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· INTRODUCTION

The essentiality of Mn for plant growth was proven by

McHargue in 1922 (Gilbert, 1948). Since then, much research

has been conducted to determine the functions of Mn in
plants. Manganese in coordination with a protein partici-

pates in the electron transfer reactions of photosystem II

(McGilvery, 1983). It also activates certain enzymes in-

volved in fatty acid synthesis, nucleotide synthesis, and

respiration (Devlin, 1975). Manganese substitutes for Mg in

many of the ATP dependent enzymes of sugar metabolism (Fol-

let et al., 1981). Under conditions of inadequate Mn, dis-

ruptions of hüochemical processes lead to a. decrease in

plant growth (Devlin, 1975).

Manganese is taken up by plants predominantly as Mn2+.

The activity of Mn2+ in soil solution is mainly dependent

upon two soil properties, Eh (reduction potential) and pHi
(Gotoh and Patrick, 1972). As the soil Eh and pH decrease,

the Mn2* activity increases in soil solution and, conse-

quently, higher Mn uptake occurs by plants (Lutz et al.,

1972; Ponnamperuma et al., 1969). When soil pH and Eh in-

crease, Mn2+ in soil solution is oxidized·to Mn3+ and Mn**,

and the trivalent and tetravalent Mn precipitate as very in-

soluble hydroxides and oxides (Bohn et al., 1979). The pre-
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cipitation reactions decrease the amount of Mn in soil solu-

tion and, thereby, decrease Mn uptake by plants.

Much of the Mn2* in soil solution is present as com-

plexes with organic molecules rather than as Mn2* (Geering

‘ et al., 1969). Divalent Mn forms relatively weak bonds with

functional groups of organic matter in soil solution (Geer-

ing et al., 1969) and competes with H3O* for bond formation

with the functional groups. Research by Schnitzer et al. _

(1967) indicated that Mn2+ bonded to soil fulvic acid became

more soluble as pH decreased from 5.0 to 3.5. Undoubtedly,

the bond strength between Mn2+ and functional groups of soil

solution organic matter is too weak to prevent precipitation

of insoluble Mn hydroxides and oxides at higher levels of

soil Eh and pH. For this reason, low Mn uptake occurs by
plants from soils with high levels of soil Eh and pH.

Mehlich (1957) found that Mn deficiency developed when

strongly acidic soils were brought to a pH higher than 6.2.

However, less severe Mn deficiency occurred if slightly

acidic soils were limed to a pH level above 6.2. This ef-

fect was more pronounced in strongly acidic soils with wider

Al/Mn and Fe/Mn ratios. It is possible that higher Al and

Fe activities could lead to much Mn occlusion in hydroxides
and oxides formed during neutralization of the strongly

acidic soils and that the occluded Mn would be unavailable
to plants.

I
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An inverse relationship between Mn .uptake and Fe

activity in soil solution was observed long ago (Shive,

1941). It was noticed tht Mn toxicity symptoms could be de-
.

creased by addition of either Fe or Al. Vlamis et al.
(1962) found that Mn uptake by plants was depressed very ef-
fectively by' Fe addition. to nutrient solution. Calcium,

Mg** and NH4* additions also decreased Mn uptake. The au-

thors explained this decrease as competition for absorption
sites in pdant roots. An increase i11 Zn level also de-

pressed Mn uptake by corn (Z;a may; L.) and barley (Hordeum

vulgare L.) from a soil with low levels of available Mn and

Zn (Singh and Steenberg, 1974). This decrease in Mn uptake

by Zn application was attributed to competition of Zn with

Mn for absorption sites at the root surface.

Rattan and Taylor (1970) found that Mn uptake by corn
was enhanced by B, Cu, K, N, P, and Zn fertilization. They

established that Mn concentrations in corn ear leaves in-

creased with closeness of the water table to the soil sur-

face up to 15 cm. This was probably due to higher Mn2* ac-
”

tivity‘ in soil solution under anaerobic conditions. The

ionic strength of soil solution affected Mn uptake by bar-

ley. That is, Mn uptake decreased with an increase in total
solute concentration in soil solution (Rattan and Taylor,

1970).
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Manganese deficiency is vüdesprewd in eastern United

States (Kubota and Allaway, 1972). Species of plants and

even varieties differ in tolerance to low levels of soil Mn
(Nair and Prabhat, 1977). Plants that are sensitive to Mn
deficiency are equally sensitive to Mn toxicity (Jones,
1972). The response of selected crops to Mn applications

under soil conditions conducive to Mn deficiency is shown in

Table 1. The low sensitivity rating indicates that, in most

situations, corn yields will not be increased by Mn applica-
tion (Lucas and Knezek, 1972).

Due to the few yield responses from Mn application,

very little is known about the diagnosis of Mn deficiency in

corn. Several soil extraction procedures have been used to

predict Mn. availability to corn plants (Browman et al.,

1969). However, due to the complexity of Mn chemistry in

soil, extractable Mn alone has not been sufficient to pred-

ict Mn uptake. Other variables besides extractable Mn have

been included in equations for prediction of Mn uptake by

corn and soybeans [Glycine max (L.) Merr.] under field con-

ditions (Browman et al., 1969; Cox, 1968; Gettier et al.,

1984; Mascagni and Cox, 1984). Inclusion of organic C and

clay contents and CEC have not improved the prediction of Mn

uptake as compared with extractable Mn alone (p = 0.05).

Soil pH, when used with extractable Mn, has been the only
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Table l. Response categories of some important agricultural
crops to Mn application under soil conditions
favorable to Mn deficiency.+

n Response
Common name Scientific name Category

Alfalfa Medicago sativa L. medium
Barley Hordeum vulgare L. medium
Corn geg mays L. low
Oats Avena sativa L. high
Peanut Arachis hypogea L. high
Rye Secale cereale L. low
Sorghum Sorghum bicolor (L.) Moench. high
Soybeans Glycine ma; (L.) Merr. high
wheat Triticum aestivum (L.) em Thell. high

+From Lucas and Knezek (l972).
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variable to improve the prediction of Mn uptake by plants

under field conditions (p = 0.05).

