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The phenomena known as "phosphorus-induced zinc deficiencies"

are poorly understood. Conclusions drawn from research efforts

designed to identify the mechanism of the phosphorus-zinc interac-

tion are, in many cases, incompatible. Similarities in the data from

a number of literature reports of "phosphorus-induced zinc defici-

encies" have led to the development of the hypothesis that so-called

"phosphorus-induced zinc deficiencies" result from the correction

of phosphorus deficiencies in growth mediums which are also poten-

tially zinc deficient.

To test this hypothesis, corn, beans, and potatoes were grown

in dithizonepurified nutrient solutions consisting of three zinc levels

(0, .1356, and . 4068 p.M Zn2+) in factorial combination with four

phosphorus levels (.02, .10, 1.0, and 3.0 mM P043+). Yield, and

the concentration and uptake of zinc, phosphorus, iron, manganese,



potassium, calcium, magnesium., and sulfur were measured for the

roots, stems, and leaves for each plant species.

Deficiency symptoms and yield responses to phosphorus and

zinc were in agreement with the above stated hypothesis in that zinc

deficiencies and yield responses to zinc were obtained for all three

plant species only after phosphorus deficiencies were corrected. In

no case did increasing phosphorus level in the nutrient solution induce

a zinc deficiency when zinc was at a low, but adequate, level in the

nutrient solution. Reductions in zinc concentration in plant tissue with

increasing phosphorus concentration in the nutrient solution could be

explained as dilution effects, and in no case was total zinc uptake

reduced by increasing the concentration of phosphorus in the nutrient

solution. Although reductions in the top to root zinc concentration

ratio were observed as phosphorus level in the nutrient solution was

increased, the apparent reduction in zinc translocation can be ex-

plained on the basis of dilution of plant zinc by the yield response to

phosphorus. Evidence is presented to indicate that high phosphorus

levels in plant tissue do not induce a zinc deficiency, but rather are

the result of zinc deficiency under conditions of high phosphorus

availability.

The hypothesis presented in this investigation also adequately

explains a much greater proportion of the data in the literature on

"phosphorus-induced zinc deficiencies" than do other hypotheses.



In contrast to other hypotheses, the hypothesis presented in this

investigation also adequately explains the data from those reports

in the literature in which high rates of phosphorus were applied

without inducing a zinc deficiency.

It is suggested that the use of the misleading description,

"phosphorus-induced zinc deficiency, " be discontinued and that the

phenomena be described as what they really are: zinc deficiencies

resulting after the correction of phosphorus deficiencies on growth

mediums which are also potentially zinc deficient.
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A NEW HYPOTHESIS TO EXPLAIN
PHOSPHOR US-INDUCED

ZINC DEFICIENCIES

INTRODUCTION

Zinc deficiency symptoms and a yield response to zinc are

occasionally observed only after a phosphorus application under

certain soil and cropping conditions. In many cases the zinc defi-

cient plants contain a higher phosphorus concentration in the leaves

than do plants not exhibiting zinc deficiency symptoms. These obser-

vations have led a number of researchers to conclude that phosphorus

has an adverse effect on the zinc nutrition of plants and this disorder

has come to be known as a phosphorus-induced zinc deficiency.

Although this condition is relatively easy to correct with zinc

applications, the nature of the interaction and the mechanisms

involved are poorly understood. Conclusions drawn from research

efforts designed to identify the mechanism of the phosphorus-zinc

interaction are, in many cases, contradictory. The investigation

reported herein presents a critical review of previous research

efforts in this area and presents evidence to support a new hypothe-

sis to explain phosphorus-induced zinc deficiencies.
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LITERATURE REVIEW

Historical Background

One of the first suggestions that phosphorus might have an

adverse effect on the zinc nutrition of plants came from research

conducted by Chapman et al. (1937). They found that mottle-leaf of

citrus could be produced by omitting zinc from the nutrient solution

culture. In addition, they observed that the extent or degree of

mottling was accentuated by high phosphorus concentrations in the

nutrient solution.

West (1938) observed that phosphate additions to the soil would

induce the zinc-cured mottle leaf condition in citrus. He appears to

have been the first researcher to describe this condition as a

phosphorus-induced zinc deficiency.

As research efforts in the area of zinc nutrition of plants were

expanded, other researchers began to observe phosphorus-zinc inter-

actions with a number of crops and soils. Millikan (1940) observed

that superphosphate applications were essential in order to obtain a

yield response by wheat to applied zinc. Rogers and Wu (1948) found

that the zinc content of oats decreased to an almost constant value

with increasing rates of phosphate application. In a later paper by

Millikan (1947), it was observed that heavy applications of phosphate



3

accentuated the severity of zinc deficiency symptoms in flax. Thorne

and Warm (1950) conducted an extensive survey of the nutrient defici-

encies in Utah orchards and found that in 16 of 17 orchards showing

zinc deficiencies, the CO2- soluble phosphorus was in excess of 25

pp-m.. In a somewhat more refined study, Loneragan (1951) showed

that for flax the severity of zinc deficiency symptoms and the extent

of the yield response to zinc increased with increasing levels of

phosphate application.

Explanations of Phosphorus - Induced Zinc Deficiency

A number of hypotheses have been put forth to explain

phosphorus-induced zinc deficiencies. Among these is the hypoth-

esis that phosphate additions might decrease the solubility of zinc

in the soil, thereby inducing a zinc deficiency. Although it is diffi-

cult to ascribe this hypothesis to any one researcher, it appears to

have been a widely held view and was probably suggested by the

earlier work of Jones et al. (1936) in which they reported that super-

phosphate in contact with zinc sulfate in the soil decreased the solu-

bility of the zinc sulfate. Research by other workers has since

indicated, however, that applied phosphates do not reduce the

solubility of zinc sufficiently to explain phosphorus-induced zinc

deficiencies. Peech (1941) believed that it was unlikely that zinc

is fixed by phosphates since three soils differing in phosphorus
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content all showed the same zinc fixation with increasing pH. Jamison

(1943) studied the effects of phosphates on the fixation of zinc and

copper by several Florida soils and found that the majority of soils

fixed more zinc and copper when no superphosphate was applied.

Studies by Pauli et al. (1968) with sand cultures, and Bingham and

Garber (1960) with 19 soils showed that zinc solubility actually

increased with increasing levels of phosphate application. In a

more basic study by Jurinak and Inouye (1962) the pKs of zinc

orthophosphate was determined. Calculations using their pK Sp

value reveal that even at a pH of 7.48 and a phosphorus concentra-

tion of 3.0 X 10 M, sufficient zinc remains in solution to meet the

needs of a growing plant.

Another hypothesis that has been proposed is that phosphorus

somehow interferes with the metabolic utilization of zinc by the plant.

Watanabe et al. (1965), working with corn grown in nutrient solution

cultures, believed that increasing phosphorus levels in the plant

interfered with the normal metabolic utilization of zinc. Boawn and

Leggett (1964) concluded that phosphorus-induced zinc deficiency of

Russet Burbank potatoes grown in the field and in nutrient solution

cultures was the result of an imbalance between phosphorus and

zinc, and that phosphorus/zinc ratios greater than 400 were conducive

to the disorder. Utilizing a split-medium plant culture technique,

Boawn and Brown (1968) speculated that the site of metabolic



imbalance between phosphorus and zinc in beans and potatoes was

located in specific metabolic areas within leaf tissues.

Several workers have noted that phosphorus applications reduce

the zinc concentration and may reduce the zinc uptake by plants.

Greenhouse experiments by Burleson et al. (1961) showed that the

uptake of zinc by Red kidney beans was reduced by phosphorus. They

suggested that this was the result of a phosphorus-zinc antagonism

within the root. Ellis et al. (1964) observed that phosphorus applica-

tions reduced zinc concentration in corn and beans and concluded that

the phosphorus-zinc interaction is either at the root surface or within

the plant. Similar results have been published by Sharma et al.

(1968a) with wheat, Keefer and Singh (1968) with corn, and Loneragan

(1951) with flax.

It has also been suggested that phosphorus may bring about a

zinc deficiency by reducing the translocation of zinc from the roots

to the plant tops. Reduced translocation of zinc by phosphorus has

been reported by Sharma et al. (1968c) with rice, Burleson and Page

(1967) with flax, Stukenholtz et al. (1966) with corn, Sharma et al.

(1968b) with corn and tomato, and Paulsen and Rotimi (1968) with

soybeans.

Other researchers such as Bingham (1963), Boawn et al. (1954),

Pauli et al. (1968) and Seatz et al. (1959) have reported that increas-

ing phosphorus had no adverse effect on the zinc nutrition of plants.
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Objectives

A survey of the literature soon reveals that although there have

been a number of attempts at identifying the mechanisms by which

phosphorus might induce a zinc deficiency, no one hypothesis pre-

sented thus far can adequately explain a significant proportion of the

data that has been amassed. The data from a number of papers

reporting a phosphorus-induced zinc deficiency do show one important

similarity, however, even though the researchers may not have

arrived at the same conclusions regarding the mode of action of

phosphorus in inducing a zinc deficiency. The data from those papers

in which a phosphorus-induced zinc deficiency was observed and

in which the phosphorus and zinc yield responses can be evaluated

separately reveal that yield responses to zinc were obtained only

after phosphorus deficiencies had been corrected. This type of

yield response can be seen in the yield data of Loneragan (1951) with

flax; Watanabe et al. (1965) with corn; Jackson et al. (1967) with

sweet corn; Burleson et al. (1961) with Red Kidney beans; Ellis et al.

(1964) with field beans; Keefer and Singh (1968) with corn; Sharma

et al. (1968a) with wheat; Sharma et al. (1968c) with rice; Sharma

et al. (1968b) with corn and tomato; Martin et al. (1965) with tomato;

and Brown and Tiffin (1962) with Red Kidney beans, tomato, okra,

and soybeans.
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A thorough review of the literature has not revealed one case in

which healthy plants were made zinc deficient by increasing the phos-

phorus supply.

These observations have led the author to formulate the hypoth-

esis that the so-called "phosphorus-induced zinc deficiencies result

from the correction of phosphorus deficiencies in a growth medium

which is also potentially zinc deficient. Correction of only the

phosphorus deficiency allows the zinc deficiency to be manifested,

while zinc applications alone result in little or no yield response

because low phosphorus is limiting plant growth.

The study reported herein was designed to test this hypothesis

and had the following objectives.

1. To determine if characteristic phosphorus-induced zinc

deficiencies can be obtained by increasing phosphorus from

a deficient to an adequate level in a growth medium which is

also potentially zinc deficient.

2. To determine if high phosphorus levels in plant tissues

induce zinc deficiencies, or are simply the result of zinc

deficiencies under conditions of high phosphorus availability.

3. To evaluate the extent to which high phosphorus levels in plant

tissue reduce zinc concentration and uptake.

4. To evaluate the extent to which high phosphorus levels in plant

tissue reduce the translocation of zinc from the roots to the

tops of plants.
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EXPERIMENTAL PROCEDURE

In designing an experiment to test the hypothesis previously

outlined, several factors associated with both the growth medium

used and the plant species to be grown must be considered. The

essential characteristics of the growth medium are as follows.

First, it must allow the phosphorus to be varied over a wide range

of levels and at the same time allow the zinc to be varied from

deficient to adequate levels. Secondly, the system must allow for

control of other possible variables. Finally, it must allow for the

harvesting of plant roots so that total yields can be obtained and the

effect of phosphorus on the translocation of zinc from the roots to the

plant tops can be assessed. These requirements essentially eliminate

the soil as a growth medium and suggest the use of a nutrient solution

culture with phosphorus and zinc variables in factorial combination.

Although a nutrient solution culture was well suited to the

objectives of this investigation, it was not without its associated

problems. First, the nutrient solution had to be purified to remove

contaminating levels of zinc so that a yield response to zinc was

obtained. A second problem which has been overlooked by other

investigators was the unaccounted for treatment effect introduced

as a factor under consideration was varied. More specifically, as

the phosphorus in the nutrient solution was incr eased from a deficient
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to an excessive level, the concentration of the cation accompanying

the phosphorus and the osmotic potential of the solution became

variables which affected plant growth. Finally, the nutrient solu-

tions were not highly buffered and some provision had to be made

for pH control since the rate of change of pH varied with the plant

growth rate.

Selection of the plant species to be used in this investigation

was governed by one basic consideration. The plant species and

varieties selected must have been reported to exhibit a phosphorus-

induced zinc deficiency. Of secondary consideration was the ease

with which the plant could be grown in nutrient solution culture.

Nutrient Solutions

The basic nutrient solution used in this investigation was a

modification of a one-half strength Hoagland's No. .1 solution

(Hoagland and Arnon, 19 38) further modified to accommodate the

phosphorus and zinc variables and to account for the previously

mentioned problems associated with increasing phosphorus levels.

Purification of all macronutrient stock solutions was accomplished

utilizing a dithizone-CC14 procedure adapted from Snell and Snell

(1949) by Moore (1955). Glass distilled water was used in making

up and maintaining the levels of the nutrient solutions.

Although the same zinc and phosphorus levels were used for the
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corn, bean, and potato experiments, the nutrient solutions were

slightly modified for each experiment and will be discussed individ-

ually.

Corn Experiment

The molar concentrations of the salts in the corn experiment

nutrient solutions are given in Table 1. Treatments consisted of

three zinc levels (0, .1356, and .4068 i.LM Zn 2+ ) in factorial combina-

tion with four phosphorus levels (.02, .10, 1.0, and 3.0 mM PO 4
3-

).

Based on the results of preliminary experiments, the zinc levels

were chosen such that under conditions of adequate phosphorus the

zinc status of corn plants was severely deficient at the lowest level,

moderately deficient at the intermediate level, and not deficient at

the highest level. Similarly, the phosphorus levels were chosen such

that corn plants contained deficient, adequate, high, and excessive

phosphorus concentrations in the plant tissue.

The presence of a one-hundred and fifty fold increase in the

nutrient solution phosphorus concentration resulted in the introduction

of both potassium and osmotic potential variables as has been previ-

ously mentioned. Results of preliminary experiments showed a

significant reduction in the growth of corn plants at all zinc levels

as the phosphorus level was increased. It is uncertain as to whether

increasing potassium or increasing salinity was the cause. However,



Table 1. Molar concentration of salts in corn experiment nutrient solutions.

Concentration

Treatment ZnS04 7H20 KxH3_x PO4* K2SO4

P.02 ZnO 0 uM .02 mM 4.025 mM

P.02.02 . 2 1356 AM . 02 mM 4.025 mM

P.02.02 6 .4068 AM .02 mM 4.025 mM

P.10 Zn0
0 AM . 10 mM 3.950 mM

P.10. . 2 . 1356 AM .10 mM 3.950 mM

P.10.10 . 6 .4068 ,uM .10 mM 3.950 mM

P1.01.0 0
0 AM 1.0 mM 3.100 mM

P1.01.0 .2 .1356AM 1.0 mM 3. 100 mM

P1.0 Z31.2 .4068 AM 1.0 mM 3. 100 mM

P3, 3. 0 0 0 AM 3.0 mM 1.250 mM

P3.0 Zn. 2 .1356 pM 3.0 mM 1.250 mM

P3. 0 Zn. 6 .4068 AIM 3. 0 mM 1. 250 mM

The concentration of invariant nutrients is as follows: 2,5 mM Ca(NO 3)2' 1.0 mM Mg(NO
3

) ,

0:323. 13 pM H3803, 6.315 pM MnC12' 4H20, . 16 pM CuSO4- 5H20, and . 25 pM H2Mo04 H2O

Each treatment contained a n initial Fe concentration of 50 uM Fe++-EDTA. Additional Fe was
added at 2 day intervals at a level sufficient to increase the Fe concentration 5 JIM Fe/2 days.

*The phosphorus source was K1.875 H1. PO4 rather than KH2PO4 because of pH adjustment.
See text for discussion.
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it was observed that with increasing phosphorus levels the plant

potassium concentration increased to a very high level with a con-

comitant decrease in plant magnesium concentration. Hipp and

Gerard (1969) have reported that with low magnesium concentra-

tions in a Hoagland solution, tomato yield was depressed by increasing

the phosphorus concentration. They concluded that this was the result

of a phosphorus-magnesium interaction. However, since the most

common source of phosphorus for a Hoagland solution is KH2PO4,

the yield decrease they observed may have resulted from the adverse

effect of high potassium levels on magnesium nutrition. In order to

maintain constant potassium and salinity levels as the nutrient solu-

tion phosphorus level was increased, a K
2
SO4 variable was introduced.

The K
2
SO4 concentration varied inversely with the phosphorus con-

centration such that at any phosphorus level the potassium concentra-

tion was the same. It was not possible to calculate directly the

decrease in K
2
SO4 concentration required for a given increase in

KH2PO4
concentration since during the dithizone purification process

a large amount of unstandardized KOH was added to the KH
2
PO4 to

adjust the pH. The amount of substitution of K2SO4 for KH2PO4

required to maintain a constant potassium level was determined

empirically by making up nutrient solutions containing only KH2PO4

and determining the potassium concentration by atomic absorption

spectrophotometry. This empirical determination revealed that for
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each 1 m.M increase in P043- concentration, the K
2
SO4 concentration

had to decrease by .9375 mM in order to maintain a constant potassi-

um level. In other words, the phosphorus source was actually

PO
4

after dithizone purification rather than KH
2

PO4Kl.
875

H1.1
25

as originally intended.

The use of a K
2
SO4 variable to maintain constant potassium

levels resulted in the introduction of a SO42- variable. However,

since sulfate does not generally accumulate in plants and since the

author has seen no evidence in the literature to indicate that high

sulfate levels adversely affect plant growth, it was assumed that this

variable would not affect the experimental results.

The molar concentrations of the invariant nutrients are listed

at the bottom of Table 1. With the exception of iron, the concentra-

tions of the invariant nutrients were approximately equivalent to a

one-half strength Hoagland solution. Iron was supplied as an

Fe ++-EDTA complex with additional iron being supplied at the rate

of 10% of the initial iron level every two days. Preliminary experi-

ments had revealed that without frequent additions of iron, corn

plants exhibited marked iron chlorosis.

Bean Experiment

The compositions of the nutrient solutions used in the bean

experiment are given in Table 2. Phosphorus and zinc levels were
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Table 2. Molar concentration of salts in bean experiment nutrient solutions.

Concentration

Treatment ZnSO4. 7H20 Kx H3-x PO4* K 2504

P.02.02 0
P.02.v2 . 2
P.02 Zn.

P.10 Zno
P.10 Zn. 2
P. 10 Zn. 6

Pl. 0 Zno
P1.0 Zn. 2
Pl. 0 Zn. 6

P3.0 Z110
P3.0 Zn. 2
P3.03.0 .6

0 AM .02 mM 2. 775 mM
.1356µM .02 mM 2. 775 mM
.4068 AM .02 mM 2. 775 mM

0µM . 10 mM 2, 700 mM
. 1356 AM .10 mM 2.700 mM
.4068 AM . 10 mM 2, 700 mM

0 AM 1.0 mM 1. 850 mM
. 1356 AM 1.0 mM 1.850 mM
.4068 AM 1.0 mM 1. 850 mM

0µM 3.0 mM 0, 000 mM
. 1356 AM 3.0 mM 0, 000 mM
.4068 AM 3.0 mM 0, 000 mM

The concentration of invariant nutrients is as follows: 2.5 mM Ca(NO3)2, 1.0 mM Mg(NO3
1.5 mM MgSO4, 11.56p M H3B03, 6.315 jxM MnC12' 4H20, .16)1M CuSO4 - 5H20, and
. 25 iuM H2MoO4. H20

Each treatment contained an initial Fe concentration of 50 /AM Fe++-EDTA. Additional Fe was
added at 7 day intervals at a level sufficient to increase the Fe concentration 5 AM Fe/7 days.

*The phosphorus source was Ki. 875 H1.125 PO4 rather than KH2PO4 because of pH adjustment.
See text for discussion.
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identical to those used in the corn experiment.

The major differences between the nutrient solutions used for

corn and those used for beans were in the overall potassium level

and in the molar ratio of potassium to magnesium. In the corn exper-

iment the concentration of potassium was 8.1 mM while the concentra-

tion of magnesium was 1.0 mM. Preliminary experiments with beans

showed a leaf chlorosis somewhat resembling magnesium deficiency

and it was thought that the high potassium to magnesium ratio might

be contributing to this problem. For this reason the potassium level

was decreased to 5.6 mM and the magnesium concentration was

increased to 2.5 mM, giving a potassium to magnesium ratio of

2.24. Decreasing the potassium level to 5.6 mM resulted in the

P3.0 treatment receiving no K
2

SO
4.

Since K
2
SO4 had been the only

source of sulfate, the additional magnesium was added as MgSO4.

Iron and boron levels were also different in the bean experiment

as compared to the corn experiment. In the bean experiment the

nutrient solution concentration of boron was 11.56 p.M, or one-half

the boron concentration used in the corn experiment. The boron

concentration was reduced because of the sensitivity of beans to

excess boron. Iron concentration in the bean experiment was

initially the same as for the corn experiment, however, additional

iron was added at a rate of 10% of the initial iron level every seven

days rather than every two days as in the corn experiment.
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Potato Experiment

Nutrient solution compositions for the potato experiment are

presented in Table 3. Phosphorus and zinc variables were maintained

at the levels utilized in the corn and bean experiments. Boron

remained at the same level as used in the bean experiment, while

the MgSO4 level was reduced to one-half the level used for beans.

Manganese concentration and initial iron concentration were reduced

by one-half as compared to the corn and bean experiments. No

additional iron was added to the potato experiment nutrient solutions.

Plant Culture Techniques

Corn Experiment

The field corn (Zea mays) hybrid Illinois WF 9X38-11 was

selected for this phase of the study because of its growth potential

under optimum conditions and because of the severe zinc deficiencies

observed when this hybrid was grown on zinc deficient Shano soil to

which high levels of Ca(H
2
PO4)2 had been applied in preliminary

experiments.

Approximately two-hundred and fifty corn seeds were germinated

in acid washed quartz sand which had been moistened with a germinat-

ing solution of .5 mM Ca(NO ) , .2 mM Mg(NO ) , and . 25 K SO4.



Table 3. Molar concentration of salts in potato experiment nutrient solutions.

