5.6 4.8 6.0 9 6 88 8.3 0.63

2 5.7 5.0 6.2 6 6 96 10.1 0.63

3 6.0 5.3 6.3 14 7 152 11.8 0.82

6-1/2 Min. 1 6.3 5.8 6.5 12 11 152 19.6 0,46

2 6.o 5.5 6.2 7 6 96 14.5 0.46

3 6.o 5.3 6.3 11 8 100 13.3 0.59

6-1/2 Max. 1 5.9 5.2 6.3 14 9 136 11,4 0.46

2 6.o 5.2 6,3 7 7 116 11.6 0.53

3 6.4 5.6 6.5 10 7 106 14.7 0.53



Appendix Table 6 Soil Test (0-6" Sample), Yield and Plant Analysis Data for the Perennial Crop for 1974

Soil Test Data Alfalfa Yield Data Plant Analysis Data
Lime 1:2 1:2 SMP NH4F 1:10 1st 2nd 1st Cutting 2nd Cutting
Rate H2O N KC1 Buffer P NaHCO

3
K Ca Mg Boron Cutting Cutting Total P N Mn P N Mn

T/A Mix Rep pH pH pH ppm P ppm ppm meg/1009 meg/100g ppm T/A T/A T/A % % ppm % ppm

0 Min. 1 5.2 4.1 5.8 16 9 198 3.5 0.53 1.32 0 0 0 0.18 280 0.24 2.76 96
2 5.0 4.4 5.8 12 7 140 4.5 0.59 1.10 0.07 0 0.07 0.19 1.20 106 0.31 2.30 129
3 5.2 4.1 5.8 12 6 174 2.5 0.46 1.05 0 0 0 0.21 547 --

0 Max. 1 5.1 4.1 5.7 14 8 208 2.5 0.43 1.20 0 0 0 0.26 403
2 5.1 4.3 5.8 11 6 140 3.o 0.43 .87 0 0 0 0.24 344 0.24 2.53 144

3 5.2 4.3 5.8 11 6 208 3.8 0.53 1.00 0 0 0 0.20 1.22 116 0.21 3.54 114

1 Min. 1 5.4 4.5 5.9 13 6 140 5.1 1.4 0.47 0.35 0.82 0.17 1.55 76 0.26 3.39 93

2 5.2 4.4 5.8 11 5 116 3.4 1.1 0.16 0.10 0.26 0.17 1.88 82 0.20 3.14 108

3 5.2 4.3 5.9 9 4 128 3.5 1.1 0.05 0 0.05 0.14 1.56 88 0.21 2.84 102

1 Max. 1 5.2 4.2 5.8 11 6 140 2.7 0.99 0 0 0 0.15 455 --

2 5.3 4.4 5.7 10 5 146 3.o 1.1 0.08 0 0.08 0.24 1.68 94 0.28 2.94 96

3 5.4 4.5 6.0 10 5 128 4.5 1.3 0.04 0 0.04 0.22 1.44 134 0.33 2.59 114

3-3/4 Min. 1 5.9 5.1 6.2 16 10 164 10.6 0.59 1.28 2.82 1.00 3.82 0.21 2.10 49 0.26 3.65 66

2 5.4 4.6 6.0 9 4 106 5.5 0.59 .88 2.90 0.52 3.42 0.21 2.56 64 0.25 3.54 75

3 5.9 5.o 6.2 12 7 124 8.4 0.82 .92 2.87 1.01 3.88 0.16 1.93 46 0.24 3.73 78

3-3/4 Max. 1 5.8 4.8 6.2 10 5 156 7.2 0.76 1.01 2.38 0.54 2.92 0.15 1.84 55 0.29 3.77 108