Mascagni and Cox (1984) developed a regression equation

to predict whether Mn application would increase corn

yields. Variables in their equation were soil pH and Meh-

lich III extractable Mn. This regression equation accounted

for 50.5% of the variation in corn grain yield for one At-

lantic Coastal Plain soil. They reported that the critical

level of Mn in corn was ll mg kg'1 based on the ear leaf at

early silk growth stage; the critical level was defined as

the concentration of Mn in the tissue for attainment of 99%

of maximum yield. Mascagni and Cox (1984) also found that

Mn banded with diammonium phosphate was three times more ef-

fective in increasing the Mn concentration in corn tissue on

four Atlantic Coastal Plain soils than Mn broadcast with di-

ammonium phosphate.

Manganese application increased soybean seed yields in

field experiments on 17 Atlantic Coastal Plain soils in Vir-

ginia (Gettier et al., 1984). However, yield response of

corn to applied Mn has not been evaluated on these soils.

This investigation was conducted during· the 1984 ·growing

season ‘to study' corn. response to ßhi application on. five

soils where foliar Mn had increased soybean seed yield. The

specific objectives of this research were as follows:

. II
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l. To evaluate yield response of corn to Mn applica-

tion under field conditions.

2. To compare rates of broadcast Mn as MnSO4 for cor-

rection of Mn deficiency. '

3. To determine the efficiency of Mehlich I and Meh-

lich III extractable Mn for prediction of Mn uptake

by corn plants.

4. To establish critical Mn levels in corn based on

ear leaf and grain samples.
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RESPONSE OF CORN T0 BAND APPLIED MANGANESE
SULFATE IN ATLANTIC COASTAL PLAIN SOILS

Plants diffex in susceptibility to Mn deficiency (Lucas

and Knezek, 1972). The susceptibility of coxn (geg may; L.) 4
to Mn deficiency is low as compaxed with othex cxops, such

as soybeans [Glycine max (L.) Mexx.] and wheat [Txiticum

aestivum (L.) em Thell.] (Lucas and Knezek, 1972).- The low

susceptibility to Mn deficiency indicates that Mn applica-

tion will not incxease coxn yields in most situations (Lucas
and Knezek, 1972). Although coxn is xated as low in suscep-

tibility to Phi deficiency, Mascagni and Cox (1984) found

that Mn application incxeased coxn gxain yield by as much as

6190 kg ha'] on two Aquic Paleudults, Exum fine sandy loam

and Goldsboxo sandy loam.

Manganese deficiency of soybeans is pxevalent in the

Atlantic Coastal Plain xegion (Alley et al., 1978; Boswell

et al., 1981; Cox, 1968; Gettiex et al., 1985; Robextson et

al., 1973; Woodxuff, 1979). Gettiex· et al. (1985) found

that foliax Mn application incxeased soybean seed yields in

17 of 30 field expeximents on Atlantic Coastal Plain soils

in Vixginia. The puxpose of this xeseaxch was to evaluate

coxn xesponse to Mn application on Atlantic Coastal Plain

soils on which foliax Mn had pxeviously incxeased soybean

seed yield. Foliax Mn incxeased soybean seed yields by 1220

10
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to 2620 kg ha'1 on the three soils selected for this re-
' search during either the 1981 or 1983 growing season (Getti-

er et al., 1985). _

*1
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MATERIALS AND METHODS

Three experiments were conducted in farmer's fields

during the 1984 growing season. Experimental areas in each
field were selected on the basis of uniform deficiency symp-
toms in corn as shown in Figure 1. The abnormality was

~
thought to be Mn deficiency of corn. Classification and se-

lected properties of the soils under study are shown in Ta-

ble 2.

FIELDEXPERIMENTATIONTwo

treatments applied to the three soils were 1) a

control and 2) Mn applied both in a band and to foliage.

These treatments were replicated four times and arranged in

a randomized complete block design. The band and foliar Mn

were applied.‘when plants were approximately· 30 cm tall.

Five kg Mn ha°1 as MnS04•H20 were banded 7.5 cm beside the

corn row to a depth of 5 cm with 2.0 kg Cu ha'1 as

CuS04•5H20 and 4.0 kg Zn ha" as ZnS04•7H20. The band for ·

the control treatment contained the 2.0 kg Cu and 4.0 kg Zn
ha°1 as sulfates and sufficient KZSO4 to compensate for the

60.2* from MnS04•H20 in the + Mn treatment. Potassium chlo-

ride was banded in the + Mn treatment to compensate for the

K in KZSO4. Foliar Mn as MnS04•H20 was applied at a rate of

12
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‘ 1.0 kg ha'1. Corn populations grown on the experiment sites

were as follows: 39,800 plants ha" of 'Northrup King PX74'

on the Dragston (A), 40,200 plants ha" of 'Beck 89X' on the

Dragston (B), and 43,850 plants ha" of 'Pioneer 3192’ on

the Myatt soil.

TISSUE ANALYSES
- Twelve whole plants, which were approximately 30-cm
tall, were sampled. from each. experimental location. Ten

earleaf samples were taken from guard rows when corn plants

were at the early silk growth stage and corn grain samples

were obtained at plant maturity. The plant tissue was dried
at 70°C for 24 hours and ground to pass a 20—mesh screen.

Copper, K, N, P, S and Zn, as well as Mn, were determined in

the earleaf samples to evaluate treatment effects from Mn

application and to determine if nutrients other than Mn lim-

ited corn yield. Only Mn concentrations were determined in

whole plant and grain samples.

One-gram subsamples of the ground tissue were dry—ashed

at 450°C for two hours in preparation for Cu, K, Mn, P and

Zn analyses. Ashed samples were filtered after equilibra-

tion in 0.5 M HC1 for Cu, Mn and Zn analyses and 0.3 M HNO3

for P and K analyses. The catio-ns in the filtrates were

determined by atomic absorption spectrophotometry and P by a
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vanadomolybdophosphoric acid method. Nitrogen in the ground

tissue was determined by a microKjeldahl procedure (McKenzie

and Wallace, 1954), and S by a combustion technique with a

LEC0 S analyzer (Bremner and Tabatabai, 1971).

