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Abstract. The aim of the study was to determine the plant-available manganese in the soil and to study
which factors regulate the plant-available manganese. The material consisted of 193 mineral soils and 17
organogenic soils. Oats (Avena saliva L.), Italian ryegrass (Lolium multiflorum Lam.) and turnip rape
(,Brassica campestris oleifera L.) were used as the test plants in the pot experiments.

A cation exchange resin method was developed for extracting soil manganese. The method enabled
both exchangeable and reducible manganese to be determined. Exchangeable manganese comprised the
manganese which was freely present in the soil solution in cationic form, and the manganese in cationic
form which could be exchanged from the soil. Reducible manganese was the manganese reducible to the
oxidation state, Mn2+

, by the action of hydroquinone, hydroxylammonium chloride or ascorbic acid.
The content of exchangeable manganese in the soil explained 33,7 % of the variation in the manganese

content of the first yield of ryegrass. The greater the number of yields harvested, the smaller was the
significance of the content of exchangeable manganese in the soil as an independent variable. On the other
hand, when the content of reducible manganese in the soil was used as the independent variable, then the
greater the number of yields harvested, the better it explained the variation in the manganese content of
the yield. The content of manganese reduced by hydroxylammonium chloride explained 68,6 % of the
variation in the manganese content of the fourth yield. The contents of exchangeable manganese and
manganese reducible by ascorbic acid explained 73,4 % of the variation in the manganese content of the
roots.

The pH, the organic carbon content and the content of hydroquinone-reducible manganese in the soil
explained 67,0 % of the variation in the content of exchangeable manganese in the plough layer of the
mineral soils. The content of "total" manganese in the plough layer of the mineral soils explained 27,6 %

of the variation in the content of ascorbic acid-reducible manganese.
The plant stands increased the content of exchangeable manganese in the soil and decreased the redox

potential of the soil in comparison to the incubated soils. The content of exchangeable manganese started
to increase when the redox potential of the soil fell below 0,59 V. Adding glucose promoted the reduction
of manganese in the soil, reduction appearing to be both biological and non-biological in origin. Soil
moisture increased the content of exchangeable manganese when the moisture was higher than the field
capacity.

Liming decreased the content of exchangeable manganese in the soil more than would have been
expected on the basis of the change in pH values. The manganese content and manganese uptake of the
crop were also reduced. Adding large amounts of manganese (Mn 51,5 kg/ha-20 cm) did not prevent
liming (calcite 14 t/ha-20 cm) from reducing the manganese content of the yield.
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Introduction
It has been known for 60 years already that manganese is an essential nutrient for

plants (McHARGUE 1922) and it appears, after boron, to be the most extensively
studied of the micronutrients (BRANDENBURG et al. 1969). Although the determina-
tion of manganese is generally considered to be easy (e.g. RANKAMA and SAHAMA
1950,p. 640), manganese is, however, known to be a difficult field of soil chemistry.
This is mainly due to the fact that manganese occurs in a number of different
oxidation states. It has been assumed that it can occur in the oxidation states, Mn 2+

,

Mn 3+ and Mn 4+
, in equilibrium with each other according to the so-called DION and

MANN (1946) cycle. In point of fact, it has not yet been possible to show conclusively
that manganese would be present in soil in the oxidation state Mn3+ (McKENZIE
1972).

Plants take up manganese from the soil primarily as the divalent cation (CHENG
and OUELLETTE 1971), although manganese complexes may be useable in small
amounts (GARCIA and SANCHEZ DE LA PUENTE 1977). However, plants are also able
to utilize a number of oxides and oxyhydroxides of manganese (LEEPER 1947,JONES
and LEEPER 1951 a, 1951 b, HEINTZE 1956, JONES 1957 a, 1957b, 1957c). The sum of
the exchangeable and easily reducible manganese in the soil has been called the active
manganese in the soil (SCHACHTSCHABEL 1957). The oxides and oxyhydroxides of
manganese can be classified on the basis of their reducibility into a series of
compounds ranging from reducible to inactive ones (LEEPER 1935, 1947, JONES and
LEEPER 1951 a, 1951 b). A reduction in the content of manganous manganese does
not neccessarily result in a lack of manganese for plants if easily reducible oxides and
oxyhydroxides of manganese are simultaneously available. On the other hand, easily
reducible manganese may be converted into compounds which the plants cannot

utilize. In this case it may be a question of a reduction in the specific surface area of
oxides and oxyhydroxides and an increase in crystallization because oxides which
have a large specific area and are weakly crystalline, are the most reactive oxides of
manganese (MYRRAY et al. 1968, LOGANATHAN and BURAU 1973, LOGANATHAN et
al. 1977).

A great number of different extraction methods have been used for the determi-
nation of plant-available manganese in the soil. Both strong acids and strong bases
have been used as the extractant. Attempts have been made to explain the variation in
the content of exchangeable manganese by means of soil pH, organic carbon content,
soil texture etc. (BROWMAN et al. 1969, BEYME 1971, DOLAR and KEENEY 1971,
RANDALL et al. 1976). The redox potential of the soil (SCHUTZ 1978, 1980), as well as
the microbial activity in the soil (BROMFIELD 1958, 1978, GEERING et al. 1969,
BROMFIELD and DAVID 1978), are involved in the oxidation and reduction reactions
of manganese.

The aim of this study was to determine the plant-available manganese in the soil.
Exchangeable and reducible manganese were extracted from the soil and it was
investigated, how they together with other results of soil analyses explained the
manganese uptake and content of the yield. In addition, it was studied which are the
factors causing changes in the content of extractable soil manganese and how they
can be affected.
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Analytical methods

A. Determination of manganese

The aim of this investigation was to study the determination of exchangeable
manganese and reducible manganese fractions in the soil. Manganese may
participate in a very large number of reactions in the soil, depending on the
prevailing conditions ( LAMM 1964). Thus an attempt was made to extract the
manganese under conditions corresponding to the pH prevailing in the soil so that
no changes would occur in the oxidation state of manganese, and manganese would
not be transferred from one fraction to another. It was initially estimated that the
manganese contents to be determined in the soil solution might vary from 0,01
3,7 5 ppm ( GEERING et al. 1969, OLOMU ct al. 1973) to hundreds of milligrams
per kilogram of dry-matter. As the manganese contents would thus be of the order of
10 /xg/1, a sensitive analytical method would be reguired and interfering factors
would have to be removed as effectively as possible.