2 5.8 5.1 6.2 13 7 146 8.6 0.82 1.04 2.52 0.63 3.15 0.17 2.15 61 0.23 3.53 81

3 5.9 5.o 6.2 12 7 152 8.8 0.89 .96 2.82 0.85 3.67 0.16 1.86 52 0.24 3.76 87

6-1/2 Min. 1 6.5 5.9 6.5 12 8 156 16.1 0.46 3.09 1.10 4.19 0.18 2.26 52 0.25 3.46 63

2 6.4 5.9 6.4 11 7 156 14.9 0.46 3.39 0.64 4.03 0.16 2.00 55 0.24 3.39 72

3 6.3 5.7 6.4 lo 6 152 12.2 0.53 2.76 0.78 3.54 0.15 2.09 46 0.27 3.96 81

6-1/2 Max. 1 6.1 5.2 6.4 13 8 174 9.9 0.63 3.14 0.86 4.00 0.19 2.26 49 0.28 3.51 72

2 6.0 5.2 6.3 12 6 164 9.3 0.69 3.66 0.66 4.32 0.17 2.09 49 0.28 3.94 87

3 6.1 5.3 6.3 18 9 222 11.6 0.69 2.98 0.95 3.93 0.18 2.41 64 0.22 3.32 69



Appendix Table 7 Soil Test (0-6" Sample), Yield, Plant Analysis, and Root Weight Data for the Perennial Crop for 1975

