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INTRODUCTION
Manganese is perhaps the most labile micronutrient in soil.
The concentration of Mn in the soil solution responds markedly to
changes in pH, oxidation-reduction potential, and

co~plexing

agents.

Although soils may contain similar total amounts of lIn, plants may
be affected by Mn toxicity under one set of conditions and by Mn
deficiency under another set of conditions.
In Virginia, Mn toxicities have been reported in the Appalachian
and Piedmont regions.

These toxic situations have been most pre-

valent in corn (Zea mays L.) and tobacco (Nicotiana tabacum L.) plants
and are almost always associated with strongly acid soil conditions.
Manganese deficiency has been reported in soybean (Glycine max L.)
and peanut (Arachis hypogaea L.) plants in the Coastal Plain region
of Virginia.

The condition has generally been associated with

poorly drained soils that are slightly acid or neutral in reaction.
Basic information is lacking on Mn for Virginia soils.

Total

Mn contents of soils in the three physiographic regions of Virginia

as well as the changes in total Mn with drainage have not been investigated.

Rates and methods of Mn application have not been .estab-

lished for correcting Mn deficiency.

The research reported herein

was undertaken to provide basic information on soil Mn and to determine rates and methods of Mn application to correct Mn deficiency
of soybeans.

1

2

The objectives of the present investigation were as follows:
1.

To measure the distribution of Mn in selected soils of
the three physiographic regions of Virginia.

2., To determine the chemical bonding state of Mn adsorbed
by clay minerals.
3.

To evaluate various rates and methods of Mn application
to correct Mn deficiency of soybeans.

4.

To evaluate selected Mn soil test procedures for detecting
changes in soil Mn produced by Mn fertilization.

LITERATURE REVIEW
Functions of Mn in Plants
Possingham and Spencer (1962) demonstrated that tin is a normal
constituent of tomato chloroplasts.

The Hill reaction activity or

02 evolving capacity of isolated tomato chloroplasts was shown to be
proportional to both the level of tin supplied in an external nutrient
solution and to the Mn content of the isolated chloroplasts.

Re-

search by Hormann (1967) indicated that higher plants respond to Hn
deficiency either by adjusting the number of chloroplasts per cell
to the amount of Hn present, or by forming disorganized chloroplasts
with low chlorophyll content.

He observed that both types of

responses produced chlorotic plants which had either a few photosynthetically active or many disabled chloroplasts.

It was also

noted that photosystem II mediated photophosphorylation was more
sensitive to Mn deficiency than the photosystem I dependent photo-

+
reduction of NADP.

In the same area of research, Rabinowitch and

Govindjee (1969) demonstrated that Mn is associated with the operation of photosystem II.

In their experiment, they separated chloro-

plasts into "light" and "heavy" fractions by centrifuging.

The

"heavy" fraction of chloroplasts preferentially performed light
reaction II while the "lightlf fraction sensitized light reaction I.
The "heavy" fraction was found to contain a higher tin concentration
than the "light" fraction.

Also, the authors r.eported that Hn

deficiency did not affect the chloroplast sensitized photoreduction
of NADP+ by reduced dichlorophenol indophenol, a reaction apparently

3
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involving only photosystem I.

Manganese deficiency did stop the

complete Hill reaction which seems to require the operation of both
photosystems.

Cheniae and Martin

(1~70)

have reported that Mn is

involved in photqsynthesis and have advanced a hypothesis of two Mn
catalysts in chloroplasts, one more intimately associated with 02
evolution and one associated with the photochemical center of
photosystem II.

However~

Cheniae (1970) pointed out that the pre-

sumed Mn catalysts have not been isolated, and that it has not been
possible to restore 02 evolution activity by the addition of extracted Mn containing factors.
A second area of Mn involvement in the chloroplast is concerned
with structural changes due to Mn deficiency.

Possingham, Vesk,

and Mercer (1964) in a study of the fine structure of Mn deficient
spinach leaves observed that cells formed under severe Mn deficiency
invariably contained chloroplasts with fewer but enlarged grana and
virtually no intergrana connections.

Under conditions of slight

deficiency, the intergrana membranes were poorly developed while
the grana were essentially normal, indicating that the intergrana
membranes were more sensitive to Mn deficiency than the grana.
Another intensive study of the structure of normal and Mn deficient
cells was performed by Teichler-Zallen (1969).

Utilizing a unicel-

lular green algae, Chlamydomona reinhardi, as the test plant, she
reported that Mn deficient cells were smaller than normal cells and
that there was a tendency for the thylakoids not to form stacks or
grana.

In Mn deficient cells which were supplied Mn, the thylakoids
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were associated into stacks and very few regions of disorganization
were apparent.

The author postulated that Mn may be performing a

structural role in permitting photosystem II activity by promoting
the proper association of thylakoids into stacks.

The contradictory

reports of Possingham et ala (1964) and Teichler-Za11en (1969) indicate the possibility that differences exist between higher plants
and single cell organisms in their response to Mn deficiency.
Epstein (1972) reports that Mn can often substitute for magnesium as an activator of phosphate-transferring enzymes.

Specifical-

ly, Mn is an activator of isocitrate dehydrogenase which operates
in the TCA cycle to oxidize and decarboxylate isocitrate to a
ketoglutarate (Sallach, 1972).

Manganese also activates phosphoenol-

pyruvate carboxy1kinase which is involved in the transformation of
oxaloacetate to phosphoenolpyruvate.

Acetyl Co A carboxylase which

is involved with malonyl Co A formation in the beginning of fatty
acid synthesis, and arginase which breaks-dm-ln arginine to ornithine
and urea are specifically activated by Hn.
Chemis try of Mn
The basic chemical properties of Mn and Mn compounds are
reviewed in the following sections to provide an understanding of
Mn in plant and soil systems.
Properties of Mn
Manganese metal is grey-white in appearance and resembles Fe
but differs from Fe in being harder and more brittle (Sneed, 1926,
Remy, 1956).

Four allotropic forms of Mn have been shown to exist

6

and are designated as alpha, beta, gamma, and delta (Cooper and
Winter, 1961).

Alpha- and beta-Mn are hard, brittle metals which

will scratch glass while the gannna-Hn is flexible and soft and
changes to the alpha form at room temperatures.
exists only at high temperatures.

The delta form

Metallic Mn reacts slowly with

water to give Mn(OH)2 and H2 (Cooper and Winter, 1961).

The metal

reacts readily with dilute mineral acids to form the corresponding
Mn

2+

salts and H2 (Sneed, 1926) Remy, 1956).

Reaction of metallic

Mn with alkali hydroxides results in the formation of Mn(OH) 2 which
is converted to the insoluble Mn0

2

when exposed to atmospheric

oxygen (Cooper and Winter, 1961).
Manganese exhibits oxidation states of +1, +2, +3, +4, +5, +6)
and +7 with the most important compounds being derived from the +2
+4 and +7 states (Remy, 1956).

The valence states of +1, +3, +5,

and +6 are possible but are unstable.

The basic character of Hn

hydroxides diminishes, and their acidic character increases as the
positive charge on the atom increases.

Remy (1956) states that as

a rule, Mn forms compounds of normal composition only with elements
of strongly electronegative character.
Manganese Compounds
Manganous compounds include MnO and its derivatives (Sneed)
1926).

Manganous oxide in a finely.divided state is readily oxi-

dized but it resists reduction and is practically insoluble in
water (Remy, 1956).

Manganese hydroxide is precipitated when Mn

salt solutions are treated with alkali hydroxides.

It is

7

incompletely precipitated by NH3 ana may not be precipitated at
all in the presence of NH4 + due to the concentration of hydroxyl
ions b

product (K =[Mn
sp
2
In addition, the concentration of Mn + ions is

small in relation to the solub

[OH-]2~lO-12)"

2+

]

significantly reduced through complex formation vlith NH •
3

Manganous salts are derived from MnO by replacing the oxygen
by acid radicals (Remy, 1956).

The salts are mostly pale pink in

color as are their concentrated aqueous solutions which contain the

Mn

2+ .

lon.

Divalent manganese salts are quite stable in the dry

state and also in solutions containing excess acid.

In alkaline

solution, Mn(OH)2 is formed and has a strong tendency to become
oxidized up to Mn0 -2H 0 which is extremely insoluble.
2
2

Also, Mn

2+

salts exhibit a catalytic action on the progress of many oxidations,
especially those involving atmospheric oxygen (Remy, 1956).
Mn

2+

Common

salts are soluble in water, especially the chloride, nitrate,

sulfate, acetate, and thiocyanate (Cooper and Hinter, 1961, Remy,
1956).

The sulfide, phosphate, and carbonate are sparingly soluble

in water.
Manganese dioxide is grey to grey-black in color, both in its
naturally occurring forms and when prepared artifically in the
anhydrous state.

Manganese dioxide dihydrate is formed as a brown

or sometimes blackish

2
itate by the oxidation of Mn + salts or

by the reduction of permanganates in alkaline solution (Remy, 1956).
Manganese dioxide dihydrate is much more reactive than the anhydrous
grey Mn02"

Alkali hydroxides and other bases are not merely

8

adsorbed by MnOZ-ZHZO but are bound'chemically.

The great stability

of HnOZ-ZHZO which is shown in that it occurs naturally in such large
amounts as

pyrolusite~

Compounds of Mn

is due in part to its extremely low solubility.

4+ are not stable in solution.

In acid solutions

they have a strong tendency to undergo reduction, although they can
be oxidized to perrnanganates by powerful oxidants (Remy, 1956).
Heptavalent Mn compounds are limited to perrnanganic acid,
HMn 0 , its anhydride, Mn 0 , and its salts, M(Mn0 ) (Cooper and
4 4
Z 7
4
Hinter, 1961).

The free acid is quite stable in solution, but if

concentrated beyond about ZO% it begins to decompose.
are prepared by oxidation of Hn

Z+

salts or HnO '
Z

Perrnanganates

The perrnanganates

are important in basic chemistry as they are powerful oxidizing
agents.
Geochemistry of Hn
The average concentration of Mn in the earth's crust is 1,000
ppm (Mitchell, 1964).

Within igneous rocks, granites contain

approximately 400 ppm while basalt averages 1500 ppm (Krauskopf,
1972).

The concentration of Mn in sedimentary rocks ranges from an

average of 1,100 ppm in limestone to 850 ppm in shale and from 10 to
100 ppm in sandstone.
to 3,000 ppm.

In soils, total Mn is found to range from ZO

Common minerals containing significant amounts of Mn

include pyrolusite (MnO )' hausmannite (Mn 0 ), manganite (MnOOH),
3 4
Z
braunite «Mn,Si)203)' and psilomelane, (BaMn(II) Mn(IV)80l6(OH)4)
(Krauskopf, 197Z).

Other minerals containing Nn as a trace

9

constituent include olivine, hornblende, augite, biotite, and garnet
(Mitchell, 1964).
Manganese in rock minerals is brought into solution by weathering processes, such as acid leaching, oxidation-reduction reactions,
and extraction with chelating agents (Ehrlich, 1972).

In solution,

Mn may be subject to redeposition through formation of carbonates,
silicates, or sulfides under appropriate conditions.

Sediments

containing .Mn may be changed into sedimentary rocks by lithification,
and since both sediments and rocks are subject to weathering, a
cycle can be continually repeated.

However, the fate of Mn weathered

from igneous rocks can be predicted under two general sets of conditions.

.
2+
In dilute solutions that remain reduclng, Mn
is stable up

to pH 7 and at higher pH values its behavior parallels that of Fe
except that its compounds are more soluble and that it forms no stable
sulfide minerals (Krauskopf, 1972).

Under oxidizing conditions, one

or more of a large number of the oxides may be formed
the particular conditions.

on

Generally, the stable product of com-

p1ete oxidation is pyrolusite, oxidation takes place at lower redox
potentials in alkaline solutions than in acid, and oxidation of Mn
require higher potentials than oxidation of Fe.
With respect to soils, neither total nor exchangeable Mn shows
much correlation with bedrock compositions (Krauskopf, 1972).

Evi-

dent1y, the metal is sufficiently mobile in soils that the original
differences from place to place are largely obliterated.

10

Factors Affecting Soil Mn
Many factors are known to affect Mn in soil systems.

However,

when the soil systems are carefully observed, three major factors
appear to influence and control the various forms of Mn in the soil.
The three factors are soil pH, organic matter, and the oxidationreduction status of the soil system.
Soil pH
Soil pH is one of the primary factors influencing soil Mn.
Leeper (1947) reported that Mn deficient soils generally have pH
values of 6.5 or greater.

Randall and Schulte (1971) reported the

same situation in Wisconsin soils.

Hemstock and Low (1953), working

with clay suspensions, concluded that the retention of }1n by clays
was a function of pH and that Mn would be retained by the clay when
the pH of the suspension was 6.3 or higher.
Christensen, Toth and Bear (1950) noted that the addition of
calcium carbonate to a soil system resulted in large reductions in
exchangeable Mn.

A change in pH from 4.6 to 6.5 decreased the ex-

changeable Mn 20 fold.

At higher pH values, the authors noted that

exchangeable Mn decreased with time indicat
initial effect on the Mn in the system.

more than just an

The same trend has been

noted by other researchers (Sanchez and Kamprath, 1959, Romney and
Toth, 1953).

Experiments in the laboratory by

a decrease in water. soluble Mn with a rise in
shown at eight field locations by Page

(1962) showed
The same trend was

ale (1962).

Gotoh and

11

Patrick (1972) under waterlogged conditions reported that soluble
and exchangeable Mn increased with decreases in pH.
The Hn content of plant tissue has often been used as an indicator of the effect of liming and subsequent raising of pH values
on the amount of plant available Mn.

Rich (1956) reported a highly

significant correlation coefficient of -0.527 between pH and 10g

l0

Mn content of peanut tissue from a sampling of 101 fields in the
Coastal Plain of Virginia.

The soils contained low amounts of

exchangeable and easily reducible Mn.

A similar relationship has

been reported with soils containing high amounts of Mn.

Fujimoto

and Sherman (1948) reported large decreases in the Mn content of
cowpea (Vigna sinensis L.) tissue on soils containing 1 to 4% Mn.
Reductions in Mn content from 1110 ppm to 665 ppm \"ere obtained with
an initial 560 kg/ha application of lime.

Further decreases were

obtained with lime increments to 17.9 metric tons/ha.

Other workers

have shown that liming generally reduces Hn toxicity in various
crops (White, 1970, York, 1954).