The manganese concentration was determined in the initial part of the study by
spectrophotometry. The manganese in the solution was oxidized to

permanganate (WILLARD and GREATHOUSE 1917), and the permanganate
concentration then determined by a photometrical method. The reaction takes the
following form;

2Mn2+ + 5IO„- + 3H 2 0 2MnO„- + 510,- + 6H +

Oxidation requires acidic conditions. Permanganate is stable if excess
metaperiodate is used. In addition, the intensity of the permanganate colour
developed will remain unchanged in the absence of reducing agents. Colour intensity
is measured using a green filter or at a wavelength of 540 nm (ADAMS 1965).

Turbidity, the presence of other coloured compounds and reducing agents all
affect the spectrophotometric determination of manganese. Turbidity is mainly
caused by the presence of inorganic material which cannot be removed completely
during the filtering stage. The phenomenon is especially problematic if the soil is
treated with an extractant which does not contain sufficient cations to flocculate the
clay particles. These clay particles pass into the filtrate in amounts depending on the
quality of the paper.

The turbidity of the solution can be reduced by repeating the filtration (e.g.
SHERMAN et al. 1942). However, this is laborious and time-consuming and the
time which the extractant is in contact with the soil varies. Clear solutions can be
obtained from coarse mineral soils with one filtration only, while clay soils may
require as many as 4—5 filtrations of rather long duration. Clay particles can be
removed from a solution by subjecting it to ultracentrifugation. Clear solutions can
also be obtained using additives, the particles then being removed at rather low
speeds on a centrifuge ( SHELDRICK and McKEAGUE 1975).

Colour of the soil filtrate depends on the amount and type of humus in the soil.
According to ADAMS (1965), humus can be removed by treating with concentrated
nitric acid and hydrogen peroxide. Oxidizing the manganese in the filtrate also
presupposes that there are no reducing agents present in the solution. The most
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important of these are organic matter and chloride ions. Organic matter can be
removed by treating with hydrogen peroxide, and chlorides by masking
( SCHACHTSCHABEL 1957). Chromium, nickel and iron can also cause absorption
at the wavelength at which the permanganate is measured. The interfering effect of
iron can be counteracted by adding phosphoric acid, which forms a colourless
complex with ferric ions ( SCHACHTSCHABEL 1957, ADAMS 1965).

The manganese content cf the soil filtrate was determined according to ADAMS
(1965) as follows:

A 40 ml aliquot of the filtrate was transferred to a 100 ml beaker and 5 ml of concentrated HNO} and 2 ml of
30 % H 20 2 added. The beaker was covered with a watch glass and placed on a water bath for 30 min. The
watch glass was then removed and the sample evaporated to dryness. The beaker was then cooled and 20 ml of
deionized water, 2ml of concentrated HNO}, smlof 85 % H 3 P04 and 0,3 g KI0 4 were added. The beaker
was covered with a watch glass, placed on a sand bath and then boiled for a further 10 min after the
permanganate colour had developed. After cooling the solution was transferred to a 50 ml volumetric flask and
filled to the mark with deionized water. The permanganate concentration was determined on a Hitachi Perkin-
Elmer 139 UV-VIS spectrophotometer at a wavelength of 540 nm.

It became possible, later on in the study, to determine the manganese content of
the samples by means of atomic absorption spectrophotometry. The
ability of atoms in their ground state to absorb radiation of a specific wavelength is
utilized in this technique. The effect of factors which interfere with the atomic
absorption spectrophotometry of manganese, such as phosphates, perchlorates, iron,
nickel and cobalt, is small in an oxidizing air-acetylene flame. They do not normally
have to be removed when analysing manganese contents in plant material and soil
extracts. Buffers are also unnecessary (ALLAN 1971). The manganese content of
plant material, the total manganese content of the soil samples and part of the soil
manganese fractions were measured in this study on a Varian Techtron 1000atomic
absorption spectrophotometer at a wavelength of 279,5 nm, using an oxidizing air-
acetylene flame.

The manganese contents were determined in this study both spectro-
photometrically and by atomic absorption spectrophotometry. In principle,
determinations, experiments and experimental series were carried out entirely using
the same method as was used at the start. This was done in order to avoid having to
compare results obtained using different methods. Comparison of manganese
determinations carried out by spectrophotometry and by atomic absorption spectro-
photometry was not considered to fall within the scope of this study. BORATYNSKI
et al. (1973), for instance, consider that both methods give results which are equal
to each other.

I Determination of extractable manganese in soil

The amounts of soil manganese extractable with water have been utilized when
attempting to determine toxic contents of manganese in the soil, (ADAMS and
WEAR 1957, RANDALL et al. 1976). The amounts of manganese available to

plants have also been determined from water extracts (PAGE et al. 1962, ROORDA
van EYSINGA et al. 1978). In addition, the effect of soil sample treatment, such as
sterilization and duration of storage, on the content of extractable manganese has
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been determined by measuring changes in the content of water-extractable
manganese (NELSON 1977). Determination of the manganese content of water
extracts prepared according to the method of ADAMS (1965) was studied in this
paper. Schleicher & Schiill Selecta Nr 589/3 was used as the filter paper. Preliminary
trials showed that the filtrates were turbid. Four parallel series of determinations
were made on samples la—lob (Appendix 1). The turbidity produced such great
variation in the results that the coefficient of variation of the mean varied from 5
120 %. The manganese contents determined in this way from water extracts were
thus considered to be too unrealiable and the method was discontinued.