Treatment ZnSO4' 7H20

Concentration

KxH3...x PO4 K2SO4
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P.02.02
P.02.02 . 2
P Zn.02 . 6

P. 10 Zno
P.10 Zn, 2
P Zn.10 6

P
Zn1.0 0

P Zn1. 0 2
P Zn1.0 Z. 6

P3.0 Zn0
P3.0 Zn. 2
P3.0 Z. 6

0 AM .02 mM 2.775 mM
.1356 p.M .. 02 mM 2.775 mM
.4068 iuM .02 mM 2.775 mM

0 TIM .10 mM 2.700 mM
. 1356 FM .10 mM 2.700 mM
.4068 AIM .10 mM 2.700 mM

0 nM 1.0 mM 1.850 mM
.1356µM 1, 0 mM 1.850 mM
. 4068 )uM 1.0 mM 1.850 mM

O1uM 3.0 mM 0.000 mM
.13561uM 3.0 mM 0.000 mM
. 4068 pM 3.0 mM 0.000 mM

The concentration of invariant nutrients is as follows: 2. 5 mM Ca(NO3)22, 1, 0 mM Mg(NO )2,
. 75 mM MgS0 11. S6 µM H31303, 3. 16 7.iM MnC12. 4H20, . 16 iuM CugO4'5H20,
. 25 iuM H2Mo04 H2O, and 25 AM Fe++-EDTA.

*The phosphorus source was K1.875 H1.125 PO4 rather than KH2PO4 because of pH adjustment.
See text for discussion.
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Eleven days after sowing the seeds, the seedlings had attained a

height of 7-10 cm and 24 healthy, uniform seedlings were selected

for the experiment. After removing the seedlings from the quartz

sand, the seed coats and endosperms were removed and the seedlings

were threaded through 1. 27 cm diameter holes drilled in corks

with a 5.6 cm diameter top. The seedlings were held in place in

the corks by packing a small amount of dacron batting along the

plant stem. The corks containing the seedlings were then placed in

5.4 cm diameter holes drilled in 22.8 X 22.8 cm squares of fire-

hardened "Masonite." A .95 cm hole was also drilled in each

masonite lid to accommodate glass capillary aeration tubes. The

seedling-cork-masonite assembly served as a cover for the 19 cm

diameter plastic pots containing the nutrient solutions. The plastic

pots contained 2 1 of nutrient solution when filled to within 4.5 cm

of the pot top. With this arrangement, the bottoms of the corks

were about 1.9 cm above the surface of the solutions and the plant

roots extended well into the solutions.

Two replicates of each of the 12 treatments were placed in a

growth chamber maintained at 27° C during the 16 hr. day and at 21° C

during the 8 hr. night. Nutrient solutions were aerated continuously

and brought to volume daily. The pHs of the nutrient solutions were

initially adjusted to 6.0 and were readjusted to pH 6.0 twice daily

with dilute solutions of HC1 and KOH. The plants remained in the
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growth chamber for 20 days at which time the plants were harvested

by separating them into leaf, stem plus immature leaves, and root

components. All plant material was dried in an oven at 75° C,

weighed, and saved for analysis.

Bean Experiment

The navy bean (Phaseolus vulgaris) variety "Sanilac" was

chosen for this phase of the study because of its reported high

susceptibility to phosphorus-induced zinc deficiency (Ambler and

Brown, 1969).

Approximately two-hundred and fifty bean seeds were germi-

nated in acid washed quartz sand moistened with glass distilled water.

Seven days after sowing the seeds, 24 uniform seedlings were

removed from the quartz sand, the cotyledons were removed, and

the seedlings were threaded through corks and placed in the nutrient

solutions as described for the corn experiment.

Two replicates of each of the 12 treatments were placed on a

greenhouse bench with supplemental lighting. The experiment was

conducted in the greenhouse rather than in the growth chamber

because preliminary experiments had indicated that beans did not

grow well under artificial lighting. The daylight hours were

bracketed with supplemental lighting to provide a 16 hr. day and

a 8 hr. night. Greenhouse temperature was not rigidly controlled
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but was maintained between 20 and 30° C. Nutrient solutions were

aerated continuously and brought to volume daily with glass distilled

water. The pHs of the nutrient solutions were initially adjusted to

pH 6.0 and were readjusted to pH 6.0 every two days with dilute

solutions of HC1 and KOH. The plants were grown for 30 days at

which time they were fractionated into leaves, stems plus petioles,

and roots. Plant material was dried in an oven at 75° C, weighed,

and saved for analysis.

Potato Experiment

"Russet Burbank" potatoes (Solanum tuberosum) were used for

this phase of the study because this variety has been reported to

exhibit marked phosphorus-induced zinc deficiencies when grown

under high phosphorus levels in nutrient solution culture (Boawn

and Leggett, 1964).

In order to break dormancy, Russet Burbank potatoes were

thoroughly washed with glass distilled water, soaked in a 2% solution

of thiourea for 1 hr., and placed in a light tight germination box

maintained at 20° C. When the potato eyes were about 1 mm in size,

a 1 . 9 cm diameter hemispherical seed piece was cut out around the

eye with a small melon ball scoop. About four-hundred seed pieces

were dipped in a 1% suspension of "Captan" and allowed to suberize

for 12 hrs. before being planted in nursery grade "Perlite" moistened
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with glass distilled water. The flats containing the seed pieces

in perlite were placed in the germination box for approximately

a week at which time the potato sprouts had attained a height of

10-15 cm. The flats were then removed from the germination box

and placed on a greenhouse bench for ten days. At this time 24

uniform sprouts were removed from the perlite and the seed piece

was cut off. The potato sprouts were then threaded through corks

and placed in the nutrient solutions in the same manner as for the

corn experiment.

Two replicates of each of the 12 treatments were placed on a

greenhouse bench under the same conditions as described for the

bean experiment. Nutrient solutions were aerated continuously and

brought to volume daily. The pHs of the nutrient solutions were

adjusted to pH 6.0 every two days with dilute solutions of HC1 and

KOH. Plants were grown for 31 days at which time they were

separated into leaves, stems plus petioles, and roots. All plant

materials were dried in an oven at 75° C, weighed, and saved for

analysis.

Plant Analysis

The oven dried plant samples were ground in a "Wiley" mill

with stainless steel parts. One gram plant samples were digested

in HNO
3

and HC1O4 and brought to 100 ml. In cases where the yield
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was less than one gram, the entire plant sample was digested. Zinc,

iron, and manganese were determined directly on the plant digest by

means of a "Perkin-Elmer 303" atomic absorption spectrophotometer.

Calcium, magnesium, and potassium were determined by atomic

absorption on dilutions of the plant digest containing 1500 ppm

strontium. Phosphorus was determined by the vanadate-molybdate

method, while sulfur was determined by a BaC1
2
-gum acacia

turbidimetric method (Jackson, 1958).

The statistical analysis of variance was carried out according

to procedures outlined by Snedecor and Cochran (1967). The experi-

ments were analyzed as completely random, 3 X 4 factorial experi-

ments with two replications.



RESULTS

Deficiency Symptoms

Corn Experiment
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The relative severity of phosphorus and zinc deficiencies

observed at the termination of the corn, bean, and potato experi-

ments and the day on which each deficiency became apparent are

presented in Table 4. Examining first the progression of phosphorus

and zinc deficiencies for the corn experiment, it can be seen that the

corn plants in the treatments with the lowest phosphorus level began

to exhibit symptoms of phosphorus deficiency on the eighth day after

the plants were placed in the nutrient solution. When the experiment

was terminated at 20 days these plants had thin sterns and narrow

leaves with a dark purple coloration of the stem which extended up the

midribs of the leaves. In addition, the lower four leaves had turned

brown and died. At 11 days the plants in the treatments with the three

higher levels of phosphorus and no added zinc began to show zinc defi-

ciency symptoms. When the experiment was terminated these plants

were severely stunted due to shortened internodes. The plants also ex-

hibited the characteristic symptom of chlorotic bands on either side of

the midrib. The plants in the P ioZn. 2, and P Zn 6 treatments began to

show symptoms of phosphorus deficiency at 15 days. At harvest these
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Table 4. Relative severity of phosphorus and zinc deficiencies observed at the termination of
the corn, bean, and potato experiments with the day on which each deficiency
became apparent.

Treatment

Corn Beans Potatoes
Deficiency Day

Observed
Deficiency Day

Observed
Deficiency Day

ObservedP Zn P Zn P Zn

P.02ZnO
** 8 ** 10 ** 10

P Zn ** 8 ** 10 ** 10
.02 2

P.02711.6 ** ** 10 ** 10

P. 10Z110
11 -- ** 18 18

P Zn * 15 30 * ..... 18
.10 2

P. ioZn. 15 -- 30 18

Pl. OZnO
** 11 * 18 -- * 29

P
1. 0

Zn
2

16 * 30 -- . 31

P1 0Zn
6

20 30 31

P3. oZno ** 11 18 ** 25

P Zn
3.O 2

16 30 .... 27
.

P
3.Q

Zn
6

- 20 30 31

-- No deficiency symptoms

**

Moderate deficiency symptoms

Severe deficiency symptoms
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plants exhibited a dark purple coloration of the stem which extended

up the midribs. The last deficiency to become apparent was a zinc

deficiency of the plants in the P1. 0 Zn . 2
and P3. 0

Zn
. 2

treatments.

These plants exhibited chlorotic bands on either side of the midrib

and showed some stunting at harvest.

Bean Experiment

The first nutrient deficiency observed in the bean experiment

was a phosphorus deficiency of the plants in the P.02 treatment which

became apparent on the tenth day after placing the seedlings in the

nutrient solutions. When the experiment was harvested at 30 days

these plants were small and had darker green leaves than did plants

which received adequate phosphorus and zinc. Because these plants

had no striking deficiency symptoms, however, it would have been

easy to overlook this deficiency if one did not have healthy plants

with which to make a comparison. Zinc deficiency symptoms

appeared on the plants grown without added zinc at the three higher

levels of phosphorus on the eighteenth day. At harvest the plants from

these treatments showed an interveinal chlorosis and curling under

of the edges of the older trifoliate leaves. Although some stunting

due to internodal shortening was observed, not all plants exhibited

this symptom. In addition, the zinc deficiency symptoms were more

pronounced on the plants from the P .10 Zn
0

treatment. When the
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experiment was harvested at 30 days the plants in the P.10Zn.

P
1. 0

Zn
. 2' and P

3. 0
Zn

. 2
treatments also showed some interveinal

chlorosis and curling under of older leaves.

Potato Experiment

The time and order of appearance of nutrient deficiencies in

the potato experiment were considerably different from those observed

in the corn and bean experiments. The first deficiency observed

was a phosphorus deficiency of the plants in the P.02 treatments.

When the experiment was harvested these plants were small and

the leaves were dark green in color with the undersides of the leaves

showing a dark purple coloration. At 18 days the plants in the P.10

treatments began to show phosphorus deficiency symptoms. These

plants also had dark green leaves with purple undersides at harvest.

Zinc deficiency symptoms developed at 25 days on the plants from

the P
3. 0

Zn
0

treatment. At harvest these deficiencies were mani-

fested by a puckering of the leaf edges, thickening and rolling upward

of the leaves, and a grayish-brown necrosis. The zinc deficiency

symptoms were similar to those reported by Boawn and Leggett (1964)

with the exception that "fern leaf" type terminal growth was not seen.

On the twenty-seventh day the plants from the P
3. 0 2

Zn treatment

started to show zinc deficiency symptoms, and on the twenty-ninth

day zinc deficiency symptoms appeared on the plants from the
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P Zn treatment. In contrast to the corn and bean experiments,1.0 0

zinc deficiency symptoms appeared earlier and appeared to be more

severe in the P
3. 0

treatments as compared to the P1. 0
treatments.

Plant Yield

Corn Experiment

The root, stem plus immature leaves, leaf, plant top, and

total plant yields for the corn experiment are presented in Table 5.

The analysis of variance (ANOVA) for the yield data revealed that

there was a highly significant PxZn interaction for the stem, leaf,

plant top, and total plant yields and a significant PxZn interaction

for the root yields. Examining first the root yields, it can be seen

that at the lowest level of phosphorus, increasing zinc did not

significantly increase the yield. At the intermediate phosphorus

levels, increasing the zinc from the Zn
0

to the Zn
. 2

level resulted

in a yield increase, but only at the P.10 level was this increase

statistically significant. At the P
3. 0

level, yield responses to zinc

were obtained as the zinc was increased from the Zn0 to the Zn
0 .6

level. However, only the yield increase from Zn
0

to the Zn .2 level

was statistically significant. As the phosphorus was increased from

the P .02 to the P .10 level at Zn0, a highly significant yield response

to phosphorus was obtained. Increasing the phosphorus to the P1.0
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Table 5. Corn experiment yields

Treatment Root Stem

Yield (g/ plant part

Leaves
Plant
Top

Total
Plant

P.02 Zn0 .92 .40 .76 1.16 2.08

P. 02.2 .95 .36 .76 1.12 2.06

P. 02 721. 6 1.02 .39 .83 1.22 2.24

P. 10 Zn0 1.89 .91 .86 2.52 3.61

P. 10 Zn. 2 2.70 1.94 1.78 3.72 6.42

P.10 Zn. 6 2.51 1.30 2.21 3.51 6.02

Pl. 0 ZnO 1.62 1.68 1.46 3.14 4.76
Pl. 0 Zn. 2 1.85 2.57 1 4.26 6.11
P1.0 Zn. 6 1.78 2.17 2.88 5.05 6,83

P3.0 Zn 1.00 1.15 1.08 2. 23 3.23

P3.0 Zn 2 2.14 2.83 2.31 S.14 7.28
P3.0 Zn. 2.64 2.90 3.07 5.97 8.61

P means

P. 02 .96 .38 .78 1.17 2. 13

P.10 2.37 1.38 1.61 3.25 5.35
P1.0 1.75 2.14 2.01 4. 15 5.90
P3.0 1.93 2.29 2.15 4.44 6.37

Zn means

Zn0 1.36 1.03 1.04 2.26 3.42
Zn. 2 1.91 1.92 1.63 3.56 5.47
Zn 6 1.99 1.69 2.25 3.94 5.92

F Tests:
P **

Zn **

PXZn

**
**
**

** ** **
** ** **
** ** **

LSD:

P means w :05 - 35 . 22 . 18 .38 .67
.01 .49 .31 .26 .53 .95

Zn means . 05 .30 .19 .16 .33 .59
. 01 .42 .27 .22 .46 .82

Trt.means . 05 .61 .39 .32 .66 1. 17
. 01 .85 .54 .45 .92 1.64

* Means significantly different at the P(. 05) level.

**Means significantly different at the P(. 01) level.
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and P
3. 0

levels at Zn
0

resulted in a significant decrease in root

growth. At the Zn.
2

level, the increase in phosphorus from the

.02 to the P
.

level resulted in a significant yield increase. This

was followed by a significant yield decrease from the P.10 to the

3 0 level. At the Zn .6 level, the yield was increased

significantly between the P.02 and P. levels, decreased signifi-

cantly between the P.10 and P1.0 levels, and increased significantly

between the P
1. 0

and P
3. 0

levels.

Although the root yield data are somewhat inconsistent, two

points should be kept in mind. First, significant yield responses to

zinc were not obtained until phosphorus had been increased to at

least the P .10 level. Secondly, at the Zn
0

level, yields increased

and then decreased with increasing phosphorus levels.

The yield of stem plus immature leaves followed much the

same pattern as did root yields in that responses to zinc were not

observed until the P.10 level was reached. In addition, the yields

at the Zn
0

level were increased significantly and then decreased

significantly as phosphorus was increased successively from the

P to the P level. It is interesting to note that at the PP.
3. 0 . 10

and P
1. 0

levels, stem yields were significantly reduced as zinc

was increased from the Zn.2 to the Zn.
6

level. This was not

expected but can be explained on the basis of the morphological

difference between zinc deficient and healthy plants. Since the
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zinc deficient plants had shortened internodes, it was difficult to

completely separate the leaves from the stem and more immature

leaf material was included in the stem sample from the P Zn
. 10 . 2

and P1 Zn plants as compared to the P Zn and P Zn1. 0 . 2 P.
10 . 6 1 . 0 . 6

plants. For this reason, either the plant top or the total plant

yield data probably provides a more meaningful expression of the

phosphorus and zinc responses than do either the stem or leaf yields.

The plant top yield and the total plant yield showed essentially

the same response to phosphorus and zinc variables and can be dis-

cussed together. No yield response to added zinc was obtained at

the lowest level of phosphorus, but there was a consistent response

to added zinc at the three higher rates of phosphorus. As phosphorus

was increased when no zinc was added, significant yield responses

were obtained with each increment of phosphorus up to the P1.
0

level at which point increasing phosphorus resulted in a yield

decrease. When zinc was added, increasing the phosphorus from

the P. to the P3. 0 level resulted in successive yield responses to

phosphorus.

Bean Experiment

The ANOVA for the stem, leaf, plant top, and total plant yields

presented in Table 6 indicate that all were significantly affected by

a Px Zn interaction. Since the stem, leaf, plant top, and total plant

yields all showed essentially the same response to phosphorus and

zinc variables, only the total plant yields will be discussed at length.



Table 6. Bean experiment yields

Treatment Root Stem

Yield (g/plant part)

Leaves
Plant

Top
Total
Plant

P02 Zn0 .37 .14 .41 .55 .92
2nP.02 2 .49 .15 .43 .58 1.07

P. 02 zn
6 .44 .16 .46 .62 1.06

P.10 Zn0 .23 .21 .55 .76 .99

P.10 a. 2 .33 .30 .74 1.04 1.37
P.10 Zn. 6 .37 .36 .89 1.25 1.61

Pl. 0 Zn0 . 25 .28 .74 1. 01 1.26

P1.0 Zn 2 .24 .26 .68 .94 1.18

P1.0 Zit. 6 .31 .36 .89 1.25 1.55

P Zn3. 0 0 . 27 .26 .69 .95 1. 22

P3.0 Z:11.2 .25 .24 .67 .91 1.15
P3.0 Zn. 6 .41 .49 1.14 1.63 2.04

P means

P. 02 .43 .15 .43 .58 1.01

P.10 .31 .29 .73 1.02 1.32

P1.0 .27 .30 .77 1.07 1.33

P3.0 . 31 . 33 .83 1. 16 1.47

Zn means
Z no .28 .22 .60 .82 1.10

Z 2 .33 .24 .63 .86 1.19
2n.6 .38 .33 .85 1. 19 1.57

F Tests:
P ** ** ** ** **

Zn ** ** ** **

PXZn N. S. ** ** ** **

LSD

P means .OS .07 .03 .06 .09 . 13

.01 .09 . 05 .08 . 12 . 19

Zn means .05 .06 .03 . OS .08 . 12

.01 .08 .04 .07 .11 .16
Trt. means . 05 .12 .06 .10 .15 .23

.01 .16 .08 .15 .22 .32

31

* Means significantly different at the P(. 05) level.

**Means significantly different at the P(. 01) level.

NS means not significantly different at the P(. OS) level.
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From the data in Table 6 it can be seen that total yield was

not affected by increasing zinc at the P.02 10level. At the P level,

significant yield increases were obtained in going from the Zn0 to

the Zn .6 level. At the P1.0 and P3.0 levels, the yield was not

affected in going from the Zn
0

to the Zn.2 level but was increased

significantly in going from the Zn. to the Zn level. When the

zinc levels were held constant, increasing phosphorus generally

increased the yield.

The slight reduction in yield in going from the Zn0 to the Zn.

level at the two highest phosphorus levels was not expected, espe-

cially .1u level. This

unusual response is probably related to the wide variations in zinc

response observed with the Sanilac beans used in this experiment.

The results of Ambler and Brown (1969) and others would indicate

that Sanilac beans are probably quite genetically uniform with respect

to their susceptibility to zinc deficiency and it is quite doubtful if

genetic variability could account for the variability observed.

The ANOVA indicated that root yields were significantly

affected by phosphorus and zinc levels, but that the PxZn interac-

tion was insignificant. Examining the mean root yields for the

phosphorus treatments, it can be seen that a highly significant

decrease in root yield was obtained when phosphorus was increased

from the P.02 to the P .10 level. As phosphorus was increased from
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the P .10 to the P
3. 0

level, no further reductions in yield were

obtained, however. This reduction in root yield with increasing

phosphorus is quite unusual, especially in light of the fact that the

plants in the P
. 02

treatments showed phosphorus deficiency symptoms

at harvest as indicated in Table 4. These observations would indi-

cate that bean root growth is stimulated at the expense of stem and

leaf growth under phosphorus deficient conditions.

Potato Experiment

The root, stem, leaf, plant top, and total plant yields for the

potato experiment are presented in Table 7. The yield of all plant

parts was significantly affected by a PxZn interaction. Since the

root, stem, and leaf yields paralleled the total yields with respect

to phosphorus and zinc treatments, only the total yields will be

discussed in detail.

Total plant yields showed no response to increasing zinc at

the P.02 1 0
level. At the P level, yield was increased in going

from the Zn
0

to the Zn .2 level but remained unchanged in going

from the Zn.
2

to the Zn .6 level. At the P1. 0
and P3. 0

levels, the

yields were increased with each increment of zinc from the Zn 0
to

the Zn .6 level. At the Zn0 level, phosphorus increased yield

significantly in going from the P.02 to the P
.

level, did not

change yield in going from the P.10 to the P1. level, and



Table 7. Potato experiment yields

Yield ( g/ plant )
Plant Total

Treatment Root Stem Leaves Top Plant

P.02 ZnO . 51 .34 .44 .78 1. 29

P.02 211 2 .53 .38 .43 .81 1.34

P. 02 Zn. 6 .48 .34 .42 .76 1.23

P.10 Zn0 .92 .80 1.08 1.88 2.80

P.10 Zn. 2 1.19 1.04 1.38 2.42 3.60

P.10 2 n 6 1.16 1.05 1.36 2.41 3.57

P1.0 Zn0 .75 .79 1.29 2.08 2.83

P1.0 211.2 1. 23 1.38 1.88 3.26 4.49
P1.0 2n. 1.33 1.79 2.25 4.04 5.37

P3.0 Zn0 . 59 .56 1.38 1.94 2.53

P3.0 3.1. 2 .93 1.11 1.76 2.87 3.80

P3.0 31. 6 1.30 1.74 2.10 3.86 5.15

P means

P. 02 . 51 .35 .43 .78 1.29

P.10 1.09 .96 1.27 2.23 3.32

Pl, 0 1.10 1.32 1.80 3.13 4.23

P3.0 94 1.14 1.75 2.89 3.83

Zn means
Z no .69 .63 1.04 1. 67 2.36
Zn 2 .97 .98 1.36 2.34 3.31

Z n 6 1.06 1.23 1.54 2.77 3.83

F Tests:
P ** ** ** ** **

Zn ** ** ** **

PXZn * ** * *
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LSD

P means .05 .16 .22 .22 ..41 . 54
.01 .23 .31 .30 .58 .75

Zn means . 05 .14 .19 .19 36 .46
01 .20 .27 .26 . 50 .65

Trt. means . 05 . 28 .39 .38 .72 .93
.01 .39 .54 .53 1.01 1.30

* Means significantly different at the P(, 05) level.

**Means significantly different at the P(. 01) level.



decreased yields in going from the P1.0 to the P3.0 level. At the

Zn.
2

and Zn.
6

levels, phosphorus increased yield significantly in

going from the P.02 to the P1. 0
level, but decreased yield slightly

in going from the P1.0 to the P3.0 level.