It has also been shown and generally

accepted that on soils producing Mn deficient plants, crop yields
can be increased by lowering the soil pH, thus increasing the plant
available Mn (Garey and Barber,

1952~

Sherman, McHargue, and Hodgkiss,

1942, Conner, 1932).
Organic Matter
Heintze and Hann (1947) reported that Mn

2+

forms complexes with

polycarboxylic and hydroxycarboxylic acids as well as pyrophosphoric
acid which are soluble over a wide pH range.

The researchers

12

postulated that the complexes may be important in maintaining Mn
in an available form in soils.

From further studies, Heintzeand

1'1ann (1949) concluded that Mn deficiency, ;.vhich occurs on neutral
and alkaline soils of high organic matter content and adequate total
Mn content, results from the formation of complexes of divalent Mn
with organic matter.
Hemstock and Low (1953) performed various experiments to demonstrate that Mn was complexed and retained by organic matter.

Ex-

traction of a Maumee soil with solutions of Cu salts yielded Hn
that was not removed by I! CH COONH .
3
4

Since Cu forms more stable

chelate complexes than }in, the extraction of Mn by Cu salts was
evidence that Mn was retained by organic matter.

This research was

supported by experiments conducted by Beckwith (1955), which showed
that during short reaction periods of 1 to 2 hours, Cu did not
significantly increase oxidation of organic matter but did replace
Mn complexed by organic matter.

An experiment with two soils indi-

cated that the amount of eu adsorbed was in direct proportion to the
amount of Mn displaced.

Further experiments by Heintze (1957) led

to his report that complexed Mn constituted 10 to 20% of the total
Mn content of alkaline organic soils.

Geering, Hodgson, and Sando

2
(1969) found that 84 to 99% of Mn + in soil solutions was in a
complexed state.
Oxidation-reduction
Gerretsen (1937) observed that Mn oxides were precipitated in
culture medium by bacteria.

Precipitation occurred between pH 6.5

13

and 7.8 with a maximum rate occurring at pH 7.0.

He also reported

that the Mn oxides dissolved when the pH of the culture medium became more acid due to the accumulation of the metabolic products of
the microorganisms.

Gerretsen concluded that

microorganis~s

play

an important role in the oxidation of Mn especially in the area of
the root where easily decomposable organic matter is available.
Quastel (1955) concluded that Mn oxidation from pH 6.0 to 7.9 is
almost entirely accomplished by microorganisms, based on the following experimental evidence:
a.

The rate of oxidation at 20 C follows a logarithmic or
autocatalytic curve, characteristic of biological systems.

b.

The rate of oxidation in soil is optimum at a specific
concentration of manganous ions, above which it decreases.

c.

Heating the soil at 100 C for short periods of time prevents the oxidation of added manganese.

d.

The presence of a number of biological poisons, such as
sodium azide, inhibits the oxidation of manganese.

Research in California with precipitation of Mn oxides in tile
drains indicated that microorganisms were intimately associated with
the Mn oxides collected from the tile lines (Meek, Page, and Martin,

1973).

In the same research, the percent 02 in the system when

varied from 1 to 21% did not affect the oxidation rate of Mn.
oxygen resulted in increases of Mn2+ in the system.

Zero

Soluble organic

carbon and total salt content had no significant effects on Mn oxi·
d a t lone

Th e presence

0

fmlcroorgan1sms
'
.
capab 1 e 0 f

OX1. d"1z1ng Mn 2+
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was seen as the most important factor controlling oxidation of
Mn.
Additions of large amounts of organic matter have been shown
to increase exchangeable Mn.

Fujimoto and Sherman (1948) reported

increases in exchangeable Mn in Hawaiian soils from applications
of organic matter in the form of sugar and pineapple and sugar cane
leaves.

These researchers postulated that biological oxidation of

organic matter containing large amounts of easily oxidizable substances, such as starch and sugar, proceeds so rapidly that the soil
air cannot supply 02 in adequate amounts.

The bacteria then utilize

the higher oxides of Mn as an 02 source with resulting increases in
exchangeable Mn.

Christensen, Toth, and Bear (1950) supported the

previous work with the report that the addition of sugar increased
the exchangeable Mn content of the soil in proportion to the amount
of sugar added to the system.
Sulfur applications have brought about the reduction of Mn
oxides in soils.

Sulfur applications to Hawaiian soils high in

total Mn increased exchangeable Mn greatly and produced Mn toxicity
in cowpeas (Fujimoto and Sherman, 1948).

The effect 'of sulfur

applications was the same as that produced by reducing agents such
as hydroquinone and stannous chloride.

Tisdale and Bertramson (1949)

obtained increases in exchangeable Mn in soil and Mn content of
soybeans from sulfur applications.

They presented the following

equation as an explanation of the effect of sulfur on soil Mn.
3 Mn0

2

+ 4H+ + S (

) 3 Mn

2+

+ S04

+ 2H 0
2

15

Garey and Barber (1952) reported yield increases of soybeans from
increased Mn availability brought about by the application ofS.
Their experiment included Na S 0 as well as elemental S in order
2 2 3
to provide a S treatment what would not reduce the soil pH.
Na S 0 and elemental S treatments produced comparable
2 2 3
creases in soybeans s thus support
can be reduced in a redox system with

The
d in-

the contention that Mn oxides

s.

The oxidation-reduction status of the soil has considerable
influence on the forms of Mn present in it.

In all research re-

viewed, the water-soluble and exchangeable Mn fractions of soil Mn
increased under reducing conditions and decreased with oxidizing conditions.

The major disagreement is concerned with the mechan-

ism of Mn reduction.
chemical.

It has been shown to be either microbial or

It probably is a process involving both types of reac-

tions, and the type predominating depends on the particular soil
system.
Manganese Equilibria in Soils
A hypothesis to describe the equilibria of soil Mn was advanced by Leeper in 1935 and was diagrammed as follows:
water soluble
exchangeable
colloidal
mineral
inert
Mn - .....
-----1
.......... M n - - -......- Mn0
...... Mn0 -:::;t:::::.. oxides
2
2
He stated that the equilibrium was controlled by soil acidity as
well as by the oxidation-reduction potential in soil.
posed that the colloidal Mn0

2

pro-

served as a reserve of available soil
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Mn for the plant and became available as reducing substances excreted
by the roots attacked the easily reducible oxide.
Dion and Mann (1946) reported that some soils have large pro3
portions of their total Mn in the Mn + form.

They described the

Mn cycle or equilibrium as shown in the following diagram.

...

Exchangeable Mn =~======A=U=t=o=x=i=d=a=t=i=o=n======~~~Mn02
(Mn 2+)
Reduction
(Mn 4+)

Oxidation

Dismutation

Mn 2 0

3

• xH 0
2

(Mn 3+)
3
They proposed that the stability of the Mn + is inversely proportional to the acidity of the medium.

The dismutation reaction was

reported to be similar to the following reaction.

2
The authors indicated that the autoxidation of Mn + would be significant only at pH values above eight.

It was also reported that

2
3
oxidation of Mn + resulted in the production on Mn + in less alkaline soils.
A third Mn equilibrium in soils was proposed by Fujimoto and
Sherman (1948) and is represented by the diagram below:
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Mn02

~i================R=~e=d=u=c=t=l='o=n==============~~ HnO
Oxidation

(MnO)x (Mn~2)Y (H 20)z

Dehydration

t

YMnO~ ~ ~ xMnO
zH 0

2

The two major processes influencing soil Mn according to the diagram are the oxidation-reduction
tion of the Mn oxide.

process~

and the hydration-dehydra-

The hydrated oxide is thought to be stable

when moisture is present and temperature is low.

When the tempera-

ture rises and the soil becomes drYt the oxide is predicted to
break into its component parts with the MnO being adsorbed by plant
roots.
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The latest presentation of Mn equilibria in soils has been
1

made by Hammes.

The proposed Mn cycle includes concepts pre-

viously presented as well as addition of the microbial influence on
soil l-ln.

The cycle is shown below.

Amorphorus Mn oxides \
Aging
Exchange Mn

Crystalline Mn oxides

Oxidation

Reduction
Reduction

Water soluble Mn
Mn 2+

wetting~HChemical
release

MiCrObial}
release

I

microbial
fixation

drying

Organic Mn
Mn

1

Hammes, J. K.

1960.

2+

complex

Hanganese availability and fixation in soils

and correction of deficiency in field crops.
University of Wisconsin, Madison.

Ph.D. Thesis,
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system~

In the proposed

oxidation is favored at pH > 6.5 and reduc-

tion is favored at pH < 6.0.

The author also argued that with

moisture contents below field capacity, both microbial fixation and
release are aerobic reactions.
Correction of Mn *Deficiencies In Plants

'-"

Various materials applied at widely varying rates have been
used in attempts to correct Mn deficiency in both field and
vegetable crops.
treatments.

Methods of application include soil and foliar

Soil applications of Mn have been either broadcast or

banded with and without other fertilizer materials.
Sources of Mn
According to Murphy and Walsh (1972), MnS0

4

is the most com-

monly used source of Mn for the correction of Mn deficiencies in
plants.

Manganese sulfate is quite soluble and can be applied as

either a soil or foliar treatment.

Che1ated forms of Mn have been

used successfully as foliar applications but do not seem to be effective as soil treatments.

The slightly water-soluble MnO has

been used both as a foliar and a soil treatment with varying degrees
of success.

Other sources less widely used include

MnC03~

Mn0 ,
2

and Mn frits.
Soil Treatments
Steckel (1947) reported a soybean yield increase of 10.7 hl/ha
due to the band application of 12.5 kg/ha of Mn on a Haumee loam
soil in Indiana using MnS0

4

as the source of Mn.

Oat (Avena sativa

L.) yields in Wisconsin (Hammes and Berger, 1960) were increased
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with the band application at planting time of a complete (N,P,K)
fertilizer and 9.0 kg Mn/ha as MnS0 •
4

An acid forming fertilizer

was found to be more effective in increasing uptake and yields than
was a neutral fertilizer material.

Broadcast applications of 12.8

kg Mn/ha with complete fertilizers did not produce yield responses.
Two sources of manganese, MnO and MnS0 , were compared for
4
correction of Mn deficiency of soybeans on a Hoytville clay loam in
Ohio (Mederski, Hoff, and Wilson, 1960).

The sources were banded

with complete fertilizers at a rate of 6.7 kg Mn/ha.
co.rrected visual Mn deficiency symptoms with the MnS0

Both sources
4

treatments

yielding tissue with a higher Mn content regardless of the fertilizer with which it was applied.

Anderson and Boswell (1968) ob-

tained maximum cotton yields with sidedress application of 2.2
Mn/ha as MnS0 "
4

No deficiency symptoms were evident

the Mn

applications produced significant yield increases in cotton.

Defi-

ciency symptoms of soybeans growing on a Leon fine sand in Florida
were corrected with the application of MnS0

4

at the rate of 44.8

kg Mn/ha band placed on the surface beside the row (Robertson and
Thompson, 1969).
hl/ha.

The treatment produced a yield increase of 11.1

However, the highest yield was only 17.4 h1/ha indicating

that plants were probably suffering from other stresses in addition
to Mn deficiency.

In a later study, Robertson, Thompson, and Martin

(1973) obtained significant soybean yield increases with 56 kg Mn/ha
banded beside the row using MnS0

4

as the source.
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Batey (1971) reported that broadcast applications of 250 and
500 kg Mn/ha as MnS0

4

produced only slight reductions in the visual

deficiency symptoms of vegetable crops grown on ten alkaline Fen
soils.

Wilcox and Cantliffe (1969) working with tomato plants on a

Maumee fine sandy loam in the greenhouse, reported that band placed
MnS0

4

supplying 22.4 kg Mn/ha in contact with the seed decreased

growth and produced tissue containing 775 ppm Mn.

A similar experi-

ment using MnEDTA as a source of Mn completely killed the plants.
Soil treatments for correction of Mn deficiency on organic
soils have received considerable attention in Michigan and Florida.
Knezek and Greinert (1971) reported severe depression in growth of
navy beans (Phaseolus vulgaris) on a Houghton muck soil in the
greenhouse when 44.8 kg Mn/ha in the form of MnEDTA were applied
to the soil.

The authors indicated that the depression in growth

was due to replacement of Mn in the MnEDTA molecule by Fe held in
the organic fraction with a subsequent decrease in Mn uptake and
increase in Fe uptake.

In the same experiment significant growth

and Mn uptake increases were reported for Mn applications using
MnS0

4

as the source.

Lime induced Mn deficiency in greenhouse grown

vegetables was corrected with the broadcast application of 44.8 kg
Mn/ha from MnS0

4

(Rumpel, Ellis, and Davis, 1967).

utilized in the study was a Houghton muck at pH 7.5.

The soil
Further

studies by Rumpel et al. (1967) in both the field and the greenhouse
led to the following findings.

In the greenhouse research, 44.8 kg

Mn/ha from either MnO or MnS0

produced the highest yields of kidney

4
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beans.

The materials were banded 2:2 cm below the seed.

In field

studies with soybeans, 1.1 kg Mn/ha t as MnEDTA banded with an acid
complete fertilizer, had no effect on

ds.

However, when banded

with slightly acidic and neutral complete fertilizers, yields were
decreased by 11.3 hl/ha and 20.9 hl/ha, respectively.

Highest

yields, 28.1 hl/ha, were obtained with 8.7 kg Mn/ha as MnS0
with an intermediate acidity fertilizer.

4

banded

Slightly lower yields,

25.6 hl/ha, were obtained where 8.7 kg Mn/ha of MnO was banded with
an intermediate acidity fertilizer.

No significant effects were

noted on onion (Allium cepa L.) yields with Mn treatments except
for a 137.5 hl/ha decrease when MnEDTA was banded with neutral
fertilizer at a rate of 1.1 kg Mn/ha.

Fiskell and Mourkedes (1955)

obtained increased growth of tomato plants with applications of
26.9 kg Mn/ha from MnS0

4

and 53.8 kg Mn/ha from Mn02"

Soil treatments for the correction of Mn deficiency have not
always involved Mn application.

Sherman and Harmer (1941) reported

that Mn deficiency of oats could be corrected on alkaline organic
soils by the application of sufficient quantities of sulfur to
lower the soil pH somewhat below 7.0.

and Barber (1952)

applied sulfur at the rate of 860 kg/ha and obtained s-ignificant
yield increases of soybeans even though plants still showed visual
deficiency symptoms.

The study indicates that reduction of Mn by

oxidation of sulfur as well as the reduction of pH are important
factors in making Mn more available for plant uptake.
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Foliar Treatments
Yield increases of 14.0 hl/ha of soybeans were obtained by
Steckel (1947) with a spray application of 2.5 kg Mn/ha as MnS0 .
4
On oat fields in ·Wisconsin, Hammes and Berger (1960) obtained yield
increases up to 20.0 hl/ha from one spraying with 1.7 kg Mn/ha as
MnS0 •
4

Cox (1968) found no difference in response to equal rates

of Mn supplied by either MnO or MnS0

4

in foliar treatments.