1. Determination of exchangeable manganese

For extracting exchangeable manganese in the soil the solutions of the following
cations have been used: Na +

, K +
, NH4

+
, Ca 2 +

, Mg2+
, 2n2 +

, Cu 2 +
, Co 2+

,

Ni 2 + and Cd2+ (e.g. STEENBJERG 1933, HEINTZE and MANN 1949, 1951,
JONES and LEEPER 1951 b, SCHACHTSCHABEL 1956, 1957, BROWMAN et al.
1969, SEMB and OIEN 1970, BEYME 1971, RANDALL et al. 1976, SCHUTZ
1978, 1980). Inorganic acids have been used, for instance, by BROWMAN et al.
(1969), SEMB and OIEN (1970), MacLEAN and LANGILLE (1976), RANDALL
et al. (1976) and DUANGPATRA et al. (1979). Determination of the content of
exchangeable manganese of the soil from 0,5 M MgS04 extracts was studied with
soil samples la—4a (Appendix 1). The organic carbon content of these samples
varied from 1,0—10,6 %. There was considerable variation in the colour of the
extracts. For this reason, as much as ten times the amount of hydrogen peroxide
given in the analytical method (SCHACHTSCHABEL 1957) had to be used to
remove the organic matter. Despite this, it was not possible to obtain completely
colourless solutions. It was found when metaperiodate was used to oxidize the
manganese, in accordance with the method of ADAMS (1965), that in three of
sixteen determinations the absorbance of the control was greater than that of the
oxidized sample. It may be that the metaperiodate used to oxidize the manganese
also oxidized part of the organic matter in the filtrate and thus negative manganese
contents were obtained.

The only available method for determining the manganese content was based on
the oxidation of manganese and measurement of the colour intensity of the
permanganate ion formed. Therefore it was necessary to find an extraction method
which would not be affected by the factors interfering with manganese
determination in water and salt extracts or the interfering factors would otherwise
be removed. The use of ion exchange resins in conjunction with the extraction of
manganese in the soil was considered to be worth studying at this stage.

lon exchange resins have been used with varying degrees of success in the
extraction of a number of macronutrients from soil (e.g. SCHMITZ and PRATT
195 3, MacLEAN 1961, WADDY and VIMPAY 1970, SIBBESEN 1977, 1978,
1981, AURA 1978). lon exchange resins have also been used in the study of the
degree of complex formation of micronutrients by, for instance, MILLER and
OHLROGGE (1958 a, 1958 b). GEERING et al. (1969), OLOMU et al. (1973)
and SIMS and PATRICK (1978). Resins appear to be very suitable for studying
organic complexes of micronutrients (RANDHAWA and BROADBENT 1965,
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SCHNITZER and SKINNER 1967, SCHNITZER and HANSEN 1970,
STEVENSON 1976, 1977). On the other hand, resins have only occasionally been

used in the extraction of micronutrients from soil (ACQUAYE et al. 1972).
The main part of the manganese in the soil is present as secondary minerals, such

as oxides and oxyhydroxides. When manganese is liberated from these compounds
into the soil solution it can occur as a cation (DION and MANN 1946). As an
exchangeable cation (ELLIS and KNEZEK 1972) it may be bound on oxides, oxyhyd-
roxides, organic matter and clay particles in the soil. In the ion exchange processes
manganese is liberated as a cation (HEINTZE and MANN 1949, BECKWITH 1955), and
in the soil solution it can form both cationic and anionic complexes (GEERING et al.
1969, OLOMU et al. 1973, SIMS and PATRICK 1978). From point of view of the plants
the divalent manganese is important, because plants take up manganese mainly as
manganous manganese (CHENG and OUELLETTE 1971). According to these points,
when the aim is to extract plant-available manganese in the soil the extraction could
be carried out with cation exchange resins. As Finnish soils are acidic and the pH of
the extraction conditions can vary from pH 3,5—7,5, the active group of the cation
exchange resin should be strongly acidic, so that the ionizing, of the active group
would be sufficient. Only strongly acidic cation exchange resin is suitable for this
purpose.

Oxide and oxyhydroxide polymers of manganese become negatively charged if
the pH of the soil suspension is higher than the zero point of charge of the oxides
and oxyhydroxides. Neutral or negatively-charged polymers of manganese are thus
not retained on strongly acidic cation exchange resin. The zero point of charge of
oxides and oxyhydroxides of manganese ranges from pH 1,5 to pH 5,5 (MORGAN
and STUMM 1964, HEALY et al. 1966) apart from the oxide (3— MnOj which
has a zero point of charge at pH 7,3 ( HEALY et al. 1966). Thus most of oxides and
oxyhydroxides of manganese representing the oxidation state Mn2+ Mn4+ in the
extraction suspension, are not retained when a cation exchange resin is used.

Amberlite IR—l2O was chosen as the ion exchange resin. Its properties
( KUNIN 1974) are as follows:

polystyrene matrix with 8 % (w/w) DVB (divinylbenzcne)
water content 44—48 %

density of wet resin 1,26 g/cm*
particle size 0,47—0,62 mm
exchange capacity of wet resin 1,9 mc/ml
active group -SO } H

a. Extraction apparatus

In studies involving the application of ion exchange resin methods in soil
analysis, the soil samples are usually ground so finely that the resin can be removed
after the shaking extraction by sieving the suspension (e.g. KALOVOULOS and
PAXINOS 1963, ACQUAYE et al. 1972). A method has been developed in which
the resin is contained in a nylon netting bag and during the extraction the bag floats
in the suspension ( SIBBESEN 1977, 1978, 1981).

In this study, the soil samples were ground only as much as was necessary to

pass through a 2 mm sieve, so as not to break down the primary particles. However,
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as the particle size of the resin was 0,47—0,62 mm it would not have been possible
to separate out the resin by sieving. An extraction cylinder was constructed for
shaking the samples with the resin. After a number of preliminary trials, the best
construction was found to be a container made from a poly(methyl methacrylate)
tube. The diameter of the tube was 70 mm and the bottom end of the tube was
covered with 0,42 mm mesh nylon netting. The cylinder was 150 mm long and was
fitted at the top with a screw-top cap with a small air hole bored through it. The ion
exchange resin was put into the cylinder. The soil sample to be extracted was
weighed out into a tall 600 ml beaker which had an internal diameter of 80 mm and
200 ml of deionized water was added (Fig. 1).