Zinc Concentration and Uptake

Corn Experiment
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Zinc concentration in corn roots, stems, leaves, plant tops,

and total plants are presented in Table 8. Zinc concentration in the

root was significantly affected by phosphorus and zinc levels. In-

creasing phosphorus from the P.02 to the P .10 level resulted in a

significant decrease in root zinc concentration. Increasing the zinc

level from Zn
0

to Zn .2 had no significant effect on root zinc concen-

tration. A significant increase in root zinc concentration was

observed as the zinc level was increased from Zn.2 to Zn. It

should be noted that for the P. 10' P
1 0'

and P3. 0
levels, zinc

.

concentration always decreased as the zinc level was increased from

Zn0 to Zn. At the P.02 level, on the other hand, zinc concentration

increased with increasing zinc level.

Although zinc concentration in the corn stems was affected by

phosphorus and zinc treatments in the same manner as was root zinc

concentration, only the phosphorus effect was statistically significant.
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Table 8. Zinc concentration in the root, stem, leaves, plant top, and total plant for the corn
experiment.

Treatment Root Stem

Zn concentration (ppm)

Leaves

Plant
Top

Total
Plant

P.02a0 17.5 29.0 78.6 61.6 42.1

P.02 Zn. 2 23.5 36.8 88.5 73.4 50.4

P. 02Z11. 6
34.6 48.6 90.6 76.9 57.8

P.10Zno 18. 0 15.0 49.5 31.0 24.2

P. 10a. 2 10.5 9.8 21.8 15.5 13.4

P. 10Zn. 6 20.5 13.5 23.5 19.8 20.0

P1.0ZnO 15.0 18.3 17.8 18.0 17. 1

Pl. OZn. 2 6.5 10. 3 20.5 14.4 12.0
P Zn1. 0 . 6 18.3 15. 3 27.5 22. 2 21.3

P3.0Zno 20.6 16.1 28.1 22.0 21.6

P3. 0Z. 2 15.5 9.3 15.3 12.0 13.0

133.01.6 18.5 11.0 25.5 18.4 18.4

P means

P. 02 25. 2 38.1 85.9 70. 6 50. 1

P.10 16.3 12.8 31.6 22. 1 19.2

P1.0 13.3 14. 6 21.9 18. 2 16.8

P3.0 18. 2 12. 1 23.0 17.4 17.7

Zn means
Zn 17.8 19.6 43.5 33. 1 26.3

0
Zn.

2
14. 0 16.6 36.5 28.8 22. 2

Zn. 6 23.0 22.1 35.8 34.3 29.4

F Tests:
p * ** ** ** **

Zn * NS NS NS *

PXZn NS NS * * NS

LSD

P means . 05 7.7 6.6 8.5 6.3 5.6
.01 10.8 9.2 11.9 8.8 7.9

Zn means . 05 6.7 5.7 7.4 5.5 4.9
.01 9.4 8.0 10.3 7.7 6.8

Trt, means . 05 13.4 11.4 14.7 10.9 9.7
.01 18.8 16.0 20.7 15.3 13.7

* Means significantly different at the P(. 05) level.
**Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Zinc concentration in the corn leaves was affected by a

statistically significant PxZn interaction. At the P. 02
level, in-

creasing the zinc level had little effect on the zinc concentration

in the leaves. At the P.10 and P3.0 levels, zinc concentration

decreased and then increased as the zinc concentration in the

nutrient solution was increased. Only the decrease in going from

the P .10Zn
0

to the P
. 10

Zn
. 2

level was statistically significant,

however. At the P
1. 0

level, zinc concentration was increased with

increasing zinc levels. When zinc was not added, zinc concentration

was reduced in going from the P.02 to the . 0
P level, but was not

1

affected in going from the P1. 0
to the P3. 0

level. At both levels

of added zinc, increasing phosphorus from the P.02 to the P.10

level resulted in significant decreases in zinc concentration, but

further increases in phosphorus level had little effect on zinc con-

centration.

Zinc concentration in the plant top was affected by a significant

PxZn interaction. At the P 02
level, zinc concentration was in-

creased with increasing zinc level while at the three highest

phosphorus levels, zinc concentration decreased and then increased

with increasing zinc level. At the
ZnO

level, a significant decrease

in zinc concentration was obtained in going from the P . 02
to the

P .10 level and in going from the P. 10
to the P1. 0

level. At the

Zn.
2

and Zn .6 levels, a statistically significant decrease in zinc
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concentration was observed in going from P.02 to the P.10 level,

but additional increases in phosphorus level did not further reduce

zinc concentration.

Phosphorus and zinc treatments had a statistically significant

effect on the mean zinc concentration for the total plant. At the P.02

level, increasing the zinc level resulted in increases in zinc concen-

tration. At the P
. 10' P1.0' and P3. levels, zinc concentration

decreased and then increased as zinc level was increased. At all

zinc levels, increasing the phosphorus level from P to P.
. 10

reduced the zinc concentration in the plant, but further increases

in the phosphorus level had no effect on zinc concentration.

Another important effect was the reduction and subsequent

increase in zinc concentration as zinc level was increased at the

and P 3.0 levels. This phenomenon has been studiedP.10' P1 . 0'

extensively by Steenbjerg (1951) and has come to be known as the

Steenbjerg effect. The relationship between total corn yield and

mean zinc concentration averaged over the P1.0 and P 3.0 levels

is found plotted in Figure 1. Only the yields and zinc concentrations

for the P
1. 0 and P3.0 treatments were plotted since the plants in

the P
. 10 Zn

. 2
and P

. 10 Zn
. 6

treatments were phosphorus deficient

and it was felt that a more realistic representation of the Steenbjerg

effect would be obtained if the yield values were not limited by a

phosphorus deficiency. The cause of the Steenbjerg effect is
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Figure 1.: The relationship between total corn plant yield and the mean zinc
concentration in the total plant averaged over the P1.0 and P3.0
treatments.
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probably that under conditions of an extreme micro-nutrient defi-

ciency, a toxicity of another nutrient develops. When the extremely

deficient micronutrient is initially supplied, the toxicity is overcome

and a yield response is observed with the resultant effect that the

concentration of the micro-nutrient is reduced by dilution.

The zinc uptake data for the corn plants in this investigation

are presented in Table 9. Zinc uptake by the plant as a whole was

affected significantly by zinc level but phosphorus level had no effect.

When the zinc uptake by specific plant parts is considered, however,

it can be seen that for leaves and plant tops the zinc uptake was

significantly reduced at all zinc levels by increasing the phosphorus

from the P .02 to the P .10 level. The zinc uptake of the stems was

increased significantly by both phosphorus and zinc variables.

Bean Experiment

Zinc concentrations in bean roots, stems, leaves, plant tops,

and total plants are presented in Table 10. Both zinc and phosphorus

treatments significantly increased root zinc concentration. The zinc

concentration in the stems, leaves, plant tops, and total plants was

significantly affected by a PxZn interaction. The source of the

interaction was the greater increase in plant zinc concentration per

increment of added zinc for the P .02 treatment as compared to the

P. 1 0' P1. 0'
and P 3. 0

treatments. At the Zn0
level, increasing
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Table 9. Zinc uptake by the root, stem, leaves, plant top and total plant for the corn experiment.

Treatment

Zn uptake (pg/ plant part)
Plant Total

Root Stem Leaves Top Plant

P.02 Zn0 16.0 11.5 60.0 71.5 87.5

P.02 Zn. 2 22.3 15.0 67.0 82.0 104.3

P.02 Zn. 6 35.5 17.0 74.0 93.0 128. 5

P.10 Zn 33.7 13.5 39.0 52, 5 86.2

P.10 Zxl. 2 28.3 19.0 38.8 57.8 86. 1

P.10 Zn.6 50.2 17.6 Sl. 9 69.5 119.7

P1.0 Zn0 22.8 29.2 25.7 54.9 77.7

Pl. 0 Zn. 2 11.8 26.5 34.8 61.3 73. 1

P1.00 Zn . 6 33.7 33.0 79. 1 112.1 145.8

P3.0 Zn0 20.5 18.5 30.5 49.0 69.5
P3.00 Zn . 2 33.3 25.7 35.2 60.9 94.1

P3.0 Zn. 6 48.8 31.9 77.7 109.6 158.4

P means

P. 02 24. 6 14.5 67.0 82. 2 106.7

P.10 37.4 16.7 43.2 59.9 97.3

P1.0 22.8 29.6 46.5 76.1 98.9
P3.0 34.2 25.4 47.8 73.2 107.3

Zn means
Zn0 23.3 18.2 38.8 57.0 80.2
Zn. 2

23.9 21.6 44.0 65.5 89.4
Zn. 6 42. 1 24.9 70.7 96. 1 138. 1

F Tests:
P NS ** ** NS

Zn ** * ** ** **

PXZn NS NS ** * NS

LSD

P means . 05 14.3 5.6 8.2 11.4 18.5
. 01 20.1 7.8 11.5 16.0 25.9

Zn means . OS 12.4 4.8 7.1 9.9 16.0
.01 17.4 6.8 10.0 13.9 22.5

Trt. means . 05 24.8 9.7 14.2 19.8 32.0
. 01 34.8 13. 6 19.9 27.8 44.9

* Means significantly different at the P(. OS ) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Table 10. Zinc concentration in the root, stem, leaves, plant top, and total plant for the bean
experiment.

Treatment Root Stem

Zn concentration (ppm)

Leaves

Plant
Top

Total
Plant

P.02 02 0 23.7 36. 3 37.6 31.5 37.2

P.02 Zn. 2 28.2 43.2 49.1 38.7 47.5

P.02 Zn. 6 59.1 66.4 86.2 68.9 81. 1

P.10 Zn0 37. 1 31.7 32.0 32.9 31.9

P.10 Zn. 2 40.4 28.5 32.2 33.3 31.1

P.10 Zn, 6 59.2 32.3 44.2 42.7 40.8

P1.0 Z110 69.2 35.2 42. 2 46.0 40.3
Pi.0 Zn. 2 59. 2 31.9 41. 1 42.7 38.5

P1.0 Zn. 6 119.0 39. 5 47. 6 59.7 45.2

P3. 0 Z130 38.6 29.3 31.0 32.3 30.5

P3.0 Zn. 2 95.2 47.3 50.3 59.0 49.5

P3.0 Zn. 6 88.1 30.6 45.3 50.3 40.9

P means

P. 02 37.0 48.6 57. 6 46.4 55.3

P.10 53.0 30.8 36. 1 38.7 34.6

P1.0 82. 5 35. 5 43. 6 49.5 41.3

P3.0 73.9 35.7 42.2 47.2 40.3

Zn means

Zn0
42. 1 33. 1 35.7 35.7 35.0

Zn. 2 55.7 37.7 43.2 43.4 41.6

Zn, 6 86.9 42. 2 55.8 57.2 52.0

F Tests:
P ** * * ** NS * *

Zn ** NS ** ** * *

PXZn NS ** * *

LSD

P means . 05 22.7 8.3 4. 1 7.8 4.9
.01 32.0 11. 6 5.7 11.0 6.8

Zn means .05 19.6 7. 2 3.5 6.8 4.2
. 01 27. 7 10. 1 5. 0 9.6 5.9

Trt. means . 05 39.2 14.4 7.1 13.6 8.5
. 01 55.4 20.1 9.9 19.1 11.9

* Means significantly different at the P(, 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.



43

the phosphorus level had essentially no effect on zinc concentration,

while at the Zn
6

level, zinc concentration was reduced in going

from the P .02 to the P
. 10 level. No Steenbjerg effect was observed

with beans.

The reduction in zinc concentration at the higher zinc levels

as phosphorus was increased from the P .02 to the P
.1 0

level can

be explained entirely on the basis of a yield dilution of zinc as

indicated by the zinc uptake data for beans presented in Table 11.

The total uptake, stem uptake, and root uptake of zinc were all

significantly increased by phosphorus and zinc treatments. The

zinc uptake by leaves and plant tops was significantly affected by

a PxZn interaction. This statistically significant interaction can be

attributed to the fact that the plants in the P1. 0Zn.0 treatment took

up more zinc than the plants in the P. ioZno and P3, 0Zn0 treatments.

As indicated in the discussion of bean yields, the bean seeds probably

varied in their zinc content and this could account for the somewhat

inconsistent zinc uptake observed. Since the phosphorus (F=18.7)

and zinc (F=1 27) variables had a much greater effect on zinc uptake

than did the PxZn interaction (F =4. 4), it is legitimate to disregard

the interaction and emphasize the main effects. Doing so, it can be

seen that both phosphorus and zinc treatments significantly increased

zinc uptake.
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Table 11. Zinc uptake by the roots, stem, leaves, plant top, and total plant for the bean
experiment.

Treatment Root Stem

Zinc uptake (gig/ plant part)
Plant

Leaves Top
Total
Plant

P.02 40 8.0 5.0 15.5 20.5 28.5

P.02 Zn. 2 13.8 6. 6 20.9 27.5 41.3

P.02 Z.6 27.4 10.5 39.7 50.2 77.6

P. 10 ZnO 8. 2 6.8 17.5 24.3 32.4

P.10 Zri, 2 13. 2 8.5 23.7 32.2 45.4

P.10 Zn. 6 29.3 11.5 39.2 50.7 80.0

P1.0 40 17.2 9.7 31.0 40.7 57.9

P1.0 Z. 2 14.0 8.0 28.0 36.0 50.0

Pl. 0 Z.6 36.3 14. 1 42.3 56.3 92.6

P3. 0 ZnO 10. 5 7. 5 21.3 28.8 39.3

P3. 0 Zn. 2 23.4 11.1 33.9 45.0 68.4

P3, 0 Zn. 6 35.8 14.9 51.7 66.6 102.3

P means

P. 02 16.4 7.4 25.4 32.7 49.1

P.10 16.9 8,9 26.8 35.7 52.6
P1.0 22.5 10.6 33.8 44.3 66.8

P3.0 23.2 11.2 35.6 46.8 70.0

Zn means
Zn0 11.0 7.2 21.3 28.6 39.5
Zn. 2 16. 1 8. 6 26. 6 35.2 51. 2
Zn. 6 32.2 12.7 43.2 55.9 88.1

F Tests:
P * ** ** ** **

Zn ** ** ** ** **

PXZn NS NS * * NS

LSD

P means .05 5.0 1.6 3.6 4.6 8.9
.01 7.1 2.2 5.0 6.4 12.6

Zn means .05 4.4 1.4 3. 1 4.0 7.7
.01 6.2 1.9 4.4 5.5 10.9

Trt. means , OS 8.7 2.7 6. 2 7.9 15.5
.01 12.3 3.8 8.7 11. 1 21.8

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Potato Experiment

Zinc concentrations in potato roots, stems, leaves, plant tops,

and total plants are presented in Table 12. Mean zinc concentration

in the total plant as well as zinc concentration in each of the plant

parts was influenced by a statistically significant PxZn interaction.

As with the bean plants, the interaction resulted from the increase

in plant zinc concentration per increment of added zinc being greater

for the P. 02
treatment than for the P

. 1 0' P1. 0' and P 3. 0
treat-

ments. As phosphorus was increased from the P to the PP. 10

level, zinc concentration in the plants decreased at all zinc levels.

No Steenbjerg effect was noted for the P
.

and P 3. 0
treatments,

but the P1.
0

treatment did show a mild Steenbjerg effect as illus-

trated in Figure 2.

The decrease in zinc concentration at all zinc levels as

phosphorus was increased from the P.02 to the P.10 level can be

easily explained as a dilution effect. The zinc uptake data for the

total potato plant and all plant parts are given in Table 13.

Zinc uptake more than compensates for any dilution effects

in that zinc uptake was increased more per increment of zinc added

at the high phosphorus levels than it was at the low phosphorus

levels.



Table 12. Zinc concentration in the roots, stem, leaves, plant top, and total plant for the
potato experiment.

Treatment Root Stem

Zinc concentration (ppm)
Plant

Leaves Top
Total
Plant

P. 02ZnO 20.5 33.5 30. 1 31. S 27.2

P. 02a. 2 25.8 58.7 32.8 4S.0 37.3

P. 02Zn. 6 64.1 104.0 39.2 67.3 66.1

P.10 Zn0 14.2 11.4 19.7 16.1 15.5

P. 10 Zn. 2 14.5 13. 2 26.9 21.0 18.8

P.10 Zn. 6 18.6 28.7 27.4 28.0 24.9

Pl. 0 ZnO 21.0 14.8 19.2 17.5 18.4
P1. 0 a. 2 15.6 12.4 18.9 16.2 16.0

Pl. 0 Zn. 6 24.7 17.8 26.0 22.3 22.9

P3.0 Zn0 16.5 14.2 16.3 15.6 15.9

P3.0 Zn. 2 18. 3 13.8 20.5 17.9 18. 1

P3. 0 Zn. 6 23.5 14.7 23.4 19.5 20, 4

P means
P . 02 36. 8 65.4 34.0 47.9 43.5

P.10 15.8 17.7 24.6 21.7 19,7
P1.0 20.4 15.0 21.4 18.6 19.1

P3.0 19.4 14.2 20.0 17.7 18.1

Zn means
Zn0 18.0 18.4 21.3 20,2 19.2
Zn 2.

18.5 24.5 24.8 25.0 22.5

Zn. 6 32.7 41.3 29.0 34.2 33.6

F Tests:
P * * ** ** * * **

Zn ** ** ** * * **

PXZn * * ** * * **

LSD

P means . 05 5.5 8.7 1.7 3.3 3,8
. 01 7.6 12.1 2,4 4.7 5,4

Zn means . 05 4, 7 7.5 1.5 2.9 3.3
.01 6. 6 10. 5 2, 1 4. 1 4.7

Trt. means . 05 9.4 15.0 3.0 5.8 6.7
, 01 13.2 21.0 4.2 8.1 9.4

46

Means significantly different at the P(. 05 ) level.
** Means significantly different at the P(. 01) level.
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Table 13. Zinc uptake by roots, stem, leaves, plant top, and total plant for the potato experiment.

Treatment

Zinc uptake (pg/ plant part)
Plant Total

Root Stem Leaves Top Plant

P.02.02 0 10.6 11.4 13.2 24.6 34.9

P.02 Zn. 2 13.7 22.4 13.9 36, 3 49.9
P 02 . 6 29.7 33.9 16.5 50.4 80.1

P.10 Zn0 12.8 9.2 20.8 30.0 42.8

P.10 Zn. 2 17.2 13.7 37.0 50.6 67.8

P.10 Z.6 21.6 30.1 37.1 67.2 88.8

P1.0 Zn0 15.7 11.7 24.7 36.3 52.0
P Zn1. 0 Z.2 19.2 17.2 35.5 52.7 71.8
P Zn1. 0 Z. 6 32.8 30.3 58.3 88.8 121.5

P3.0 Zn0 9.7 8.0 22.3 30.3 40.0

P3.0 Zn. 2 16.8 15.1 35.8 50.8 67.6

P3, 0 Zn. 6 29.7 25.5 49.5 75.0 104.7

P means

P. 02 18.0 22. 5 14. 5 37. 1 55.0

P.10 17.2 17.6 31.6 49.3 66.5

P1.0 22.5 19.7 39.5 59.2 81.8

P3.0 18.7 16. 2 35.9 52, 0 70.9

Zn means
Zn0 12. 2 10. 1 20. 2 30.3 42. 5

Zn 2
16.7 17.1 30.5 47.6 64,3

.
Zn. 6 28.4 29.9 40.4 70.3 98.8

F Tests:
P ** ** ** **

Zn ** ** ** ** **

PXZn ** NS ** * **

LSD

P means . 05 2.3 1.9 4.0 5. 2 4.9
. 01 3. 2 2.7 5.6 7.3 6.8

Zn means . 05 2.0 1.6 3.4 4.5 4.2
.01 2.8 2.3 4.8 6.3 5.9

Trt. means . 05 4.0 3.3 6.9 9.0 8.4
. 01 5.6 4.6 9.6 12.7 11.8

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(.01) level.
NS Means not significantly different at the P(. 05) level.
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Phosphorus Concentration

Corn, Bean, and Potato Experiments

The phosphorus concentrations in the roots, stems, leaves,

plant tops, and total plants for the corn, bean, and potato experiments

are presented in Tables 14, 15,, and 16, respectively.

Phosphorus concentration in corn plants was significantly

affected by a PxZn interaction. Increasing zinc level at the P.

level had no effect on phosphorus concentration. At the three higher

phosphorus levels, however, increasing zinc significantly reduced

phosphorus concentration. This decrease in phosphorus concentra-

tion with increasing zinc level became more pronounced as phosphorus

level was increased. At every zinc level, phosphorus concentration

increased with increasing phosphorus level. The high phosphorus

concentrations obtained with the P
3. 0

treatment, especially in the

leaf tissue, should be noted. Estimating the critical phosphorus

level for corn plants at this stage of growth at about . 34% (Dumenil,

1961), it can be seen that corn leaves from the P3.
0

Zn
0

treatment had

a phosphorus concentration in the order of ten times greater than the

critical level.

Although phosphorus concentrations in the bean plants did not

reach as high a level as did phosphorus concentrations in corn plants,



Table 14. Phosphorus concentration in the roots, stem, leaves, plant top, and total plant for the
corn experiment.

Treatment Root Stem

Phosphorus concentration (%)
Plant

Leaves Top
Total
Plant

P. 02 Zn0 .06 .09 .07 .08 .07

P.02 Zn. 2 .05 .09 .08 .08 .07

P.02 Zn. 6 .07 .09 .08 .09 .08

P.10 Zn0 . 10 .22 . 23 .22 .16

P. 10 Z.2 . 08 . 10 . 11 .21 .09

P.10 Zn, 6 .07 .12 . 09 .10 .09

Pl. 0 Zn0 .52 1.10 1. 67 1.37 1.09
P 1.0 Z. 2 .41 .91 1.33 1.09 .88

Pl. 0 Zn. 6 .43 .87 . 93 .91 . 68

P3.0 Zn0 1. 24 1. 57 3.39 2.45 2.08

P3.0 Zn. 2 . 98 1, 22 2.56 1. 64 1.44

P3.0 Zn. 6 .95 1.05 1.42 1.24 1.15

P means
P. 02 .06 .09 .08 .08 .07

P.10 .08 .15 .14 .14 .11

P1.0 .46 .96 1.31 1.12 .88
P3 0 1.05 1.28 2.36 1.78 1.55

Zn means
Zn0 .48 . 75 1.34 1.03 , 85

Zn. 2 .38 .58 .94 .73 . 62

Zn. 6 .38 .53 . 63 .58 .50

F Tests:

Zn

PXZn

LSD

**

**

NS

**

**

**
**
**

**

**

**

**

**

P means .05 .06 . 10 . 19 . 15 . 12

.01 .09 .14 .27 . 21 .17
Zn means . 05 .06 .09 . 16 .13 .10

.01 .08 .12 .23 .18 .15
Trt. means . 05 . 11 . 17 .33 . 26 .21

.01 .15 .24 .46 .36 .29

50

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Table 15. Phosphorus concentration in the roots, stem, leaves, plant top, and total plant for the

bean experiment.