SOIL ANALYSES I
Soil samples, 12 cores plot'1, were obtained from the

Ap horizon of each plot of the three field experiments when _”I

corn plants were approximately 30-cm tall. The samples were

dried at 105°C for 24 hours and ground to pass a 10—mesh

stainless steel screen. Extractable Mn in the ground sam-

ples was determined by the Mehlich I (Nelson et al., 1953)

and Mehlich III (Makarim and Cox, 1983) procedures. The

soil was measured for extractable Mn analyses by volume with
an assumed weight to volume ratio of 1.25. Thus, a 4.0 cm3

volume of soil, measured with a scoop of radius 0.99 cm and

depth 1.30 cm, had an estimated weight of 5.0 g. Soil pH

was determined in a 1:1 soil—to-water mixture after a 1—hour

equilibration period, and organic matter in the soil samples

was determined by a chromic acid oxidation procedure (The

Council on Soil Testing and Plant Analysis, 1980).
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YIELD MEASUREMENT

Two 12.2-m rows of corn were harvested from each plot
for grain yield measurement. The grain was adjusted to a

15.5% moisture content.

STATISTICAL ANALYSES _
Soil and plant tissue data were analyzed by analyses of

variance and by linear and non—linear correlation and re-

gression procedures (Ott, 1977). The relationship between

Mn concentration in corn tissue and grain yield was estab-

lished with the Mitscherlich plant growth model as described

by Ware et al. (1982). Their proposed model was:

Y = 6 (1-Xe-GX),
Where Y is the percent maximum yield and X is the Mn concen-

tration in tissue. For this study, the tissues were the

corn ear leaf at the early silk growth stage and the corn

seed. The parameter B is the asymptotic maximum as X ap-.
proaches infinity. This parameter accounts for the fact

that yield continues to increase until a point at which it

levels off and indicates the point at which this occurs.

The parameter a is a constant of proportionality which det-

ermines the rate at which the asymptotic value is reached

with respect to the Mn concentration in the plant tissue.

The estimate of K corrects the assumption that Y = O where X
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= 0, which is too restrictive. An estimate of X = 1 implies

that Y = 0 at X = 0 and, therefore, that the prediction line

passes through the origin. The parameters B, u and X were

estimated from the observed data.

The critical level for Mn deficiency was taken as the

Mn concentration in the tissue associated with a 10% reduc-

tion from maximum corn grain yield (Ulrich and Hills, 1946).

The percent maximum yield was calculated by dividingyieldon

each plot by the highest yield on all plots in the three

field experiments and by nmltiplying this value by 100%.

For example, the highest yield, 9893 kg corn grain ha'1, oc-

curred on a.-+ Mn treatment on the Dragston (A) fine sandy

loam and the lowest yield of 4940 kg ha'1 occurred on a con-

trol treatment on the Dragston (B) fine sandy loam. Conse-

quently, the percent maximum yield was 49.9 on the control

treatment. The unknown parameters and other statistical

analyses were computed using the SAS82 statistical analyses

system (SAS Institute Inc., 1982).
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RESULTS AND DISCUSSION

This research was conducted to determine yield response

of corn to Mn application on three Atlantic Coastal Plain

soils with diverse properties. The pH of the soils ranged

from 5.7 to 5.9, Mehlich I extractable Mn from 1.8 to 3.2 mg

kg'*, Mehlich III extractable Mn from 2.6 to 5.0 mg kg",

and organic matter from 16 to 23 g kg°1 (Table 1). The pH

levels in the three soils were below the range of 6.3 to 6.9

for the soils where Mn application. increased corn grain

yield in the study by Mascagni and Cox (1984). A sufficien—

cy range of 30 to 300 mg Mn kg'1 was proposed for whole corn

plants up to 30-cm tall (Donohue and Hawkins, 1979). The Mn

concentrations in whole plants before Mn application were _

below this range on the three soils and averaged 8.0 mg kg'1

on the Dragston (A), 10.9 mg kg'1 on the Dragston (B), and

14.8 on the Myatt soil.

GRAIN YIELD VERSUS MANGANESE APPLICATION
A ‘ Application of Mn increased corn grain yields and Mn

concentrations in corn grain and ear leaves at the early

silk growth stage (Table 3). The mean increase in grain

yield on the three soils from correction of Mn deficiency

was 960 kg·ha", which is 12.6% higher than yields on the

19
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Table 3. Response of corn to Mn application on three
soils.

Mn concentration Grain
Treatment+ Ear leaf Grain Yield

mg kg —--—--- kg ha
Dra ston (A) fine sand loam

Control 5.8 (0.0l)¥ 3.0 (0.5l) 5630 (0.06)
+ Mn 7.2 3.3 7300

Dragston (B) fine sandy loam
Control l0.l 0.06 3.l 0.l8 84l0 (0.l7)
+ Mn l2.2 3.6 9ll0

M att fine sand loam
Control l0.3 (0.l7) 4.8 (0.06) 8690 (0.30)
+ Mn l2.7 6.0 92l0

Avera e of the three soils
Control 8.7 (0.04) 3.7 (0.03) 7580 (0.02)
+ Mn l0.7 4.3 8540

+5.0 kg Mn ha°) as MnS04·Hg0 was banded beside the row
and l.0 kg Mn ha') as MHSÜ4•H2Ü was sprayed on corn
plants for the +Mn treatment. ·

Tlhe probability levels at which column means within
soils are significantly different, as determined by
the ANOVA procedure, are shown in parentheses.
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control treatments. Application of Mn did not affect Cu, K,

N, P, S and Zn concentrations in ear leaves at the early

silk growth stage on the three soils (Table 4).
t Mehlich III extractable Mn was not closely related (ra

= 0.31, p = 0.05) to corn grain yield on a soil to which

various levels of Mn were applied (Mascagni and Cox, 1984).