Shaking was carried out on a wet-sieving shaker. A plate, 31 X 80 cm in size,
was fastened to the shaker in place of the set of sieves. The screw-top caps of the
extraction cylinders were fixed to the underside of the plate. The cylinders
containing the resin were then screwed into the caps. The beakers containing the soil
sample and water were placed under the resin containers. When the machine was
started, the up-and-down motion of the resin cylinders was effected and the beakers
were kept in place. The length of the stroke was 4 cm and the speed 55 strokes a
minute. The beakers were placed at such a height that the bottom of each resin
cylinder was, at the lowest point of each stroke, 3 mm above the bottom of the
beakers. The suspension appeared to be efficiently mixed (Fig. 1). The resin
remained inside the resin cylinder throughout the shaking treatment. On the other
hand, soil material with a diameter less than that of the nylon netting (0,42 mm)

Fig. 1. Schematic diagramme of the shaking apparatus
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passed into the cylinder as a result of vortices in the liquid. The apparatus was
constructed to handle 16 soil samples at a time.

After shaking, the beakers containing the soil suspensions were removed and
replaced by beakers of the same size containing 200 ml deionized water. Shaking
was then continued for 5 minutes in order to flush out the soil particles from the
resin. The resin cylinders were unscrewed from the top plate, the resin rinsed with a
little water and then transferred to beakers using a wash bottle. If the soil sample
contained a lot of undecomposed organic matter, then it was usually difficult to
remove it from the resin during the rinsing stage. However, it was easy to decant the
organic matter off after the resin had been transferred to the beakers. The ion
exchange resin was then ready to be eluted.

Elution tubes were made from glass tubing with an inner diameter of 17 mm,
and length 25 cm. A sieve made from nylon netting (mesh 0,05 mm) was fitted at
the bottom end. After preliminary trials, it was decided to use an elution technique in
which the surface of the eluant remains at a constant height throughout the elution
procedure. This was done by running the eluant into the elution tube from a
container by means of a syphon. The surface of the liquid in this reservoir was kept
at a constant height by means of a 2 liter volumetric flask which was fitted with a
one-way stopcock so as to make it easier to invert the flask when full. When the
level of the liquid in the reservoir dropped as eluant was drawn off through the
syphon system into the elution tube, more eluant was supplied from the volumetric
flask (Fig. 2). The elution rate was regulated by adjusting the height of the liquid in
the reservoir. This brought about a change in the height of the liquid in the elution
tube and a subsequent change in pressure. A 30 cm-long polythene tube, with an
inner diameter of 1 mm, was fitted onto the bottom of the elution tube. A 5 mm-
long polythene tube, with an internal diameter of 0,5 mm, was attached to the end
of the larger tube. This was done in order to constrict the eluant flow sufficiently
enough to enable the height of the eluant in the elution tube to be maintained at the
desired height. In addition, a polythene disconnector was fitted onto the end of the
tube so that the end of the tube could be kept at a constant height in the mouth of the
volumetric flask (Fig. 2).

b. Development of the resin method

Before the ion exchange resin method could be used for routine analyses, it was
necessary to study how well the method overcame the problems associated with the
water and salt extraction. In addition, the usability of the resin method and the
reliability of the analysis results for the extraction of soil exchangeable manganese
had to be investigated.

Turbidity and colour of the extract. The turbidity and colour of
extracts obtained using the ion exchange resin method were studied. The amount of
insoluble matter in the eluate (samples 6a—l3b, Appendix 1) was determined
gravimetrically and the absorption at the wavelength used for measuring the man-
ganese content was determined on a spectrophotometer. The extracts did not contain
measurable amounts of insoluble inorganic material. The absorbance of the blank
solutions without the metaperiodate was at a level corresponding to that for the zero
of the standards.
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pH of the suspension during extraction. Extraction was carried out as
far as possible under pH conditions corresponding to those prevailing in the soil.
KUNIN (1974) recommends that when Amberlite IR-120 is used it should be in
either the H + or the Na + form. According to STEENBJERG (1933),
SCHACHTSCHABEL (1956, 1957) and BEYME (1971), magnesium is a good
exchanger of manganese. Thus the ion exchange resin was tested in the H+

, Na +

and Mg2+ form. 5,0 gof air-dry soil was weighed out into a beaker, 200 ml of
deionized water added, the suspension mixed and the pH measured after 30
minutes. The resin cylinders were connected to the apparatus and shaking was
carried out for one hour. The resin cylinders were then removed and the pH of the
soil suspensions measured. A sample which was treated without any resin was used
as the control (Table 1). The type of the cation in the resin had an effect on the pH
of the suspension. Resin saturated with H + ions decreased the pH of the suspension
by 1,61 1,66 pH units after the results had been corrected using the value for the
blank. The resin saturated with Na+ ions increased the pH by 0,46—0,80 pH

Fig. 2. Schematic diagramme of the elution apparatus.
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units. Resin saturated with Mg2+ ions did not alter the pH of the suspension toany
statistically significant degree (P = 0,05).

The aim of the study was to extract exchangeable manganese at pH conditions
corresponding to those of the soil samples. lon exchange resins saturated with H +

or Na+ ions did not satisfy this requirement. As the cation exchange resin saturated
with Mg2 + did not change the pH of the suspension during extraction, it can be
considered that extraction took place at the pH of the soil. Cation exchange resin
saturated with magnesium was therefore chosen to be used in the extraction.

Uniform quality of the extraction apparatus. Before the extraction
of soil manganese by the resin method was started, the uniform quality of the
extraction apparatus was checked. The determination of extractable manganese was
carried out as two replicates. On the average, manganese was extracted 32,0 mg/kg
air-dry soil, the values ranging from 31,5 mg/kg to 32,7 mg/kg air-dry soil. The
differences were not statistically significant (P = 0,05).