Maxi-

mum yield responses occurred at a rate of 2.2 kg Mn/ha applied in 3
separate applications.

Robert and Thompson (1969), also working

with soybeans, reported that foliar application of 0.7 kg Mn/ha,
using a Mn chelate material, improved yields but not to the extent
that was obtained with higher soil applications of Hn.

Based on

work in England, Batey (1971) recommended foliar application of Hn
at 1.8 to 2.9 kg Hn/ha using HnS0 .
4

He stated that two to three

applications could possibly be needed at tivO to three week intervals in cases of severe deficiency.
In field studies on an organic soil, Rumpel

~

ala (1967)

obtained significant yield increases from spray applications of 1.1
kg Mn/ha from both MnS0

4

and MnO.

The authors noted that good

coverage with MnO was essential for correction.

Ozaki (1955) con-

ducted extensive studies on sources of Hn for spray applications.
He compared MnS0 , HnEDTA, MnO, Mn0 , and Mn oxysulfate at a rate
4
2
of 0.7 kg Mn/ha.

The HnS0

of snapbeans and peas.

4

treatment produced the highest yields

Some initial injury, crinkled leaves, and

necrotic spots were noted after application of HnS0

4

and MnEDTA
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with the MnEDTA injury being the most pronounced.
juries were permanent.

None of the in-

The oxide, oxysulfate, and EDTA forms were

less effective than MnS0

4

in correcting the deficiency but more

effective than the dioxide.
Soil Tests for Plant Available Mn
Various soil tests have been devised to estimate plant available Mn.

Sherman et

a~.

(1942) measured water soluble, exchange-

able, and easily reducible Mn contents of soils in Kentucky by successive extractions of samples with water, I N CH COONH 4t and 1 N
3
CH COONH containing 0.2% hydroquinone.
4
3

On slightly acid to alka-

line soils, the critical level of 25 ppm easily reducible Mn was
established.

For strongly leached soils, less than 25 ppm of ex-

changeable Mn plus easily reducible Mn indicated possible Mn deficiency should the soil be limed.

High water soluble Mn contents

were reported to be good indications of possible Mn toxicity
situations.
The exchangeable Mn and easily reducible Mn soil tests were
used by Rich (1956) to predict the Mn content of peanut plants ,growing in the Coastal Plain region of Virginia.

For 101 locations

sampled, significant correlation coefficients between loglO plant
Mn content and exchangeable and easily reducible Mn were 0.521 and
0.342, respectively.

The investigation indicated that a considerable

increase in the prediction of plant Mn content could be obtained if
other soil factors were included with exchangeable and easily reducible Mn in a regression equation.

He developed the following equation:

25

10g

10

plant Hn=2.2015-0.l907 pH + 0.0171 Eas. Red. Nn + 0.0583 Exch. Nn

+ 0.3347 + 0.0140
Exch. Ca

Exch. Ng

t

where Mn is expressed as ppm, and exch. Ca and Ng are expressed as
meq/100g.
The regression equation accounted for 62% (R
in plant Nn.

2

X 100%) of the variance

It was noted that the amount of variance accounted for

by the regression increased from 44% to 57% with the addition of
exchangeable Ca and to 62% when exchangeable Mg was added to the
relationship.

This was seen as evidence of the importance of Ca and

Mg in the system, independent of pH.
Nine methods of extraction of plant available Mn were compared
for their ability to predict Mn contents of soybeans in Ohio (Hoff
and Mederski, 1958).
in the study.

Deficient and non-deficient soils were included

Extractable Mn utilizing 3 !! NH H P0 and 0.1
4 2 4

correlated best with plant Nn.
and 0.856, respectively.

!

H P0
3 4

Correlation coefficients were 0.889

A critical level of 20 ppm extractable

Mn was established for both tests.
Hammes and Berger (1960) investigated soil lin extraction procedures on neutral to alkaline soils developed from lacustrine
parent material in Wisconsin.

Correlation coefficients between the

Mn content of oats and extractable Mn were 0.658, 0.705, and 0.702

0.2% hydroquinone extraction procedures, respectively.

Critical

levels for the procedures were reported as 20 ppm extractable
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Mn for the two phosphate solutions and 65 ppm extractable Mn for
the 1

!

CH COONH - hydroquinone solution.
4
3

The dilute acid (0.05

!

HCl + 0.025

~

H S0 ) soil test proZ 4

cedure was investigated by Cox (1968) in the Coastal Plain area of
North Carolina.

He developed the following yield response pre~y

diction equation for soybeans:
~y

= yield

response in kg/ha, Xl

extractable Mn.

=

=

500 Xl - l15X

soil pH, and X
2

Z

- Z,405, where

=

dilute acid

The equation accounted for 84% of the variance

in yield response data.

The critical level of dilute acid extract-

able Mn was reported to vary with pH.
Perhaps the most diverse study of soil tests for plant available Hn was conducted by Browman, Chesters, and Pionke (1969).
Sixty-three soil samples from lZ states were utilized in a greenhouse experiment to compare the ability of eight soil Hn extraction
procedures to predict Hn uptake by corn (Zea
extracting solutions alone, 0.1

!

~ays,

L.).

Considering

H P0 and 0.01 M EDTA in 1 M
3 4

(NH )ZC0 were superior to other solutions in predicting Mn uptake.
4
3
However, the best prediction of Hn uptake was obtained with a combi-

!

nation of 1
tion.

CH COONH extractable Hn and pH in a regression equa3
4

The regression equation, given below, accounted for 52.9% of

the variance in Mn uptake:
where Xl = 1

!

Mn uptake = 3.34 + 0.048 Xl - 0.40 X2t

CH COONH extractable Mn, and X = pH.
2
3
4

This study

differs from many others in that the correlations were developed
only on the basis of Mn uptake from soils which had received no Mn
applications.
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Six procedures were compared by Shuman and Anderson (1974)
for their ability to predict the Mn content of wheat and soybeans
growing on eight soils in the greenhouse.

No increase in yields

was obtained by Mn application and no Mn uptake data was reported.
High Mn concentrations occur'red in all plants thus indicating that
the soils supplied ample Mn.
and 6.8, DTPA (0.005

~

The authors concluded that at pH 5.8

DTPA in 0.1

~

triethanolamine, pH 7.3) ex-

tractable Hn was the best predictor of the Mn content of wheat and
soybeans.

HATERIALS AND METHODS
The evaluation of the Mn status of selected Virginia soils
was accomplished by determining the exchangeable, easily reducible,
and total Mn content of profile samples of a catena of soils from
each of the three physiographic regions in Virginia.

The chemical

form of Nn on clay mineral surfaces '\vas investigated by ESCA
(electron spectroscopy for chemical analysis).

Nethods and rates

of Mn applications to correct Mn deficiency of soybeans were
evaluated in a greenhouse experiment and in field experiments.
Manganes~

Status of Selected Virginia Soils

Nine Virginia soils representing nine soil types, three soil
catenas, and three physiographic regions of Virginia, as shown in
Table I, were selected to evaluate the Mn status of Virginia soils.
The samples were collected from typical soil pedons by the Virginia
Polytechnic Institute and State University Soil Survey Staff.

The

samples were air-dried, crushed, and sieved through a #10 mesh
sieve and stored for laboratory analysis.
Total Mn.

Soil samples were crushed and sieved through a 100-

mesh stainless steel sieve.
50-ml pyrex beakers.

Two-g subsamples were weighed into

Organic matter was destroyed by reacting the

samples with 15 ml of H 0 for 1 hour after which the samples were
2 2
evaporated to dryness in a forced-air oven at 70°C.

Total Nn in

the samples was determined by a modification of the procedure outlined by Bernas (1968).

Duplicate 0.5-g subsamples were digested
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Table I.

Classification and location of nine
research.

Physiographic
Soil type
Appalachian

Piedmont

Coastal Plain

soils utilized in the soil Mn distribution

7th Approximation
Classification

Drainage
class

Location

Swimley rocky silty
clay loam

Typic

Well

Clarke Co., Va.

Greendale silt loam

Fluventic dystrochrept

Moderate

Clarke Co., Va.

Bernard clay

Vertic argiaquoll

Poorly

Clarke Co., Va.

Appling fine sandy
loam

Typic hapludult

Well

Spotsylvania
Co., Va.

Vance fine
loam

Typic hapludult

Moderate

Spotsylvania
Co., Va.

Worsham fine sandy
loam

Typic ochraquult

Poorly

Hanover Co.,
Va.

Gritney loamy fine
sand

Typic hapludult

Well

Greensville
Co., Va.

Wrightsboro fine
sandy loam

Aquic hapludult

Moderate

Greensville
Co., Va.

Ogeechee fine
sandy loam

Aerie ochraquult

Poorly

Greensville
Co., Va.

N
\C
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with 10 rnl of concentrated HF for two hours at 110 C in a Parr
Instrument Company Digestion Bomb.

The clear digestion solutions

were transferred to polystyrene beakers and 1.4 g of boric acid
were added.

The solutions were mixed and diluted to a 50 ml volume

with deionized water.

Hanganese in the solutions was determined

with a Perkin-Elmer 403 atomic absorption spectrophotometer.
Exchanseable Mn.

The procedure used was essentially that

described by Adams (1965).

Five g sub samples of the previously

crushed and sieved soil were weighed into 100 ml polypropylene
centrifuge tubes.

Fifty ml of 1 N CH COONH , pH
4
3

7.0~

were added

and the solutions were shaken continuously for 30 min. and intermittently for six hours.

The suspensions were filtered through

vlliatman #42 filter paper and Mn in solution was determined with a
Perkin-Elmer 403 atomic absorption spectrophotometer.
Easily Reducible Mn.

The procedure was the same as was des-

cribed for exchangeable Mn with the exception that the 1
extraction solution contained 0.2% hydroquinone.

~

CH COONH
3
4

Easily reducible

Mn was calculated by subtracting the exchangeable Mn from the Mn
extracted in this procedure.
Manganese on

Cla~

Surfaces

Two clay samples, a poorly crystalline kaolinite from Georgia,
and a montmorillonite from \.Jyoming) were obtained from the Source
Clay Minerals Repository, Department of Geology, University of
Missouri,

Columbia~

Missouri.
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Manganese

Satu~ation

of Clay_

One-g clay samples were

weighed into 100 ml polypropylene centrifuge tubes.
50 ml of a 1 !MgCl

Approximately

solution were added to the tubes and the sus-

pensions were thoroughly mixed with a vortex stirrer.
was repeated four times.

The process

The clay was washed free of excess salt

by suspending the clay in deionized water, mixing thoroughly with
a vortex stirrer,

and decanting the wash solution.

centrifuging~

The wash process was repeated until the decanted water was free of
chloride as evidenced by no precipitate with addition of AgN0 3
~~en

washing was completed. the centrifuge tubes containing the

samples were frozen and then placed in a freeze-dryer overnight.
The dried samples were stored in glass vials.
Electron Spectroscopx for

Ch~mical

Analysis.

Electron spectro-

scopy for chemical analysis measurements were made using an P£I ES-IOO
photoelectron spectrometer employing A1 K radiation (1486.6 ev).
a

Data acquisition was accomplished using the AEI DS-IOO Data System
and a Digital PDP-8/e computer.
ment probe in three ways.

Samples \.Jere placed on the instru-

First, MnC1

2

was dissolved in deionized

water and several drops of the solution were spread on the probe.
Evaporation of water left a film of MnC1
probe.

Second, a slurry of MnC1

2

on the probe and the acetone was
on the probe surface.

2

on the surface of the

icles in acetone was spread
leaving MnCl

2

particles

Third, Mn-saturated montmorillonite was dusted

onto a piece of double-sided tape

on the probe.

Specific

spectrometer conditions are listed on subsequent spectra.
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Greenhouse Experiment
A Bertie-like sandy loam soil from the Unser farm,

Va.

Ivor~

was selected for use in this experiment.

A bulk sample from the

plow layer was brought to the greenhouse,

air-dried~

to remove any foreign material.
was divided into two lots.
1.5 g CaC0

3

and screened

After thorough mixing, the sample

One lot received a lime treatment of

per kg soil and was mixed.

The soil was potted into 1.06

liter plastic pots each containing 1200 g of air-dry soil.

Twenty-

one pots each of the limed and unlimed soils were prepared.

Soil

amendments of 60 mg P, 60 mg K, 3.6 mg Zn; and 3 mg eu per pot
were applied in solution.

The pots were brought to 12% moisture by

bringing to weight with deionized water.
than field eapacity.

This was slightly less

Compounds used to supply these nutrients

are shown in Table I of the Appendix.
Following an equilibration period of two weeks, the pots were
arranged on the greenhouse bench in a split-plot design with lime
and no lime applications being the main plots and Mn treatments as
the subplots.

Manganese treatment rates of 2.5, S.Ot and 7.5 ppm

Mn were band applied with soybean seeds, and rates of 5.0, lO.Ot
and 20.0 ppm Mn were thoroughly mixed with' the soil as broadcast
treatments.

Reagent grade MnS0 -H 20 was the
4

treatments.

A check was included in the experiment and all treat-

ments were replicated three times.
were planted in each pot.

~~

source for all

Eight 'Essex' soybean seeds

The pots were brought to 12% moisture

and covered with plastic until the plants emerged.

Ten days after

33

planting, plants were thinned to five plants per pot and 6 mg Fe
were added to each pot.

Each day, the pots were brought to 12% mois-

ture with deionized water and were rotated on the bench.

Day-

length was maintained at 16 hrs. with incandescent lights.
Plant tissue was harvested 27 days after planting by clipping
at the soil surface.

The fresh tissue was rinsed with deionized

water and dried for 24 hours at 70 C in a forced air oven.

Dry

weights were determined and the tissue was ground to pass a 20 mesh
screen with a Wiley mill equipped with stainless steel blades.
Soil samples were taken at the time of harvest.

Samples from the

broadcast treatments consisted of three cores per pot.

Samples

from the band treatments consisted of all soil in an area 4.4 cm
in depth and 2.8 cm in width around the placement band.

All soil

samples were stored in plastic bags at approximately 5 C.
Field Experiments
Field experiments to evaluate Mn applications on soybeans were
conducted during 1974 at three locations in the Coastal Plain
region of Virginia.

Soil types, 7th Approximation Classifications,

and locations are shown in Table II.

Selected chemical properties

of the soils are given in Table II of the Appendix.

Split-plot

designs with three replications were utilized at all locations.