The low association between extractable Mn and corn yield

reflects the fact that Mn content in soils is not the only

parameter that controls Mn uptake (Mehlich, 1957). For ex-

ample, a two variable equation, Mehlich III extractable Mn
·

and soil pH, was more closely related to corn yields (rz =

0.50, p = 0.001), than extractable Mn alone, on the afore-

mentioned soil (Mascagni and Cox, 1984). Use of Mn concen-

trations in corn tissue gave a better prediction of corn
I

yield than P/Iehlich III extractable Mn (P/Iascagni and Cox,

1984). However, prediction of' possible Phi deficiency is

needed early and even before planting corn. Thus, it is ne-

cessary to use prediction equations based on Mn levels in

corn tissue with equations based on extractable Mn and soil

parameters to design fertilization programs.
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Table 4. Nutrient concentrations in corn ear
leaves at the early silk growth stage
as affected by Mn application on
three soils.

Nutrient concentrationsf
Treatmenti N P K S Cu Zn

-----— 9 ks" ----— -- ms k¤"-·
Dragston {A) fine sandy loam

Control 30 3.0 l7 2.0 7.9 l9.3
+ Mn 29 3.0 l7 2.0 7.6 20.4

Dragston (B) fine sandy loam
Control 30 3.0 l8 2.5 ll.2 30.3
+ mn 29 3.0 l8 2.4 l0.5 32.l

Myatt fine sandy loam
Control 32 3.0 l4 2.3 8.l 32.8
+ Mn 32 3.0 l5 2.3 7.0 30.3

+5.0 kg Mn ha‘l as MHSÜ4'H¥Ü was banded beside
the row and l.0 kg Mn ha‘ as MnS04·H20 was
sprayed on corn plants for the + Mn treatment.

fNutrient concentrations within soils were not
significantly different (P = 0.l0).
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GRAIN YIELD VERSUS EAR LEAF MANGANESE

The relationship between Mn concentrations in the tis-

sue and percent maximum yield was well described (r = 0.89,

p = 0.05) by the Mitscherlich plant growth model (Fig. 2).

The estimated values for the parameters a, B, and X were

0.34, 0.95, and 2.8, respectively. The prediction equation

for percent maximum yield based on Mn concentration in the

ear leaf was as follows:

Y = 0.965(1—2.8e-O°34X),
where Y = % maximum yield and

_ X = mg Mn kg'l in the ear leaf.

The critical level of Mn in the ear leaf at the early silk

growth stage, defined as the concentration at which a yield

decrease of 10% or greater occurs, was 10.8 mg kg°1. This

value is very close to critical level of 11 mg
kg°‘

reported

by Mascagni and Cox (1984).

The relationship between corn grain yield and Mn con-

centration in the corn ear leaf is shown in Figure 3. The

same critical level, 10.8 mg kg", and the same r value,

(0.89, p = 0.05) were found for this relationship as com-

pared with ear leaf Mn versus percent maximum yield. This

was expected, because the only difference is in the B param-

eter, which is the asymptotic maximum as X approaches infin-

ity. The B parameter was higher for actual yield than for
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percent maximum yield because the latter was a larger num-

ber.

Based on the relationships for ear leaf Mn and percent

maximum grain yield (Fig. 2) and actual grain yield (Fig.

3), it is apparent that Mn deficiency of corn plants was not
l

completely alleviated by Mn application on the Dragston (A)

soil. Actual and percent maximum grain yield generally were
‘ lower on the Dragston (A) soil than on the Dragston (B) and

Myatt soils. The Mn concentration in ear leaves (Table 3)

from the + Mn treatment on the Dragston (A) soil was below

the critical level of l0.8 mg kg’1 as determined by this re-

search and of ll mg kg" as determined by Mascagni and Cox

(l984). l

GRAIN YIELD VERSUS GRAIN MANGANESE

The relationship between percent maximum yield and the

Mn concentration in corn grain was evaluated by the Mitsch-
l

erlich plant growth model (Fig. 4). The same model was

used to describe the relationship between corn grain yield

and Mn concentration in corn grain (Fig. 5).q The r value

for the two equations was 0.58 (p = 0.05). The parameters a

(constant of proportionality) and X (accounts for the fact

that when X = 0, Y > 0) had the same numerical values in thel
equations for percent maximum yield and actual yield. The

L
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only difference between the two equations was the value of B
(asymptotic maximum). The critical Mn level for corn plants
based on grain was 4.9 mg kg'1. This critical Mn level is

5.9 mg kg'1 lower than that based on the ear leaf. For soy-

beans, however, the critical Mn level is higher when based

on seeds than when based on blades from uppermost fully ex-

panded trifoliolate leaves (Gettier et al., 1985).

MEHLICH I VERSUS MEHLICH III EXTRACTABLE MANGANESE

Mehlidh I and Mehlich III extractable Mn were deter-

mined in soil from the Ap horizon of each plot of the three

field experiments. Although almost twice as much Mn was ex-

tracted by the Mehlich III procedure, there was a close re-

lationship (r = 0.87, p = 0.001) between the amounts of Mn .

extracted by the two procedures. The relationship between

the amounts of Mn extracted by the two procedures (Fig. 6)

is described by the following linear regression equation:

Y = 0.12 + 0.6X,

where Y = Mehlich I extractable Mn and
l ’ X = Mehlich III extractable Mn.