Volume and concentration of the eluant. The amount of eluant
required to elute the Mn retained by the ion exchange resin was studied. A known
amount of manganese (MnSO 4 H2 O) was added to 200 ml of deionized water in
the beakers used for extraction. The samples were then shaken for one hour on the
extraction apparatus and then eluted with four 50 ml aliquots of the eluate over a
period of one hour. The resin was eluted with 0,5 M H2S04 . Over 90 % of the
manganese was recovered in the first 50 ml of eluate (Table 2). It was therefore
decided to carry out elution with 100 ml of eluant over a period of 1 hour.

The concentration of the eluant required for quantitative elution of manganese
was investigated by adding manganese 500 /zg (MnSO 4-H 2 O) to deionized water,
shaking for one hour and eluting with 100 ml of eluant over a period of one hour.
Sulphuric acid was used when the manganese was to be determined spectro-
photometrically and hydrochloric acid when Mn was determined on an atomic
absorption spectrophotometer (Table 3). The results indicated that either 1,00 M
HCI or 0,50 M H 2S0 4 should be used as the eluant.

Table 1. Effect of the cation in the cation exchange resin on the pH of the extraction suspension ofsoils. 1
pH of soil suspension

The cation Before After
Soil sample of the resin extraction extraction pH

3a (sandy clay) Control 6,68 6,74 0,06b
H+ 6,67 5,07 -1,60c

Na+ 6,70 7,22 0,52 a

Mg2+ 6,69 6,73 0,04b

12a (silt) Control 5,07 5,28 0,2 lc
H + 5,10 3,70 -MO*
Na + 5,15 5,98 0,83 d
Mg2+ 5,10 5,28 0„18c

18a (fine sand) Control 5,62 5,81 0,19h
H + 5,62 4,19 -1,43'
Na + 5,48 6,47 0,998
Mg2+ 5,62 5,78 0,16h

Each soil sample has been tested separately.



Table 2. Recovery of manganese from the cation exchange resin with 0,5 M H 2 S04 during a total elution
period of one hour.

Added Recovered in 50 ml eluate fractions, %

Mn/xg I II 111 IV Sum%

10 98,6±2,2 0,010,0 0 0 98,6±2,2
20 99,7+0,8 0,0±0,0- 0 0 99,7±0,8
40 98,0±1,9 2,2±0,9 0 0 100,2+0,9
80 97,3+2,0 2,4±0,7 0 0 99,7+2,3

160 96,0+0,6 3,1±1,3 0 0 99.1 + 1,3
320 94,1±2,0 4,9±0,9 0 0 99,0+2,0
640 94,0+0,8 4,8±1,2 0 0 98,8+1,1

Table 3. Effect of eluant and its concentration on the elution of manganese from the cation exchange resin
within one hour.

Eluant and its Recovered manganese
concentration jig %

0,50 M HCI 406,3 81,3 b
1,00 M HCI 498,6 99,7 a

2,00 M HCI 494,3 98,9a

0,2 5 M H 2 S0 4 399,4 79,9b
0,50 M H 2 S0 4 489,0 97,8 a
1,00 M H 2 S0 4 488,6 97,7 a

c. Reliability of cation exchange resin extraction in the determination of
exchangeable manganese in the soil

The reliability of the resin method for extracting the exchangeable soil
manganese was studied by determining the reproducability of the results obtained
from two soil samples. According to the following results the reproducability of the
exchangeable manganese could be considered to be satisfactory;

Soil Exchangeable Mn mg/kg air-dry soil
sample n xA Md s V%

2h (fine sand) 16 31,9 32,1 0,78 2,44
95a (silty clay) 9 10,8 11,0 0,44 4,09

In addition, the method was checked by adding known amounts of manganese
(MnSO 4 H 2 O) to the deionized water in order that none of manganese would be
bound by the soil. Extraction and elution of the resin was then carried out. The
amounts of manganese added corresponded to Mn o—l2B mg/kg air-dry soil. It was
considered that this range would cover the content of exchangeable manganese in
the soil samples (Table 4). About 3—5 % of the added manganese was not
recovered. Only a very small amount of the largest manganese addition was
recovered from the filtrate which was obtained after filtering the suspension. The
manganese was probably lost during the washing and transfer of the resin to the
elution tube. It was possible that during the extraction soluble manganese would

2 407
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Table 4. Recovery of added manganese from the resin and extraction suspension in the cation exchange resin
method.

Added Recovered Recovered from
Mn i(g from resin, % extraction suspension, %

20 96,7+0,0 0,0+0,0
40 96,3+0,6 0,0+0,0
80 94,8+0,0 0,0+0,0

160 94,8+0,0 0,0+0,0
320 95,5+0,6 0,0+0,0
640 94,9+ 1,0 0,3+0,0

remain in the soil suspension, because the manganese could be present as neutral
and/or negative complexes in the suspension, too. This manganese was studied on
ten soil samples (2a, 3a, 4b, 10b, 15a, 16a, 17a, 18a, 101b, 106b) using the cation
exchange resin method. Four replications were carried out. The extraction
suspensions were filtered immediately after shaking and the manganese content of
the filtrates determined. The contents of manganese in the filtrates were under the
detection limit of the manganese.

d. Sources of error in the resin method

Temperature has an effect on the exchange of ions between the ion exchanger
and the soil. As the temperature increases, the resin extraction process becomes more
efficient. According to WADDY and VIMPAY (1970) the potassium content
increases by 0,2—1,8 % per °C when the temperature is 70-80 °C. The content of
some macronutrients increases by about 0,5 % per °C in conventional extraction
methods, when the temperature is 20 °C (SILLANPÄÄ 1977). The extractions were
carried out in this study at room temperature, which varied from 18—20 °C.
According to references, the error due to the variation in the temperature during the
extraction could be considered to be slight.

The amount of ion exchange resin has a direct effect on the extraction results
(ACQUAYE et al. 1972). The handling of the resin is difficult, because the resin is
wet. Thus the amount of the resin used in the extraction can vary and so the
extraction ratio can change. To avoid this error the resin, which was stored in an
extraction funnel, was poured into a filter funnel and after the excess water had
drained off, the amount of the resin required was weighed out into the extraction
cylinders.