No

lime and lime applications predicted to reach pH 6.8 were the main
plot treatments and Mn treatments were the subplot treatments.
On March 18 and 19 all experimental areas received broadcast
applications of 67.2 kg

13.4 kg Zn, and 5.6 kg Cu/ha.

Potassium

Table II.

Soil
,7th Approximation classification, and location of three Virginia soils
utilized in field experiments evaluatin~ Mn applications to soybeans.

Soil Type
Bertie sandy loam (A)

7th Approximation
Classification
Aquic Hapludult

Location
Tidewater Research Sta.,
Holland, Va.

Bertie sandy loam (B)

Aquic Hapludult

Unser Farm, Ivor, Va.

Alaga loamy sand

Typic Quartzipsamment

Brown Farm, Franklin,
Va.

VJ

+:--
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was applied as granular muriate of potash, and Zn and Cu as a solution of ZnS0 ·7H 0 and CuS0 ·sH 0.
2
2
4
4

Applications of Ca(OH)2 at

rates equivalent to 2.24, 4.48, and 2.24 metric tons/ha of CaC0
were made to the main plots on the Bertie
soils,

ively.

(A)~

3

Bertie (B), and

The Bertie (A) and Alaga soils ';.Jere tilled

immediately with a power-driven rotary hoe.

The Bertie (B) soil

was not tilled until April 18 due to wet soil conditions.
The subplot treatments consisted of a check, three rates of
Hn ,band placed in the furrow

~!ith

the seed, three rates of Hn

broadcast-tilled-in, and a foliar application as sho\VIl in Table III.
Subplot treatments were randomized within the main plots.

Broad-

cast treatments were mixed with 500 g of inert sand, broadcast by
hand, and tilled-in immediately before planting.

Band treatments

were applied with a 'Gandy-type' granular insecticide applicator
mounted on the planter.

The applicator was driven with an elec-

tric motor to insure constant speed.

Essex soybeans were planted

approximately 3.8 em deep with a 4 row planter equipped with soybean
plates.

Planting dates were Hay 15 and 16.

four rows, 6.1 m long and 61 em apart.

Each plot consisted of

The seeding rate was

adjusted to attain a population of four to six plants per 30 em of
row.

Plots were sprayed after planting with Lasso, 3.5 l/ha, and

Lorox, 1.12 kg/ha, for weed control.

Foliar Mn applications were

made on June 20 and June 28 using a compressed air sprayer.
Tissue and soil samples were taken from the two center rows of
each plot on July 31.

The soybeans were in the bloom stage of
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Table III.

Rates and methods of application of Mn* in field
experiments.
Method of
application

Rate of Nn
application
kg/ha

Band placed in the
furrow with seed

Broadcast-tilledin

Foliar

*

5.6
11.2
16.8
11.2
22.4
44.8
2.2**

A granular commercial grade }1nS0 containing 28% Mn was used as
4
the source of Mn for the band and broadcast treatments. A 27%
powdered MnS0 was the Mn source for the foliar applications.

4

** The total

~m

applied was divided into two equal applications.
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growth.

A tissue sample was a random selection of the last fully

developed trifoliate of 25 to 30 plants in each plot.

Each soil

sample consisted of six cores taken in the row to a depth of 10 em.
Tissue samples were rinsed in deionized water, dried, and ground
as described in the procedures for the greenhouse experiment.

Soil

samples were stored in their field moist condition in plastic bags
at approximately 5 C.
Natural color and color infrared (IR) aerial photographs were
taken of the experiment at the Tidewater Research Station on
July 10, July 29, and September 9, 1974.

On July 10 and 29, photo-

graphs were taken between noon and 1 p.m. from an altitude of 304 m
using a C-54 aircraft equipped with two T-ll aerial mapping cameras.
The focal length of the cameras was 152.4 mm.

The natural color

photographs were made with SO-397 film and the camera was equipped
with CAV and HF-3 filters.

The color IR photographs were made with

number 2443 film and the camera was equipped with l2AV and CCIOM
filters.

The September 9 flight was made between 1 and 2 p.m. at

an altitude of 152 m using a Bell UHIH helicopter equipped with two
T-ll aerial mapping cameras.

Film and filters were the same as on

previous flights.
A 5.Q-m length of each plot was harvested on October 27 and 28.
Harvesting was performed by mowing the plants with a portable sicklebar mower and threshing individual plots with a Vogel small plot
thresher.

Moisture percentages of soybeans from each plot were
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determined with a Burrows electronic moisture meter.

Yields were

calculated as hl/ha at 13.5% moisture.
Laboratory Analyses
Tissue Analysis.

Duplicate 1.00-g tissue samples from the

field experiments, and single 1.00-g tissue samples from the greenhouse experiment were weighed into 50-ml pyrex beakers.
were ashed at 500 C for at least two hours.

Samples

After cooling, five

drops of deionized water were added to wet the samples followed by
addition of a 10-ml aliquot of 0.5

!

HCl.

The suspensions were

swirled, allowed to stand for one hour, and filtered through Whatman
1142 filter paper.

Each beaker was rinsed with 10-ml and 5-ml aliquots

of 0.5 N HCl which were also filtered.

The solutions were analyzed

for Mn with a Perkin-Elmer 403 atomic absorption spectrophotometer.
Percent Moisture.

Percent moisture of soil samples Vlas deter-

mined gravimetrically by drying 10.0-g samples overnight in a forcedair oven at 110 C and determining the weight loss.
Soil pH.

Soil pH measurements were taken on 1:1 soil-to-water

mixtures with a Beckman Century SS-l pH meter.

The instrument was

standardized with standard pH 4 and 7 buffer solutions prior to
determinat ions.
Exchangeable and Easily Reducible Mn.

These two determinations

were made as outlined in the first section.

Weights equivalent to

5.0 g oven-dry soil were utilized for moist samples.
Organic Matter.

A t"tvo-g sample of air-dry soil was t.;reighed into

a SOO-ml Erlenmeyer flask.

Ten ml of 1

!

K Cr 0 and 20 ml of
2 2 7
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concentrated H S0 were added and the contents were mixed by gently
2 4
swirling.

After cooling for at least 25 min., 170 ml of distilled

water, 10 ml of 85% H P0 , 0.2 g NaF, and 30 drops of diphenylamine
3 4
indicator were added to the flask.

The solution was back-titrated

with 0.5 N Fe(NH4)2(S04)2 to a brilliant green end point.
organic matter was calculated as follows:
(10) (1- 1)(0.335)) where T
a sample, and S

~

= ml

of 0.5

Percent

% organic matter =

~ Fe(NH 4 )2(S04)2 to titrate

ml of 0.5 N Fe(NH )2(S04)2 to titrate a blank.
4
Statistical Analyses

Statistical comparisons in the Mn status of selected Virginia
soils investigation were performed us ing a Monroe 1880 programable
calculator with a program for comparison of unequal observations
(G. R. Buss, personal communication).

Statistical analyses of

field and greenhouse data were performed us

an IBH 360 computer

and the SAS programs developed by Barr and Goodnight (1972).

The

LSD values were calculated according to the formulas given by
Little and Hills (1972).

Means are discussed as being dissimilar

in this manuscript if they are significantly different at the 5%
level of probability.

RESULTS AND DISCUSSION
The initial part of the research was designed to provide an
indication of the Mn status of Virginia soils by determining the
exchangeable, easily reducible, and total Mn content of selected
soils from the Appalachian, Piedmont, and Coastal Plain physiographic
regions.

The second portion of the research was an attempt to deter-

mine the chemical form of

}m

adsorbed on the surface of two clay

minerals by use of the ESCA technique.

In the third phase of the

research, rates and methods of application of Mn to correct Mn deficiency in soybeans were evaluated in a greenhouse and three field
experiments.

Three soil tests for available Mn were also evaluated

for detecting changes in soil Mn caused by Mn fertilization.
Manganese Status of Selected Virginia Soils
The exchangeable, easily reducible, and total Mn content of a
catena of soils from each of three physiographic regions of Virginia
are shown in Tables IV, V, and VI.

In the Appalachian soils, Table IV,

the exchangeable Mn generally decreases with depth while the easily
reducible Mn shows no general trend.

However, in the lower two

horizons of the Bernard soil a large decrease occurs in the two
different parent material horizons.

No obvious trends are apparent

in the total Mn in these soils.
In the Piedmont soils, Table V, both the exchangeable and easily
reducible Mn contents decrease with depth.

The surface horizons

apparently reflect surface enrichment in the exchangeable, easily
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Table IV.

Exchangeable, easily reducible, and total Mn content of a
catena of soils from the Appalachian region of Virginia.

Mn
Soil
Series

Horizon

Exchangeable

Easily
Reducible

Total

-----------------ppm-----------------Swimley

Greendale

Bernard

65.4

28.6

507

B21t

4.9

4.2

157

B22t

18.4

37.6

228

B
3lt

19.9

30.6

176

B32t

15.0

60.0

175

A
p

16.8

473.2

1456

BIt

1.4

161.4

725

B
2lt

1.1

48.4

352

B22t

0.6

39.9

260

IIC

0.6

95.0

372

A

43.6

406.4

604

B
2lt

12.6

687.4

1090

B22t

11.9

788.1

1416

B
23t

5.6

634.4

1114

3.4

30.8

646

2.1

19.4

144

A
p

I

p

IIIG
IVC

2

I
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Table V.

Exchangeable, easily reducible, and total Mn content of a
cat~na of soils from the Piedmont region of Virginia.

Mn
Soil
Series

Horizon

Exchangeable

Easily
Reducible

Total

-----------------ppm-----------------Appling

Vance

Worsham

Ap2

2.9

44.6

197

BIt

1.0

6.6

156

B
2lt

0.6

0.2

86

B22t

<0.1

<0.1

57

B3t

<0.1

<0.1

44

C

<0.1

<0.1

47

A

51.1

93.9

309

BIt

5.0

3.2

109

B
2lt

0.8

0.1

61

B22t

0.5

<0.1

52

B
23t

0.4

<0.1

52

B3t

0.4

<0.1

q5

C

0.6

<0.1

70

A
2g

20.6

14.4

196

B
1tg

6.6

11.8

132

B
3tg

0.7

0.3

66

IIC

1.3

0.8

133

p

g
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reducible, and total Mn contents.

The total Mn content of these

soils is low in comparison to the Appalachian soils.
The Coastal Plain soils, Table VI, also have low amounts of
exchangeable and easily reducible Mn in comparison to the Appalachian
Soils.

The only noticeable change in total Mn is in the C
and C
2g
lg

horizons of the Ogeechee soil.

Manganese has accumulated in these

two horizons possibly because of reduction and leaching from surface
horizons due to the fluctuating water-table in this poorly drained
soil.
Results of broad statistical comparisons between regions and
drainage classifications are shown in Table VII.

The Appalachian soils

contained significantly more total Mn than either the Piedmont or
Coastal Plain soils.

Also, the Coastal Plain soils contained more

than the Piedmont soils.

~fu

However, when the lower two horizons of the

Ogeechee soil were not included in the analysis, there was no significant difference in total Mn content of the Piedmont and Coastal
Plain soils.

A comparison of well-drained vs. poorly drained soils

within'each catena indicated no significant differences except in the
Appalachian catena where the poorly drained soil contained significantly more total Mn than the well-drained soil.
The total Mn contents of the nine soils from the three physiographic regions can be explained by the effects of major soil forming
factors on Virginia soils as outlined by Robinson, Devereux, and
Obenshain (1961).

Parent material

se~

to be the predominating

factor in the Appalachian soils having higher total Mn than the
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Table VI.

Exchangeable, easily reducible, and total Mn content of a
of Virginia.
catena of soils from the Coastal Plain
Nn

Soil
Series

Horizon

Exchangeab Ie

Easily
Reducible

Total

-------------ppm------------------Gritney

Wrightsboro

Ogeechee

A

3.6

8.0

177

A
Z

5.1

16.7

163

BZ1t

<0.1

<0.1

113

B
ZZt

<0.1

<0.1

107

B3t

<0.1

<0.1

119

C

<0.1

<0.1

162

A

2.1

12.5

194

BIt

0.6

0.7

130

B21t

0.9

<0.1

123

BZ2t

<0.1

<0.1

10Z

B
Z3t

<0.1

<0.1

117

C

<0.1

<0.1

166

Al

0.9

<0.1

BIt

0.6

<0.1

148

B
Z1tg

0.6

<0.1

151

B
Z2tg

0.4

<0.1

136

B
23tg

0.7

<0.1

147

C
1g

0.8

0.1

286

C
Zg

0.4

0.3

470

p

p
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Table VII.

Results of statistical comparisons of the total Mn
content of selected Virginia soils.

Comparison
Appalachian soils vs. Piedmont soils
Appalachian soils vs. Coastal Plain soils
Piedmont vs. Coastal Plain soils
Appalachian:
Piedmont:

Well drained vs. poorly drained

Coastal Plain:

**
*

Well drained vs. poorly drained

Well drained vs. poorly drained

Significant difference at 1% level of probability.
Significant difference at 5% level of probability.

ns Not significant.

Significance

**
**
*
*
ns
ns
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Piedmont soils.

The

Ap~alachian

soils developed from limestone which

averages 1,100 ppm Mn while the Piedmont soils developed from granite
which averages 400 ppm Mn (Krauskopf, 1972).

The lack of difference

in the Piedmont and Coastal Plain soils can possibly be explained on
the basis of maturity.

These Coastal Plain soils have reached the

same stage of development as the Piedmont soils and acid leaching
has produced soils with only the more resistant Mn containing
compounds remaining.

The aforementioned explanations are only possi-

bilities as nine soil profiles were analyzed in comparison to the
wide variety of soils and conditions which exist in the three physiographic regions.

Definitive conclusions cannot be made until data is

obtained for large numbers of smaples from widely divergent areas of
each physiographic region.
Manganese on Clay Surfaces
Manganese adsorbed by clay minerals is generally believed to be
in the oxide form with only small amounts in the Mn 2+ state.

The

ESCA technique was employed in an effort to determine the chemical
state of freshly adsorbed Mn and to follow changes in state with
various weathering sequences.

In an initial study, the binding energy

of photoejected electrons from Mn in a MnCl

2

film and MnC1

2

particles,

and Mn adsorbed by samples of montmorillonite were measured by ESCA.
The theory and instrumentation involved with ESCA have been
reviewed by Hercules (1974).

Hercules defines electron spectroscopy

as the technique of measuring the binding energies of electrons in
molecules by determining the energies of electrons ejected by inter-
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actions of a molecule with an X-ray .beam.

The particular electrons

which are ejected from various elements, as well as the measured
binding energies of the electrons, have been published by Siegbahn
et a1. (1967).
The work function of the spectrometer must be determined for
each ESCA analysis.