Lime

Rate
T/A Mix

Soil Test Data Alfalfa Yield Data Total Nitrogen

Root Weight
Gm/MonolithRep

1:2

H2O
pH

1:2

N KC1
pH

SMP
Buffer

pH

NH4F
P

ppm
K

ppm
Ca

meq/100g
Mg

meg/1009

1st

Cutting
T/A

2nd
Cutting

T/A
Total

T/A

1st
Cutting

2nd
Cutting

0 Min. 1 5.3 4.3 5.7 23 216 4.2 0.53 0 0 0 1.9 2.3 1.9

2 5.4 4.4 5.9 22 198 5.3 0.59 0.12 0 0.12 1.6 2.2 1.5

3 5.1 4.2 5.7 26 192 3.2 0.46 0 0 0 1.9 2.0 0.7

0 Max. 1 5.1 4.2 5.6 23 244 2.9 0.43 0 0 0 --

2 5.3 4.3 5.7 21 204 3.5 0.43 0 0 0 2.0 2.1 0.9

3 5.3 4.4 5.7 21 222 4.2 0.53 0 0 0 2.0 2.1 1.7

1 Min. 1 5.5 4.5 5.9 21 152 5.0 1.2 1.67 0.64 2.31 2.0 3.8 15.7

2 5.3 4.4 5.8 23 216 3.4 1.2 0.46 0.25 0.71 1.6 3.0 4.1

3 5.4 4.4 5.9 18 180 4.0 1.2 0.11 0 0.11 1.7 2.9 4.0

1 Max. 1 5.3 4.3 5.6 25 204 3.0 .92 0 0 0 -- 0.9

2 5.6 4.5 6.0 21 222 5.0 1.2 0.16 0 0.16 2.0 2.1 2.6

3 5.6 4.5 5.9 19 222 5.0 1.2 0.10 0 0.10 1.9 2.2 3.1

3-3/4 Min. 1 5.8 4.8 6.0 25 156 8.8 0.69 2.55 1.11 3.66 2.3 3.7 14.4

2 5.9 5.0 6.2 18 152 9.3 0.59 2.11 0.70 2.81 2.2 3.9 28.3

3 5.9 5.0 6.1 18 124 7.4 0.76 2.48 0.90 3.38 2.5 3.8 30.3

3-3/4 Max. 1 6.0 4.9 6.1 16 124 7.7 0.82 1.83 0.65 2.48 2.3 3.6 8.3

2 6.1 5.1 6.3 17 180 10.1 0.92 2.48 0.95 3.43 2.8 4.1 17.0

3 6.0 5.1 6.2 18 164 9.5 0.89 2.14 0.81 2.95 2.5 4.0 17.2

6-1/2 Min. 1 6.3 5.5 6.2 23 152 12.0 0.46 2.69 1.22 3.93 2.3 4.0 18.7

2 6.5 6.0 6.5 15 164 16.3 0.46 2.53 0.93 3.46 2.5 3.7 33.1

3 6.4 5.7 6.4 17 152 12.5 0.46 2.68 0.86 3.54 2.9 3.8 19.8

6-1/2 Max. 1 6.3 5.3 6.2 20 112 11.6 0.76 2.79 1.14 3.93 2.4 3.8 20.4

2 6.2 5.2 6.4 16 164 10.1 0.69 2.28 0.88 3.16 2.8 3.9 18.0

3 6.5 5.5 6.5 19 128 14.1 0.69 2.51 1.08 3.59 3.2 3.4 19.1 --
N)
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Appendix Table 8 Soil Test Values for the 6-12" Samples
Taken from the Nekia Field Experimental Plots

Perennial Crop Annual Crop
Lime 1:2 1:2 1:2 1:2
Rate H2O N KCl K Ca Mg H2O N KC1 K Ca Mg
T/A Mix Rep pH pH ppm meg/100g meg/1009 pH pH ppm meg/1009 meg/1009

0 Min.

0 Max.

6-1/2 Min.

6-1/2 Max.

0 Min.

0 Max.

6-1/2 Min.

6-1/2 Max.

0 Min.

0 Max.

6-1/2 Min.

6-1/2 Max.

1973

1 5.6 36 4.7 0.53 5.3 44 3.7 0.53
2 5.3 32 5.3 0.63 5.3 88 5.0 0.46
3 5.4 36 4.3 0.69 5.5 36 6.1 0.59

1 5.7 54 3.4 0.59 5.3 36 3.8 0.46
2 5.3 44 4.0 0.53 5.2 36 4.2 0.69

3 5.3 36 4.3 0.59 5.4 32 4.8 0.63

1 5.4 44 4.2 0.46 5.3 44 5.1 0.53
2 5.3 36 5.1 0.69 5.4 36 5.1 0.59

3 5.5 44 5.9 0.76 5.4 32 5.1 0.59

1 5.4 44 3.8 0.46 5.4 44 5.9 0.43
2 5.3 44 4.3 0.46 5.3 44 4.8 0.59

3 5.5 36 6.4 0.53 5.5 36 5.9 0.53

1974

1 5.4 4.4 44 4.3 0.53 5.3 4.7 60 3.8 0.53
2 5.6 4.6 36 5.8 0.69 5.4 4.8 54 5.5 0.53
3 5.4 4.4 44 4.2 0.76 5.6 5.0 36 6.1 0.59

1 5.3 4.3 60 3.4 0.53 5.3 4.7 44 4.0 0.59
2 5.3 4.4 54 3.7 0.53 5.3 4.7 54 4.2 0.76
3 5.4 4.4 36 4.3 0.63 5.6 4.9 36 5.5 0.69

1 5.4 4.5 36 4.8 0.46 5.4 4.8 48 5.1 0.46
2 5.5 4.6 36 5.5 0.63 5.7 5.1 64 6.9 0.59
3 5.6 4.6 44 5.8 0.69 5.4 4.8 44 5.3 0.59

1 5.4 4.4 48 3.8 0.43 5.5 4.8 44 4.8 0.43

2 5.5 4.6 48 5.6 0.46 5.7 5.1 54 6.6 0.59
3 5.9 5.0 48 7.9 0.53 5.6 4.9 36 5.9 0.53

1975

1 5.5 4.5 72 4.8 0.53 5.4 4.4 88 4.0 0.53
2 5.7 4.6 54 5.6 0.63 5.6 4.6 48 5.5 0.53
3 5.4 4.4 54 4.3 0.69 5.7 4.6 48 6.1 0.53