Incomplete washing of the ion exchange resin after shaking represented a source
of error if soil was carried into the elution tube along with the resin. Removal of
inorganic soil material was usually rather successful. On the other hand, much water
had to be used in the washing stage if the soil sample contained a lot of organic
matter. During washing part of the bound nutrients may also have been leached out
of the ion exchange resin. However, no measurable amounts of manganese were
found in the rinsing water. If care was not taken during decantation, organic matter
passed into the elution tube. This resulted in a coloured eluate.

The up-and-down movement of the resin during shaking may have resulted in
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the destruction of some of the resin particles. All the resin pellets used in the
extraction would not then have been transferred to the elution tube.

e. Method for determining the exchangeable manganese in the soil

5,0 g of air-dry soil was weighed out into a beaker. In the case of moist soil
samples, amounts equivalent to 5,0 g of air-dry soil were as far as possible used. In
this case, the exact amount of air-dry soil was determined by evaporating the
suspension after extraction in a drying oven and then weighing the dried residue.
Then 200 ml of deionized water was added to a beaker. This amount of water

was used on the basis of the study carried out by ACQUAYE et al. (1972). The soil
and water suspension was mixed with a glass rod and left to stand for 30 minutes
before shaking. The time which the samples were left to stand was determined by
practical considerations since during this time the resin was being weighed out.
Acidic cation exchange resin (Amberlite IR-120), saturated with Mg2+

, was used as
the ion exchanger. 5,0 g of wet ion exchange resin was weighed out into the shaking
cylinders. This amount of resin had an exchange capacity of 7,5 me (KUNIN 1974),
the capacity of the ion exchange resin thus exceeding the capacity of the soil by a
factor of ten at least during the extraction. The results obtained by ACQUAYE et al.
(1972) were partly used in determining the amount of resin to be added. Water was
added to the resin cylinder immediately after the resin had been weighed out. A
shaking time of one hour was chosen on the basis of the results obtained by
ACQUAYE et al. (1972).

After shaking, the resin was initially washed while still in the extraction
apparatus with 200 ml of deionized water. The resin was then washed out into a
beaker. After this, the organic matter was decanted off and the ion exchange resin
transferred to the elution tube using a funnel. 0,5 M H 2S04 was used as the eluant
when manganese was determined by spectrophotometry, and 1,0 M HCI when it
was determined on an atomic absorption spectrophotometer. The elution of the resin
was carried out over a period of one hour, 100 ml of eluate being collected. The ion
exchange resin was regenerated using a solution of 2 M MgS04 • 7H20. When the
filtrate became neutral the resin was considered to be fully saturated with
magnesium. The resin was then washed with deionized water until sulphate could no
longer be detected as a precipitate of barium sulphate after adding barium chloride
to the filtrate. The manganese and iron contents of the eluate were determined.

2. Determination of reducible manganese

It has been shown in a number of studies that plants are able to utilize the
manganese in manganese oxides and manganese oxyhydroxides (LEEPER 1947,
JONES and LEEPER 1951 a, 1951 b, HEINTZE 1956, JONES 1957 a, 1957 b,
1957 c, BROMFIELD 1958, 1959, GHANEM et al. 1971). It therefore appears to
be advantageous to determine reducible manganese fractions in the soil. As most of
the manganese taken up by plants is in the form of the divalent cation, the manganese
in oxides and oxyhydroxides must first be reduced.
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It was initially planned to reduce the soil manganese by means of redox resins.
However, it was not possible to obtain them. In any case, they would have been
rather difficult to use because the reducing agent would have had to be eliminated
from the eluate before the manganese could be determined. The reducing agent for
manganese could be either masked or otherwise eliminated before carrying out the
oxidizing stage in the determination of manganese. It was therefore decided to use
hydroquinone, hydroxylammonium chloride and ascorbic acid. These can be deacti-
vated by heating.

a. Properties of the reducing agents

Hydroquinone C 6H 4(OH) 2

Hydroquinone takes part reversibly in reduction-oxidation reactions. According
to ADAMS (1965) and ROBERTS et al. (1971), it is oxidized to p-benzoquinone:

OH O
II

J + 2H+ + 2c

OH O

In fact hydroquinone is typically a very weak acid, kai
= 4,5-1 O'" and k a

2 =

MO’ 12 (BAXENDALE et al. 1951, HANDBOOK OF CHEMISTRY AND PHYSICS 1969, D-
-90). Its protolysis does not appear to be very complete at the pH of the soil
suspensions. According to VETTER (1952), the way in which hydroquinone acts as a
reducing agent depends on pH as follows:

H 2Q H 2 Q+ +e— H2 Q HQ“ +H+

H 2Q+ HQ +H+ HQ" HQ +c-
PHO HQ HQ+ +e-

pH>6 HQ Q~ +H+

. HQ+ Q + H + Q- Q + e~

Obviously under pH conditions corresponding to those prevailing in the soil,
reactions take place according to both equations.

The ability of hydroquinone to reduce manganese is based on the fact that its
reduction potential is lower than that of manganese compounds, according to
LATIMER (1952, p. 138), e°c 6H402/C 6H 4(OH)2

= 0.699 V. In studies on the
reactions between hydroquinone and manganese, the trivalent manganese mostly has
been examined (WELLS and KURITSYN 1970). In these reactions almost complete
oxidation of hydroquinone occurs. When hydroquinone reacts with trivalent
manganese, it forms a short-lived (6—B ms) complex with hexaaquo or
pentaaquomanganese ions before reducing the manganese. Reduced manganese docs
not form a complex with hydroquinone (DAVIES and KUSTIN 1969 b, WELLS
and KURITSYN 1970).
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Hydroxylammonium chloride HONH3CI
The ability of hydroxylammonium chloride to reduce manganese compounds is

based on the reducing tendencies of the hydroxylammonium ion, NH3OH+.
Depending on the conditions, the hydroxylammonium ion can be oxidized into
nitrogen, nitric oxide or hyponitrous acid (MOELLER 1959, p. 580):

NH,OH+ 1/2 N 2 + 2H++ H 2 G +e~ e°l/2 N /NH OH+ =-1.87V
2NH,OH+ NjO +6H +

+ H2 Q + 4e“ e°N Q/NH OH + =-0.05 V
2NH,OH + H 2N 20 2 + 6H +

+ 4e~ '
0
N2 H 2 0 2 /NH,OH + = 0,44 V

The reduction potential values indicate that the hydroxylammonium ion is a strong
reducing agent. In addition, the reactions arc also associated with the donation of
protons. In the absence of the reducing agent, the hydroxylammonium ion acts as a
weak acid ( ROBINSON and BOWER 1961, IVASKA 1974):

NH,OH+ NH 2OH +H+ k a = 1.110- *
- 8,910~ 7

However, the oxidation process causes a larger change in the pH of the suspension
than would be expected on the basis of the protolysis constant.