The 4f electrons of gold were used to establish

the work function.

The probe of the spectrometer is gold-coated and

the ESCA spectrum of the 4f electrons of gold is shown in Fig. 1.
Information presented with each spectrum include the binding energy
at which the spectrometer begins scanning (B. E. Start), the increment between scans (B. E. Step), the number of channels used in the
scan (No. Chan), the number of scans (No. Scans), and the maximum
and minimum counts detected.

The spectrometer work function is

calculated by subtracting the reference binding energies of 83.4 and
87.1 ev (electron volts) for the 4f2/2 and 4f5/2 electrons in gold,
respectively, from the experimental binding energies.

The work

function was determined from Fig. 1 as 4.0 eVe
The 2P3/2 electrons of the Mn should have a binding energy of
641.0 ev (Siegbahn

~

al., 1967).

A very intense signal was observed

in the spectrum for the 2P3/2 electrons of Mn from a film of MnC1
shown in Fig. 2.
643.3 eVe

as

The corrected binding energy for the major peak is

There is a difference of over 17,000 between the maximum

and minimum counts and the total scanning time was just over nine
hours.

2

B. E. Start=98.0 ev
B. E. Step=-O.l ev
No. Chan=200
No. Scans=37
Max. Counts=12,332
Min. Counts=2,616
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ESCA spectrum of the gold 4f electrons used in establishing the work function
of the spectrometer.
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B. E. Step=-O.l
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ESCA spectrum of

Mn

2P3/2 electron from a film of MnC1 ,
2
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The spectrum from the 2P3/2 electrons of Mn in MnC1
is shown in Fig. 3.

2

particles

The corrected binding energy is 641.7 eVa

signal is much weaker for MnC1

2

particles than for a MnC1

Z

The

film

(Fig. 2), even though the scan time is about the same.
The Mn saturated montmorillonite was analyzed with the resulting
spectrum presented in Fig. 4.

The corrected binding energy is 644.1

ev and again a weak signal was observed for a scanning time of 11
hours.
Further experiments were not pursued due to the long scan time
involved.

However, the capability of the ESCA technique has been

demonstrated for Mn and possibly with longer counting times the chemical forms of Mn could be differentiated with the ESCA technique.

It

seems that Mn has a low efficiency of photoelectron ejection which it
shares with Ni and Fe of the first row transition elements (J. P.
Wightman, personal communication).

A similar study of the adsorption

of lead on montmorillonite was reported by Counts, Jen, and Wightman

(1973).
Correction of Mn Deficiency of Soybeans
Rates -and methods of application to correct Mn deficiency in
soybeans were evaluated in a greenhouse experiment and in three field
experiments.
tests for

~m

Exchangeable, easily reducible, and dilute acid soil
were evaluated as to their effectiveness in detecting

changes in soil Mn with Mn fertilization.

Aerial photographs using

both normal color and color infrared film were taken of one field

B. E. Start=656.0
B. E. Step=-O.l
No. Chan=200
No. Scan=37
Max. Counts=ll,988
Min. Counts=lO.443
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Fig. 3.

ESCA spectrum of the 2P3/2 electron of Mn from MnCl

2

particles.
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ESCA spectrum of rln 2P3/2 electron from Mn saturated montmorillonite.
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experiment to determine if Mn deficiency could be detected by use of
remote sensing.
Greenhouse Experiment
Rates and methods of Mn application to correct Mn deficiency of
soybeans were evaluated at two lime levels in the greenhouse.

A split

plot experiment with no lime and lime as the main plots, and the Mn
treatments as the subplots was employed in the investigation.

Yield

increases of soybeans with Mn spray treatments had been obtained in
the 1973 growing season on the Bertie soil utilized in this experiment.
The dry weight yields after 27 days of growth as related to lime
and Mn treatments are shown in Table VIII.
was found between the lime means.

No significant difference

This is probably a result of pH

decreases during the experiment and will be discussed in a later
section.

Comparison of Mn treatment means revealed a reduction of

yields with the two highest band placed treatments and the highest
broadcast treatment as compared with the check.

Within the no lime

main plot, yields were decreased by the two highest band placed
treatments as well as by the 5 and 20 ppm Mn broadcast treatments.
Yields in the limed main plot were decreased only from the 7.5 ppm
Mn band placed treatment.

No other significant differences were

found.
The reductions in dry weight yields in the 5.0 and 7.5 ppm Mn band
treatments were due to delayed emergence of the plants.

Delayed

emergence was conceivably caused by high salt concentrations near the
germinating seeds.

Tisdale and Nelson (1966) conclude that excessive

Table VIII.

Dry weight yields of soybean plants grown on a Bertie sandy loam as related to lime
and Mn treatments in the greenhouse.

Mn treatments, ppm
Broadcast

Band
Lime ppm

o

2.5

5.0

7.5

5.0

10.0

20.0

Lime
Means

----------------------------g/pot------------------------0

1.99

1.90

1.65

1.47

1.83

1.85

1.52

1.73

1500

1.64

1.74

1.54

1.08

1.83

1.87

1.73

1.63

Mn treatment means

1.82

1.82

1.60

1.28

1.76

1.86

1.62

LSD, 5%:

Lime means, 0.28; Mn treatment means, 0.19; between Mn treatments at the same lime level,
0.26; bet\veen Hn treatments at different lime levels, 0.42.

VI
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concentrations of soluble salts in contact with germinating seeds
cause slow emergence and possibly reduced stands through plasmolysis,
restriction of moisture availability, or actual toxicity.

In this

experiment, plasmolysis would seem to be the primary cause of the
delayed emergence.

Plasmolysis is the shrinking and eventual destruc-

tion of a cell due to outward osmosis when the seed or root is in
contact with a concentrated salt solution (Meyer, Anderson, and
Bohning, 1960).

The pots were watered daily to 12% moisture in order

to avoid reducing conditions and thus the soil solutions could have
been quite concentrated, particularly in the bands.

It seems likely

that if the plants had been allowed to grow for a longer period of
time, reductions in plant weights would have been overcome.
The Mn contents of the soybean plants as related to the lime and

Mn treatments are presented in Table IX.

Plants grown in the unlimed

main plot contained more Mn than those grown in the limed main plot.
All treatments resulted in increases of plant Mn with the exception
of the 2.5 ppm Mn band treatment with lime.

A comparison of the

unlimed and limed plots indicate that plant Mn contents were higher
with no lime at the higher Mn treatments, both band placed and
broadcast.

The critical level for Mn in soybeans has been reported

to be 20 ppm (Small and Ohlrogge, 1973).

The lime check treatment

as shown in Table IX is in the deficiency range and the no lime check
treatment is a borderline case.

However, the most important point is

that all Mn additions produced plants containing adequate amounts of
Mn.

Table IX.

Manganese content of soybean plants grown on a Bertie sandy loam as related to lime
and Mn treatments in the greenhouse.

Mn Treatments ppm
Band
Lime ppm

o

2.5

5.0

Broadcast
7.5

5.0

10.0

20.0

Lime
Means

--------------------------------ppm----------------------------------

o
1500

21.0

122.9

224.4

275.3

142.8

293.0

453.9

219.0

13.5

46.0

87.6

123.8

52.1

87.2

136.8

78.1
V1
0'\

Mn treatment means
LSD, 5%:

17.2

84.4

156.0

199.6

97.4

190.1

295.3

Lime means, 101.3; ~m treatment means, 40.6; between Mn treatments at the same lime level,
57.5; between Mn treatments at different lime levels, 107.6.
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The Mn uptake of the soybean plants grown in the greenhouse
experiment are given in Table X.
Mn uptake due to liming.

There was a large decrease in the

This result is similar to those obtained

in other investiations under widely varying soil conditions (Fujimoto
and Sherman, 1948; Christensen et a1., 1950; Randall and Schulte,
1971).

In comparison with the check, greater Mn uptake occurred

under all treatments within the unlimed main plot.

With liming,

the two highest band and broadcast rates increased Mn uptake.

The

Mn uptake generally increased with level of Mn application.
The exchangeable Mn contents of moist and air-dry soil samples
from the greenhouse experiment are shown in Table XI and XII,
respectively.

Comparison of the exchangeable Mn contents of the

moist and air-dry samples using a paired-t test indicated no significant differences.

Lime application significantly reduced the

exchangeable Mn contents of these samples in an overall comparison
as evidenced by the lime mean values in Tables XI and XII.

In both

cases the exchangeable Mn was increased in the unlimed main plot by
the 5.0 and 7.5 ppm Mn band treatments and the 10.0 and 20 ppm Mn
broadcast treatments.

In the limed main plot, the exchangeable Mn

increased with Mn additions but the increases were not

significant~

The lime treatment appears to be the factor having the greatest
effect on exchangeable Mn in this soil.

Table X.

Manganese uptake of
plants grown on a Bertie sandy loam as related to lime and
Mn treatments in the greenhouse.

Mn treatments ppm
Band
Lime ppm

o

2.5

5.0

Broadcast
7.5

5.0

10.0

20.0

Lime
Means

------------------------------ug/pot------------------------------0
1500

.2

231.6

368.3

410.5

240.5

543.4

672.3

358.4

22.1

79.4

135.2

126.7

94.9

163.2

.0

122.5
V1

co

Hn treatment means
LSD, 5%:

32.1

155.5

251.8

268.6

167.7

353.3

454.2

Lime means, 135.1; Mn treatment means, 49.4; between Mn treatments at the same lime
level, 69.9; between Mn treatments at different lime levels, 141.3

Table XI.

Exchangeable Mn contents of moist samples of a Bertie sandy loam as related to lime and
Mn treatments in the greenhouse.

Mn treatments ppm
Broadcast

Band
Lime ppm

o

2.5

5.0

7.5

5.0

10.0

20.0

Lime
Means

---------------------------ppm----------------------------

o

0.3

8.4

28.5

53.0

5 .. 1

13.2

58.3

23.9

1500

0.2

1.5

2.5

8.9

1.1

3.6

2.6

2.9

Mn treatment means

0.2

5.0

15.5

31.0

3.1

8.4

30.4

LSD, 5%:

Lime means, 4.1; Mn treatment means, 6.4; between Mn treatments at the same lime level,
9.1; between Mn tre~tments at different lime levels, 9.1.

Ln
1.0

Table XII.

Exchangeable Mn contents of
samples of a Bertie sandy loam as related to lime
and Mn treatments in the greenhouse.

Mn treatments ppm
Band
Lime ppm

o

2.5

5.0

Broadcast

7.5

5.0

10.0

20.0

Lime
Means

-------------------------------ppm-------------------------------

o

0.4

8.6

27.3

31.6

5.9

13.7

57.7

20.7

1500

0.2

1.9

3.0

8.7

1.6

4.0

4.9

, 3.5
0'\

o

Mn treatment means
LSD, 5%:

0.3

5.2

15.2

20.2

3.8

8.9

31.3

Lime means, 8.9; ~fu treatment means, 8.9; between Mn treatments at the same lime level,
12.6; between Mn treatments at different lime levels, 14.0.
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The easily reducible Mn contents of moist and air-dry soil
samples from the greenhouse experiment are presented in Tables XIII
and XIV, respectively.

Air-drying was found to have no significant

effect on the easily reducible Mn contents of these samples when the
data was compared using a paired-t test.

The limed treatments

contained higher easily reducible Mn contents than the unlimed treatments.

Within each main plot treatment, all Mn additions produced

higher easily reducible Mn contents as compared with the check.
The data in Tables XIII and XIV suggest a high rate of Mn oxidation occurred during the 27 days of the experiment.
of Mn has been reported by various researchers.

Rapid oxidation

Sherman, McHargue

and Hodgkiss (1942) reported that 50% of Mn added as MnS0

4

to certain

Kentucky soils was in the easily reducible form after 12 hours of
mixing.

Sherman and Harmer (1942) reported that, for three soils

with an average pH of 6.05, 57.4% of the recovered Mn from a 900 ppm

Mn addition was in the easily reducible form after four days of moist
incubation.

In contrast, 98.6% of the recovered Mn was in the easily

reducible form in four soils with an average pH of 7.45.

Analysis

of the same soils after two weeks of incubation showed no change in
the easily reducible Mn contents thus indicating that the oxidation
reactions had reached an equilibrium.

Leeper (1946) also concluded

from his studies that oxidation of added Mn would be complete in 3 to
4 days and that oxidation of Mn is primarily a bacterial reaction.
Results obtained by Rich (1956) can be interpreted as supporting
Leeper's conclusions.

A Bertie soil was air-dried for 16 days with

Table XIII.

Easily reducible Mn contents of moist samples of a Bertie sandy loam as related to
lime and Mn treatments in the greenhouse.

Mn treatments ppm
Band
Lime ppm

o

2.5

5.0

Broadcast
7.5

5.0

10.0

20.0

Lime
Means

--------------------~---------ppm--------------------- ----------

}fu

o

0.9

64.6

100.8

118.4

35.1

54.4

81.8

65.1

1500

0.7

63.6

138.6

176.1

26.8

69.9

159.1

90.7

0.8

64.1

119.7

147.2

31.0

62.2

120.4

treatment means

LSD, 5%:

Lime means, 17.1; Mn treatment means, 8.1; between Mn treatments at the same lime level,
11.5; between Mn treatments at different lime levels, 18.9.

'"
N

Table XIV.

Easily reducible Mn contents of air-dry samples of a Bertie sandy loam as related to
lime an~ Mn treatments in the greenhouse.

Mn treatments ppm
Band
Lime ppm

o

2.5

5.0

Broadcast
7.6

5.0

10.0

20.0

Lime
l-feans

------------------------------ppm-----------------------------0
1500

0.8

64.1

94.2

137.7

32.2

51.0

77.2

65.3

0.7

62.8

131.2

177.9

26.3

69.0

.0

89.1
0'1

w

Mn treatment means

LSD, 5%:

0.8

63.4

112.7

157.8

29.2

60.0

116.6

Lime means, 14.4; Mn treatment means, 11.1; between Mn treatments at the same lime level,
15.8; between Hn treatments at different lime levels, 19.3.
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only very slight changes in easily reducible Mn.
attained a stable equilibrium.

The system had

When 100 ppm Mn was added, the easily

reducible Mn content was still increasing with air-drying after 16
days.

If the soil had been in a moist condition and thus more favor-

able for bacterial growth, the oxidation could possibly have been
completed in a shorter time span as reported by Leeper (1946).
Overall, the easily reducible Mndata (Tables XIII and XIV) agrees with
data in the literature showing that a considerable amount of Mn can
be oxidized in soil in a relatively short period of time.
The dilute HCl-H S0 extraction for available soil Mn was
2 4
included in this investigation because of its wide-spread usage by
soil testing laboratories in the Southeastern United States.