Treatment Root Stem

Phosphorus concentration (%)
Plant

Leaves Top
Total
Plant

P.02 7n0 . 18 . 22 . 22 . 22 . 21

P.02 Zn. 2 .16 .15 .17 .16 .16

P Zn.02 .6 . 17 . 18 . 17 . 17 . 17

1).10 Zn0 .54 .47 .73 .65 .63

P.10 Zn. 2 .41 .39 .54 .46 .47

P.10 Zn. 6 .35 .31 .41 .39 .38

P1.0 Zn0 1.77 . 66 .88 .82 1.00

P1.0 Zn. 2 1.81 .61 .94 . 85 1.05

P1.01.0 . 6 1.87 .61 .81 . 75 .97

P3,0 Zn0 2.13 . 70 1.54 1.31 1.49

P3.0 Zn. 2 2.10 .64 .86 .80 1.08

P3.0 Zn. 6 1.85 .61 .81 .75 .97

P means

P. 02 .17 .18 .18 .18 .18

P . 10 .43 .39 .56 .51 .49

P1.0 1.82 .62 .88 . 81 1.01

P3.0 2.03 . 65 1.07 .95 1.18

Zn means
Zn0 1.16 .51 .84 .75 .83

Zn. 2 1.12 .45 .63 .58 .69

Zn . 6
1.06 .43 . S5 . 51 . 62

F Tests:
** ** ** **

Zn NS ** ** ** **

PXZn NS NS ** **

LSD

P means . 05 .14 . 06 .15 .11 ,10

.01 .20 ,08 .20 .15 .14

Zn means . 05 .13 , 05 .13 .09 .09

.01 .18 .07 .18 .13 .12

Trt. means . 05 .25 .10 .25 . 19 . 17

.01 . 35 .14 .35 .27 .25

* Means significantly different at the P(, 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.



52

Table 16. Phosphorus concentration in the roots, stem, leaves, plant top, and total plant for
the potato experiment.

Treatment Root Stem

Phosphorus concentration (%)
Plant

Leaves Top
Total
Plant

P
.02 Zn0

. 13 . 10 . 16 . 14 . 13

P . 02 Zn. 2 . 13 .10 .14 .12 .13

P .02 Zn . 6 .14 .09 .16 . 13 .13

P.10 Zn0 .21 .16 .28 .22 .22

P,10 Zn. 2 .17 .13 .27 .12 . 20

P,10 a. 6 .16 .13 .19 .16 .16

Pl. 0 Zn0 . 51 1.21 2.22 1.83 1.48

P1.0 711. 2 .37 , 92 1.84 1.45 1. 15

P 1. 0 Zn . 6 .91 .42 .57 .50 . 61

P3.0 Zn0 .71 2.20 4.08 3.54 2.88

P3. 0 Zn. 2 . 67 1.61 3.29 2.64 2. 17

ZnP3.0 6 .99 .53 .86 .71 .78

P means
P . 02 . 13 . 10 . 15 . 13 . 13

P. 10 . 18 .14 .25 .20 .19
P

1. 0
.60 .85 1. 54 1. 26 1.08

P
30 0

. 79 1.45 2. 74 2. 29 1, 94

Zn means
Zn0 . 39 .92 1.6868 1.43 1. 18

Zn. 2
.33 .69 1.39 1, 11 .91

Zn. 6 .55 .29 .44 .37 .42

F Tests:
P ** ** ** ** **

Zn ** ** ** ** **

PXZn ** ** ** **

LSD

P means . 05 . . 05 .15 .46 . 34 .27
. 01 .06 .21 .64 .47 .38

Zn means .05 .04 .13 .40 .29 .23

.01 .06 .19 .56 .41 .33
Trt. means . 05 .08 . 27 .79 .58 .47

.01 .11 .37 1.11 .82 .65

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
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it can be seen from the data in Table 15 that they were affected in

the same way by a negative PxZn interaction.

Phosphorus concentration in all potato plant parts was affected

by a highly significant PxZn interaction as indicated by the F tests in

Table 16. A close inspection of the data, however, reveals that

phosphorus concentration in the roots was affected by a positive PxZn

interaction while stem and leaf phosphorus concentrations were

affected by a negative PxZn interaction. When the whole plant was

considered, the PxZn interaction was negative, however. The

extremely high phosphorus levels in the leaf tissue from the P3.
0

treatments should again be noted.

Phosphorus Uptake

Corn, Bean, and Potato Experiments

The phosphorus uptake by various plant parts for the corn,

bean, and potato experiments is presented in Tables 17, 19, and 21,

respectively.

Phosphorus uptake by corn plants in the P .02' P.10, and 1. 0

treatments reveals that the previously described decrease in

phosphorus concentration with increasing zinc level can be ex-

plained as a dilution of phosphorus by the yield response to zinc.

The phosphorus uptake by corn plants in the P3. 0
treatment, how-

ever, reveals that zinc deficient plants grown under conditions of



Table 17. Phosphorus uptake by the roots, stem, leaves, plant top, and total plant for the corn
experiment.

Treatment Root Stem

Phosphorus uptake (mg/plant part)
Plant

Leaves Top
Total
Plant

P.02 Zn 0 .50 .37 .52 .9 1. 4

P 02 Zn. 2 .49 .33 .57 .9 1.4

P.02 Zn. 6 . 69 .36 .68 1.0 1.7

P.10 zno 1.82 2.00 1.83 3.8 5.7

P.m zn.2 2.19 1.93 1.87 3,8 6.0

P.10 zn.6 1.78 1.55 2.05 3. 6 5.4

P Zn1. 0 0 8. 26 18.23 24.31 42.5 50.8
P Zn1. 0 . 2 7.61 23.39 22.24 45.9 53. 2

P Zn1. 0 Z.6 7.66 18.84 26.82 45.7 53.3

P Zn3. 0 0 12.38 18.06 36.63 54.7 67. 1

P Zn3. 0 .2 20.90 31.55 51. 64 83.2 104.1
P Zn3. 0 . 6 24.77 30.44 43.84 74.3 99. 1

P means
P. 02 .56 .35 .59 .9 1.5
P 10 1.92 1.83 1.91 3.7 5.7
P1.0 7.84 20.15 24.45 44.6 52.5
P3.0 19.38 26.68 44.04 70.7 90.0

Zn means
Zn0 5.74 9.66 15.82 25.5 31.2

7n. 2 7.80 14.30 19.08 33.4 41.2
Zn. 6

8.71 12.80 18.35 31.1 39.9

F Tests:
P ** ** ** **

Zn ** ** NS * **

PXZn ** ** * **

LSD

P means . 05 1.59 1.46 5.00 6.2 5.7
. 01 2. 23 2.05 7.01 8.7 8.0

Zn means .05 1.38 1.27 4.33 5.4 4, 9

01 1.93 1.77 6.07 7.5 6.9
Trt. means . 05 2.76 2.53 8.66 10.7 9.9

01 3.86 3.55 12.14 15.0 13.8

54

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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high available phosphorus have a tendency to take up more phosphorus

than can be explained on the basis of a dilution effect. To better

illustrate this point, the yield, phosphorus concentration, and

phosphorus uptake data for corn plants from the P3. 0
treatment

are presented in Table 18.

Table 18. Yield, phosphorus concentration, and phosphorus uptake for corn plants in the P3.0

treatment.

Treatment Yield (g)
P Concentration P Uptake

mg

P
3 . 0

Zn
0

3.23 2. 08 67. 1.

P3.0
Zn

2
7.28 1.44 104. 1

P
3 . 0

zn
. 6

8.61 1.15 99. 1

LSD .05 1.17 .21 9.9

It can be seen from the data in Table 18 that as the zinc level

was increased from Zn
0

to. Zn. yield was increased by 125%, but

phosphorus uptake was increased by only 55%. The effect was even

more striking as the zinc level was increased from Zn. to Zn.

In this case yield was increased by 18% while phosphorus uptake

actually decreased about 4. 8 %.

The data in Table 19 indicate that the effect of increasing

zinc level on the phosphorus concentration of beans was also ade-

quately explained as a dilution effect for the P.02, P. 10' and P1. 0

treatments. As with the corn plants, zinc deficient bean plants
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Table 19. Phosphorus uptake by the roots, stem, leaves, plant top, and total plant for the bean

experiment.

Treatment Root Stem

Phosphorus uptake (mg/plant part)
Plant

Leaves Top
Total
Plant

P. 02 Zn0
P. 02

Zn. 2
P, 02 Zn. 6

p.10.10 0
P Zn 2. 10
P.10 Zn. 6

P1.0 Zn0
P1, 1, 0 2
P Zn1. 0 .6

P Zn
3. 0 0

P Zn3. 0 . 2
P Zn3. 0 Z.6

P means

P, 02
P.10
P1.0
P3.0

Zn means
Zn0

Zn. 2
Zn.

6

. 64

.78

.79

1.18
1.32
1, 24

4.39
4.37
5.70

5.78
5.19
7.54

.74
1. 25
4.82
6. 17

2.99
2.92
3.82

.31

. 23

.29

.99
1.15
1.10

1. 80
1.57
2.17

1.81
1.50
3.00

.27
1.08
1.85
2.10

1. 23
1.11
1.64

91

.70

. 76

3.97
3.94
3. 67

6. 43
6.45
7.19

10.65
5.75
9.25

.79
3. 86
6.69
8.55

5.49
4 21
5.22

1..22
.93

1.05

4.96
5.09
4.77

8.23
8.02
9.36

12.47
7.25

12. 25

1.07
4.94
8.54

10. 66

6.72
5.32
6.86

1. 86
1.71
1. 92

6. 14
6.41
6. 01

12.62
12.39
15.06

18. 25
12.44
19.79

1.83
6. 19

13.36
16.83

9.72
8.24

10.70

F Tests:

Zn

**

** **

**
**

**
**

**

*

PXZn ** NS * *

LSD

P means .OS . 58 .26 1.21 1.40 1.94

.01 .82 .36 1.71 1.97 2.74

Zn means .05 . 51 .23 1.05 1.22 1. 68

. 01 . 71 .32 1. 48 1.71 2.37

Trt. means . 05 1.01 .45 2. 11 2.43 3.37

. 01 1.43 .63 2.96 3.41 4.75

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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appeared to have lost the capacity to regulate phosphorus uptake

under conditions of high phosphorus availability. The yield, phos-

phorus concentration, and phosphorus uptake for bean plants in

the P
3. 0

treatment are given in Table 20.

Table 20. Yield, phosphorus concentration, and phosphorus uptake for bean plants in the P3.0
treatment.

P Concentration P Uptake

Treatment Yield (g) mg

P3.0 0
Zn 1.22 1.49 18.29

P Zn 1.15 1.08 12.44
3.0 2

P3.0 Zn
6

2.04 .97 19.79

LSD .05 .23 .17 3.37

As the zinc level was increased from Zn
0

to Zn.
2,

a 5. 7%

yield reduction was observed, but phosphorus uptake was reduced

by 32%. An increase in zinc level from Zn.2 to Z .6 resulted in a

significant yield response with only a slight reduction in phosphorus

concentration. The effects of increasing the zinc from the Zn. 2
to the

Zn
6

level are typical of the effects seen when a moderate micro-

nutrient deficiency is corrected.

The effect of zinc on the phosphorus concentration in potato

plants from the P.02 and P.10 treatments can be explained as a

dilution effect as illustrated by the phosphorus uptake data in Table

21. At the P1. 0
and P

3. 0
levels, however, zinc deficient potato
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Table 21. Phosphorus uptake by the roots, stem, leaves, plant top, and total plant for the
potato experiment.

Treatment Root Stem

Phosphorus uptake (mg/ plant part)
Plant

Leaves Top
Total
Plant

P.02 Zn0 .67 .34 . 70 1.0 1.7

P.02 Zn. 2 .69 .39 .60 1.0 1.7

P.02 Zn. 6 . 67 .29 .65 .9 1. 6

P Zn. 10 0 1.87 11. 21 2.91 4. 1 6.0
P Zn10 Z. 2 2.02 1.30 3.72 5.0 7.0
P Zn. 10 6

1.86 1.37 2.58 4.0 5.8

P1.0 Zn0 3.81 9.69 28.40 38.1 41.9
P Zn1. 0 . 2 4.49 12.72 34.51 47.2 56.7
P
. 1. 0 Zn . 6 12. 11 7.45 12. 67 20. 1 32.2

P 3. 0 Zn0 4. 19 12.41 56.09 68.5 72.7

P3.0 Zn 2.
6.15 18.37 60. 25 78.6 84.8

P3.0 Zn . 6 12.87 9..12 18.39 27.5 40.4

P means

P. 02 . 68 .34 . 65 1.0 1.7
P.10 1.92 1.29 3, 07 4.4 6.3

P1.0 6.80 9.95 25. 19 35.1 43.6

P3.0 7.73 13. 30 44.91 58.2 65.9

Zn means

Zn0
2.63 5.91 22.02 27.9 30.6

Zn 2 3.34 8.19 24.77 33.0 37.5

Zn. 6 6.88 4. 56 8.57 13.1 20. 0

F Tests:
P * * ** ** ** **

Zn * * * * * **

PXZn * * NS NS NS *

LSD

P means .05 1.66 3.21 12.81 16.0 11.1
. 01 2.33 4.50 17.96 22.4 15.6

Zn means .05 1.44 2. 78 11.09 13.8 9.7
.01 2.02 3. 90 15.55 19.4 13.5

Trt. means . 05 2.88 5.56 22.18 27.7 19.3
.01 4.04 7.79 31. 10 38.8 27.0

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(.01) level.
NS Means not significantly different at the P(. 05) level.
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plants were observed to take up greater amounts of phosphorus than

were zinc adequate potato plants. This is illustrated by the data in

Table 22.

Table 22. Yield, phosphorus concentration, and phosphorus uptake by potato plants grown in the P1.0
and P3. 0 treatments.

Treatment Yield (g)
P Concentration P Uptake

mg

P Zn
1. 0 0

2.83 1.48 41.9

P Zn 4.49 1.15 56.7
1. 0 2

P Zn S.37 .61 32.2
1. 0 . 6

P Zn 2.53 2.88 72.7
3. 0 0

P Zn 3.80 2.17 84.8
3. 0 . 2

P Zn 5.15 .78 40.4
3. 0 Z. 6

LSD .05 . 93 .47 19.3

It can be seen that upon increasing the zinc level from Zn .2

to Zn.6 at the P .0 and P3.0
levels, yields were increased by 20

1

and 36%, while phosphorus uptake was reduced by 43 and 52%,

respectively.

Iron Concentration and Uptake

Under certain conditions, excessive nutrient uptake by zinc

deficient plants is not limited to phosphorus. In experiments with

soil as the growth medium, Warnock (1970), Jackson et al. (1967),
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Ambler and Brown (1 9 69 ), Hay (1 9 66 ), Halvorson (1 9 6 9 ), and

Henning (1971) have reported elevated manganese and/or iron con-

centrations and uptake by zinc deficient plants. Although this phe-

nomenon is poorly understood, it appears to be influenced by plant

species, variety, and the soil level of easily extractable iron and

manganese.

In this investigation, zinc deficient corn plants in the P. 10

treatment showed elevated uptake of iron as illustrated by the iron

concentration and uptake data in Appendix Tables 1 and 2. In general,

however, the effects of phosphorus and zinc treatments on iron

concentration and uptake by corn plants were quite inconsistent.

Iron uptake by plant tops was significantly increased by increasing

phosphorus level, but increasing zinc had no significant effect. Iron

concentration and uptake by the plant tops was considered to be a

better estimate of the iron status of the plants than was iron concen-

tration and uptake for the total plants since the amount of iron precipi-

tated on the plant roots could not be assessed.

Iron concentration and uptake data for the bean experiment

are presented in Appendix Tables 3 and 4. Although higher, iron

concentrations in the bean plants were more consistent than were

iron concentrations in the corn plants. Iron concentration in plant

tops was not affected by the phosphorus level, but was significantly

reduced by increasing zinc level. Iron uptake by plant tops was
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significantly increased with increasing phosphorus level, but was

not affected by increasing zinc level, indicating that the effect of

zinc level on iron concentration was a dilution effect.

Iron concentration and uptake data for the potato experiment

are given in Appendix Tables 5 and 6. Although statistically signifi-

cant interactions were obtained, the inconsistencies in the data

preclude any meaningful interpretation.

Manganese Concentration and Uptake

In contrast to the iron data, the manganese concentration and

uptake data were consistent within plant species. In general, the

effects of phosphorus and zinc treatments on manganese concentra-

tion in the plant tissue can be explained as dilution effects.

Manganese concentration and uptake data for the corn experi-

ment are presented in Appendix Tables 7 and 8. Mean manganese

concentration in the total plant showed a significant PxZn interaction.

At the P
02

level, increasing zinc level had no effect on manganese

concentration. At the P
. 10' P

1 0'
and P

3. 0
levels, increasing zinc

.

level resulted in decreasing manganese concentrations in the plant

tissue. The uptake data reveal that neither phosphorus nor zinc

levels significantly affected manganese uptake by the total plant.

For the bean experiment, manganese concentration and uptake

data are given in Appendix Tables 9 and 10. Manganese
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concentrations in the bean leaves were quite high, ranging from 283

to 443 ppm. Jackson et al. (1966) observed manganese toxicity

symptoms and a striking yield reduction when manganese levels

exceeded about 600 ppm in bush bean leaves. However, manganese

concentrations as high as 300 ppm in bush bean leaves probably reduce

yield somewhat. This may explain the low yields and lack of large

responses to zinc for the bean experiment as compared to the corn

and potato experiments.

Mean manganese concentration in the total bean plant was

significantly reduced with increasing zinc level but was not affected

by phosphorus level. Manganese uptake by the total plant was

significantly increased by both increasing phosphorus and zinc

levels.

Manganese concentration and uptake data for the potato experi-

ment are presented in Appendix Tables 11 and 12. Manganese con-

centration was affected by a highly significant PxZn interaction. At

the P
. 02

level, manganese concentration was increased with increas-

ing zinc levels. At the P.10' P1 . 0' and P 3.0 levels, manganese

level was reduced with increasing zinc level. The uptake data reveal

that manganese uptake by the plant top was increased significantly

by both increasing phosphorus and zinc levels. Manganese uptake by

the whole plant was increased significantly only by increasing

phosphorus level, however.
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Potassium Concentration and Uptake

It will be recalled that a K
2

SO
4

variable which varied inversely

with the phosphorus variable was introduced in order to insure a

uniform potassium concentration in all nutrient solutions. The

potassium concentration and uptake data for the corn, bean, and

potato experiments in Appendix Tables 13-18 indicate that the

introduction of the K
2

SO
4

variable successfully eliminated the

potassium variable associated with increasing phosphorus level.

Mean potassium concentration in total corn plants was not

significantly affected by either phosphorus or zinc variables. Total

potassium uptake was affected by a significant PxZn interaction.

At the P. level, increasing zinc had no effect on potassium uptake,

while at the P
.

P
1 . 0'

and P
3. 0

levels, potassium uptake increased

with increasing zinc level.

For the bean experiment, mean potassium concentration in

total plants decreased slightly with increasing zinc level but was

not affected by increasing phosphorus level. Total potassium uptake

by bean plants was affected by a positive PxZn interaction in the

same manner as was total potassium uptake by corn plants.

Mean potassium concentration in total potato plants was

increased by increasing phosphorus level and was decreased by

increasing zinc level. A highly significant, positive PxZn interaction
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also affected total potassium uptake by potatoes, indicating that the

effect of phosphorus and zinc variables on potassium concentration

were minimal in comparison to their effects on yield.

Sulfur Concentration and Uptake

Sulfur concentration data for the corn, bean, and potato

experiments are presented in Appendix Tables 19, 21, and 23,

respectively. Although the effect of phosphorus and zinc treat-

ments varied between plant species, the sulfur concentrations of all

plant species were similar in two important respects. First, sulfur

concentrations were quite high, indicating that the plants accumulated

some sulfur, probably as sulfate. If we assume that protein nitrogen

in plants at this stage of growth is about 3.0% on a dry weight basis

(Dumenil, 1961) and if we also assume a N:S ratio in the protein of

15:1 (Thompson et al., 1970), the protein sulfur concentration on a

dry weight basis can be calculated as about 0. 2 %. It can be seen from

the data in Appendix Tables 19, 21, and 23 that the mean sulfur con-

centrations in total plants generally exceeded this value by a factor

of from 1.5 to 3.0 fold. Surprisingly enough, however, the accumu-

lation of sulfur appeared to be inversely related to the sulfur gradient

in the nutrient solution. The introduction of the K
2

SO
4

variable to

make potassium levels uniform in all solutions resulted in decreasing

sulfate levels as phosphorus level was increased. In spite of this
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fact, sulfur concentration generally increased with increasing

phosphorus level. No suitable explanation can be offered for this

phenomenon.

The sulfur uptake data in Appendix Tables 20, 22, and 24

indicate that total sulfur uptake of corn was affected by a positive

PxZn interaction whereas total sulfur uptake by beans and potatoes

was increased by both increasing phosphorus and zinc levels.

Calcium and Magnesium Concentration and Uptake

Calcium and magnesium concentration and uptake data are

presented in Appendix Tables 25-36. Calcium and magnesium

concentrations were generally decreased with increasing zinc level

at the P P and P levels but were not affected at the P.10' 1. 0' 3. 0 .02

level. This effect was more pronounced in corn and potatoes than in

beans.

Calcium and magnesium uptake were generally affected by a

positive PxZn interaction, indicating that the phosphorus and zinc

variables had a greater effect on yield than on calcium and magnesium

concentration.
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DISCUSSION

Deficiency Symptoms

The deficiency symptom information in Table 4 reveals that for

corn and beans, zinc deficiency symptoms did not appear until after

phosphorus deficiencies had been corrected. Increasing the phos-

phorus from an adequate to an excessive level in the plant tissue did

not appear to accentuate the zinc deficiency symptoms. This,

coupled with the fact that the zinc deficiencies appeared on the same

day for the P, 1 0 ZnO' P1. oZno, and P3.
0Zn0 treatments would indi-

cate that increasing phosphorus did not induce the zinc deficiency.