Studies on the reactions between hydroxylammonium ions and manganese have
primarily been concerned with the reduction of trivalent manganese (DAVIES and
KUSTIN 1969 a, JINDAL et al. 1970). If only small amounts of the reducing agent
are used then the hydroxylammonium ions are oxidized to nitrates (DAVIES and
KUSTIN 1969 a). In the opposite case the hydroxylammonium ions are oxidized
into free nitrogen (JINDAL et al. 1970). Manganese is assumed to form a complex
with the hydroxylammonium ion during the reduction reaction. In actual fact, the
complex appears to be unstable and very short-lived, because it has not been possible
to demonstrate it (DAVIES and KUSTIN 1969 a). According to CHAO (1972),
manganese oxides in soils and sediments are found to be ready dissolved by a
hydroxylammonium chloride solution leaving the major part of iron oxides in the
residue.

L-ascorbic acid C 6H 8 06

The action of ascorbic acid as a reducing agent is based on oxidation in its
dienol system. Protolysis is associated with the reversible oxidation of ascorbic acid
(HARRIS 1954, SMITH 1954):

o=c- c = oHO C = C OH 0 = C- C = 0
I I Il

H,C -CH - C C= O H,C -CH - C C= O

I I \ / I I \ /
OH OH O OH OH O

+ 2H +
+ 2e~

Ascorbic acid is a strong reducing agent, because its reduction potential is low,
c°C HO/CHO (BALL 1937). The release of electrons takes place in
two

6
stages (nMd 1955, GRINSTEAD 1960, KHAN and MARTELL 1967). The

pH of the solution is the main factor determining the forms which act as reducing
and oxidizing agents ( KHAN and MARTELL 1967, BIELSKI et al. 1971). Ascorbic
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acid belongs to the class of weak acids, kal = 9,310 5 (PELIZZETTI et al. 1976)
and k a2 = 4,6-10' 12 (WAHLBERG and ULMGREN 1967).

The reactions between ascorbic acid and metals are usually preceded by
protolysis (MEHROTRA et al. 1969, 1970, MUSHRAN et al. 1974). The
ampholyte of the ascorbic acid complexes with the metal (GRINSTEAD 1960,
KHAN and MARTELL 1967), the complex breaks down and forms the ascorbate
radical and the reduced metal ion. The radical reacts further with a new metal ion
and reduces it (KOSTIN and TOPPEN 1973, MUSHRAN et al. 1974). According
to KOSTIN and TOPPEN (1973), unprotolysed ascorbic acid can also form a
complex with the metal. Ascorbate ion may form a complex MnHA+ with reduced
manganese. The value of the formation constant of this complex is 12,59
( ULMGREN and WAHLBERG 1971).

b. Development of the resin method

Extraction of reducible manganese from soil samples was carried out by the ion
exchange resin method. The reducing agents were added to the extraction
suspension before shaking. Preliminary experiments showed that all three reducing
agents were bound by the cation exchange resin saturated with magnesium ions.
This indicates that the reducing agents were present in the extraction suspension as
cations and therefore passed into the eluate during the elution stage. Possible cation
forms of hydroquinone are H 2Q-+ and HQ+ (EGGINS and CHAMBERS 1969).
However, only the former acts as a reducing agent. The presence of this radical in
the eluate could be demonstrated indirectly, because oxidation of manganese in the
eluate into permanganate did not occur until the reducing agent had been
inactivated. The reducing moiety in hydroxylammonium chloride, the
hydroxylammonium ion, is a cation, and hence its binding by the cation exchange
resin and subsequent release into the eluate was expected. According to BIELSKI et
al. (1971), the reducing form of ascorbic acid is H 2A + . This cation can be bound
to the cation exchange resin and on release into the eluate during elution inhibits the
oxidation of manganese. Owing to the pH of the extraction suspension, the other
possible cation of ascorbic acid, HA+, was present in the eluate in considerably
greater amounts than the radical H 2A+. However, HA + cannot prevent the
oxidation of manganese because this ion had already been totally oxidized.

Inactivation of the reducing agents in the eluate. The reducing
agents were inactivated in the eluate by heating. As regards reduction with ascorbic
acid, no changes had to be made in the method used for oxidizing manganese
because ascorbic acid decomposes already at a temperature of about 70 °C. Since the
temperature of the samples was raised to 100 °C on a sand bath, the use of ascorbic
acid as the reducing agent did not cause any additional work during the oxidizing
stage. Hydroquinone and hydroxylammonium chloride inihibited the oxidation
of manganese to permanganate at a temperature of 100 °C. In addition,
hydroxylammonium chloride brought about the reduction of the metaperiodate into
iodide instead of iodate. Hydroquinone and hydroxylammonium chloride were
successfully inactivated by evaporating the solutions taken for analysis on a sand
bath and continuing heating until all oxides of sulphur had evaporated.
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The reliability of the heating treatment used in the method was tested. A known
amount of manganese (MnSO 4H2O) was added to a porcelain crucible, the
reducing agent added, the crucible heated until the solution had evaporated and the
manganese then oxidized to permanganate. According to the following results, the
method proved to be moderately reliable:

Reducing Added Recovered Mn
agent ug %

C 6H 4(OH)2 20,0 19,4 97,0a
HONHjCI 20,0 19,6 98,0a

C 6H 806 20,0 19,9 99,5 a

Carefully evaporating the solution to dryness proved to be necessary, especially
when treating with hydroquinone. When heating was carried out without due care,
there was a black residue which could not easily be dissolved. The black residue
effected a colour to the solution.