The

dilute HCI-H S0 extractable Mn contents of air-dry samples from the
2 4
greenhouse experiment are reported in Table XV.

All Mn additions

produced significant increases in extractable Mn as compared with the
check.

Lime application decreased the dilute HCl-H S0 extractable
2 4

Mn contents for three out of six Mn treatments.

The lime induced

differences were largest for the highest rates of Mn addition.

The

same trend was shown in the exchangeable and easily reducible Mn
extractions.

This trend indicates that added Mn rather than native

soil Mn was the principle source of Mn removed by the extractants.
The relationships between Mn uptake by soybean plants and the
exchangeable Mn, easily reducible Mn, dilute HCl-H S0 extractable
2 4

Mn, and pH were examined by correlation and regression analysis.
Transformation of the data except pH to loglO form was the best means

Table XV.

Dilute Hel-H2so4 extractable Mn contents of air-dry samples of a Bertie sandy loam as
related to lime and Mn treatments in the greenhouse.

Nn treatments ppm
Broadcast

Band
Lime ppm

o

2.5

5.0

7.5

5.0

10.0

20.0

Lime
Means

---------------------------------ppm-------------------------------
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to describe the relationships between Mn uptake, exchangeable Mn,
easily reducible Mn and pH.
Simple and multiple correlation coefficients among 10glO Mn
uptake and 10glO exchangeable Mn, 10glO easily reducible Mn, and
pH for moist and air-dry soil samples from the greenhouse experiment
are shown in Tables XVI and XVII, respectively.

There are no large

differences in the simple or multiple correlation coefficients
between the moist and air-dry samples.

This is to be expected as

there were no significant differences between moist and air-dry
samples in the exchangeable and easily reducible Mn determinations.
Both the simple and the multiple correlation coefficients are highly
significant and over 80% (R2 X 100) of the variability in Mn uptake
is accounted for by exchangeable Mn and pH, and by easily reducible

Mn and pH.

The highly significant negative correlation of pH with

Mn uptake is the type of relationship reported by Rich (1956) and
by Cox (1968).
The relationships between Mn uptake and dilute HCl-H S0
2 4
extractable Mn and pH of air-dry samples from the greenhouse experiment are reported in Table XVIII.

The correlations are highly signi-

ficant in all cases and inclusion of pH with dilute HCI-H S0 extract2 4
able Mn improved the correlation.

The multiple correlation coeffi-

cient is not as high as those obtained with the exchangeable and
easily reducible Mn tests.
The correlation coefficients in Tables XVI, XVII, and XVIII cannot be interpreted as indications of the value of each test in
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Table XVI.

Relationships of loglO Hn uptake with loglO exchangeable
and loglO easily reducible Mn contents of moist samples
and pH of a Bertie soil in the greenhouse.

Hultiple
Dependent
variable
loglO Mn uptake

Simple
Independent variables
loglO exchangeable Mn
pH

loglO Mn uptake

loglO easily reducible Mn
pH

**

Significant at the 1% level of probability.

r

.902**

R

R2

.905**

.820

.936**

.877

-.717**
.729**
-.717**
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Table XVII.

Relationships of 10glO Mn uptake with 10g10 exchangeable
Mn, 10glO easily reducible Mn, and pH of air-dry samples
of a Bertie soil in the greenhouse.

Multiple
Dependent
variable
10g10

}fn

uptake

Simple
r

Independent variables
10g10 exchangeable Mn

.910**

pH
10g10 Mn uptake

10g10 easily reducible

R

R2

.919**

.845

.936**

.877

-.717**
~fn

pH
** Significant at the 1% level of probability.

.727**
-.717**
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Table XVIII.

Relationships of Mn uptake and dilute HCI-H2 S0 4
extractable Mn and pR of air-dry samples of a Bertie
soil utilized in the greenhouse experiment.

Multiple
Dependent
variable
Mn uptake

Independent variables
RCI-H S0 extractable tin
2 4
pH

**

Simple
r

.701**
-.752**

Significant at the 1% level of probability.

.821**

.674
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predicting from native soil Mn.

However, the correlations coefficients

do indicate that the exchangeable and easily reducible Mn extractions,
as well as the empirical dilute Hel-H

2

so 4

extractable Mn test, are

sensitive to changes in soil Mn caused by Mn fertilization.
When the greenhouse experiment was initiated, only slight pH
changes due to Mn additions were expected.

However, at the conclusion

of the experiment pH determinations produced the data shown in Table

XIX.

The soil pH decreased with increasing Mn applications in both

the band and broadcast Mn treatments.

A possible explanation for the

decrease in pH is that it is due to H+ production during Mn oxidation.
Hemstock and Low (1953) reported large pH decreases in Mn-saturated
Wyoming bentonite samples which were incubated in a moist condition
for 14 days.

They suggested an oxidation reaction of the following

type.
-a Mn

2

+ + -b

°2 +

The ~quation for the oxidation of Mn2r to MnO, MnOqH, Mn 0 , Mn02' or
2 3
Mn 0

3 4

predicts an eta ratio of 2:1.

This ratio could not account for

the large pH reductions Hemstock and Low reported, and neither can it
account for the pH reductions noted in the greenhouse experiment.

Two

reasonable possibilities are suggested by Hemstock and Low to explain
the observed discrepancies.

First, a reaction differing from the

postulated reaction could occur and produce more H+.

Second, addi-

tional H+ ions could be produced by ionization of the hydrated form
of the oxide.

The second explanation appears to be the more plausible

one, because of the large pH decreases (Table XIX).

Table XIX.

Soil
of air-dry samples of a Bertie
in the greenhouse.

loam as related to lime and Mn treatments

Mn treatments ppm

Broadcast

Band
Lime ppm

o

2.5

5.0

7.5

5.0

10.0

20.0

Lime
Means

------------------------------pH------------------------~------

o

6.0

5.9

5.7

5.4

5.7

5.5

5.4

5.6

1500

7.2

7.2

6.8

6.6

7.0

6.9

6.6

6.9

Hn treatment means

6.6

6.6

6.2

6.0

6.4

6.2

6.0

LSD, 5%:

Mn treatment means, 0.1; between Mn treatments at the same lime level, 0.1.

""'-J
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Field Experiments
Rates and methods of Mn

appl~cation

to correct Mn defi"ciency of

soybeans were evaluated under two lime levels at three locations in
the Coastal Plain region during the 1974 growing season.

A split-

plot experimental design with lime treatments as the main plots and

Mn treatments as the subplots was utilized at all locations.
replications were utilized at all locations.

Three

The Bertie (A) and

Bertie (B) soils are poorly drained sandy loams that are representative of soils on which large acreages of soybeans are grown in the
Coastal Plain region of Virginia.

The Alaga soil is a well drained

loamy sand and was included in the experiments for its texture and
drainage properties.

In addition to evaluating rates and methods of

Mn application, aerial photographs were taken of the experiment at
the Tidewater Research Station to determine if Mn deficiency of soybeans could be detected with remote sensing.
Normal color and color IR photographs of the Bertie (A) experiment taken on July 10, 1974 are shown in Fig. 5.

Uneven Mn broadcast

patterns are indicated by the plots in the right side of the top
replication of both photographs.

At this stage of growth, the major

difference in the plots is the plant size and the ground cover.

The

July 29 photographs, Fig. 6, show the rapid growth that occurred
between July 10 and July 29.

Chlorosis is quite evident in some

plots in the normal color photograph.

Plants had reached their

maximum height and were in the bloom stage.

Photographs taken on

September 9, Fig. 7, from an altitude of 152 m show the most striking

--

---

---------
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Fig. 5.

Normal color (top) and color IR (bottom) photographs of the
Bertie (A) experiment taken on July lOt 1974.
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Fig. 6.

Normal color (top) and color IR (bottom) photographH of the
Bertie (A) experiment taken on July 29, 1974.

--- ----- --- - --------

----
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Fig. 7.

Normal color (top) and color IR (bottom) photographs of the
Bertie (A) experiment taken on September 9, 1974.

76

differences between healthy and chlorotic plants.
also shown in the alleys between some plots.

Weed growth is

Excessive weed

growth occurred in August due to heavy rains and a resulting breakdown in herbicide effectiveness.

This weed growth is not thought to

have significantly affected yields in that the plants had reached
their maximum size and had completed pod set prior to excessive weed
growth.
A correlation between the individual treatments in this experiment and the severity of stunting and chlorosis seen in the photographs
can not be made with the available information.

In all photographs,

the most vigorous looking plants are associated with foliar Hn treatments or with the higher rates of band and broadcast applications.
The most severely stunted and chlorotic areas are associated with
check treatments in the limed main plots.

Differences are more easily

seen with the unaided eye in the normal color photographs as opposed
to the color IR photographs.

It is important to realize that the

photographs shown chlorotic plants which in this particular case are
due to Mn deficiency.

Chlorosis can be produced by many factors and

thus interpretation of chlorosis of soybeans as being due to Mn
deficiency would not always be correct.

Further photographic research

is needed to determine if chlorosis of soybeans due to Mn deficiency
can be differentiated from other chlorosis producing factors.
Grain yields of soybeans as related to lime and
the field experiments are shown in Table XX.

~fu

treatments in

Highly significant

yield increases were obtained from all Mn treatments on the Bertie (A)

Table XX.

Grain yields of soybeans as related to lime and
three locations.

treatments for field 'experiments at

~fn

Mn treatments kg/ha
Lime
(metric) ton/ha
Bertie (A)

o

2.24

Mn treatment means

o

5.6

Band
11.2

16.8

11.2

Broadcast
22.4
44.8

Foliar
2.2

Lime
Means

-----------------------------h1/ha----------------------------11.0
32.6
36.2
40.4
21.2
35.0
37.8
36.4
31.4
11.6
23.8
26.3
37.9
19.0
20.8
34.5
32.2
25.8
11.3

28.2

20.1

31.3

27.9

36.2

34.3

Lime means, 11.4; Mn treatment means, 5.9; between Mn treatments at the same lime level,
8.4; between Mn treatments at different lime levels, 12.9.

LSD, 5%:

Bertie (B)

o

--------------------~--------h1/ha-----------------------------

4.48

35.7
30.6

39.6
33.6

39.2
38.9

39.5
38.1

Mn treatment means

33.2

36.6

39.1

38.8

41.9
37.6

34.7
36.6

39.7
.0

38.3
35.0

38.6
35.8

~;;:::::::::::;; 0;;:

37.8
36.7
(39.8 ) 35.6
~
,,/
"""Lime means, 10.6; Mn treatment means, 4.9; between Mn treatments at the same lime level,
6.9; between Mn treatments at different lime levels, 11.6.

LSD, 5%:

A1aga

o

2.24

Mn treatment means
LSD, 5%:

-----------------------------h1/ha----------------------------15.7
10.0
0
0
13.4
13.3
11.9
12.9
12.8
17.2
15.0
0
0
16.8
15.3
13.7
15.2
15.5
1~.5

o

o

15.1

14.3

12.8

14.0

Lime means, 13.7; Mn treatment means, 4.5; between Mn treatments at the same lime level,
6.4; between Mn treatments at different lime levels, 14.1.

""-J
""-J
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soil.

Responses on both the unlimed'and limed main plots are thought

to be due to high pH values in both plots.

The average pH of the

unlimed plots was 6.5 while that of the limed plots was 7.0.

Although

not significant for all treatments, a definite trend was that the
unlimed main plot produced higher yields than the limed main plot.
Within treatments the highest yields resulted from the 11.2 and 16.8
kg Mn/ha band treatments, the 44.8 kg Mn/ha broadcast treatment, and
the foliar treatment.
On the Bertie (B) soil, no significant yield increases were
obtained in the unlimed main plot.

However, all Mn treatments

d~d

increase yields in this main plot with the exception of the 22.4 kg
Mn/ha broadcast treatment.
result.

No explanation can be given for this

In the limed main plot, grain yields were increased by the

11.2 and 16.8 kg Mn/ha band treatments and by the 11.2 kg Mn/ha broadcast treatment.
increases.

All other treatments did show a trend for yield

The limed plots were generally slightly lower in yields

than the unlimed plots.

The average pH of the unlimed plots was 5.7

while that of the limed plots was 6.5.

All tissue analyses from both

the Bertie (A) and Bertie (B) locations indicated adequate levels of
Zn, Fe, and Cu.

The B content of the tissue was not checked and

possibly could have been a limiting factor in the limed plots for
both of the experiments.
The grain yields for the experiment located on the Alaga soil are
shown in the lower section of Table XX.

The low yields are indicative

of the drought conditions which prevailed at this location during
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June and July.

The experimental results point out a real danger in

the band application method.

No seedlings emerged on the plots which

received the 11.2 and 16.8 kg Mnlha band treatments.

These same

treatments delayed emergence for 4 to 5 days on the poorly-drained
Bertie soils.

Apparently, the high salt concentrations near the seeds

resulted in their complete dessication and failure to germinate on
the coarse textured, well-drained Alaga soil.

The general trend,

though not significant, is for lower yields from all Mn applications
on the Alaga soil.
The Mn contents of soybean tissue as related to lime and Mn
treatments for the field experiments are reported in Table XXI.

On the

Bertie (A) soil the only treatments that produced increases in plant
Mn content were the 16.8 kg Mn/ha band treatment and the 22.4 kg Mnl
ha broadcast treatment, both in the unlimed main plot.

The Mn contents

of all tissue samples at this location are below the published critical level of 20 ppm.

The soybean yields resulting from the higher Mn

rates on the Bertie (A) soil were excellent.

Thus, the Mn contents

of the tissue indicate that Mn rates for the soil treatments should
be higher than were used, and that the foliar treatment should have
been repeated more than twice.

Another explanation is that the

published critical level does not hold under all conditions and that
the true critical level for Mn in soybeans may be as low as 10 ppm.
The first explanation is more plausible for this soil has a high
yield potential because of the adequate 'nutrient holding capacity and
favorable moisture characteristics during the growing season.

The

Table XXI.

Manganese content of soybean tissue as related to lime and Mn treatments for field
experiments at three locations.
Mn treatments kg/ha

Lime
(metric) ton/ha
Bertie (A)

o

o

Band

5.6

11.2

Broadcast

16.8

11.2

22.4

Foliar

44.8

2.2

Lime
Means

-----------------------------------ppm----------------------------------

2.24

8.7
8.2

13.4
8.3

11.3
8.2

17.7
11.9

10.0
9.1

18.3
9.1

12.4
11.3

13.3
10.2

Mn treatment means

8.4

10.9

9.8

14.8

9.6

13.7

11.8

11.7

13.1
9.5

Lime means, 6.6; Mn treatment means, 3.7; between Mn treatments at the same lime level,
5.2; between Mn treatments at different lime levels, 7.7.