Conversely, zinc deficiency symptoms on potatoes appeared

earlier and were more severe for the P
3. 0 treatments as compared

to the P
1. 0 treatments. If only zinc deficiency Symptoms are con-

sidered, one might conclude that increasing phosphorus was inducing

the deficiency. Relying completely on zinc deficiency symptoms can

often be misleading, however, in that plants may be zinc deficient

and still not exhibit zinc deficiency symptoms. An examination of the

potato yield data in Table 7 reveals that the plants in the P Zn.10 0

treatment were zinc deficient as evidenced by the response to increas-

ing zinc at the P
10 level, even though no zinc deficiency symptoms

were observed. The significance of this observation is that the
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plants were already zinc deficient before phosphorus was increased

and it cannot be inferred that the zinc deficiency was induced by

phosphorus. The apparent accentuation of the zinc deficiency symp-

toms by increasing phosphorus will be elaborated upon after the

discussion of the phosphorus concentration data.

Boawn and Leggett (1964) have reported that the incidence and

severity of zinc deficiency symptoms of Russet Burbank potatoes

increased as applied phosphorus increased successively from 0 to

320 lbs. /acre. Unfortunately, they reported the yield of ten stem

sections and 20 leaves, rather than total yield, and it is impossible

to establish whether or not the plants were zinc deficient prior to the

appearance of the zinc deficiency symptoms. In light of the fact that

plants can be zinc deficient before zinc deficiency symptoms are

observed, their conclusion that the zinc deficiencies were induced by

phosphorus must be questioned.

Plant Yield

Response Surface

Although the effects of the phosphorus and zinc treatments

varied somewhat between plant species, they can be typified by the

yield response surface for potatoes as shown in Figure 3. The yield

data for corn, beans, and potatoes are similar in two important

respects. First, yield responses to zinc were not obtained until



+. 48

Moles 721/1 x 10

Figure 3. Total potato plant yield as a function of nutrient solution concentrations
of zinc and phosphorus.
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phosphorus was increased to a level sufficient to overcome the

phosphorus deficiency. Secondly, in no instance did phosphorus

appear to induce a zinc deficiency. The only case in which total

yield was significantly reduced by increasing the phosphorus level

was the reduction in corn plant yield as phosphorus level was in-

creased from P
1. 0 to P

3. 0
at the Zn

0
level. It should be noted,

however, that the plants in the P
1. 0

Zn
0

treatment were severely

zinc deficient prior to increasing the phosphorus level. This appar-

ent accentuation of the zinc deficiency by increasing phosphorus will

be more fully discussed after the discussion of the phosphorus concen-

tration data.

Yield Data Reported in the Literature

Data in the literature show PxZn yield interactions similar to

those reported in this investigation. Summary yield data from those

investigations in which phosphorus-induced zinc deficiencies were

observed and in which the phosphorus and zinc yield responses can

be evaluated separately are presented in Table 23. The experiments

summarized represent a wide range of soils, crops, a. nd experimental

conditions. In some cases, the treatment labeled 0, or control, re-

ceived small amounts of phosphorus or zinc, or both. In those

experiments in which several phosphorus and zinc levels were used,

the yields from the treatments with the highest phosphorus and zinc
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Table 23. Summary yield data from experiments in which phosphorus-induced zinc deficiencies were reported and in which

the phosphorus and zinc responses can be evaluated separately.

Growth Yield Treatment Yields
No. Reference Crop Medium Expression

Loneragan (1951) Flax Kojonup s

2 Watanabe et al. (1965) Corn Nutrient
Solution

3 Jackson et al. (1967) Sweet Sifton
Corn

4 Ellis et al. (1964) Field Kawkawlin
Beans -Wisner 1

5 Keefer and Singh (1968) Cons Wharton sl

6 Sharma et al. (1968a) Sonora-64 Coming cl
Wheat

7 Sharma et al. (1968c) Rice Corning cl

8 Martin et al. (1965) Tomato unmapped
soil

9 Brown and Tiffin (1962) Okra Tulare c

10 Halvorson (1969) Corn Baca cl

11 Halvorson (1969) Corn Vona sl

12 Henning (1971) Corn Sift on-
limed

13 Henning (1971) Corn Shano

14 Henning (1971) Sanilac
Beans

Sifton-
limed

15 Henning (1971) Sanilac Shano
Beans

16 Henning (1971) Potatoes Shano

17 Burleson et al. (1961) Red Kidney
Beans

Willacy
fsl

18 Keefer and Singh (1968) Corn Monongahela
sil

19 Sharma et al. (1968b) Sweet Corning cl
Corn

20 Sharma et al. (1968b) Sweet
Corn

Landlow
cl

21 Sharma et al. (1968b) Tomato Coming cl

22 Brown and Tiffin (1962) Red Kidney Tulare c
Beans

23 Brown and Tiffin (1962) Tomato Tulare c

24 Halvorson (1969) Corn Asclon
sil

25 Halvorson (1969) Corn Keith sil

26 Halvorson (1969) Corn Kama sil

top dry wt.
(g/plant)

top dry wt.
(g/pot)

Marketable
ears (tons/acre)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(8/Pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(8/Pot)

top dry wt.
(g/pot)

top dry wt.
( g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

top dry wt.
(g/pot)

0 Zn P P + Zn

1.36 1.34 2.47 3.30

12.5 12.3 21.1 30.2

1.2 1.2 1.2 4.5

9.4 10.3 11.4 17.1

2.7 3.0 8.6 9.9

2.6 2.5 5.5 18.0

2.0 2.3 6.1 7.2

1.09 .79 5.92 8.07

.30 .37 .34 1.34

3.98 3.87 5.09 7.41

4.21 4.32 4.13 7.16

5.8 6.0 8.9 15.0

3.8 3.6 10.7 21.8

1.8 1.7 4.7 6.2

2.4 2.3 4.8 7.8

3.7 3.6 5.0 7.2

12.0 13.7 12.0 15.0

4.6 5.4 6.3 8.3

1.5 2.5 3.5 15.0

2.0 7.0 2.0 21.0

.5 11.5 .5 14.5

.89 1.41 .92 4.01

.22 .43 .53 2.21

2.90 4.24 2.47 5.95

4.73 5.37 3.40 7.94

4.72 4.89 2.74 8.98
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levels were reported for the treatments labeled Z , P, and P+Zn.

in Table 23.

The data reported in Table 23 reveal that in the majority of the

experiments reported (numbers 1-16), responses to zinc were ob-

tained only after phosphorus deficiencies were corrected. In the

experiments numbered 17-23, some yield response to zinc was

obtained at the low or zero phosphorus level, but a much greater

response to zinc was obtained after the phosphorus level had been

increased. These results in no way invalidate the hypothesis that

phosphorus deficiencies must be corrected before zinc responses

are obtained, but rather they indicate that phosphorus deficiencies

were not limiting growth to as great an extent in some of the experi-

ments as they were in the majority of the experiments.

The yield results from the experiments numbered 24-26 reveal

that yield was actually reduced by increasing phosphorus in the

absence of applied zinc. In preliminary experiments, the author

has obtained similar results after phosphorus applications to a

phosphorus and zinc deficient Shano soil. Because this phenomenon

has been interpreted by some researchers to mean that phosphorus

is adversely affecting the zinc nutrition of the plants, an explanation

is in order. The yield reduction as phosphorus level is increased

in the absence of zinc is probably a reflection of the ability of phos-

phorus deficient and zinc deficient plants to survive under the stress
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condition of a nutrient deficiency. Phosphorus deficient plants

grown in soil generally survive and may continue to grow slowly

with time, even though they are severely phosphorus deficient.

Severely zinc deficient plants, on the other hand, cease growth and

may decrease in total dry weight with time. Thus, the yield decrease

may be, in part, the summation of the decrease in yield of the zinc

deficient plants after the onset of the zinc deficiency plus the small

yield gains made by the phosphorus deficient plants after the onset

of the phosphorus deficiency. In addition, this may be complicated

by the adverse effects of high plant phosphorus on the water relations

of the plant. This will be discussed in greater detail after the dis-

cussion of the phosphorus concentration data.

Yield Responses as Simultaneous Nutrient
Deficiencies are Corrected

The data presented in this investigation showing the positive

PxZn interaction on plant yield as well as the majority of the data

in the literature are what would be expected as simultaneous defici-

encies of two nutrients are corrected. To verify that the correction

of simultaneous nutrient deficiencies does indeed result in the type

of response surface shown in Figure 3, an additional experiment was

conducted with corn in which a factorial combination of nitrate and

sulfate levels ranging from deficient to adequate was employed.
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Total corn yields as a function of nitrate and sulfate concentrations

in the nutrient solutions are presented as a response surface in

Figure 4. Although the slope of the response surface in Figure 4

is greater than that of the surface in Figure 3, the two are remark-

ably similar in other respects.

The great bulk of nitrogen and sulfur in plant tissue is found

in the amino acids of polypeptide chains making up the plant protein,

Since the sequence and number of amino acids in a polypeptide chain

of a specific protein is governed by genetic information, a deficiency

of either nitrogen or sulfur will limit protein formation and conse-

quently total plant yield. The ratio of nitrogen to sulfur in plant

protein has been reported by a number of investigators to be approx-

imately 15 to 1 (Thompson et al., 1970). Because of this fundamen-

tal, highly regulated ratio of nitrogen to sulfur, it is not difficult to

see why yield responses to nitrogen are not obtained unless sulfur

is also adequate, and vice versa. A positive NxS interaction on wheat

yield quite similar to that shown in Figure 4 was obtained by Stewart

and Porter (1969) using a nitrogen and sulfur deficient Weld silt loam

soil.

In light of the preceding discussion, it would be unrealistic to

imply from the response surface in Figure 4 that increasing nitrogen

adversely affects sulfur nutrition, or that increasing sulfur adversely

affects nitrogen nutrition. Similarly, it cannot be implied from the
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response surface in Figure 3 that phosphorus adversely affects zinc

nutrition just because the plants did not show zinc responses until

after the phosphorus level was increased.

Zinc Concentration and Uptake

Concentration and Uptake Response Surfaces

The effect of phosphorus and zinc treatments on the mean zinc

concentration in potato plants is shown as a response surface in

Figure 5. It will be noted that the phosphorus coordinate is inverted

in Figure 5 as compared to Figure 3 because of the nature of the

surface. Mean zinc concentrations in corn and bean plants were

similarly affected by the phosphorus and zinc treatments.

It can be seen from Figure 5 that at the lowest phosphorus level,

zinc concentration in the plant increased with increasing zinc level

in the nutrient solution. This can be attributed to the fact that low

phosphorus was limiting plant growth and plant zinc concentration was

not diluted by a yield response to zinc. As phosphorus was increased

from a deficient to an adequate level, plant zinc concentration

decreased at all zinc levels. It is significant to note, however,

that as phosphorus was increased from an adequate to an excessive

level in the plant tissue, the plant zinc concentration remained

essentially unchanged. Similar results have been reported by
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Rogers and Wu (1948) for oats.

In order to illustrate that the decrease in plant zinc concentra-

tion was truly a dilution effect, the total zinc uptake by potato plants

was plotted as a response surface in Figure 6. Similar results were

obtained for corn and bean uptake of zinc. It can be seen from the

surface in Figure 6 that increasing phosphorus in no way adversely

affected zinc uptake.

Reductions in Zinc Concentration and/or
Uptake Reported in the Literature

As was pointed out in the literature review, some researchers

have attempted to explain phosphorus-induced zinc deficiencies on the

basis of the decrease in zinc concentration observed after a phos-

phorus application. Although this decrease in zinc concentration has

been observed in most of the cases reported in the literature, only

in a limited number of cases has zinc uptake also been reduced with

increasing phosphorus level. Loneragan (1951) reported that both

zinc content and uptake of flax grown on a Kojonup gravelly sand

were reduced with increasing phosphate application. His data show

that when phosphorus was applied, zinc content decreased from 45

to 18 ppm with zinc uptake decreasing from 61 to 44 p.g for the Zn0

treatment. The decrease in zinc concentration was highly significant,

but no significance levels were reported for zinc uptake. When
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phosphorus was applied to the Zn
1

treatment, zinc content in plants

was significantly reduced from 52 to 20 ppm while zinc uptake

decreased from 70 to 66 4g. The decrease in zinc uptake for the

Zn
1

treatment is probably not statistically significant.

In an experiment with the dwarf wheat varieties Sonora-64 and

Pitic-62, Sharma et al. (1968a) utilized Corning soil and phosphorus

rates of 0, 25, and 100 ppm Pin factorial combination with zinc rates

of 0, 1, and 5 ppm. They found that the plant zinc concentration

increased with increasing rates of zinc but was markedly decreased

with increasing rates of phosphorus. Zinc uptake was increased by

increasing the phosphorus from 0 to 25 ppm, but was reduced as

phosphorus was increased from 25 to 100 ppm, even though dry

weight was increased.

Burleson et al. (1961) reported that zinc uptake by Red Kidney

beans grown on a Willacy fine sandy loam was reduced from 430 to

247 p.g when phosphorus was applied at the rate of 400 lbs. P205/

acre. For the treatments receiving a zinc application of 9 lbs. /

acre, zinc uptake was decreased from 740 to 241 µg when phosphorus

was applied. Calculations by the author reveal that phosphorus

applications reduced mean zinc concentrations in the plant top from

36 to 21 ppm and from 54 to 16 ppm for the Zn0 and Zn9 treatments,

respectively.

Stukenholtz et al. (1966) found that phosphorus banded at the
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rate of 218 ppm Pin a Keith fine sandy loam reduced zinc concentra-

tions in tops of corn from 40 to 15 ppm for treatments receiving no

zinc and from 80 to 55 ppm for the treatments receiving 15 ppm zinc.

Zinc uptake was reduced from 850 to 300 lag and from 1500 to 1150 p.g

for the Zn
0

and Zn
15

treatments, respectively. In this experiment,

however, the reduction in zinc concentration was not sufficient to

adversely affect the plants since no yield response to zinc was

obtained either before or after phosphorus application.

In a nutrient solution experiment with varied phosphorus and

zinc levels, Paulsen and Rotimi (1968) found that the zinc concentra-

tion in leaves, stems, and roots of Chief and Lincoln soybeans was

significantly reduced as phosphorus level in the nutrient solution was

successively increased from 0 to 10 mM. Calculations made by the

author reveal that as phosphorus was increased from 0 to 2.5 mM,

zinc uptake increased slightly. It was only when phosphorus concen-

tration was increased from 2.5 to 10 mM that zinc uptake was

decreased. In preliminary experiments with nutrient solutions

similar to those employed by Paulsen and Rotimi, it was observed

that phosphorus concentration could not be increased much above 3.0

mM without the formation of a precipitate in the bottom of the nutrient

solution. In light of this fact, it must be recognized that the reduction

in zinc uptake obtained by Paulsen and Rotimi as phosphorus was

increased from 2.5 to 10 mM may be attributable to conditions
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external to the plant.

An examination of the data reported by Halvorson (1969) reveals

that the effect of increasing phosphorus rates on the zinc concentra-

tion and uptake of corn tops varied from soil to soil. Halvorson

reported yield and zinc concentration data and the zinc uptake was

calculated by the author. For the Baca clay loam soil, zinc concen-

tration and uptake were reduced at the Zn0 level, but only zinc

concentration was reduced at the Zn1 level by increasing phosphorus.

For the Asclon sandy loam and Kuma silt loam soils, zinc concentra-

tion was not significantly reduced at the Zn0 level but both zinc

concentration and uptake were reduced at the Zn
1

level by increasing

phosphorus. The Weld clay loam soil showed no significant reduction

in plant zinc concentration at either the Zn
0

or Z levels as phos-

phorus was applied, even though the plants responded to zinc when

phosphorus was adequate. For the Keith silt loam soil there was no

significant reduction in zinc concentration at the Zn0 level and

although zinc concentration was significantly reduced at the Zn
1

level, zinc uptake was not decreased by phosphorus applications.

For the Vona sandy loam, a second Kuma silt loam, and an unclas-

sified silty clay loam, both zinc concentration and uptake were

reduced by phosphorus applications at the Zn
0

and Zn
1

levels.

However, no yield response to zinc, with or without phosphorus,

was obtained with either the Kuma or the unclassified soil.
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The many inconsistencies preclude drawing any definite conclusions

from Halvorson's data with regard to the effect of increasing phos-

phorus on zinc concentration and uptake.

Watanabe et al. (1965) were among those researchers reporting

a reduced zinc concentration but no significant reduction in zinc

uptake after a phosphorus application. They found that for corn

grown in a nutrient solution culture, the zinc content was decreased

from 12 to 4 ppm for the Zn1 treatment and from 46 to 17 ppm for the

Zn
3

treatment as phosphorus concentration in the nutrient solution

was increased. Zinc uptake was decreased from 150 to 8411g and

from 566 to 513 µg for the Zni and Zn3 treatments, respectively.

The decreases in zinc uptake were not statistically significant,

however. The zinc concentration of pinto beans grown in similar

nutrient solutions was reduced from 25 to 17 ppm and from 52 to

33 ppm for the Zn
1

and Zn
3

treatments, respectively. Zinc uptake

by beans was significantly increased by increasing phosphorus.

Beans showed no yield response to zinc at either phosphorus level.

Ellis et al. (1964) reported that for corn grown on Wisner clay

loam soil, zinc content, but not zinc uptake, was reduced by phos-

phorus applications. Similar results were obtained for beans grown

on the Wisner soil. It should be noted, however, that neither the

corn nor the beans responded to zinc applications at either the high

or the low phosphorus level.
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Martin et al. (1965) found that although zinc concentration in

tomato plants was reduced by phosphorus applications, zinc uptake

increased with increasing phosphorus rate. Significant yield

responses were obtained only after phosphorus had been applied.

Henning (1971) reported that for corn grown on limed Sifton

and on Shano soils, zinc content decreased while zinc uptake re-

mained the same as phosphorus was applied. Similar results were

obtained for beans grown on Sifton, limed Sifton, and Shano soils.

Neither corn nor beans responded to zinc applications until phos-

phorus was applied.

Boawn and Brown (1968) conducted an experiment utilizing a

split-medium technique that allowed zinc to be supplied to the plants

from a soil medium while variable levels of phosphorus were supplied

from a solution. Their results show that as phosphorus level was

increased, zinc concentration was reduced in the tops and roots of

Sanilac bean, Great Northern bean, Russet Burbank potato, and

White Rose potato. Zinc uptake, however, remained essentially

unchanged with increasing phosphorus level.

Calculations utilizing the data of Warnock (1970) show that as

phosphorus was applied to a Sacramento clay loam soil at the rate

of 520 ppm P, zinc concentration in corn plants was decreased from

44 to 15 ppm while zinc uptake increased from 361 to 456 Fig.

Utilizing the yield and zinc concentration data reported by
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Adriano et al. (1970), Keefer and Singh (1968), Rudgers et al. (1970),

Burleson and Page (1967), Sharma et al. (1968c), and Sharma et al.

(1968b) the author has made calculations which also reveal that

although plant zinc concentration was reduced by phosphorus appli-

cations, zinc uptake was generally not adversely affected.

Significance of Reductions in Zinc Concentration
and/or Uptake Reported in the Literature

It is apparent from the preceding discussion that the literature

contains data which can be used either to support or to refute the

hypothesis that phosphorus-induced zinc deficiencies result from

the adverse effects of increasing phosphorus on zinc uptake. This

hypothesis must be rejected for the following reason. The majority

of the data in the literature as well as the data presented in this

investigation indicate that zinc uptake need not be reduced in order

to observe a so-called "phosphorus-induced" zinc deficiency. It

would stand to reason that if reduced zinc uptake were truly the cause

of the phenomenon known as phosphorus-induced zinc deficiency,

reduced zinc uptake would be consistently observed.

Apparent Reductions in Zinc Translocation by Phosphorus

As was pointed out in the literature review, some researchers

have attempted to explain phosphorus-induced zinc deficiencies by
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suggesting that phosphorus reduces the translocation of zinc from

the plant roots to the plant top. Their criteria for reduced trans-

location has been a reduction in the ratio of zinc concentration or

uptake for the plant top to the zinc concentration or uptake for the

plant root.

Sharma et al. (1968c) and Sharma et al. (1968b) have reported

that the zinc concentration in the tops of rice, corn, and tomatoes

was reduced to a greater extent by applied phosphorus than was the

zinc concentration in plant roots. Rice, corn, and tomatoes all gave

yield responses to phosphorus. It is significant to note that the yield

response to phosphorus was greater for plant tops than for plant roots.

Calculations by the author utilizing the data of Warnock (1970)

reveal that when no zinc was applied, the ratio of zinc concentration

in the tops to zinc concentration in the roots of corn plants decreased

from .79 to .45 as phosphorus was applied. It should be noted,

however, that a significant yield response to phosphorus was also

observed.

Stukenholtz et al. (1966) reported that the zinc concentration

in the nodes, leaves, and internodes of corn plants was reduced to

a greater extent by increasing phosphorus than was the zinc concen-

tration in the roots. The reduction in the zinc concentration in the

plant tops had no adverse effect on the plants, however, since no

yield response to zinc was obtained either with or without phosphorus
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applications.

For flax plants, Burleson and Page (1967) reported that at

high levels of zinc, phosphorus increased zinc content and uptake

for roots and decreased zinc content and uptake for plant tops. No

such effect was observed at the low zinc levels, however.

Boawn and Leggett (1964) calculated the ratio of zinc in the

tops to zinc in the roots of potato plants grown in nutrient solutions

and found no significant decrease in the ratio as phosphorus level

was increased. They observed no significant yield response to zinc

even though zinc deficiency symptoms resulted with increasing phos-

phorus levels.

The decrease in the top zinc to root zinc ratio reported by

Stukenholtz et al. (1966) and Burleson and Page (1967) can be regarded

as insignificant since the zinc concentrations in the plants were far

above the critical level and no yield responses to zinc were observed.

The reduction in translocation that they observed might be explained

by the work of Biddulph (1953) in which he indicated that some precipi-

tation of zinc phosphates may occur in the conducting tissues of the

plant. This probably only occurs when phosphorus and zinc concen-

trations in the tissue are high, however, and would not be expected

to cause a zinc deficiency since zinc phosphates are sufficiently

soluble to meet the zinc requirements of plants.

Ratios of zinc concentration in plant tops to zinc concentration
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in plant roots calculated from the zinc concentration data in this

investigation would indicate that the apparent reduction in zinc

translocation observed by Sharma et al. (1968c), Sharma et al.

(1968b), and Warnock (1970) can be explained as a dilution effect.

Concentration ratios of zinc in the top to zinc in the roots for the

corn, bean, and potato experiments in this investigation are pre-

sented in Table 24.

Table 24. Effect of increasing phosphorus on the ratio of zinc concentration in plant tops to zinc
concentration in plant roots for the corn, bean, and potato experiments.