1 5.4 4.4 72 3.7 0.53 5.4 4.4 64 4.0 0.46
2 5.5 4.5 64 4.7 0.53 5.4 4.4 60 4.2 0.63

3 5.5 4.4 54 4.7 0.59 5.5 4.5 60 4.7 0.53

1 5.6 5.0 60 4.7 0.43 5.7 4.7 54 6.4 0.53
2 5.9 5.0 64 7.4 0.63 5.8 4.8 48 6.4 0.53
3 5.5 4.5 48 5.1 0.63 5.6 4.6 44 5.8 0.59

1 5.6 4.6 64 4.5 0.36 5.7 4.7 60 6.6 0.36
2 5.7 4.7 60 6.1 0.46 5.8 4.7 54 6.2 0.43
3 5.9 4.9 48 7.5 0.53 6.0 4.9 54 7.1 0.53



Appendix Table 9 Soil Test Values for Dayton Soil Growth Chamber Experiment

Treat-

ment
No.

Lime

Rate
T/A

Portion
of Soil
Limed

%

Complete Soil System Unlimed Soil (1) Unlimed-Limed Soil Interface (2) Limed Soil (3)

pH

Ca
pHs meq/100g

Mg
meq/100g pH

Ca
pHs meq/100g

Mg

meq/100g
Ca

pH pH, meq/100g
Mg

meq/100g pH

Ca

pHs meq/100g

Mg

meq/100g

1 0 0 4.6

4.5

3.7

3.6

1.8

1.8

0.43

0.36

2 1 10 4.8 3.8 2.3 0.89 4.5 3.8 1.9 0.69 4.5 3.7 2.4 1.1 6.3 5.7 7.5 3.9
4.6 3.7 2.5 0.89 4.4 3.7 2.1 0.69 4.5 3.8 2.9 1.5 6.4 5.8 7.9 3.8

3 1 30 4.9 3.8 2.7 0.99 4.7 3.6 1.9 0.69 4.6 3.7 2.4 0.99 5.2 4.6 4.2 2.5
4.8 3.8 2.5 0.99 4.6 3.7 2.1 0.76 4.5 3.7 2.5 0.92 5.2 4.5 4.7 2.6

4 1 60 4.9 3.7 2.3 0.69 4.7 3.8 1.9 0.59 4.5 3.7 2.3 0.89 4.8 4.0 3.0 1.5
4.7 3.8 2.9 0.76 4.6 3.7 3.0 0.63 4.6 3.7 2.9 0.63 4.6 3.9 3.8 1.3

5 1 100 4.6 3.9 2.9 1.1

4.6 3.9 2.7 1.1

6 3 10 5.4 4.5 6.9 1.10 4.5 3.7 2.1 0.76 4.7 4.0 2.9 1.40 7.2 6.7 27 3.6
5.4 4.6 6.6 1.10 4.3 3.7 2.5 0.63 4.5 3.8 2.9 0.92 6.9 6.7 24 3.2

7 3 30 5.4 4.4 5.5 0.99 4.5 3.8 2.1 0.69 4.7 4.1 3.7 0.99 7.4 6.9 13.1 2.3
5.4 4.5 7.2 0.82 4.5 3.7 2.4 0.63 4.7 3.8 3.7 0.89 7.3 6.8 15.1 2.3

8 3 6o 5.4 4.4 5.6 1.2 4.4 3.7 2.3 0.82 4.5 3.7 2.7 0.82 6.2 5.4 8.6 1.8

5.5 4.7 7.7 1.2 4.5 3.7 2.7 0.59 4.7 3.8 3.7 0.69 6.2 5.5 12.0 1.8

9 3 100 5.2 4.7 7.4 1.1

5.2 4.6 6.8 1.2

10 5 10 5.9 5.3 8.1 1.10 4.5 3.7 2.3 0.69 4.7 4.0 3.2 0.99 7.0 6.6 25.o 3.2
6.0 5.2 9.7 0.53 4.5 3.7 2.5 0.82 4.6 3.9 3.4 0.82 7.2 6.8 27.0 3.3