LSD, 5%:

Bertie- (B)

o

-----------------------------------ppm----------------------------------

4.48

24.3
17.4

21.9
19.8

27.3
20.6

32.9
23.6

25.8
21.6

24.2
22.2

31.2
24.5

23.8
21.1

Mn treatment means

20.8

20.9

24.0

28.3

23.7

23.2

27.8

22.4

LSD, 5%:

26.4
21.4

Lime means, 1.0; Mn treatment means, 4.6; between Mn treatments at the same lime level,
6.5; between Mn treatments at different lime levels, 6.2.

Alaga

-----------------------------------ppm----------------------------------

2.24

218.3
195.4

222.7
179.3

214.0
171.7

243.2
175.1

252.8
212.0

240.9
176.8

Mn treatment means

206.8

196.7

192.8

209.1

232.4

202.4

o

LSD, 5%:

232.0
185.0

Lime means, 88.5; Mn treatment means, 27.6; be~ween Mn treatments at the same lime level,
39.0; between Nn treatments at different lime ievels, 77.7.

ex:>
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high pH levels of both the limed and.unlimed plots produced favorable
conditions for oxidation of the applied Mn.

It would then seem that

higher rates of Mn application should be used on soils similar to
the Bertie (A).
The center section of Table XXI contains the Mn concentration
values of tissue samples from the Bertie (B) location.

The 16.8 kg

Mn/ha band treatment and the 44.8 kg Mn/ha broadcast treatment in the
unlimed main plot increased Mn tissue contents as compared with the
check.

In the limed main plot, only the 44.8 kg Mn/ha broadcast

treatment produced an increase in tissue Mn.

The lime application

reduced the Mn concentration for the check treatment, the 11.2 and
the 16.8 kg Mn/ha band treatments, and for the 44.8 kg Mn/ha broadcast treatment.

The data in the first two sections of Table XXI

indicate that, for the Bertie soils studied, more reduction in plant
available Mn occurs from lime applications to raise the pH from 5.7
to 6.5, than to raise the pH from 6.S to 7.0.

However, when pH 6.5

was reached these Bertie soils did not provide plants with adequate
Mn.
The Mn tissue concentrations of plants grown on the Alaga soil
are shown in the lower section of Table XXI.

The data point out

vividly how nutrient concentrations in tissue may vary because of
environmental stresses.

The stunting effect of drought masked all

treatment effects at this location.
The results of the three experiments could not be combined over
all locations due to a significant treatment by location interaction.
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However, in considering the yield da'ta as well as the Hn tissue concentrations, it seems that high rates of broadcast Mn applications,
or repeated foliar application would be the safest means of correcting
Hn deficiency in soybeans.

Severe stand reductions can occur with

seed band treatments as performed in these experiments particularly
under adverse moisture conditions.

Further research is needed to

determine the broadcast rate as well as the number of foliar applications needed to obtain maximum yields.
Exchangeable, easily reducible, and dilute

Hel-H 2 so

4

extractable

Hn were determined on soil samples taken from each plot when the soy-

beans were in the bloom stage of growth.

Exchangeable and easily

reducible Hn were determined on field moist and air-dry samples to
evaluate the effect of air-drying on these forms of extractable Mn.
Exchangeable Hn contents of moist samples as related to lime and

Mn treatments for the field experiments are shown in Table XXII.
same information for air-dry samples is given in Table XXIII.

The

In

general, exchangeable Hn increased with increasing Mn applications in
both the moist and the air-dry samples.
ficant in most cases.

The increases were not signi-

Lime applications produced a significant effect

only for the moist samples from the Alaga soil.
The data in Tables XXII and XXIII were compared using the paired-t
test.

The comparison indicated that the air-dry samples from all

locations contained more exchangeable Mn than the moist samples.
The differences were significant at the 1% level of probability for
all locations.

These results are similar to those reported by

Exchangeable Mn contents of moist soil samples as related to lime and Mn treatments for
field experiments at three locations.

XXII.

Mn treatments kg/ha
Lime
(metric) ton/ha
Bertie (A)

o
2.24
Mn treatment means

LSD, 5%:

o

5.6

Band
11.2

16.8

11.2

Broadcast
22.4

44.8

Foliar
2.2

-------------------------------------ppm------------------------------------0.1
0.3
0.3
0.4
0.2
0.5
0.2
0.2
0.3
0.2
0.2
0.4
0.2
0.2
0.2
0.3
0.2
0.2

0.2

0.2

0.4

0.3

0.2

0.4

0.2

0.2

Lime means, 0.2; Mn treatment means, 0.2; between Mn treatments at the same lime level,
0.2; between Mn treatments at different lime levels, 0.3.

Bertie (B)

o

-------------------------------------ppm------------------------------------0.9
2.2
3.2
0.6
0.6
1.2
0.4
1.2 .

4.48

0.4
0.3

1.1

1.2

1.3

0.4

0.6

0.7

0.4

Hn treatment means

0.3

1.0

1.7

2.3

0.5

0.6

1.0

0.4

LSD, 5%:

o

2.24
treatment means

LSD, 5%:

0.8

Lime means, 0.7; Mn treatment means, 0.7; between Mn treatments at the same lime level,
1.0; bet~veen Mn treatments at different lime levels, 1.1.

Alaga

Mn

Lime
Means

-------------------------------------ppm------------------------------------1.1
1.9
0.7
0.4
0.5
0.8
0.5
0.8

0.5
0.5

1.7

2.5

1.5

0.6

0.8

1.3

0.5

0.5

1.4

2.2

1.1

0.5

0.6

1.1

0.5

1.2

Lime means, 0.2; Mn treatment means, 0 •. 7; between Mn treatments at the same lime level,
1.0; bet\"een Mn treatments at different lime levels, 0.9.

0:>
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Table XXIII.

Exchangeable Mn contents of air-dry samples as related to lime and Mn treatments for
field experiments at three locations.

Mn treatments kg/ha
Lime
ton/ha
Bertie

o

2.24
Mn treatment means

Bertie (B)

o
4.48
treatment means

16.8

11.2

Broadcast
22.4

44.8

Foliar
2.2

Lime
Means

-------------------------------------ppm------------------------------------0.5
1.1
2.0
1.3
0.6
0.9
1.0
0.7
1.0
0.6
1.0
1.3
1.2
0.7
0.8
0.9
0.7
0.9
0.6

1.1

1.6

1.2

0.6

0.8

0.9

0.6

-------------------------------------ppm------------------------------------0.6
2.1
5.3
6.9
1.1
1.1
2.8
0.8
2.6
0.5
2.0
2.2
3.1
0.6
1.2
1.5
0.7
1.5
0.6

2.1

3.8

5.0

0.9

1.2

2.2

0.7

Lime means, 2.1; Mn treatment means, 1.3; between Mn treatments at the same lime level, 1.
1.9; between Mn treatments at different lime levels, 2.6.

LSD, 5%:

Alaga

o
2.24
Mn treatment means
LSD, 5%:

5.6

Lime means, 0.2; tm treatment means, 0.4; between Mn treatments at the same lime level,
0.5; between Mn treatments at different lime levels, 0.5.

LSD, 5%:

11n

o

Band
11.2

-------------------------------------ppm------------------------------------0.6
1.8
2.1
1.3
0.8
1.0
1.2
0.7
1.2
0.7
2.6
3.5
1.8
0.8
1.2
1.5
0.9
1.6
0.7

2.2

2.8

1.6

0.8

1.1

1.4

0.8

Lime means, 0.6; treatment means, 0.7; between Mn treatments at the same lime level, 1.0;
between Mn treatments at different lime levels, 1.0.
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Fujimoto and Sherman (1946) and Hammes l •

The increase in exchangeable

Mn with air-drying was attributed by Fujimoto and Sherman (1946) to
the removal of the water of hydration from a complex Mn oxide of the
type, (MuO)

x

(Mn0 ) (H 0).
2 z
2 y

With dehydration, the complex would

become unstable and a portion of the Mn could move onto the exchange
complex.

Hammes l , working Wisconsin soils, concluded that the

increase in exchangeable Mn with air-drying occurred when organic
matter was chemically oxidized with a subsequent release of }fu.
Rich (1956) reported somewhat contradictory results.

For 23 soils

from the Coastal Plain region of Virginia, exchangeable Mn increased
with air-drying for 10 soils and decreased for the remaining 13 soils.
For a Bertie soil, exchangeable Mn increased slightly during 16 days
of air-drying in the laboratory.

Rich gave no explanation for these

results.
With reference to the results in Tables XXI and XXII, the increase
in exchangeable Mn with air-drying could be due to a combination of
dehydration and organic matter oxidation in the Bertie soils.

The

Bertie (A) and Bertie (B) soils contain 5.3% and 3.7% organic matter,
respectively.

The moist Bertie (A) samples averaged 12.4% moisture

while the moist Bertie (B) samples averaged 5.3% moisture.
explanation does not hold for the Alaga samples.

This

The soil contains

only 0.7% organic matter which is undoubtedly oxidized to a very
stable state, and the moist samples averaged only 2.8% moisture
because of drought conditions.
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Easily reducible Mn contents of moist and air-dry samples as
related to lime and Mn treatments for the field experiments are presented in Tables XXIV and XXV, respectively.

Comparisons of the data

in these tables using the paired-t test showed that more easily reducible Mn was extracted from the moist Bertie (B) and Alaga samples
than from air-dry samples.

No significant difference was found

between the moist and air-dry Bertie (A) samples.

The data for the

Bertie (B) and Alaga samples would tend to support Fujimoto and
Sherman's (1948) hypothesis of a complex hydrated Mn oxide.

In the

case of the Bertie (A) soil, it would seem that oxidation of organic
matter was the controlling factor instead of a hydrated oxide.
In general, Mn treatments increased the easily reducible Mn
contents of all samples as shown in Tables XXIV and XXV.
increases occurred only for a few band treatments.

Significant

Lime did not

affect the easily reducible Mn at any location as shown by the lime
means.

These results illustrate the fact that most of the applied

Mn was oxidized during the growing season.

These easily reducible

oxides would be expected to become more crystalline and inert with
I

aging according to the Mn cycle presented by Hammes.

It is for this

reason that soil Mn applications cannot be expected to last more than
one growing season.
The dilute HCl-H S0 extractable Mn content of samples from the
2 4
field experiments are presented in Table XXVI.

Dilute HCl-H S0
2 4

extractable Mn was increased in the Bertie (A) experiment by the 11.2
and 16.8 kg Mn/ha band treatments in both the limed and unlimed main

Table XXIV.

Easily reducible Mn contents of moist samples as related to lime and Mn treatments for
field experiments at three locations.

Lime
(metric) ton/ha
Bertie (A)

o
2.24

Mn treatment means

Bertie (B)

o

4.48
treatment means

LSD, 5%:

o

2.24
treatment means

LSD, 5%:

Foliar
2.2

Lime
Means

-----------------------------------ppm---------------------------------2.9
23.2
89.1
50.5
4.8
8.8
16.3
4.0
25.0
4.7
35.4
66.1
117.8
7.5
8.7
11.5
5.3
32.1
3.8

29.3

77.6

84.2

6.2

8.8

13.9

4.6

-----------------------------------ppm------------~---------------------

2.1
3.9

36.6
50.0

79.0
74.9

135.9
91.9

6.9
5.8

9.3
10.0

34.2
25.6

6.1
3.9

3.0

43.3

77.0

113.9

6.4

9.6

29.9

5.0

38.ff
33.3

Lime means, 53.8; }~ treatment means, 36.2; between Mil treatments at the same lime level,
51.2; between ~~ treatments at different lime levels, 67.6.

Alaga

t-1n

5.6

Hn treatments kg/ha
Broadcast
16.8
11.2
22.4
44.8

Lime means, 9.3; Mn treatment means, 16.3; between Mn treatments at the same lime level,
23.1; between Mn treatments at different lime levels, 23.0.

LSD, 5%:

}~

o

Band
11.2

-----------------------------------ppm---------------------------------14.3
36.9
30.5
33.0
20.4
23.5
35.3
13.3
25.9
14.9
43.3
51.1
29.2
16.4
20.5
34.2
13.9
27.9
14.6

40.2

40.8

31.1

18.4

22.0

34.7

13.6

Lime means, 25.0; Mil treatment means, 12.0; between Mn treatments at the same lime level,
17.0; between Mn treatments at different lime levels, 27.7.

<Xl
'-l

Table XXV.

Easily reducible Mn contents of air-dry samples as related to lime and Mn treatments
for field experiments at three locations.

Mn treatments kg/ha
Lime
(metric) ton/ha
Bertie (A)

o
2.24

Mn treatment means

Bertie (B)

o
4.48
treatment means

A1aga

o

2.24
treatment means

LSD, 5%:

16.8

11.2

Foliar
2.2

Lime
Means

----------------------------------ppm----------------------------------2.5
21.1
83.1
52.0
4.9
8.3
17.7
3.5
24.1
4.4
33.8
69.4
117.8
5.7
8.4
11.5
4.4
31.9

3.4

27.4

76.3

84.9

5.3

8.4

14.6

4.0

----------------------------------ppm----------------------------------1.6
31.9
68.4
120.2
6.1
7.1
27.0
5.5
33.3
2.4
43.5
73.6
85.0
4.5
7.5
21.0
3.1
30.1

2.0

37.7

71.0

102.6

5.3

7.3

24.0

4.3

Lime means, 47.5; Mn treatment means, 30.1; between Mn treatments at the same lime level,
42.6; between Mn treatments at different lime levels, 58.1.

LSD, 5%:

Mn

5.6

Broadcast
22.4
44.8

Lime means, 11.3; Mn treatment means, 16.0; between ~m treatments at the same lime level,
22.6; between Mn treatments at different lime levels, 23.3.

LSD, 5%:

Mn

o

Band
11.2

---------------------------------ppm----------------------------------13.5
39.8
27.6
32.0
18.0
21.1
34.9
12.3
24.9
13.7
42.6
50.3
26.5
14.5
21.5
29.4
12.1
26.3

13.6

41.2

38.9

29.3

16.2

21.3

32.2

12.2

Lime means, 30.6; Mn treatment means, 11.5; between Mn treatments at the same lime level,
16.2; between Mn treatments at different lime levels, 32.2.

co
co

Table XXVI.