Treatment
ppm Zn in Top / ppm Zn in Roots

Corn Beans Potatoes

P
. 02

3.13 1.59 1.46

P.10 1.50 .74 1.37

131.0 1.62 .54 .93

P3.0 .97 .62 .94

LSD . 05 .90 .32 . 18

It can be seen from the data in Table 24 that the top to root

zinc concentration ratio was significantly reduced for corn, beans,

and potatoes only when phosphorus was increased from a deficient to

an adequate level. It will be recalled from the deficiency symptom

and yield data that the increase in phosphorus from the P.02 to the

.10 level alleviated the phosphorus deficiency for corn and beans,
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whereas for potatoes the phosphorus deficiency was not alleviated

until phosphorus was increased from the P.10 to the P1.0 level.

It will also be recalled that significant yield responses were obtained

when the phosphorus deficiencies were corrected, and that the zinc

uptake data indicated that the associated reduction in zinc concentra-

tion was a dilution effect. In light of this, and the fact that Sharma

et al. (1968c), Sharma et al. (1968b) and Warnock (1970) also

observed a yield response to phosphorus with no reduction in zinc

uptake, the author considers their apparent reduction in zinc trans-

location to be a dilution effect.

Phosphorus Concentration and Uptake

Concentration Response Surface

It will be recalled that the phosphorus concentration data

presented previously showed that when zinc was deficient, phos-

phorus concentrations rose to very high values as phosphorus level

was increased. The effects of phosphorus and zinc variables on

the phosphorus concentration in corn, beans, and potatoes were

similar and are typified by the response surface for mean phos-

phorus concentration in potato plants as shown in Figure 7.
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Figure 7. Mean phosphorus concentration in potato plants as a function of nutrient
solution concentrations of zinc and phosphorus.
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Phosphorus: Zinc Ratios

Boawn and Leggett (1964) proposed that the phenomenon known

as a phosphorus-induced zinc deficiency was not caused by low levels

of zinc, but by the high ratio of phosphorus to zinc in the plant tissue.

They reasoned that there was some critical P/Zn concentration ratio

above which a "metabolic upset" occurred, resulting in zinc defi-

ciencies. For potatoes they found this critical ratio to be about 400.

In a later paper, Boawn and Brown (1968) speculated that "the func-

tional site of the imbalance involving the two elements would be

specific metabolic areas within leaf tissues."

Watanabe et al. (1965) and Warnock (1970) both calculated P/Zn

ratios for corn tops and found them to be highest for plants from

treatments receiving phosphorus but not zinc. In contrast to this,

Stukenholtz et al. (1966) found that in some cases P/Zn ratios as

high as 400 did not result in yield loss due to phosphorus, whereas

in other cases P/Zn ratios as low as 100 were associated with yield

loss.

Significance of Phosphorus :Zinc Ratios

Those authors who have attempted to use P/Zn ratios to explain

phosphorus-induced zinc deficiencies have failed to recognize that

high phosphorus levels in the plant tissue are not the cause of zinc
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deficiencies, but rather are the result of zinc deficiencies under

conditions of high phosphorus availability. This point can be illus-

trated by using the data from the potato experiment. It will be

recalled from the yield response surface in Figure 3 that the plants

in the P.10 Zn
0

treatment were zinc deficient as evidenced by the yield

response to zinc at the P.10 level. It can be seen from the response

surface in Figure 7 that the phosphorus concentration in the plants

from the P .10 Zn
0

treatment was only . 22%. As the phosphorus was

increased from the P.10 1.0 1.0to the P level and from the P to the

P3. level at the Zn
0

level, the mean phosphorus concentration in

the plants rose to 1.48 and 2. 88 %, respectively. Because the plants

in the P.10 Zn
0

treatment were zinc deficient before the phosphorus

concentration in the nutrient solution was increased, it must be con-

cluded that the high phosphorus levels were not the cause of the zinc

deficiency. This conclusion is further strengthened by noting that for the

P3.0 Zn
. 6

treatment the P/Zn ratio was 382, yet the plants were

not zinc deficient. The reduction in mean phosphorus concentration

from 2.88 to .78% in going from the P3.0 Zn.
0

treatment to the

P3.0 Zn
. 6

treatment supports the contention that the high phosphorus

levels were the result of the zinc deficiency.
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Adverse Effects of High Phosphorus
Concentrations in Plant Tissue

Although high phosphorus concentrations in the plant tissue do

not induce zinc deficiencies, there is some evidence to indicate that

zinc deficient plants well supplied with phosphorus are adversely

affected by high phosphorus concentrations in the plant tissue. It

will be recalled from the yield data for corn and from the deficiency

symptom information for potatoes that total corn yield was reduced

and potato zinc deficiency symptoms were aggravated as phosphorus

was increased from the P1.0 to the P3.0 level at the Zn0 level. It

was pointed out earlier that these effects could be interpreted as an

accentuation of a zinc deficiency. However, in light of the fact that

corn leaves and potato leaves from plants grown in the P Zn
3. 0 0

treatment contained 3.39 and 4. 08% phosphorus, respectively, it is

more likely that the plants were adversely affected by a phosphorus

toxicity. In an excellent paper by Bhatti and Loneragan (1970),

phosphorus toxicity symptoms consisting of wilting and a grayish-

white necrosis of wheat leaves were associated with plant tissue

containing from 4 to 5% phosphorus. These authors reason that

about 80% of the phosphorus was present as inorganic salts and

that the phosphorus concentration in the cell sap could reach values

of 200 mM with an osmotic potential of ten atmospheres. It is quite
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possible that the high phosphorus concentrations in corn and potato

leaves from plants in the P3. 0
Zn

0
treatment in this investigation

adversely affected the water relations of the plants, thereby causing

the apparent accentuation of the zinc deficiency.

Uptake Response Surface

Although the reduction in phosphorus concentration in the plant

tissue as zinc level was increased at the P1. 0
and P3. 0

levels can

partially be explained as a dilution effect, there is some evidence,

especially for potatoes, that zinc deficient plants lose their ability

to regulate phosphorus uptake. It will be recalled that at the P1.0

and P3. 0
levels, an increase in zinc from the Zn.2 to the Zn .6 level

resulted in yield increases and a reduction in plant phosphorus con-

centration. An examination of the phosphorus uptake response

surface for potatoes in Figure 8 reveals that not only was phosphorus

concentration reduced, but phosphorus uptake was also reduced.

Similar effects can be seen in the data of Martin et al (1965) for

tomatoes, Burleson et al. (1961) for beans, and Henning (1971) for

beans, potatoes, and tomatoes grown on the Shano soil.

Phosphorus Applications Not Resulting in Zinc Deficiencies

One very significant feature of the hypothesis presented in this

investigation is that it also explains those cases in which high rates
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of phosphorus were applied but no zinc deficiencies were observed.

Boawn et al. (1954) applied phosphorus at rates as high as 400 lbs.

P2O5 /acre, yet they found that bean yields were not adversely

affected. They concluded that neither the phosphorus concentration

in the plant tissue nor the amount of extractable phosphorus in the

soil were related to the appearance of zinc deficiency symptoms.

Seatz et al. (1959) applied phosphorus at rates up to 1000 lbs. P205/

acre and found that the high phosphorus rates had no influence on zinc

response by flax.

Bingham (1963) reported that phosphorus levels as high as 100

ppm P in nutrient solution cultures did not induce zinc deficiencies

in beans, corn, tomatoes, and sour orange seedlings. Similar

observations were made by Pauli et al. (1968) utilizing Sanilac beans

and nutrient solution phosphorus concentrations as high as 620 ppm P.

In addition to the above reports, there are many reports in the litera-

ture in which high rates of phosphorus were applied without adverse

effects on the zinc status of the plants. In fact, these cases probably

outnumber those in which zinc deficiencies were observed after a

phosphorus application.

None of the hypotheses presented thus far in the literature have

been able to explain those cases in which zinc deficiencies did not

result after a phosphorus application. These cases can easily be

explained by the hypothesis presented in this investigation by noting
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that zinc deficiencies and yield responses to zinc are obtained after

phosphorus applications only if phosphorus is initially limiting plant

growth and if zinc is also potentially deficient.

Data Required to Prove Phosphorus-Induced
Zinc Deficiencies

In order to show conclusively that phosphorus does indeed induce

zinc deficiencies, the following conditions would have to be met.

First, it would be necessary to have plants that contained adequate

phosphorus and would not respond to increasing phosphorus level.

Secondly, these plants would have to contain low, but adequate, zinc

levels. Thirdly, it would have to be shown that plant yields were

reduced after a phosphorus application. Finally, it would have to

be shown that the yield could be restored to the level before phos-

phorus applications by a zinc application. To the author's knowledge,

no reports meeting the above requirements have been published.

Consequently, it is suggested that the phenomena known as phosphorus-

induced zinc deficiencies be recognized for what they really are:

zinc deficiencies resulting after the correction of a phosphorus

deficiency on a growth medium which is also potentially zinc

deficient.
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SUMMARY AND CONCLUSIONS

Corn, beans, and potatoes were grown in nutrient solution

cultures with variable phosphorus and zinc levels to test the hypothe-

sis that so-called "phosphorus-induced zinc deficiencies" result from

the correction of phosphorus deficiencies in growth mediums which

are also potentially zinc deficient.

Deficiency symptoms and yield responses to phosphorus and

zinc were in agreement with the above stated hypothesis in that zinc

deficiencies and yield responses to zinc were obtained for all three

plant species only after phosphorus deficiencies were corrected. In

no case did increasing phosphorus level in the nutrient solution induce

a zinc deficiency when zinc was at a low, but adequate, level in the

nutrient solution. Reductions in zinc concentration in plant tissue

with increasing phosphorus concentration in the nutrient solution

could be explained as dilution effects, and in no case was total zinc

uptake reduced by increasing the concentration of phosphorus in the

nutrient solution. Although reductions in the top to root zinc concen-

tration ratio were observed as phosphorus level in the nutrient solu-

tion was increased, the apparent reduction in zinc translocation could

be explained on the basis of dilution of plant zinc by the yield response

to phosphorus. Evidence was presented to indicate that high phos-

phorus levels in plant tissue do not induce a zinc deficiency, but
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rather are the result of zinc deficiency under conditions of high

phosphorus availability.

The new hypothesis presented in this investigation also ade-

quately explained a much greater proportion of the data in the litera-

ture on "phosphorus-induced zinc deficiencies" than do other hypoth-

eses. In contrast to other hypotheses, the hypothesis presented in

this investigation also adequately explains the data from those reports

in the literature in which high phosphorus rates were applied without

inducing a zinc deficiency.

In view of the success of the new hypothesis in explaining not

'only the results of this investigation, but also the bulk of the data in

the literature, it is suggested that the use of the misleading descrip-

tion, "phosphorus-induced zinc deficiency, " be discontinued. In lieu

of this term, it is suggested that the phenomena known as "phosphorus-

induced zinc deficiencies" be described as what they really are: zinc

deficiencies resulting after the correction of phosphorus deficiencies

on growth mediums which are also potentially zinc deficient.
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Appendix Table 1. Iron concentration in roots, stems, leaves, plant tops, and total plants for
the corn experiment.

Treatment Root Stem

Fe concentration (ppm)

Leaves
Plant
Top

Total
Plant

P.02 Zn0 5.17 144 200 181 329

P. 02 711.2 558 147 199 182 355

P.02 11.6 470 128 177 161 300

P.10 Zn0 430 310 592 441 435

P.10 Zn.2 283 125 195 159 211

P.10 Z11.6 255 70 105 93 160

P1.0 Zn0
490 248 400 316 364

P 1.0 Zn 2. 375 190 668 379 378

P1.0 Zri. 6 498 158 428 312 373

Zn0P30 818 272 298 284 431

Zn. 2
P3'0 138 300 211 306

P3.0 Zn 6. 593 105 235 172 299

P means
P.02 515 139 192 175 328

P.10 323 168 297 231 268

P1.0 454 198 498 336 372

P3.0 649 172 278 222 345

Zn means
Zn0 564 243 372 306 390

Z11.2 438 150 340 232 312

Zn .6 453 115 236 184 283

F Tests:
P * NS NS ** NS

Zn NS ** ** ** *

PXZn NS * ** ** NS

LSD

P means .05 192 44 93 59 89

.01 270 62 131 83 125

Zn means .05 167 38 81 51 79

.01 233 53 113 72 109

Trt means . 05 333 76 162 102 155

.01 467 107 227 143 217

104

* Means significantly different at the P(.05) level.
** Means significantly different at the P(.01) level.
NS Means not significantly different at the P(.05) level.
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Appendix Table 2. Iron uptake by roots, stems, leaves, plant tops, and total plants for the corn
experiment.

Treatment Root

Fe uptake (dug /plant part)

Stem Leaves
Plant
Top

Total
Plant

P.02 Zno 473 58 153 210 683

P.02 Zn. 2 530 53 150 203 732
P.02 Zn 468 50 145 195 663

P.10 Zn0 815 283 470 753 1567

P.10 Z11.2 764 242 347 589 1352

P.10 Zn. 6 635 91 233 324 958

Pl. 0 Z110 696 405 589 994 1690

Pl. 0 Zn, 2 691 489 1133 22 2313

P1.0 Zn. 6 881 340 1237 1576 2457

P3.0 ZnO 814 310 315 625 1438

P3.0 Z.2 1143 383 696 1079 2222

P3.0 Zn. 6 1532 305 720 1025 2556

P means
P.02 490 53 149 203 692

P.10 738 205 350 555 1292

P1.0 756 411 986 1397 2153

P3.0 1163 332 577 909 2072

Zn means

ZnO 699 264 381 645 1344

Zn.
2

782 292 581 873

Zn. 6 879 196 584 780 11665585

F Tests:
P ** ** ** ** * *

Zn NS ** NS NS NS

PXZn NS NS NS NS *

LSD

P means .05 242 58 240 319 356
.01 339 82 336 447 500

Zn means .05 210 50 207 276 309

.01 294 71 291 387 433

Tit. means . OS 419 101 415 552 617

.01 588 141 582 775 865

Means significantly different at the P(. 05) level.
** Means significantly different at the P(, 01) level,
NS Means not significantly different at the P(. 05) level.
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Appendix Table 3. Iron concentration, in roots, stems, leaves, plant tops, and total plants for
the bean experiment.

Treatment Root

Fe concentration (ppm)

Stem Leaves
Plant
Top

Total
Plant

P.02 Zno 1744 301 1235 1001 1276

P.02 a.2 1491 271 1059 851 1144

P.02.02 .6 1185 253 902 738 790

P.10 Zn0 4358 251 1553 1187 1905

P.10 Zn. 2 2669 230 1111 858 1284

P.10 Z. 6 2037 183 821 638 946

P1.0 Zn0 5746 276 1276 1003 1932

P1.0 Zn. 2 5806 303 1435 1128 2085

P1.0 Zn. 6 4539 237 1203 924 1632

P3.0 Zn0 5046 232 1189 927 1836

P3.0 a.2 5138 330 1210 979 1874

P3.0 a. 6 3946 198 845 651 1314

P means
P .02 1473 275 1065 863 1070

P .10 3021 221 1162 894 1378

P1.0 5363 272 1304 1018 1883

P3.0 4710 253 1081 852 1674

Zn means
Zn0 4223 265 1313 1029 1737

Zn 3776 283 1204 954 1597.2
Zn .6 2927 218 943 737 1171

F Tests:
P ** * NS NS **

Zn NS ** * ** **

PXZn NS NS NS NS NS

LSD

P means .05 1264 41 271 203 334

.01 1782 57 379 284 471

Zn means .05 1095 35 234 175 289

.01 1544 49 328 246 408

Trt. means . 05 2188 70 468 351 578

.01 3088 99 657 492 815

* Means significantly different at the P(.05) level,
** Means significantly different at the P(.01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 4. Iron uptake by roots, stems, leaves, plant tops, and total plants for the bean
experiment.

Treatment Root Stem

Fe uptake (iug/plant part)

Leaves
Plant
Top

Total
Plant

P Zn.02 0 613 42 510 552 1164

P.02 a. 2 725 42 450 492 1217

P.02 Zn. 6 550 40 410 450 890

P. 10 Z130 975 54 850 904 1879

P.10 Zn. 2 858 68 820 888 1746

P .10 . 6
713 65 725 790 1503

"i.e zno 1413 76 938 1014 2426

P 1. 0 Zn. 2 1423 76 985 1061 2484

P1.0 Zn. 6 1380 85 1068 1153 2533

P3.0 zno 1358 60 818 878 2235

P3.0 Zn. 2 1270 78 800 878 2148

P3.0 Zn. 6 1600 96 955 1051 2651

P means
P.02 629 41 4S6 498 1090

P 10 848 62 798 861 1709

P 1.0 1405 79 997 1076 2481

P3.0 1409 78 857 939 2345

Zn means
Zn0 1089 58 779 839 1926

Zn. 2 1069 66 764 830 1898

Zn
6

1061 72 789 861 1894

F Tests:
** ** ** ** **

Zn NS ** NS NS NS

PXZn NS NS NS NS NS

LSD

P means .05 333 9 170 160 457

.01 470 13 238 224 645

Zn means .05 289 8 147 139 396

.01 407 11 206 194 559

Trt. means .05 577 16 294 277 792

.01 814 22 413 389 1117

Means significantly different at the P(.05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(.05) level.
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Appendix Table 5. Iron concentration in roots, stems, leaves, plant tops, and total plants for the
potato experiment.

Treatment Root Stem

Fe concentration (ppm

Leaves
Plant
Top

Total
Plant

P.02 0 299 50 140 100 178

P: 02 Zn. 2 383 46 127 89 206

P. .6 317 36 120 81 172

P.10 2110
221 107 308 222 222

P.10 Zn. 2 195 58 282 223 189

P.10 Z11.6 261 39 132 91 147

P1.0 zno 294 37 177 123 168

P1.0 Zn. 2 226 167 283 233 231

P1.0 Zn, 6 430 48 165 114 192

P3.0 Zn0 322 52 138 113 162

P3. o 211.2 235 54 130 100 133

P3.0 Zn. 6 445 55 219 146 220

P means

P.02 333 44 129 90 185

P. 10 226 68 241 179 186

P1.0 316 84 208 157 197

P3.0 260 54 162 120 171

Zn means

2110
284 61 191 139 182

Zn. 2
259 81 205 161 189

Zn 6
363 44 159 108 182

F Tests:
P ** ** ** ** NS

Zn ** ** NS ** NS

PXZn * ** ** ** *

LSD

P means .05 56 21 45 30 38

.01 78 29 62 42 53

Zn means .05 48 18 39 26 33

.01 68 25 54 37 46

TA. means . 05 97 36 77 52 66

.01 136 51 108 73 92

Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(.05) level.
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Appendix Table 6. Iron uptake by roct s, stems, leaves, plant tops, and total plant for the
potato experiment.

Treatment Root Stem

Fe uptake (jig /plant part)

Leaves
Plant

Top
Total
Plant

P. 02ZnO 153 16 61 77 230

P. 02Zn. 2 203 18 54 72 274

P.02 Zn.6 153 10 51 61 21.4

P.10 Zn0 209 86 333 419 628

P 10 Zn.2 231 60 390 450 681

P. 10 Zn 6. 304 41 178 219 523

P1.0 Zn0 221 30 226 256 477

1' l. 0 Zn. 2 277 231 530 761 1038

P Zn1. 0 . 6 571 82 369 451 1022

P3.0 Zn 0
189 30 190 219 408

P3.0 Zn. 2 220 63 230 293 513

P3.0 Z11.6 581 95 471 565 1146

P means

P. 02 169 15 55 70 239

P.10 248 62 300 362 610

P1.0 356 114 375 489 845

3 0 330 62 297 359 689

Zn means
Zn0 193 40 202 243 435

Zn. 2 233 93 301 394 626

Zn .6 402 57 267 324 726

F Tests:
P

Zn

PXZn

**
**

*

**
**
**

**

NS
**

**

*

**

**

*

*

LSD

P means .05 95 28 93 120 208

.01 133 39 130 168 291

Zn means .05 82 24 80 104 180

.01 115 34 112 145 252

Trt. means . OS 164 49 160 207 360

.01 231 68 225 291 505

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(.01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 7. Manganese concentration in roots, stems, leaves, plant tops, and total
plants for the corn experiment.

Treatment Root Stem

Mn concentration (ppm)
Plant

Leaves Top
Total
Plant

P .02 Zn
0

334 63 110 94 200

P .02 .Zn 2 315 56 112 94 196

P.02 Zn.6 300 51 105 87 184

P.10 Zn0 126 49 185 112 119

P.10 Z.2 76 23 84 52 62

P.10 Zn. 6 124 23 58 45 77

P1.0 Zn0 143 45 80 62 86

P1.0 Zn. 2 113 26 72 44 65

P1.0 Zn.6 105 27 48 39 56

P3.00 Zn0 220 46 120 81 125

P3,0 Zn 2.
110 23 51 36 58

P3.0 Zn 6.
84 20 43 32 48

P means
P.02 316 57 109 92 193

P.10 108 32 109 70 86

P1.0 120 33 67 48 69

P3.0
138 29 71 50 77

Zn means
Zn0 205 51 124 87 132

Zn
2

155 32 80 56 95
Zn 6 153 30 63 51 91

F Tests:
P ** ** ** ** **

Zn ** ** ** **

PXZn NS NS ** ** *

LSD

P means .05 37 11 21 7 15

.01 52 16 29 10 22

Zn means . 05 32 10 18 6 13

.01 45 14 25 9 19

Trt. means . 05 64 20 36 12 27

.01 90 28 50 17 37

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(.01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 8. Manganese uptake by roots, stems, leaves, plant tops, and total plants for
the corn experiment.

Treatment Root Stem

Mn uptake (peplant part)
Plant

Leaves Top
Total
Plant

P.02 Zn0 305 25 84 109 414

P.02 Z11.2 300 20 84 104 404
P .02 Zn .6 303 20 86 106 409

P.10 Zno 239 44 147 191 430

P.10 Z11.2 206 44 150 194 399

P.10 Z".6 308 30 127 157 465

P1.0 Zn0 209 71 117 188 397

P1.0 Z.2 209 67 121 190 399
P1.0 Zn 6 184 59 138 197 381

P3.0 Zn0 221 52 129 181 401

P3.0 ZII. 2 234 64 118 182 415

P3.00 Zn. 6 221 57 132 188 409

P means
P.02 303 22 85 106 409

P. 10 251 39 141 181 431
P1.0 201 65 126 192 392

P3.0 225 58 126 183 408

Zn means
Zn0 243 48 119 167 410
Zn

2 237 49 49 167 404.
Zn. 6 -254 41 121 162 416

F Tests:
P ** ** ** ** NS
Zn NS NS NS NS NS

PXZn NS NS NS NS NS

LSD

P means .05 43 13 15 20 49
.01 69 18 21 28 68

Zil means .05 38 11 13 17 42
.01 53 15 18 24 59

Trt. means . 05 75 22 25 35 84
.01 105 31 36 48 119

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05)
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Appendix Table 9. Manganese concentration in roots, stems, leaves, plant tops, and total plants
for the bean experiment.