11 5 30 6.0 5.3 7.1 0.92 4.5 4.1 2.4 0.82 4.8 4.1 2.9 0.76 7.4 6.9 21.0 2.o
6.0 5.3 8.4 0.82 4.5 3.8 2.4 0.63 4.6 3.9 3.2 0.69 7.3 6.9 21.0 1.7

12 5 60 6.2 5.3 9.3 0.89 4.4 3.7 3.2 0.89 4.6 3.9 4.3 0.89 7.2 6.6 14.3 1.5
6.3 5.3 10.3 0.99 4.5 3.8 3.8 0.63 4.8 4.0 5.1 0.76 6.7 6.5 15.1 1.3

13 5 100 5.9 5.4 13.9 1.1

6.0 5.4 13.9 1.1
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Appendix Table 10 Yield and Plant Analysis Data
for Dayton Soil Growth Chamber Experiment

Treatment
No.

Rate
T/A

Mix
%

Yield
Gm/Box

Plant Analysis Data
P

%

K Ca

meg/1009 %

Mg

%

Mn

ppm

1 0 100 1.00 0.19 2.07 0.46 0.24 4440
1.42 0.11 1.76 0.29 0.16 2397
1.32 0.14 1.89 0.60 0.25 4950
1.34 0.14 1.94 0.45 0.20 4050

2 1 10 2.03 0.12 1.46 0.62 0.44 1887

2.00 0.14 2.07 0.62 0.43 2007
1.67 0.11 1.85 0.60 0.41 1608

2.09 0.11 1.92 0.69 0.40 1863

3 1 30 2.13 0.14 1.84 0.57 0.41 2001

2.35 0.14 2.21 0.54 0.41 2049

2.47 0.13 2.06 0.66 0.40 2118

2.71 0.14 1.71 0.54 0.35 1986

4 1 60 2.03 0.09 1.40 0.64 0.33 2682

2.22 0.10 1.94 0.70 0.36 2745

2.14 0.10 2.05 0.62 0.30 2634

1.74 0.11 2.13 0.74 0.31 2871

5 1 100 1.76 0.10 2.15 0.52 0.28 2688

2.01 0.09 2.01 0.52 0.27 2589

2.00 0.08 1.73 0.54 0.27 2736

1.55 0.11 1.95 0.58 0.26 2763

6 3 10 1.82 0.13 1.48 0.70 0.44 1557

1.90 0.11 1.93 0.71 0.42 1464

2.17 0.12 1.82 0.64 0.42 1497

1.52 0.12 2.15 0.66 0.41 1386

7 3 30 2.98 0.14 2.13 0.85 0.42 1188

3.39 0.12 1.58 0.76 0.39 1164

2.69 0.15 1.92 0.80 0.36 1311

3.35 0.11 1.31 0.80 0.42 1242

8 3 60 2.65 0.12 1.50 0.74 0.36 1122

3.12 0.14 1.73 0.74 0.37 1293

3.27 0.12 2.14 0.68 0.35 1248

3.05 0.11 2.10 0.69 0.34 1065

9 3 100 2.75 0.12 1.42 0.75 0.38 1473

2.36 0.15 1.80 0.80 0.33 1593
2.63 0.13 2.18 0.85 0.33 1524

2.65 0.12 2.08 0.83 0.35 1647

10 5 10 1.64 0.13 2.03 0.69 0.41 1272

1.50 0.12 2.10 0.70 0.40 1308

1.81 0.11 1.81 0.77 0.44 1410

1.94 0.11 1.54 0.70 0.42 1398

.11 5 30 3.61 0.11 1.47 0.73 0.41 1389

3.68 0.11 1.44 0.75 0.40 1365

3.05 0.13 1.64 0.80 0.39 1404

3.64 0.13 1.64 0.68 0.35 1161

12 5 60 2.15 0.15 1.84 0.85 0.39 852

3.34 0.15 2.18 0.85 0.38 801

2.76 0.16 2.10 1.00 0.34 951

3.33 0.13 1.67 0.78 0.34 888

13 5 100 2.92 0.13 1.44 1.05 0.43 1182

2.71 0.11 1.40 0.93 0.41 1116

1.97 0.12 1.94 1.00 0.33 1011

2.79 0.13 2.19 1.10 0.41 1236
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Appendix Table 11 Yield and Plant Analysis Data
for Jory Soil Growth Chamber Experiment