It was inappropriate to correlate extractable soil Mn with

corn yield from this research because of the narrow range

for either Mehlich I or Mehlich III extractable Mn in the

experimental areas on the three soils (Table 2).



l

SUMMARY

Very little is known about correction of Mn deficiency

in corn. Even though corn is considered tolerant to low

levels of Mn, it was suspected that a response to Mn appli-

cation could be obtained on soils where Mn applications had

increased soybean seed. yields. Three field studies ‘were

conducted to evaluate the response of corn to band applied

MnS04•H20 and to determine critical Mn levels in corn based

on ear leaf and grain samples. The Mitscherlich model was

used to develop grain·yield prediction equations based on

the Mn concentrations in the corn tissues. A critical level

10.8 mg Mn kg'1 was obtained based on the concentration in

the ear leaf versus percent maximum yiebd (r = 0.89, p =

0.05). The critical level based on Mn concentration in the

corn grain versus percent maximum yield (r = 0.58, p = 0.05)

was 4.9 mg kg". These critical levels were based on 90% of

maximum corn grain yield. Mehlich I extractable Mn corre-

lated closely with Mehlich III extractable Mn (r = 0.87, p =

0.05) for the three soils under study. It should be pointed

out, however, that the Mehlich III solution is a stronger Mn

extractant than the Mehlich I solution and, therefore, that

higher amounts of Mn were extracted by the former.

31
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RESPONSE OE CORN TO BROADCAST MANGANESE SULEATE
IN ATLANTIC COASTAL PLAIN SOILS

Manganese deficiencies of plants occur in soils of the
— Atlantic Coastal Plain region. In addition to the proper-

ties of these soils «:onducive to DM1 deficiency, such. as

coarse texture and low water soluble Mn, limestone is some-

times overapplied and, hence, Mn deficiencies are induced on

these soils. As pointed by Mehlich (1957), Mn deficiency is

likely to develop where acidic soils are brought to a pH of

6.2 or above. Even though Mn deficiency in soybeans is very

prevalent on Atlantic Coastal Plain soils in Virginia (Alley

et al., 1978; Gettier et al., 1985), this deficiency has not
‘ been confirmed in corn on these soils.

Manganese deficiency of soybeans has been corrected on

Atlantic Coastal Plain soils by broadcast applications of

MnSO4 (Alley et al., 1978; Boswell et al., 1981; Cox, 1968,

Gettier et al., 1985; Robertson et al., 1973; Woodruff,

1979). Higher rates of broadcast MnSO4 are needed to in-

creaae Mn concentration i11 corn tissues as compared with

band applied MnSO4 (Mascagni and Cox, 1984). The lower ef-

ficiency of the broadcast applications as compared to band

applications is due to the fact that the strongly acidic en-

vironment in the band increases the Mn2+ activity in solu-

tion. In addition, location of the banded Mn near the root

34
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allows for a higher Mn uptake by plants during early growth

stages. A residual effect often is obtained from broadcast

MnSO4 .but not. fronx banded MnSO4 (Gettier· et al., 1984).

Yield responses of corn to broadcast MnSO4 were obtained by

Mascagni and Cox (1984) on Atlantic Coastal Plain soils_in

North Carolina. The purpose of this study was to evaluate

corn response to different rates of broadcast MnSO4 in two

soils where soybean seed yields had been increased by cor-

rection of Mn deficiency.



MATERIALS AND METHODS

Two experiments were conducted in farmer's fields dur-

ing the 1984 growing season. The soils were selected based

on previously reported Mn deficiency in soybeans. Classifi-

cation and selected properties of the soils under study are

shown in Table 5.

FIELD EXPERIMENTATION

Five treatments applied to two soils were: 0, 6, 12,

18, and 24 kg Mn ha'1 as MnSO4. The treatments were ar-

ranged in randomized complete block designs and replicated

four times. One kg B ha" as Borate 68, 10 kg Cu ha" as

CuSO4 and 25 kg Zn ha" as ZnSO4 were broadcast on the ex-

perimental areas of both sites. Gypsum was applied to the

plots in different rates to compensate for the S applied for

treatments as MnSO4. The amendments were disked into the

two soils to a depth of approximately 10 cm. Corn popula-

tions at the two experimental sites were as follows: 51600

plants ha" on the Slagle site and 39800 plants ha" on the l

Dragston (C) site. The variety of corn grown on the Slagle

soil was ’Pioneer 3707' and on the Dragston (C) soil was

'Northrup King PX74’. _

A 3 6
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TISSUE ANALYSES

Twelve whole plants, about 30 <xn tall, were sampled

from guard rows of control plots at both sites. Ten ear

leaf samples were obtained from each plot of the two field
experiments at the early silk growth stage, and corn grain

samples were collected at plant maturity. The plant tissues

were oven dried at 70°C for 24 hours and ground to pass a

20-mesh stainless steel screen. Concentration of Cu, K, Mn,

N, P, and Zn were determined in the tissue samples. For

this purpose, one-g subsamples were ashed at 450°C for 2

hours. The ashes were dissolved in 0.5 M HC1 for the Cu,

Mn, and Zn analyses, whereas, the ashes were dissolved in

0.3 M HN03 for the P and K determinations. The cations were

determined by atomic adsorption spectrophotometry and P by a

vanadomolybdophosphoric acid method. Nitrogen in the tissue

samples was determined by a microKjeldahl procedure (McKen-

zie and Wallace, 1954). _

SOIL ANALYSES

Soil samples, 12 cores/plot, were taken from the Ap

horizon of each plot just before application of Mn treat-

ments. The samples were dried at 105°C for 24 hours and
ground to pass a 10—mesh stainless steel screen. Extracta—

ble Mn was·determined by the Mehlich I (Nelson et al., 1953)
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and Mehlich III procedures (Makarhu and Cox, 1983). The

soil for this test was measured on the volume basis, and a

bulk density of 1.25 g/cm3 was used to convert values to the

weight basis. The soil pH was determined in a 1:1 soil-to-

water suspension after a l—hour equilibration period. 0r—

ganic matter· was determined by a <ihromic acid oxidation

procedure (Th; Council on Soil Testing and Plant Analysis,

1980). _ _

STATISTICAL ANALYSES

Soil and plant tissue data were analyzed by analyses of
·

variance and by linear and nonlinear regression procedures

(Ott, 1977). Nonlinear regression analyses was used to ex-

plain the relationship between Mn content in the ear leaf

and Mn content in the corn grain. For this purpose the
Ü

Mitscherlich model was used as described by Ware et al.