Treatment Root Stem

Mn concentration (ppm)

Leaves
Plant
Top

Total
Plant

P.02 Z110 642 181 328 292 422

P.02 Z11.2 511 137 310 264 377

P. 02 a. 6 500 127 313 266 348

P .10 Zn0 867 271 391 357 473

P.10 Zn.2 884 149 326 275 421

P.10 Zn. 6 799 91 283 228 356

P1.0 Zno 653 215 377 332 396

P1.0 Zn. 2 688 254 434 385 447

P1.0 Zn 6 537 187 360 311 355

P3.0 Zn
0

776 199 423 361 453

P 3 0 Zn. 2 746 273 443 399 472

P3.0 7n.6 472 90 306 241 287

P means

P. 02 551 148 317 274 382

P.10 850 170 333 287 417

P1.0 626 219 390 343 399

P3.0 665 187 390 334 336

Zn means

ZnO
734 216 379 335 436

Zn 2
707 203 378 331 429

.
Zn. 6 577 124 316 261 336

F Tests:
P ** NS * NS NS

Zn * * * * **

PXZn NS NS NS NS NS

LSD

P means . 05 . 116 78 51 57 49

.01 163 109 72 80 69

Zn means . 05 100 67 44 50 42

.01 141 94 62 70 59

Trt. means . 05 201 134 89 99 84

.01 283 188 124 139 119

Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 10. Manganese uptake by roots, stems, leaves, plant tops, and total plants for
the bean experiment.

Treatment Root Stem

Mn uptake (Fig/plant part)

Leaves
Plant
Top

Total
Plant

P.02 Zn0 224 25 136 161 385

P.02 Z.2 249 21 132 153 402

P.02.02 .6 232 20 144 164 392

P.10 Zn0 195 58 214 272 467

P. 10 Zn. 2 292 44 240 284 576

P Zn.10 6 288 32 251 283 571

P1.0 ZnO 162 59 277 336 498

P Zn1. 0 . 2
163 64 295 359 522

P1.0 Zn. 6 164 67 320 387 551

P Zn
3, 0 0

210 51 290 341 551

P Zn3. 0 . 2 184 64 295 359 543

P Zn3. 0 6
194 43 347 390 584

P means

P. 02 235 22 137 159 393

P.10 258 45 235 280 538

P1.0 163 63 297 361 524

P3,0 196 53 311 363 559

Zn means
Zn0

198 48 229 277 475

Zia. 2 222 48 241 289 510

Zn.6 219 41 266 306 524

F Tests:
P ** ** ** ** **

Zn NS NS * NS *

PXZn * NS NS NS NS

LSD

P means .05 26 19 30 46 38

.01 37 29 42 64 53

Zn means .05 23 17 26 40 33

.01 32 23 36 56 46

Trt. means . OS 45 33 51 79 65

.01 64 47 72 111 92

* Means significantly different at the P(., OS) level.

** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.



Appendix Table 11. Manganese concentration in roots, stems, leaves, plant tops, and total
plants for the potato experiment.

Treatment Root

Mn concentration (pprn)

Stem Leaves
Plant
Top

Total
Plant

P.02 Zn 204 71 140 109 147

Z11P. 02.2 182 88 162 127 149

P.02 Z11.6 190 99 185 147 164

P.10 Zn0 165 31 88 63 97

P.10 Z11.2 97 28 104 72 80
P.10 Z n. 6 95 27 77 55 68

P Zn1. 0 0 140 20 77 55 78
P Zn1. 0 2 69 22 73 51 56
P Zn1. 0 6

S3 15 60 40 43

P
3. 0

Zn
0

214 29 73 61 96
P Zn 101 18 66 47 60

P3.0 Zn 6.
50 19 63 43 45

P means
P.02 192 86 162 128 153
P.10 119 29 89 63 82

1 0 87 19 9 49 59
P3.0 122 22 67 50 67

Zn means
Zn0 180 38 94 72 104

Zn. 2 112 39 101 74 86

Zn. 6 97 40 96 71 80

F Tests:
P ** ** ** ** **

Zn ** NS NS NS **

PXZn ** ** ** ** **

LSD

P means .05 23 6 13 7 8
,01 32 8 18 10 11

2n means .05 20 5 11 6 7
.01 28 7 15 9 10

Trt means . OS 39 10 22 13 14
.01 55 14 31 18 19

114

* Means significantly different at the P(.05) level.
** Means significantly different at the P(.01) level.
NS Means not significantly different at the P(. OS) level.
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Appendix Table 12. Manganese uptake by roots, stems, leaves, plant tops, and total plants
for the potato experiment.

Treatment Root Stem

Mn uptake (pg/plant part)
Plant

Leaves Top
Total
Plant

P.02 Zn0 104 25 61 86 190

P. 02 Zn. 2 97 34 69 102 199

P .02 Zn 6.
89 34 79 112 201

P.10 Zn0 147 25 94 118 265

ZnP 10 2 116 29 143 172 288

P.10 Zn. 6 111 28 104 132 243

P1.0 ZnO 105 16 99 115 219

P 1.0 Zn
. 2

85 31 136 167 251

P 1.0 Zn . 6 69 25 133 158 227

P3.0 Zn0 126 17 101 117 243

P3.0 Zn . 2
94 21 114 135 228

1)3.0 Zn. 6 63 33 134 167 229

P means
P.02 97 31 69 100 196

P .10 121 27 114 141 265

P1.0 86 24 123 146 232

P3.0 94 23 116 139 233

Zn means
Zn0 120 20 89 109 229

Zn. 2 98 28 115 144 241

Zn. 6
83 30 112 142 225

F Tests:
P ** NS ** ** **

Zn ** * ** ** NS

PXZn NS NS NS NS NS

LSD

P means .05 13 7 15 21 29

.01 18 10 21 30 41

Zn means .05 11 6 13 19 25

.01 16 9 18 26 35

Trt. means . 05 23 12 26 37 50

.01 32 17 36 52 71

* Means significantly different at the P(.05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 13. Potassium concentration in roots, stems, leaves, and total plants for the
corn experiment.

Treatment Root

K concentration (%)

Stem Leaves
Total
Plant

P. 02Zno 4.59 10.30 5.50 6.02

P 02 hi 2. .
4. 56 10. 71 5.29 5. 90

P.02 al. 6 4.16 10. 11 5.10 5.56

P.10 Zn
0 4.90 8.06 4.92 5.71

P Zn. 10 .2 4.80 6. 15 4.80 6. 16

P.10 Zn. 6 4.90 8.25 4.90 5.63

Pl. 0 Zn0 5. 14 9. 18 5. 10 6. 58
P Zn

. 21. 0 4.68 7.20 5.33 5.94

P1.00 Zn . 6 5.00 9.50 5.10 6.48

P3.0
0

Zno 5.09 10. 10 6.09 7.22

P3.0 Zn . 2 5.00 7. 68 6.40 6.49
P3.0 Zn

6
4.78 7.43 5.58 5.95

P means
P.02 4.43 10.37 5.29 5.83

P. 10 4.87 7.49 4.87 5.83
P1.0 4.94 8.63 5.18 6.33

P3.0 4.96 8.40 6.02 6.55

Zn means
Zn

0 4.93 9.41 5.40 6.38

Z11. 2 4.76 7.93 5.45 6.12

Zn. 6 4..71 8.80 5.17 5.90

F Tests:
P ** ** ** NS
Zn NS ** NS NS
PXZn NS * NS NS

LSD

P means .05 .22 .98 .36 .66
.01 .31 1.37 .51 .93

Zn means .05 .19 .85 .31 .57
.01 . 27 1.19 .44 .80

Trt. means . 05 . 38 1.70 .63 1.15
. 01 . 53 2.38 .88 1. 61

* Means significantly different at the P(. 05) level.
** Means significantly different at the PG 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 14. Potassium uptake by roots, stems, leaves, and total plants for the corn
experiment.

Treatment Root

K uptake (mg/plant part)

St em Leaves
Total
Plant

P.02 Zn

P Zn
0

2

42
43

41
39

'42
40

125
122.02

P.02.02 . 6 42 40 42 124

P.10 Zn0 93 73 40 205

P. 10 Zn. 2 130 119 85 334
P.10 7n .6 123 107 108 339

P1.0 Zn
0 83 150 75 308

Pl. 0 a. 2 87 186 90 362
P1.0 Zn .6 89 206 147 442

P3.0 ZnO 51 116 66 233

P3.03.0 2 107 217 148 472
P3.0 Zn. 6 125 215 171 512

P means
P.02 42 40 41 123

P.10 115 100 78 293

1)1.0 86 181 104 371
P3.0 95 183 128 451

Zn means

ZnO 67 95 56 218

Zn.2 92 140 91 322
Zn.6 95 142 117 354

F Tests:
P ** ** ** **

Zn ** ** ** **

PXZn * ** ** **

LSD

P means .05 16 15 12 32
.01 22 21 17 46

Zn means .05 13 13 11 28

.01 19 18 15 39

Trt. means .05 27 26 21 55
.01 38 37 30 77

* Means significantly different at the P(. OS) level.
** Means significantly different at the P(.01) level.
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Appendix Table 15. Potassium concentration in roots, stems, leaves, and total plants for the
bean experiment.

Treatment Root

K concentration (%)

Stem Leaves
Total
Plant

P.02 Z110
8.24 7.38 7.03 7. 61

P.02 Zu. 2 8.38 4.42 6.22 6.95
P Zn. 02 6 7.22 5.36 5.81 6.24

P.10 Zn0 9.74 9.35 6.60 7.93

P.10 Zn..2 9.45 8.74 5.98 7.42

P.10 10 . 6 8.19 9.44 5.74 7.11

P1. 1. 0 0 8.50 7.72 6.64 7.23
P Zn1. 0 Z.2 8.21 9.63 6.47 7.50

P1.0 Z11, 6 8.52 8.94 5.58 6.93

P3.0 Zn0 7.90 8.36 5.96 6.91
P3. 0 Zn. 2 8.21 8.31 6.07 6.98

P3.0 Zn. 6 7.73 8.25 5.35 6.52

P means

P. 02 7.95 5.71 6.35 6.93

P.10 9.13 9.18 6.10 7.49

P1.0 8.41 8.76 6.23 7.22

P3.0
7.95 8.31 S.79 6.80

Zn means
Zn0

8.60 8.20 6.56 7.42
Zn 2

8.56 7.77 6.18 7.21
.

Zn. 6 7.91 8.00 5.62 6.70

F Tests:
P NS * * NS

Zn NS NS ** *

PXZn NS NS NS NS

LSD

P means .05 1.35 2.17 .36 .58
.01 1.90 3.05 .50 .82

Zn means .05 1.17 1.88 .31 .50
.01 1.65 2.64 .44 .71

Trt, means . 05 2.34 3.77 .62 1.00
.01 3.30 5.28 .87 i.42

* Means significantly different at the P( . 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 16. Potassium uptake by roots, stems, leaves, and total plants for the bean
experiment.

Treatment Root.

K uptake (mg/plant part)

Stem Leaves
Total
Plant

P.02 Zn0 30 10 29 69

P.02 7n.2 41 7 27 74

P.02 Zn. 6 34 9 27 70

P.10 Zn0 22 20 36 78

P.10.10 .2 31 26 44 101

P. 10 Zn, 6 30 34 51 115

P1.0 Zn 21 21 49 91
0

P1.0 Zn. 2 20 24 44 88

Pl. 0 Zn. 6 26 32 50 108

P3.0 Zn 22 22 41 84

P3.0 Zn. 2 20 20 41 81

P 3.0 Zn
. 6 32 41 61 133

P means
P.02 35 9 27 71

P. 10 28 27 44 98
P1.0 22 26 47 95

P3.0 24 27 48 99

Zn means
Zn0 24 18 39 81

Zn 2 28 19 39 86
Zn..6 30 29 47 106

F Tests:
P ** ** **

Zn NS ** ** **

PXZn NS ** ** 4*

LSD

P means .05 7 4 3 8

.01 10 6 4 12

Zn means .05 6 4 3 7

.01 8 5 4 10

Trt. means .05 12 7 5 14

.01 17 10 7 20

* Means significantly different at the P(.05) level.
** Means significantly different at the P(.01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 17. Potassium concentration in roots, stems, leaves, and total plants for the
potato experiment.

Treatment Root

K concentration (%)

St em Leaves
Total
Plant

P. 02 Zn0 4.09 4.85 2.30 3.68
P.02 Zn. 2 3.95 5.18 2, 36 4.08

P.02 Zn. 6 3.16 5.06 2.42 3.43

P.10 Zn0 4.00 6.39 4.08 4.72

13,10 Z. 2 4.47 6.15 5.77 5.45
P Zn

10 . 6 4.47 6.98 3.43 4.81

P1.00 Zn0 3.84 8.63 3.94 5.23
P1.0 Zn 2 4.37 7.13 3.82 4.99
P1.0 Zn . 6 4.26 7.45 3.41 4.94

P3.0 Zn0
4.03 8.84 5.25 5.57

P3 Zn
3.98 9.24 4.94 5.87

ZnP3, 0.6 4.2S 8.02 3.28 5.12

P means

P. 02 3.73 5.03 2.36 3.73

P.10 4.31 6.50 4.43 4.99

Pi. 0 4.16 7.74 3.72 5.06

P3.0 4.08 8.70 4.49 5.52

Zn means

Zn0 3.99 7.18 3.89 4.80
Zn. 4.19 6.92 4.22 5.10

Z. 6 4.03 6.87 3.13 4.57

F Tests:
P NS ** ** **

Zn NS NS ** *

PXZn NS NS ** NS

LSD

P means .05 .44 .86 .32 .41
.01 .62 1.20 .46 .58

Zn means .05 .38 .74 .28 .36
.01 .54 1.04 .39 .50

Trt. means . 05 .77 1.48 .56 .71
.01 1.08 2.08 .79 1. 00

* Means significantly different at the P(.05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 18. Potassium uptake by roots, stems, leaves, and total plant for the potato
experiment.

Treatment Root

K uptake (mg /plant part)

Stem Leaves
Total
Plant

P.02.02 0 21 17 10 48

P.02 Zn. 2 23 22 10 55

P.02.02 6 16 17 10 43

P. 10 zno 37 51 44 132

P.10 Zn,2 53 64 79 196

P.10 Zn, 6 52 74 47 172

P1.0 Zn0 29 68 51 148

P1.0 Zn. 2 54 99 72 224

PI, 0 Zn, 6 56 132 76 264

P3.0 ZnO 24 50 72 146

P3.0 Z.2 37 96 87 219

P3.0 0 Zn 6 54 139 70 263

P means
P.02 20 19 10 48

P.10 47 63 57 167

P1.0 46 100 66 212
P3.0 38 95 76 209

Zn means
Zn0 28 47 44 119
Zn. 2 42 70 62 173

Zn. 6 45 90 51 185

F Tests:
P ** ** **

Zn ** ** ** **

PXZn ** ** * **

LSD

P means .05 6 13 10 23
.01 8 18 14 32

Zn means .05 5 11 9 20

.01 7 16 12 28

Tit. means .05 10 22 18 40
.01 14 31 25 56

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(.01) level.
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Appendix Table 19. Sulfur concentration in roots, stems, leaves, and total plants for the corn
experiment.

Treatment Root

S concentration (ex)

Stem Leaves
Total
Plant

P.02 Z1:10 .67 .08 .30 .42
P. 02 Zn, 2 .67 .09 .30 .43
P. 02 Zn. 6 .. 66 .06 .17 .37

P.10 Zn0 .57 .26 .65 .51
P. 10Zn. 2 .43 .14 .29 .30
P Zn.10 .,6 .53 .15 .25 .34

P1.0 Zn0 .71 .38 .90 . 6S

P1.0 Zn. 2 .72 .28 .76 .54
Pi.° zn.6 .78 .25 .52 .50

P3.0 ZnO .69 .54 .56 .59
P3.0 Zn. 2 .68 .30 .73 .55

P3.0 . 6 .66 .22 .55 .47

P means
P.02 .66 .07 .25 .40
P.10 .51 .18 .40 .38
P1.0 .74 .30 .73 .56
P3.0 .68 .35 .61 .54

Zn means
Zn0 .66 .31 .60 .S4

Zn. 2 .62 .20 .52 .46
Zn. 6 .66 .17 .37 .42

F Tests:
P ** ** **

Zn NS ** **

PXZn NS

LSD

P means .05 .08 .06 .11 .05
.01 .11 .09 .16 .07

Zn means .05 .07 .06 .10 .04
.01 .10 .08 .14 .06

Trt. means .05 .14 .12 .20 .08
.01 .20 .16 .28 .12

* Means significantly different at the P(.05) level.
** Means significantly different at the P(.01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 20. Sulfur uptake by roots, stems, leaves, and total plants for the corn experiment.

S uptake (mg/plant part)
Total

Treatment Root Stem Leaves Plant

P.02 z220 6.08 .30 2. 26 8.63

P.02 Zn. 6.38 31 2.23 8.91

P,02 Zn. 6 6.71 23 1.48 8.42

P.10 Zn0 10.78 2.33 5.32 18.42

P. 10 Zn. 2 11.65 2.71 5.17 19.52

P.10 Zn. 6 13.29 1.89 5.43 20. 60

Pl. 0 Zno 11.15 6.18 13. 16 30, 48

P1.0 Zn. 2 13.33 7.04 12.85 33.21

P1. 0 Zn. 6 13.75 5.31 14.96 34.01

P3.0 Zn 0
6.92 6, 20 5.89 19.60

P3. 0 Zn. 2 14.54 8.34 16.99 39.87

P3.0 Zn . 6 17.28 6.23 16.93 40.44

P means
P.02 6.39 .28 1.99 8.65

P.,10 11.91 2.31 5.30 19.51

PI. 0 12. 74 6. 17 13. 66 32.57

P3. 0 12.91 6. 92 13. 27 33.10

Zn means
Zn0 8.73 3.75 6.65 19. 13

Zn 2
11.47. 4. 60 9, 31 25.38

.
Zn .6 12. 75 3. 41 9. 70 25.87

F Tests:
P ** ** ** **

Zn ** ** * **

PXZn * NS * **

LSD

P means .05 2.16 .71 2.83 3.93

.01 3.02 1.00 3.96 5.50

Zn means . 05 1.87 .62 2.45 3.40
.01 2.62 .86 3.43 4.77

Trt. means . 05 3.73 1. 23 4.90 6.80
.01 5.24 1.73 6.87 9.53

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 21. Sulfur concentration in roots, stems, leaves, and total plants for the bean
experiment.

Treatment Root

S concentration (%)

Stem Leaves
Total
Plant

P .02 Zrk0 .60 .15 .17 .33
P.02 Zn . 2 .65 .21 .20 .41

P.02.02 .6 .60 .29 .19 .39

P .10 Zn
0

.74 .38 .23 .38
ZnP .10 2

.72 .S8 .25 .43

P.10 Z11.6 .71 .54 .25 .42

P1.0 Zno .81 .54 .34 .48
P 1.0 Zn

2
.70 .53 .29 .42

P1.0 Zn
. 6

.86 .49 .32 .46

P3.0 Zn
ID

.85 .49 .39 .51
P3.0 Zn

2
.91 .49 .35 .50

P3.0 Zn 6
.86 .48 .33 .48

P means
P.02 .61 .22 .18 ..37
P. 10

.72 .50 .24 .41
P 1.0 .79 .52 .31 .45
P3.0 .87 .49 .35 .49

Zn means
Zn0 .75 .39 .28 .42
Zn. 2

.74 .45 .27 , 44

Zn.
6

.76 .45 .27 .44

F Tests:
P ** ** ** **

Zn NS NS NS NS

PXZn NS NS NS NS

LSD

P means .05 .07 .08 .06 .06
.01 .10 .12 .08 .08

Zn means .05 .06 .07 .05 .05
.01 .08 .10 .07 .07

Trt. means .05 .12 .15 .10 .10
.01 .17 .21 .14 .14

* Means significantly different at the P(.05) level.
Means significantly different at the P(.01) level,

NS Means not significantly different at the P(.05) level.
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Appendix Table 22. Sulfur uptake by roots, stems, leaves, and total plants for the bean experiment.

Treatment Root

S uptake (mg/plant part)

Stem Leaves
Total
Plant

P.02 Zno 2.16 .21 .68 3.04

P.02 Zn 2 3.15 .32 .83 4.30

P.02 Zn. 6 2.78 .47 .89 4.40

P. 10 0
1.66 .80 1.23 3.69

P.10 Zn, 2 2.37 1.74 1.84 S.94

P.10 Zn, 6 2.60 1.91 2.19 6.69

P1 0 Zn
49

2.01 1.48 2.46 5.95

P1.0 Zn 2 1.70 1.35 1.98 5.02
.

P1.0 Zn . 6
2. 61 1.76 2.80 7.16

P3.0 Zn0 2.31 1.28 2.66 6.24
ZnP3.0 2

2.25 1.15 2.29 5.69

P3.0 Zn . 6
3.53 2.38 3.78 9.68

P means

P.02 2.70 .33 .80 3.91

P.10 2.21 1.48 1.75 5.44

Pl. 0 2.11 1.53 2.41 6.04

P3.0 2.70 1.60 2.91 7.20

Zn means
Zn0

2.03 .94 1.76 4.73
Zn. 2

2.37 1.14 1.73 5.24

Zn . 6 2.88 1. 63 2.41 6.98

F Tests:
P NS ** ** **

Zn ** ** ** **

PXZn NS ** NS NS

LSD

P means .05 .55 .28 .46 1. 17

.01 .77 .39 .65 1.65

Zn means . 05 . 47 .24 .40 1.01
.01 .67 .34 .56 1.43

Trt. means . 05 .95 .49 .80 2.02
. 01 1.34 .68 1.12 2.85

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 23. Sulfur concentration, in roots, stems, leaves, and total plants for the potato
experiment.

Treatment Root

S concentration (%)

Stem Leaves
Total
Plant

P zn
02 Zn0

.60 .01 .25 .33

P.02.02 . 2 .65 .01 .10 . 29

P.02 Zn, 6 . 61 .23 .30 .40

P.10
Zn
0

.52 .30 .32 .38
P.10 Zn. 2 .54 .24 .55 .46
P.10 Zn. 6 .63 .25 .34 .41

P1.0 Zn0 .39 .30 .57 .45
P1.0 Z11.2 .37 .29 .43 .37
P 1.0 Zn

6 .40 .19 .36 .31

P3.0 Zn
0 .35 .29 .43 .38

P3.0 Zn
. 2

.36 .25 .41 .35
P3.0 Zn. 6 .34 .19 .33 .29

P means
P. 02 . 62 .08 .21 .34
P.10 .56 .26 .40 .42
P1.0 .39 .26 .45 .38
P3.0 .35 .24 .39 .34

Zn means
Zn0 .47 .22 .39 .38
Zn. 2 .48 .20 .37 .37
Zn. 6 .49 .21 .33 .35

F Tests:
P ** ** ** **

Zn NS NS NS NS

PXZn NS * ** **

LSD

P means .05 .05 .08 .07 .04
.01 .07 .12 .10 .05

Zn means .05 .04 .07 .06 .03
.01 .06 .10 .09 .05

Trt. means .05 .09 .15 .12 .07
.01 .12 .21 .17 .10

* Means significantly different at the P(.05) level.
** Means significantly different at the P(,01) level.
NS Means not significantly different at the P(. 05) level.