Dilute Hel-H2so4 extractable Mn as related to lime and Mn treatments for field
experiments at three locations.
Mn treatments kg/ha

Lime
(metric) ton/ha
Bertie (A)

o

2.24
Mn treatment means

Bertie (B)

o
4.48
treatment means

LSD, 5%:

16.8

11.2

Broadcast
22.4
44.8

Foliar
2.2

Lime
Means

---------------------------------ppm---------------------------------3.3
6.5
16.4
11.9
4.1
9.7
7.4
5.1
8.1
4.3
10.9
18.0
25.7
5.1
6.8
14.7
5.1
11.3
3.8

8.7

17.2

18.8

4.6

8.2

11.1

5.1

---------------------------------ppm---------------------------------2.8
12.5
22.5
31.6
5.2
5.9
13.4
4.5
12.3
3.0
17.1
22.2
24.7
5.0
6.6
11.4
4.3
11.8
2.9

14.8

22.3

28.1

5.1

6.2

12.4

4.4

Lime means, 12.0; Mn treatment means, 7.1; between Mn treatments at the same lime level,
10.0; between Mn treatments at different lime levels, 14.2.

Alaga

o
2.24

Mn treatment means
LSD, 5%:

5.6

Lime means, 6.9; Mn treatment means 5.1; between Mn treatments at the same lime level,
7.1; between Mn treatments at different
levels, 9.0.

LSD, 5%:

Mn

o

Band
11.2

---------------------------------ppm---------------------------------3.1
8.6
7.8
6.3
4.2
5.1
6.1
3.3
5.6
5.6
14.2
16.2
9.3
6.2
8.1
11.1
5.4
9.5
4.4

11.4

12.0

7.8

5.2

6.6

8.6

4.3

Lime means, 5.6; Mn treatment means, 2.8; between Mn treatments at the same lime level,
4.0; between Mn treatments at different lime levels, 6.2.
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plots.

In the broadcast treatments; only the limed 44.8 kg Mn/ha

treatment exhibited an increase in extractable Mn.

In the unlimed

main plot of the Bertie (B) experiment, increases in extractable Mn
were found for the 11.2 and 16.8 kg Mn/ha band treatments and for
the 44.8 kg Mn/ha broadcast treatment.

In the limed main plot, all

band treatments produced increases in extractable Mn.

There were no

significant differences between the unlimed and limed main plots.

In

the Alaga experiment, the 5.6 and 11.2 kg Mn/ha band treatments
increased extractable Mn in both the limed and unlimed main plots.
For the broadcast treatments, the 22.4 and 44.8 kg Mn/ha rates
increased extractable Mn in the limed main plot.
The dilute Hel-H So extraction for
2 4

}fu

was included in this

investigation because of its usage in many areas of the Southeastern
United States.

The dilute Hel-H So extractable Mn values for the
2 4

field experiments were correlated with the exchangeable and easily
reducible Mn contents to determine if any relationships existed
between the empirical dilute Hel-H So soil test procedure and the
2 4
theoretically based exchangeable and easily reducible tests.

The

simple correlation coefficients are reported in Table XXVII.

The

correlations are significant in all cases but are the highest for
the easily reducible Mn test procedure.

This indicates that the

dilute Hel-H So test extracts a portion of soil Mn that is closely
2 4
related to the easily reducible oxides.
The relationships between exchangeable Mn, easily reducible Mn,
dilute Hel-H so extractable Mn, pH, and Mn concentration in tissue
2 4
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Table XXVII.

Soil
Series

Bertie
(A)

Bertie
(B)

Alaga

Correlation coefficients for dilute HCl-H 2 S0 4
extractable Mn with exchangeable and easily reducible
~1n contents of air-dry and moist samples of the three
soils utilized in the field experiments.

Variable

Exchangeable Mn
moist
air-dry

Easily Reducible
moist
air-dry

---------------

r ----------------

dilute RCl-H S0 ext. Mn
2 4

.569**

. 3S7)~

.803**

.790**

dilute RCI-H S0 ext. Mn
2 4

.871**

,856**

.984**

.977**

dilute RCI-H S0 ext. Mn
2 4

.892**

.729**

.806**

.827**

* Significant at the 5% level of probability.
** Significant at the 1% level of probability.
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were investigated for the field experiments.

Log

lO

relationships

were found to best describe associations between Mn tissue contents
and exchangeable and easily reducible Mn.

Transformation of the data

did not improve the correlation between Mn tissue contents and dilute
Hel-H

2

so4

extractable Mn.

The correlation coefficients are given in

Tables XXVIII, XXIX, and XXX.

There are no large differences in

correlation coefficients between moist and air-dry samples.
the dilute Hel-H

2

so 4

Likewise,

relationships do not appear to differ greatly

from the other associations.

The highest correlations were found

between soil pH and plant Mn concentrations.
The correlations indicate that pH is a dominating factor in
controlling plant available Mn in the soils utilized in the field
experiments.

The soil tests were not consistent in their ability to

follow changes in soil Mn due to Mn fertilization.

However, this

is not the criteria which would be used to evaluate a test for detecting Mn deficient soils.
for the dilute Hel-H

2

so 4

With the calibration research by Cox (1968)
method and the relationships shown in this

investigation, it appears that this procedure would be extremely
useful in separating Mn deficient soils from non-deficient soils,
especially when pH is considered with the extractable Mn value.
dilute RCl-H
soils.

2

so 4

The

procedure for Mn should be calibrated for Virginia
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Table XXVIII.

Relationships of logia Mn concentration in soybean
tissue with loglO exchangeable and loglO easily
reducible Mn contents of moist samples and pH for the
soils utilized in the field experiments.

Multiple
Soil
Series

Dependent
Variable

Bertie

loglO Mn in tissue

Independent
Variables

Simple

loglO exch. Mn

.421**

r

R

.697**

.486

.656**

.430

.761**

.579

.733**

.538

.760**

.578

.754**

.568

(A)

pH
loglO Mn in tissue

loglO ease red. Mn
pH

Bertie

loglO Mn in tissue

loglO exch. Mn

-.644**
.172ns
-.644**
.588**

(B)

pH
loglO Mn in tissue

Alaga

loglO Mn in tissue

loglO Mn in tissue

loglO ease red. Mn

-.658**
.390**

pH

-.658**

loglO exch. Mn

-.072ns

pH

-.753**

loglO ease red.
pH

** Significant at the 1% level of probability.
ns Not significant.

.025ns
-.753**
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Table XXIX.

Dependent
Variable

Soil
Series
Bertie

Relationships of 10glO Mn concentration in soybean
tissue with 10glO exchangeable and 10glO easily
reducible Mn contents of air-dry samples and pH for the
soils utilized in the field experiments.

10g

(A)

l0

Mn in tissue

Independent
Variables

Simple
r

10g
exch. Mn
l0

.2l1ns

pH
10g

l0

Mn in tissue

(B)

10g
Mn in tissue
10

eas. red. Mn
10g
10
10g10 exch. Mn

Alaga

10g10 Mn in tissue

10glO Mn in tissue

10g

.174ns

.575**

.653**

.426

.655**

.429

.753**

.566

.728**

.530

.754**

.568

• 756**

.572

-.659**
l0

eas. red. Mn

.372**

pH

-.659**

10g10 exch. Mn

-.095ns

pH

-.733**

10g

R2

-.644**

pH
10glO Mn in tissue

R

-.644**

pH
Bertie

Multi~le

10

eas. red. Mn

pH

** Significant at the 1% level of probability.
ns Not significant.

.017ns
-.753**
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Table XXX.

Relationships of Mn concentration in soybean tissue with
dilute HC1-H2S04 extractable Mn content and pH of soil
utilized in the field experiments.

Multiple
Soil
Series

Dependent
Variable

Bertie
(A)

Mn in tissue

Independent variables
dilute HCl-H S0 ext. Mn
2 4
pH

Bertie
(B)

Alaga

*
**
ns

'Hn in tissue

Hn in tissue

dilute HCl-H S0 ext. Mn
2 4

Simple
r
.112ns

R2

.670**

.449

.754**

.568

.760**

.578

-.643**
.444**

pH

-.667**

dilute HCl-H S0 ext. Hn
2 4

-.358**

pH

-.760**

Significant at 5% level of probability.
Significant at 1% level of probability.
Not significant.

R

SUMMARY AND CONCLUSIONS
The research was undertaken to provide basic information on Mn
in Virginia soils and to evaluate rates and methods of
tion to correct Mn deficiency in soybeans.

~tn

applica-

Soil profile samples

were analyzed from catenas representing the Appalachian, Piedmont.
and Coastal Plain regions.

The exchangeable, easily reducible,

and total Mn contents were higher in the Appalachian soils than in
the Piedmont or Coastal Plain soils.

The total Mn content of the

well-drained soil was higher than the poorly-drained soil in the
Appalachian catena.
varying in drainage.

No other differences were found between soils
Parent material and time appear to be the

soil forming factors that exert the largest influence on total
soil Mn.

Further research is necessary to fully characterize soil

Mn in these broad physiographic regions.
Manganese in a MnCl

2

film, MnCl

2

particles, and a Mn-saturated

montmorillonite sample was studied with ESCA.

A strong signal due

to Mn 2P3/2 electrons was measured from the MnC1

2

film.

The count-

ing time available was inadequate to measure distinct signals from
the MnCl

2

particles and the Mn-saturated montmorillonite sample.

Adsorbed Mn can be studied by ESCA if long scanning times are possible.
Correction of Mn deficiency of soybeans was investigated in
greenhouse and field research.

In the greenhouse research, dry

weight yields of soybean plants were not affected by lime application.

This lack of response was attributed to pH reductions from

oxidation and hydrolysis of applied Mn.
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Within the unlimed main
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plot~

yields were reduced by the 5.0 and 7.5 ppm Mn band treatments

and by the 5.0 and 20 ppm Mn broadcast treatments.

Yields in the

limed main plot were decreased by the 7.5 ppm Mn band treatment.
The reduction in dry weight yields were probably due to delayed
emergence of plants because of high salt concentrations near the
germinating seeds.

All Mn applications produced soybean plants

with tissue concentrations of greater than 20 ppm Mn.

Manganese

uptake generally increased with level of Mn application.

The ex-

changeable, easily reducible, and dilute HCl-H S0 extractions for
2 4
Mn were found to be sensitive to changes in soil Mn from }In
application.
In the field research t soybean grain yield increases of up to
29 hl/ha resulted from Mn applications on the Bertie (A) soil.
Smaller yield increases occurred on the Bertie (B) soil, and drought
conditions masked all treatment effects on the Alaga soil.

No

seedlings emerged from the 11.2 and 16.8 kg Mn/ha band treated
plots on the Alaga soil.

These same treatments· delayed seedling

emergence on the Bertie soils.

Considering all the data, it seems

that at least 44.8 kg Mn/ha is needed to correct Mn deficiency if
the Mn is applied as a broadcast treatment.

The 16.8 kg Mn/ha

band treatment corrected Mn deficiency, but there is a danger of
severe stand reductions from this treatment under certain conditions.

The foliar Mn treatment was comparably to the broadcast and

band treatments in correcting the deficiency.

The foliar Mn
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treatment would be the most advisable to use according to presently
available information.
The exchangeable, easily reducible, and dilute HCI-H S0
2 4
extractions for soil Mn were found to be inconsistent in their
ability to follow changes in soil Mn due to Mn fertilization in
field experiments.

Soil pH was found to be a dominant factor

affecting Mn availability to plants.

Relationships with soybean

growth indicate that the dilute HCI-H S0 extraction for avail2 4
able Mn should be calibrated for Virginia soils, and that pH must
be considered with the extractable Mn value in separating Mn
deficient and non-deficient soils.
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Table I.

Chemical sources of plant nutrient elements applied to soils
in the greenhouse experiment.

Element

Source:;\'

p

KH 2P04

K

KCI

Cu

CUS0

Zn

ZnS0

Mn

MnS0 ·H O
4 2

Fe

FeS0 ·7H O
2
4

*Reagent grade chemicals

4
e

4

7H O
2
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Table II.

Soil
Series

Selected chemical properties of soils utilized in the
field experiments.

pH

Organic
Matter

Total

%

-ppm-

Mn

Ca

Exchangeable
Ng
K

Na

--------- me/lOOg --------

Bertie (A)

6.5

5.3

239

4.72

1.30

.36

.07

Bertie (B)

5.7

3.7

247

4.08

.72

.18

.08

Alaga

5.8

.7

409

.31

.16

.14

.06
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MANGANESE IN VIRGINIA SOILS AND CORRECTION OF
MANGANESE DEFICIENCY IN SOYBEANS (GLYCINE MAX L.)
by
Marcus M. Alley

(ABSTRACT)
Research was undertaken to provide basic information on Mn
in Virginia soils and to evaluate rates and methods of Mn application to correct Mn deficiency in soybeans (Glycine max L.).

The

exchangeable, easily reducible, and total Mn contents were higher
in the Appalachian soils studied than in the Piedmont or Coastal
Plain soils.

Parent material and time appear to be the soil forming

factors that exert the largest influence on total soil Mn.
in a MnCI

Z

film, MnCI

Z

Manganese

particles, and a Mn-saturated montmorillonite

sample were studied with ESCA (electron spectroscopy for chemical
analysis).

These preliminary studies indicate that Mn has a low

yield of photoejected electrons, and that long scan times are needed
for detailed investigations.
Correction of Mn deficiency of soybeans was investigated in
greenhouse and field research.

In the greenhouse, dry weight yields

of soybean plants were not affected by lime application.

This lack

of response was attributed to pH reductions from oxidation and hydrolysis of applied Mn.

Reductions in dry weight yields from Mn

band placement with seed were probably due to delayed emergence of
plants because of high salt concentrations near the germinating

seeds.

All Mn applications produced soybean plants 'vith tissue con-

centrations of greater than 20 ppm Mn.
reducible, and dilute Hel-H So (0.5
2 4

~

The exchangeable, easily
HCl + 0.025

!!

H S0 ) extrac2 4

tions for Mn were found to be sensitive to changes in soil Mn from
Mn applications.
In the field research, grain yield increases were obtained
from Mn applications in two out of three experiments.

Drought con-

ditions masked all treatment effects at the third location.

Treat-

ments consisting of 16.8 kg Mn/ha band-placed with seed, 44.8 kg
Mn/ha broadcast, and 2.2 kg Mn/ha foliar applied were comparable in
correctingMn deficiency.

Severe stand reductions occurred from

the seed band treatment under conditions of low soil moisture.

Con-

sequently, this procedure cannot be generally recommended for correction of Mn deficiency.

Based on presently available information

the foliar applied Mn would be recommended over others.

The ex-

changeable, easily reducible, and dilute HCl-H S0 extractions
2 4
for soil Mn were

~ound

to be inconsistent in following changes in

soil Mn due to Mn fertilization in the field experiments.

Soil pH

was found to be a dominate factor affecting Mn availability to
plants.