(1982). The SAS82 Statistical Analysis System was used to

estimate the parameters for the Mitscherlich model and to

compute the analyses of variance and regression statistics

(SAS Institute Inc., 1982).
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RESULTS AND DISCUSSION

This research was conducted on two Atlantic Coastal

Plain soils to determine the response of corn to broadcast
MnS04 applications. The pH levels in the Ap horizon of the
two soils were 5.3 and 5.5, amounts of Mehlich I extractable

Mn were 1.5 and 2.0 mg kg°1 and of Mehlich III extractable

Mn were 2.5 and 3.5 mg kg'1, and contents of organic matter

were 16.7 and 23.8 g kg‘1 (Table 5).

Manganese concentrations in whole plants, approximately

30-cm tall, from control plots on the Dragston (C) and Sla-

gle fine sandy loams were 25.4 and 26.8 mg kg'1, respective-

ly. These levels were below the Phi sufficiency range of

30-300 mg kg'l proposed by Donohue and Hawkins (1974). How-

ever, the Phi concentrations i11 whole plants were two to

three times Ähigher for these broadcast studies than for

plants where banded Mn increased corn grain yield (Table 3).

BROADCAST MANGANESE VERSUS EXTRACTABLE MANGANESE

The amount of P/In extracted by the P/Iehlich I and III

procedures from the Dragston (C) and Slagle soils increased

with rate of broadcast Mn application (Tables 6 and 7). A

linear correlation analysis was performed between Mehlich I

and Mehlich III extractable Mn (Fig. 7). Data from each

39
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Table 6. Manganese concentrations in soil and plant tissue and corn grain
yields as affected by broadcast application of Mn in two soils.+

Broadcast Soil Extractable Mn Mn Concentrations Corn Grain
Mn pH Mehlich I Mehlich III Ear leaf Grain Yield

Dragston (C) fine sandy loam
0 5.5 2.0 3.5 l0.9 2.6 9l30
6 5.5 2.8 5.0 ll.3 3.4 9400

I2 5.5 4.0 6.8 l2.0 3.l 9260
l8 5.6 3.8 7.3 l4.0 3.5 8980
24 5.5 4.l 7.8 l5.0 2.9 8920

Slagle fine sandy loam
0 5.3 l.5 2.4 20.0 6.3 8490
6 5.3 2.6 4.4 38.4 6.6 8790

l2 5.3 2.4 5.2 52.3 6.2 8800
l8 5.4 3.8 6.7 56.5 6.7 9l20
24 5.4 4.3 7.7 48.9 6.6 V 9700

+Each value represents the average of four replications.
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Table 7. Coefficients of simple correlation for relationships between
.f . broadcast Mn rates, Mn concentrations in corn tissue and grain

yield for two soils.

Coefficient of Sim le Correlation
Variablesi Dragston ICS fsl Slagle fsl

Mehlich I ext. Mn, Broadcast Mn rate 0.37* 0.90**

., Mehlich III ext. Mn, Broadcast Mn rate 0.42* 0.93**

Ear leaf Mn, Mehlich I ext. Mn 0.70* 0.58*

Ear leaf Mn, Mehlich III ext. Mn 0.70** 0.5l+

_
”

Grain Mn, Mehlich I ext. Mn 0.20 0.22

»' Grain Mn, Mehlich III ext. Mn 0.l5 0.l8

‘Grain Yield, Mehlich I ext. Mn 0.l3 0.24
I

Grain Yield, Mehlich III ext. Mn 0.l3 0.24

l +Units are mg kg°] for extractable Mn, ear leaf Mn, and grain Mn and
kg ha' for grain yield.

+, *, **The coefficients of simple correlation are significant at the
0.l, 0.05 and 0.0l probability levels, respectively.
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plot of the three band studies (Table 2) and from each plot

of the broadcast studies on the 1Dragston. (C) and. Slagle

soils were included in the linear correlation analyses. A

high linear association was obtained (rz = 0.86, p = 0.01)

between Mehlich Il and Mehlich III extractable Mn for the

five soils. The amount of Mehlich III extractable Mn was

consistently higher than the amount of Mehlich I extractable

Mn in the soils.

EXTRACTABLE MANGANESE VERSUS EAR LEAE MANGANESE

Manganese concentrations in ear leaves increased with

an increase in either Mehlich I and Mehlich III extractable

_ Mn (Table 6). The rz values for the relationships between

Mehlich I extractable Mn and Mn concentration in the corn

ear leaf were r = 0.70 (p = 0.05) and 0.58 (p = 0.05) for

the Dragston (C) and Slagle soils, respectively (Table 7).

The relationship between Mehlich III extractable Mn and Mn

concentration in the ear leaf were r = 0.70 (p = 0.01) and

0.51 (p = 0.10) for the Dragston (C) and Slagle soils, re-

spectively (Table 7).

Soil acidity has a large effect on Mn availability

(Ponnamperuma et al., 1969). The variable soil pH has been

included in prediction equations for Mn uptake, and the in-

clusion of·this variable has improved the prediction capa-
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bilities of the equations (Mascagni and Cox 1984). Multiple

regression analyses were conducted with soil pH and extrac-

table Mn as independent variables to predict Mn concentra-

tion in the corn ear leaves. The multiple regression equa-

tions for the Dragston soil were as follows:

Y = 33.3 + 1.6 M1 - 4.7 pH (ra = 0.61, p = 0.01) and

Y = 37.0 + 1 M3 - 5.7 pH (rz = 0.68, p = 0.01).

For the Slagle soil, the multiple regression equations for

prediction of Mn concentration in corn ear leaf were as fol-

· lows:

Y = 64.7 + 10.2 M1 - 9.7 pH (ra = 0.31, p = 0.05) and

Y = 95.7 + 4.9 M3 — 14.7 pH (rz = 0.29, p = 0.05).

For these equations, Y = Mn concentration in the ear leaf at

the early silk growth stage in mg kg'1, M1 = Mehlich I ex-

tractable Mn in mg kg‘1, and M3 = Mehlich III extractable Mn

in mg kg'1. The coefficients for the regression equations
7

indicate that Mn uptake from the two soils increased with an

increase in either Mehlich I or III extractable Mn and with

a decrease in soil pH.