Treatment
No.

Lime
Rate
T/A

Portion
of Soil
Limed

Dry Matter
Yield
Gm/Box

Plant Analysis Data
P K Ca Mg

%

Mn

ppm

1 0 0 0.96 0.08 1.82 0.62 0.27 1365
0.92 0.09 1.87 0.62 0.27 912

0.87 0.71 1.63 0.64 0.26 1188

0.99 0.72 2.09 0.75 0.34 1398

2 1 10 1.30 0.15 2.09 0.80 0.43 963

1.49 0.12 0.92 0.85 0.49 972

1.26 0.12 1.22 0.83 0.46 1047

1.37 0.14 1.35 0.85 0.49 1104

3 1 30 1.57 0.12 1.94 0.74 0.52 813
1.46 0.10 2.59 0.80 0.50 909
1.54 0.10 1.88 0.80 0.51 906
1.44 0.09 1.87 0.70 0.49 831

4 1 60 1.31 0.10 2.56 0.78 0.47 936
1.47 0.08 2.24 0.65 0.42 738
1.39 0.08 1.46 0.70 0.41 918
1.33 0.08 0.78 0.86 0.42 627

5 1 100 1.27 0.11 1.04 0.90 0.44 948
1.43 0.09 2.44 0.95 0.45 945
1.70 0.09 2.27 0.90 0.45 957
1.25 0.09 1.43 0.90 0.44 870

6 4 10 1.21 0.11 1.12 0.80 0.34 921

1.50 0.13 1.31 0.90 0.46 813
1.56 0.13 1.34 1.00 0.47 912
1.29 0.16 1.34 1.00 0.46 1098

7 4 30 1.80 0.15 0.91 0.94 0.41 729
1.64 0.14 1.54 0.90 0.41 642

1.79 0.16 1.00 0.95 0.48 486

1.80 0.15 1.14 0.95 0.45 663

8 4 60 2.21 0.10 1.13 0.90 0.42 606
1.65 0.14 2.05 0.95 0.40 396
1.64 0.12 1.38 0.95 0.45 489

1.73 0.12 0.98 1.00 0.47 408

9 4 100 1.61 0.10 0.70 1.00 0.51 295

1.65 0.12 1.18 0.85 0.47 305
1.72 0.11 1.24 0.93 0.48 290

1.58 0.12 2.31 0.90 0.45 304

10 7.5 10 1.56 0.14 1.33 0.93 0.46 852

1.84 0.12 2.15 0.85 0.42 903

1.33 0.16 1.78 1.00 0.57 786
1.33 0.13 0.97 0.90 0.53 498

11 7.5 30 1.78 0.16 1.23 1.00 0.45 591

1.69 0.15 1.50 0.95 0.45 615
2.10 0.13 0.73 0.85 0.43 681

2.19 0.13 1.90 0.83 0.38 621

12 7.5 60 2.08 0.17 1.49 0.95 0.41 429

2.22 0.12 0.84 1.05 0.43 504

2.05 0.16 1.96 1.10 0.43 534

1.98 0.16 1.65 1.20 0.39 492

13 7.5 100 1.83 0.14 2.01 1.05 0.47 228

2.10 0.12 2.02 0.95 0.42 217
1.69 0.15 2.68 0.87 0.40 172

1.96 0.13 2.20 0.95 0.40 208