Appendix Table 24. Sulfur uptake by roots, stems, leaves, and total plants for the potato
experiment.

Treatment Root

S uptake (mg/plant part)

Stem Leaves
Total
Plant

P.02 ZnO 3.08 .03 1.11 4.22

P.02 Zn.2 3.44 .04 .40 3.88

P.02 02 6 2.91 .87 1.24 5.02

P. 10 Zn0 4.88 2.41 3.38 10. 67

P. 10 Zn. 2 6.36 2.50 7.55 16.41

P.10 Zn, 6 7.33 2.58 4.62 14.52

Pl.. 0 Zn0 2.93 2.40 7.33 12. 66

P1.0 Zn. 2 4.55 3.95 8.07 16.57
Pi. 0 Zn. 6 5.31 3.33 7.98 16. 62

:3. 0 Z310
2.06 1.62 5.90 9.58

3. 0 2n. 2 3.30 2.80 7.17 13.27

P Zn3. 0 . 6 4.26 3.21 7.04 14. 51

P means
P.02 3.14 .31 .91 4.37
P.10 6.19 2.49 5.18 13.86
P 1.0 4.26 3.23 7.79 15.28

P3.0 3. 21 2. 54 6.70 12.45

Zn means
Zn0 3.24 1.61 4.43 9.28
Zn. 2 4. 11 2.32 5.80 12.53

Zn. 6 4.95 2.50 5.22 12.66

F Tests:
P ** * * ** **

Zn ** * * **

PXZn NS NS * NS

LSD

P means .05 .89 .63 .99 2.01
.01 1.25 .88 1.40 2.82

Zn means . 05 . 77 .54 .86 1.74
.01 1.08 . 76 1.21 2.44

Trt. means . 05 1.55 1. 09 1.72 3.48
.01 2.17 1.52 2.42 4.88

1Z7

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 25. Calcium concentration in roots, stems, leaves, and total plants for the corn
experiment.

Treatment Root

Ca concentration (%)

St em Leaves
Total
Plant

P 02 Zn
13.

.24 .73 .66 .49
P.02 Zn. 2 .24 .81 .70 .51
P.02 a.6 . 24 .77 .69 .50

P,10 Zn0 .32 .53 1.41 .61

P.10 Zn. 2 .26 .37 .78 .44

P.10 Zn. 6 . 25 .54 .59 .44

1)1.0 zn0 .42 .46 .98 . 60
P1.0 a . 2 .33 .30 .98 . 50

Pl. 0 Zn. 6 .26 .37 .52 .41

P3.0 Zn0 .50 .47 1.06 .68

P3,0 Zn. 2 .28 .28 .79 .44

P3.0 Zn. 6 .25 .33 .57 .39

P means

P. 02 .24 .77 .68 .50
P.10 .28 .48 .93 .50
P1.0 .34 .38 .83 .50
P3.0 .34 .36 .81 .50

Zn means
Zn0 .37 .55 1.03 .59

Zn. 2 . 28 .44 .81 .47
a. 6 .25 .50 .59 .43

F Tests:

Zn

PXZn

LSD

**

**

**
**

**

**
**
**

NS
**

**

P means .05 .05 .05 .09 .04
.01 .07 .07 .12 .05

Zn means .05 .05 .04 .07 .03
.01 .06 .06 .10 .05

Trt. means .05 .09 .08 .15 .07
.01 .13 .11 .21 .09

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 26. Calcium uptake by roots, stems, leaves, and total plants for the corn
experiment.

Treatment Root

Ca uptake ( mg/plant part)

Stem Leaves

Total

Plant

P.02 Zno 2.20 2.89 5.01 10.09

P.02 Zn. 2 2. 23 2.90 5.29 10.41

P. 02 Zn. 6 2.37 3.02 5.69 11.07

P.10 Zn0 6. OS 4.78 11.25 22.08

P.10 Zn. 2 7.02 7.17 13.86 28.05

P.10 Zn, 6 6.26 7.03 13.07 26.35

Pi. 0 Zn0 6.24 7.55 14.37 28.15
P Zn1. 0 . 2 6.07 7.77 16.51 30.35
P

1, 0
Zn

. 6 4.64 8.05 14.96 27.64

P3.
Zn0 5.01 5.39 11.71 21.80

P3.0 Zn . 2 6.01 7.87 18.09 31.97

P3.0 Zn. 6 6.59 9. 57 17.53 33.68

P means

P. 02 2, 26 2.93 5. 33 10.52
P.10 6.44 7. 46 12.73 25.49
P1.0 S.65 7.79 15.28 28.71

3, 0 5.87 7. 61 15.68 29.15

Zn means
Zn0 4.87 5. 15 10.51 20.53

Zit. 2
5. 33 6.43 13.44 25.19

Zn 6.
4.96 6.91 12.81 24.68

F Tests;
P ** ** ** **

Zn NS ** ** **

PXZn ** ** NS **

LSD

P means : 05 .55 .80 1.67 2.37
.01 .77 1.12 2.34 3.33

Zn means .05 .48 .69 1.45 2.06
.01 , 67 .97 2.03 2.88

Trt. means. .05 . 95 1.38 2.89 4.11
.01 1.33 1.94 4.05 5.76

* Means significantly different at the P(. OS) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 051 level.
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Appendix Table 27. Calcium concentration in roots, stems, leaves, and total plants for the
bean experiment.

Treatment Root

Ca concentration (%)

Stem Leaves
Total
Plant

P Zn.02 0 .71 1.37 2.41 1.39

P. 02 Zn. 2 .70 1.46 3.05 1.75

P.02 Zn. 6 .77 1.50 2.98 1.99

P.10 ao . 52 1.02 2.43 1.68

P.10' Zn. 2 . 59 1. 13 3.23 2. 12

P.10 al. 6 . 57 1.13 3.23 2.17

P1.0 Zn0 .63 1.16 3.00 2.13
P 1. 0 Zn. 2 . 60 1.14 2.94 2.07
P 1. 0 2n . 6 . 67 1.12 3.12 2. 18

P3:1) Zn0 . 67 1.29 3.27 2. 27
Po . 0 2n

2.)
.71 1.10 3.10 2.18

P3.0 0 a . 6 .72 1.00 3.34 2.26

P means
P 02 .73 1.44 2.81 1.77
P. 10 .56 1.09 2. 96 1.99
P1.0 . 63 1.14 3.02 2. 12
P3. 0 .70 1.13 3.24 2.23

Zn means
Zn0 . 63 1. 21 2.77 1.91
Zn 2 .65 1.20 3.08 2.03

,
Zn .68 1.18 3.17 2.15

F Tests:
P * ** NS **

Zn NS NS * **

PXZn NS ** NS *

LSD

P means .05 .10 .07 .35 .15
.01 .14 .10 .50 .21

Zn means .05 .09 .06 .31 . 13

. 01 .12 . 08 .43 .18
Trt. means . OS . 17 . 12 . 61 . 25

.01 .24 .17 .86 . 36

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 28. Calcium uptake by roots, stems, leaves, and total plants for the bean
experiment.

Treatment Root

Ca uptake (mg/ plant part)

Stem Leaves

Total
Plant

P. 02 Zn0 2. 67 1, 89 10.0 14.5

P.02 Zn. 2 3.36 2.23 13.0 18. 6

P, 02 Zn. 6 3.58 2.39 13.9 22.4

P.10 Zn0 1.15 2.18 13.3 16.6

P.10 Zn. 2 1.95 3.38 23.7 29.0

P.10 Z11, 6 2.05 4.03 2$.8 34.8

PI. 0 Zn0 1.55 3.21 22.0 26.8

P1.0 Zn. 2 1.45 2.92 20.2 24.5

P1.0 Z11. 6 2,03 4.00 27. 7 33.7

P3.0 Zn0 1.79 3.34 22.5 27.6

P3.0 Z.2 1.74 2.58 20.8 25.1

P3.00 Zn 6 2.95 4.87 38.2 46.0

P means
P 02.

3.20 2.17 12.3 18.5

P.10 1.72 3.19 21.9 26.8

P1.0 1.68 3.37 23.3 28.3

P3.0 2.16 3,59 27.1 32.9

Zn means

Z40
1.79 2,65 16.9 21.4

Zn. 2 2.13 2.78 19.4 24.3
Zn 6 2.65 3.82 27.1 34. 2

F Tests:
P ** ** ** **

Zn * ** ** **

PXZn NS ** ** **

LSD

P means .05 .61 .43 2.9 3.5
. 01 .87 .61 4. 1 4.9

Zn means , 05 .53 .38 2.5 3.0
. 01 .75 .53 3.5 4.2

Trt. means .05 1.06 .75 5.0 6.0
.01 1.50 1.05 7.0 8.5

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level,
NS Means not significantly different at the P(. 05) level.
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Appendix Table 29. Calcium concentration in roots, stems, leaves, and total plants for the
potato experiment.

Ca concentration (%)

Treatment Root St em Leaves
Total
Plant

P.02.02 0 .15 1.07 1.10 .72

P.02 Zn. 2 .19 1.17 1.13 .77

P.02 Zn. 6 .16 1.09 1.16 .76

P.. 10 0 .23 1.17 1.83 1.12
P Zn. 10 . 2 . 26 1.28 2.40 1.37

P.10 Zn. 6 30 1.33 1.48 1.06

Pl. 0 Z110 . 38 1.79 2.44 1.71
P

1. 0
Zn

. 2 .36 1.33 2.66 1.62

Pl. 0 Zil 6 24 1.12 1..69 1.14

P3.0 Zn0 .42 1.59 2.59 1.86
P3.0 Zn . 2 .40 1.76 2.40 1.72

P3.0 Zn . 6 .28 1.24 1.96 1.30

P means
P. 02 .17 1.11 1.13 . 75

P, 10 .26 1.26 1.90 1.18

P1.0 .33 1.41 2.26 1.49
P3.0 .37 1.53 2.32 1.62

Zn means

7110
.29 1.40 1.99 1.35

Zn
2

.30 1.38 2.15 1.37

Zn.
.

6 . 24 1.19 1.57 1.06

F Tests:
P ** ** ** **

Zri * ** ** **

PXZn * ** ** **

LSD

P means .05 .OS .15 .13 .07
.01 .06 .22 .19 .10

Zn means .05 .04 . 13 . 12 .06
.01 .O5 .19 .16 .09

Trt. means .05 .08 .27 .23 .12
..01 .11 .37 .32 .17

* Means significantly different at the P(. 05) level.
** Means significantly different at the P (. 01 ) level.



Appendix Table 30. Calcium uptake by roots, stems, leaves, and total plants for the potato
experiment.

Treatment Root

Ca uptake (mg/plant part)

Stem Leaves
Total
Plant

P.02 Zn0 . 8 3.7 9. 6 9.3
P.02 Zn, 2 1.1 4.5 4.8 10.3

P.02 Z.6 .8 3.7 4.9 9.4

P.10 ZnO 2. 1 9.5 19.9 31.4

P. 10 Z. 2 3. 1 13.3 33. 1 49.3

P.10 Zn. 6 3.5 14. 1 20. 1 37.5

P Zn1 0 0 2.8 14.2 31.4 48.4
P Zn1. 0 Z.2 4.4 18.4 49.9 72.7
P Zn1. 0 Z.6 3.2 19.4 37.9 60.5

P3.0 ZnO 2.5 9.0 35.7 47.1

P3.0 Zn 2. 3.7 19.3 42. 2 65. 1

P3.00 Zn. 6 3.6 21. 6 41.5 66. 6

P means
P,02 .9 4.0 4.8 9.6
P,10 2.9 12.3 24.3 39.4
P1.0 3.5 17, 3 39.7 60.5

P3.0 3.3 16.6 39.8 59.6

Zn means
Zn

0
2. 1 9. 1 22.9 34.0

Zn.
2 3. 1 13.8 32. 5 49.3

Zn.
6

2.8 14.7 26.1 43.5

F Tests:
p ** ** ** **

Zn ** ** ** **

PXZn NS ** NS NS

LSD

P means .05 .7 1.8 5. 1 6.9
.01 .9 2.6 7.1 9.7

Zn means .05 .6 1. 6 4.4 6.0
.01 .8 2.2 6.2 8.4

Trt. means .05 1.2 3.2 8.8 12.0
.01 1.6 4.5 12.3 16.9

133

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 31. Magnesium concentration in roots, stems, leaves, and total plants for the
corn experiment.

Treatment Root

Mg concentration (%)

Stem Leaves
Total
Plant

P.02 Zno .17 .35 .26 .23

P.02 Zn. 2 .17 .32 .26 .23
P.02 Zn, 6 .19 .33 .26 .24

P.10 Zn0 .22 .40 .57 .35

P.10.10 .2 .14 .27 .36 .24
P.10 Zn.6 .21 .31 .27 .25

P1.0 Zn0 .32 .34 .47 .37
P1.0 Zn

2. .23 .27 .47 .31
P 1.0 Zn

6 .19 .30 .30 .29

P3.0 Zno .42 .40 .50 .44
P Zn,.2 .19 .25 .40 .28

P3.0 Zn, 6 .18 .26 .30 .25

P means
P.02 .17 .33 .25 .23

P. 10 .19 .32 .40 .28
P 1.0 . 24 .30 .41 .32
P3.0 .26 .30 .40 .32

Zn means

ZnO .28 .37 .44 .35
Zn. 2 .18 .28 .37 .26
Zn.6 .19 .30 . 28 .26

F Tests:
P ** NS ** **

Zn ** ** **

PXZn ** NS ** **

LSD

P means .05 .04 .05 .05 .02
.01 .05 .06 .07 .02

Zn means .05 .03 .04 .04 .01
.01 .05 .06 .06 .02

Trt. means .05 .07 .08 .08 .03
.01 .09 .11 .12 .04

* Means significantly different at the P(.05) level.
** Means significantly different at the P(.01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 32. Magnesium uptake by roots, stems, leaves, and tot al plants for the corn
experiment.

Treatment Root

Mg uptake (mg /plant part)

Stem Leaves
Total
Plant

P.02 Zn0 1.51 1.38 1.95 4.83

P.02 zn. 2 1.57 1.16 1.93 4.65

P.02 Zn. 6 1.92 1.28 2.10 5.30

P.10 Zn0 4.15 3.65 4.57 12.37

P.10 Z.2 3.78 5.13 6.41 15.32
P Zn. 10 6 5.25 3.97 5.87 15.09

Pl. 0 ZnO 9.76 5.58 6.92 17.37
P1.0 Zn, 2 4. 15 6.95 7,72 18.80

P1.0 Zn, 6 3.29 6.51 8.49 19.29

P3.0 Zn 0 4.20 4.54 5.40 14.14

P3.0 Zn 2. 4.04 6.89 9.07 20.00

P3.0 Z.6 4.74 7.54 9.06 21.34

P means
P.02 1.67 1.27 1.99 4.93
P. 10 4.39 4. 25 5. 61 14.26
P1.0 4.10 6, 35 7.68 18.49
P3, 0 4.33 6.32 7.84 18.49

Zn means
Zn0 3.69 3.78 4.71 12.18
Zn.

2
3. 38 5.03 6.21 14.69

Zn. 6 3.80 4.83 6.35 15.25

F Tests:
P ** ** ** **

Zn NS ** ** **

PXZn ** ** NS *

LSD

P means .05 .43 .46 1.17 1,45
. 01 .60 . 65 1.64 2.03

Zn means .05 .37 .40 1.01 1.23
.01 .52 .56 1.42 1.76

Trt, means .05 .75 .80 2.03 2. 51
. 01 1. 05 1.12 2.84 3.52

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 33. Magnesium concentration in roots, sterns, leaves, and total plants for the
bean experiment.

Treatment Root

Mg concentration (%)

Stem Leaves
Total
Plant

P.02 Zn0
.24 .40 .86 .55

P.02 Z11 . 2
.22 .41 .99 .56

ZnP .02 6
.23 .39 ,93 .57

P,10 Zn0 .33 .30 .94 . 66

P.10.10 .2 .36 .28 .84 .60
P .10 Z.6 .36 .27 .78 .57

P1.0
Z110

.37 .30 .85 . 64

P1.0 Zn
2

.39 . 22 .85 .61

P 1.0 Zn. 6
.36 .26 .82 .60

P3 Zn03.0 .39 .31 .91 . 67

ZnP3.0 2
.37 .27 .87 .64

P3.0 _n 6 .46 25 .78 .59

P means
P

02
.23 .40 .93 .56

P.10 .35 .28 .85 .61

P1.0 .35 .26 .84 .61

P .63
3.0

.41 .27 .85

Zn means
Zn0 .33 .33 .89 .63

Z11.2
.32 .30 .88 .60

Zn . 6
.35 .29 .83 .58

F Tests:
P ** ** NS **

Zn NS NS NS *

PXZn NS NS NS NS

LSD

P means .0S .04 .04 .13 .03

.01 .06 .05 .18 .04

Zn means . 05 . 04 .03 .11 .03

.01 .05 .04 .16 .04

Trt. means .05 .07 .06 .22 .0$

.01 .10 .09 .31 .08

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(. 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 34. Magnesium uptake by roots, stems, leaves, and total plants for the bean

experiment.

Treatment Root

Mg uptake (mg/plant part)

Stem Leaves
Total
Plant

P.02 Zn0 .87 .55 3.55 4.97

P.02 al. 2 1.08 .63 4.20 5.91

P.02 Zn. 6 1.08 .63 4. 30 6.47

P.10 Zn0 .75 63 5 . 10 6.48

P.10
Zn 2.

1.21 .84 6.15 8.20

P.10 Zn. 6 1.31 .96 6.95 9.22

PL 0 Zn0 .91 .83 6.25 7.99
ZnP1 0 2

.82 .55 5.80 7.16

Pl. 0 Zn. 6 1.08 .93 7.25 9.26

P3.0 ZnO 1.07 .81 6.30 8,17

P3.0 Zn. 2
.92 .64 5.80 7.35

P3. 0 Zn 6 1.91 1.19 8.85 11.95

P means

P. 02 1.01 .60 4.02 5.78
P.10 .89 .81 6.07 7.96
P1.0 .94 .77 6.43 8.14

P3.0 1.30 .88 6.98 9.16

Zn means
Zn0 .90 .70 5.30 6.90

Zn 2
1.00 .66 5.49 7.15

.

Zn. 6 1.35 .93 6.84 9.23

F Tests:
P NS ** ** **

Zn ** ** **

PXZn NS ** * *

LSD

P means .05 . 27 . 10 .61 .91

.01 .38 .14 .86 1.28

Zn means .05 .24 .09 .53 .79

.01 .33 .12 .74 1.11

Trt. means .05 .47 .17 1.06 1.57

. 01 .66 .25 1.49 2, 22

* Means significantly different at the P( . OS) level.
** Means significantly different at the P( . 01) level.
NS Means not significantly different at the P(. 05) level.
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Appendix Table 35. Magnesium concentration in roots, stems, leaves, and total plants for the
potato experiment.

Treatment Root

Mg concentration (%)

Stem Leaves
Total
Plant

P.02 Zn
0 .53 .69 1.05 .75

P.02 Zn
2 .49 .68 .99 .70

P.02 Zn . 6 .51 .64 1.07 .74

P.10 Zn0 .49 .89 1.20 .88
P.10 Zn. 2 .48 .73 1.26 .85
P.10 Zn.6 .S9 .59 1.07 .77

P 1.0 Zn0 .66 .78 1.25 .96
ZnP1.0 2 .47 .66 1.25 .86

P1.0 Zn . 6 .37 .40 1.01 .65

P3.0 Zno .64 .57 1.21 .93
P2.0 Zn. 2 . 60 .64 1.19 .88
P3.0 Z.6 .47 .42 .98 . 66

P means
P 02 .51 .67 1.03 .73
P.10 .52 .73 1.18 .83
P
I. 0 .50 .61 1.17 .82

P3.0 .57 .54 1.12 .82

Zn means
Zn0 .58 .73 1.18 .88
Zn 2 .51 .68 1.17 .82
Zn. 6 .48 .51 1.03 . 70

F Tests:
P * ** * **

Zn ** ** ** **
PXZn ** ** NS **

LSD

P means .05 .05 .06 .10 .05
.01 .07 .08 .14 .06

Zn means .05 .04 .05 .09 .04
.01 .06 .07 .13 .05

Trt. means .05 .09 .10 .18 .08
.01 .12 .14 .25 .11

* Means significantly different at the P(. 05) level.
** Means significantly different at the P(.01) level.
NS Means not significantly different at the P( . 05) level.
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Appendix Table 36. Magnesium uptake by roots, stems, leaves, and total plants for the potato
experiment.

Treatment Root

Mg uptake (mg/pi ant part)

Stem Leaves
Total
Plant

P.02 Zn0 2.7 2.4 4. 6 9.7
P.02 Zn. 2 2.6 2.6 4.2 9.4
P.02 Zn. 6 2.5 2.2 4. 6 9.2

P.10 Zn0 4.6 7.2 12.7 24.4

P.10 Z.2 5.7 7.5 17.4 30.6
P.10 Zn. 6 6.8 6.2 14.5 27.5

P1.0 Zn0 4.9 6.2 16.1 27.2
P1.0 Z.2 5.8 9.1 23.5 38.4
P1.0 Z. 6 4.8 7.0 22.7 34.5

P3.0 Zn 0 3.8 3.2 16.6 23.5
P3 0 Zn 2 5.6 7.0 21.0 33.5

P3.0 Zn. 6 6. 1 7.2 20.8 34.0

P means
P.02 2.6 2.4 4.4 9.4
P

10 5.7 6.9 14.8 27.5

P1.0 5.2 7.4 20.8 33.3
P3 0 5.1 5.8 19.4 30.3

Zn means
Zn

0 4.0 4.7 x.2.5 21.2
Zn 2 4.9 6.6 16.5 27.9.
Zn . 6 5.0 5.6 15.6 26, 3

F Tests:
** ** ** **

Zn ** ** **

PXZn NS NS NS

LSD

P means .05 .9 1.1 2, 6 3.9
.01 1. 2 1. 5 3.6 5.5

Zn means . 05 .8 .9 2.2 3.4
.01 1.1 1.3 3.1 4.7

Trt. means .05 1.5 1.9 4.5 6.8
.01 2.1 2.6 6.3 9.5

* Means significantly different at the P( . 05) level.
** Means significantly different at the P( . 01) level.
NS Means not significantly different at the P(. 05) level.