The relationships between ear leaf Mn and Mehlich I and

III extractable Mn in the Dragston (C) and Slagle soils are

shown in Fig. 8 and 9. Manganese uptake increased at a

_ greater rate at a constant level of Mehlich I or III extrac-

table Mn for the Slagle soil (pH 5.3) than for the Dragston
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(C) soil (pH = 5.5). It is evident that, for the Slagle

soil, Mn levels in the ear leaves were above the critical

level, lO.8 mg kg°‘, as determined in the band studies, even

at the lower levels of soil extractable Mn (Fig. 8 and 9).

For the Dragston soil (pH = 5.5), the Mn levels in ear

leaves were very close to the critical level and the rate of

increase in Mn uptake with level of extractable Mn was lower

than for the Slagle soil (pH = 5.3). This indicates that,

higher rates of Mn should be applied in less acidic soils to

bring Mn tissue levels above the threshold of Mn deficiency.

The fact that a difference of two decimal units in soil pH

is sufficient to affect Mn uptake by plants (Fig. 8 and 9)

suggests that this parameter must be determined as precisely

as possible for diagnosis of Mn deficiency.

EXTRACTABLE MANGANESE VERSUS GRAIN MANGANESE

Levels of Mn in corn grain were not affected by in-

creases in extractable Phi in the Dragston (C) and Slagle

soils due to broadcast Mn application (Tables 6 and 7). The

Mn concentrations in corn grain from all treatments on Drag-

ston (C) soil were lower than the critical level of 4.9 mg
kg'1. This is evidence that the broadcast Mn did not cor-

rect Mn deficiency of corn plants on this soil.
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CORN GRAIN YIELD VERSUS EAR LEAF MANGANESE

Even though the analysis of variance indicated a non-

significant difference in corn grain yield on the Dragston

(C) soil, the simple correlation coefficient for the rela-

tionship between corn grain yield and ear leaf Mn was r =

0.59 (p = 0.12). This correlation coefficient suggests that

there is a trend in this experiment toward a yield increase

with an increase in Mn concentration in the ear leaf (Fig.

10). This trend indicates the possibility that the broad-

cast Mn did not completely correct Mn deficiency of corn on

the Dragston (C) soil. For the Slagle soil, however, the

association between grain yield and ear leaf Mn concentra-

tion was very low (rz = 0.2) and is non-significant at any

meaningful statistical level (Table 7). The lack of associ-

ation between corn grain yield and ear leaf Mn concentration

on the Slagle fine sandy loam indicates that the broadcast

Mn application did not increase corn grain yield on the

soil. This would be expected because the ear leaf Mn con-

centrations were above the threshold level for Mn deficien-

cy. The Cu, K, N, P and Zn concentrations (Table 8) were

within the respective critical ranges (Jones, 1972) and,

consequently, it can be concluded that these nutrients were

adequate for high corn grain yields on the two soils.
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Table 8. Nutrient concentration in corn ear leaves at
the early silk growth stage as affected by (

broadcast Mn application on two soils.

Ear leaf nutrient concentrationsf
Treatment N P K Cu Zn ‘

Dragston (C) fine sandy loam
0 30.6 2.9 l7.7 ll.4 46.6
6 29.6 2.8 l8.7 ll.3 44.5

l2 29.4 2.7 l9.2 l0.6 45.0 Q
l8 29.4 2.6 l7.9 l0.l 44.7
24 29.0 2.8 l6.7 ll.l 45.8

Slagle fine sandy loam
0 28.2 3.2 20.7 l0.9 55.4
6 30.5 3.3 20.7 l2.5 55.3

l2 28.0 3.2 2l.2 ll.4 63.l
l8 27.5 3.2 20.6 ll.5 6l.0
24 28.7 3.2 20.9 ll.6 60.5

+Each value represents the average of four replications.
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CORN GRAIN YIELD VERSUS CORN GRAIN MANGANESE

The differences between yields on the Dragston (C) and

Slagle soils could not be explained by variations in the Mn

concentrations in corn grain. The coefficients of correla-

tion between corn grain yield and Mn content in the corn

grain were very low at both sites (Table 7). For the Slagle

site, the Mn content in the corn grain was above the criti-

cal level of 4.9 mg kg'*. The lack of association between

yield and Mn concentration in the corn grain, as in the case

of ear leaves, was probably due to luxury consumption of Mn

by corn plants from this soil. Eor the Dragston site, the

concentrations of Mn in corn grain were below the critical

level of 4.9 mg kg‘1. These low levels of Mn in corn grain

are evidence that Mn deficiency of corn occurred on the ·

Dragston (C) soil and that the various rates of broadcast Mn

did not correct the deficiency.

EXTRACTABLE MANGANESE VERSUS CORN GRAIN YIELD

Even though Mehlich. I and Mehlich III extractable Mn

used as independent variables with pH in polynomial regres-

sion equations explained Mn uptake from the Dragston (C) and

Slagle fine sandy loams, these independent variables in po-

lynomial regression equations were not related to corn grain

yields on the two soils. Both Mehlich I and III extractable
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Mn were higher in the Dragston soil than in the Slagle soil.

However, Mn uptake was lower and grain yield was higher for

the Dragston soil (Table 6). This anomally reflects the

lower pH in the latter soil (Table 6).

EAR LEAF MANGANESE VERSUS GRAIN MANGANESE

The Mitscherlich plant growth model was used to de-

scribe the relationship between concentrations of Mn in corn

ear leaves and grain. Data from all plots of the band stu-

dies and from all plots on the Dragston (C) and Slagle soils

were used to establish this relationship. A close associa-

tion was obtained (rz = 0.96, p = 0.0l) between the two va-

riables (Fig. ll). The relationship was described by the

following equation:

Y = 7.l (l -0.85e_O°O55X),

where Y = Mn concentration in the corn grain and X = Mn con-

centration in the ear leaf. Manganese concentrations in the

corn grain increased with an increase in Mn concentration in

the ear leaf up tx> 7.l mg kg°1 (asymptotic value in the

equation) and then became constant. The shape of the line

of best fit (Fig. ll) indicates that the Mn concentration in

the ear leaf would be a better indicator·of the amount of

uptake Mn than Mn concentration in corn grain. It also can

be concluded, based on the line of best fit between the va-
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riables, that toxic levels of Mn in plant tissue would be

difficult to detect based corn grain analyses.
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SUMMARY

Manganese deficiencies in corn were suspected to occur

in corn on soils where Mn applications had previously in-Ü
creased soybean seed yields. Two studies were conducted on

Atlantic Coastal Plain soils, on which Mn application had

increased soybean yields, to evaluate the response of corn

to different rates of broadcast MnSO4 applications. Five

treatments ranging from O to 24 kg Mn ha°1 were applied to

Dragston and Slagle fine sandy loams. Manganese concentra-

tions in ear leaves from plants on both soils increased with

increases in Mehlich I or III extractable Mn. The Mn con-

centrations in the corn grain, however, were less sensitive

to increasing amounts of extractable Mn. Multiple regres-

sion analysis indicated that soil extractable Mn and soil pH

were the two most important factors related to Mn uptake by

corn plants under field conditions. Grain yield responses

to broadcast Mn were not obtained on either soil. The lack

of response on the Dragston soil was explained by the fact

that the «deficiency was not completely* corrected by the

broadcast Mn as indicated by the low levels at Mn in the

tissue. The opposite occurred on the Slagle soil where the

Mn uptake was so high, that the Mn concentrations in the

tissue were above critical levels, even where Mn was not ap-

plied.
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CONCLUSIONS

The response of corn to Mn applications was evaluated
on five field experiments located in the Atlantic Coastal

Plain region. Broadcast and band applications of Mn were

evaluated in the field experiments. Laboratory analyses
~

were conducted to estimate the concentration of various nut-

rients in soil and plant tissue. Statistical analyses were

conductod to determine effects of Phi application on corn

grain yield and to establish relationships between various

soil and. plant parameters. Specific conclusions reached

during the course of this research are summarized as fol-

lows:

1. Band applied MnS04•H20 increased corn grain yields

on three soils. The mean increase in yield was 960

kg of corn grain ha'1. These yield responses were
I

associated with very low levels of extractable soil

Mn and with soil pH values above 5.7.

2. Corn grain yields were not increased by broadcast _

application of up to 24 kg Mn ha'1 as MnS04 on two

soils. Where band Phi application increased corn

grain yields on three soils, Mn concentrations in

young corn plants from control treatments contained

from 8.0 to 14.8 mg kg". In contrast, young corn

59
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plants from controls where broadcast Mn did not in-

crease grain yields on two soils contained. from

25.4 to 26.8 mg Mn kg°1. The young plants sampled

for the Mn determination were approximately 30 cm

tall.

3. The critical level for FM1 deficiency i11 the ear

leaf at the early silk growth stage was determined

V to be 10.8 mg' kg". To establish this critical

level, the Mitscherlich plant growth model was used

and 90% of maximum yield was taken as the threshold

for Mn deficiency.

4. A critical level for Mn deficiency based on the Mn

concentration in the corn grain was determined with

the Mitscherlich plant growth model. It was found
.

that a decrease in grain yield of 10% or more oc-

curred at Mn concentrations levels in the corn

grain below 4.9 mg kg'1.

5. Manganese concentrations in corn grain tended to

increase with increases in Mn concentration in the

ear leaf up to 7.1 mg kg°1 and then became cons-

tant. This indicates the presence of a mechanism

to control the translocation of Mn into the grain.
6. Manganese concentrations ixi the ear leaf° were a

better predictor of corn grain yields than the Mn



k
61

concentrations in the corn grain. This was evi-

denced by the better fit of the Mistcherlich model
•

when Mn ear leaf levels were correlated with

yields.

7. Higher levels of extractable Mn favored a higher Mn

uptake; however, the effect was more pronounced

with a decrease in soil pH.

8. Mehlich I and III extractions solutions were used

to estimate available soil Mn. The amounts of Mn

extracted by the two solutions were highly corre-

lated. However, the Mehlich III extractant was a

stronger solution and, therefore, extracted almost

50% more Mn than the Mehlich I extractant.
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(ABSTRACT)

Although corn püants are tolerant of low levels of

available soil Mn, Mn deficiencies in corn were suspect—

ad on soils wheme Mn applications had previously in-

creased soybean seed yields. Five experiments were con-

ducted in farmer's fields to evaluate the response of

corn to Mn applications. Three band Mn and two broad-

cast Mn studies were conducted in five field experiments

on Atlantic Coastal Plain soils. The mean increase in

corn grain yield in the band studies on three soils was
l

960 kg ha". Corn grain yields were not increased in

the broadcast Mn studies on Slagle and Dragston fine

sandy loams.' Manganese uptake from the Slagle soil was

so high that Mn deficiency did not occur; whereas, Mn

uptake from the Dragston soil was so low that the defi-

ciency was not completely corrected by up to 24 kg Mn

ha" as broadcast MnSO4. The critical level for the Mn
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concentration in the ear leaf at the early silk growth

stage was 10.8 mg kg'1 and for corn grain was 4.9 mg

kg". These critical levels were based on the Mitscher—

lich plant growth model and on 90% of maximum corn grain
4

yield. Manganese uptake by corn plants increased with

an increase in either Mehlich I or III extractable Mn

and with a decrease in soil pH. Manganese concentration

in corn grain was less sensitive to an increase in am-

I ounts of extractable Mn, gs compared with the Mn concen-

tration ixx ear leaves. The Phi concentration ixi corn

grain increased with an increase in Mn concentration in

the ear leaf up to 7.1 mg kg'1 and then became constant.

Mehlich I and Mehlich III extractable Mn were highly

correlated, but the Mehlich III procedure extracted al-

most twice as much Mn as the Mehlich I procedure.

I