Amounts of reducing agents used. The concentration of reducing agent
used in studies on the determination of reducible manganese in the soil has usually
been 0,2 % with respect to the extraction solution (SHERMAN et al. 1942,
SHERMAN and HARMER 1942, LEEPER 1947, HEINTZE and MANN 1949, 1951,
SCHACHTSCHABEL 1956, 1957, BROWMAN et al. 1969, SEMB and OIEN 1970, SCHUTZ
1978, 1980). Reducing agent at a level of 0,02—0,04 g/g soil has been used when the
extracting ratio has varied from 1:10—1:20. The extracting solution used in the
studies of JONES and LEEPER (1951 a, 1951 b) was 0,05 % with respect to the
reducing agent, and 0,0125 % in the study of BOKEN (1956).

The amount of reducing agents to be used was determined as follows: 5,0 g air-
dry soil was added to 200 ml deionized water and 0,25—4,00 mmol of reducing
agent added. Extraction, elution and determination of the manganese was then
carried out according to the resin method. The amounts of hydroquinone used did
not have any effect on the content of reduced manganese (Table 5). On the other

Table 5. Effect of amount of reducing agent on content of reducible soil manganese extracted. 1

° " Reduced manganese mg/kg air-dry soil

mmol/5,0 g soil Soil 5b Soil 11a Soil 15a
C 6H4(OH) 2 0,25 0,7k 3,9h 28,Oc

0.50 0,6k 3,9h 27,8C

1,00 0,7k 4,0" 28,6 C

2,00 0,7k 3,9h 27,7C

HONH,CI 0,50 1,1) 11,08 85,Ob
1,00 l.li 11,18 87,0 b
2,00 1,2) 11,18 82,6b
4,00 1,2) 12,2f 86,6 b

C 6H 8 06 0,25 2,3' 12,9e 120,9a

0,50 2,2' 12,8e 117,2a

1,00 2,3' 12,9e 122,2 a

2,00 2,3' 15,7d 128,3a

Each soil has been tested separately.
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hand, increasing the amounts of hydroxylammonium chloride and ascorbic acid
resulted in a significant increase in the amount of manganese extracted from a heavy
clay sample. This may have been due to the effect of the reducing agent on the pH
of the extraction suspension. Depending on the amounts used, the pH values of the
aqueous solutions of the reducing agents when calculated on the basis of the
protolysis constants (HANDBOOK OF CHEMISTRY AND PHYSICS 1969, D-89, D-
-90), were on the average:

Amount of reducing agent pH of aqueous solutions of the reducing agents
mmol mmol/1 C6 H„(OH)2 HONH,CI C 6H 8 06

0,25 1,25 6,59 - 3,50
0,50 2,50 6,46 4,31 3,35
1,00 5,00 6,31 4,16 3,20
2,00 10,00 6,17 4,01 3,05
4,00 20,00 3,86

The pH of an aqueous solution of hydroquinone was higher than the average
pH(H 20) of Finnish mineral soils. On the other hand, hydroxylammonium chloride
and ascorbic acid had a reducing effect on the pH when compared to the average
pH(H20) value of Finnish mineral soils, i.e. 5,7 (SIPPOLA and TARES 1978). The
amount ofreducing agent to be used, 1 mmol/5 g air-dry soil, was chosen on the basis
of the results in Table 5. This value is in good agreement with the amounts cited in
the literature. The reducing capacity of the reducing agents was found to be sufficient
to reduce manganese almost 11 g/kg air-dry soil. This reducing capacity would not
limit the reduction of manganese.

c. The reliability of resin extraction in determining reducible manganese in the soil

The reducing agents used to reduce manganese form complexes with metals.
Formation of complexes depends on the oxidation state of the metal in question.
Depending on the oxidation state of the complex formed, it is possible that the soil
manganese mobilised in the reduction treatment cannot be completely recovered by
means of cation exchange resin.

The suitability of the cation exchange resin method for determining the content
of reducible manganese in soil was studied by determining the reproducability of the
results. The extraction procedure was performed separately with each reducing
agent. According to the following results, the reproducability of the determinations
could be considered to be satisfactory;
Reducing agent and Extracted Mn mg/kg air-dry soil
Soil sample n x Md s V %

Hydroquinone
84a (silt) 12 16,0 16,3 0,65 4,06
102 a (finer fine sand) 9 8,4 8,4 0,47 5,56

Hydroxylammonium chloride
58b (sandy clay) 9 23,4 23,2 1,62 6,93
76a (finer fine sand) 7 57,6 58,0 2,30 3,997 57,6 58,0 2,30 3,99
Ascorbic acid
25a (silty clay) 11 58,1 57,0 1,93 3,32
69b (silt) 8 34,4 34,6 0,79 2,30
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Table 6. The effect of reducing agent on amounts of added manganese recovered from cation exchange resin
and from the extraction solution.

C 6H 4(OH); HQNH,CI C 6H 8 Q6

Recovered Recovered from Recovered Recovered from Recovered Recovered from
Added from resin extraction from resin extraction from resin extraction
Mn /LI g % solution, % % solution, % % solution, %

20 94,4+0,0 0,0+0,0 95,1+0,7 0,0+0,0 92,9+0,0 0,0±0,0
40 93,7+0,0 0,0±0,0 91,5+9,7 4,4±0,1 98,6+3,0 0,0±0,0
80 93,0+0,0 0,0+0,0 90,3±3,9 5,0±0,2 92,3±2,0 0,0±0,0

160 89,9±1,1 0,9+1,0 90,6±2,8 4,6+0,2 91,9+2,6 0,5+0,0
320 92,1+0,0 0,6+1,0 90,3±1,6 4,3+0,2 92,6+0,5 0,7 + 0,2
640 92,4+0,0 0,5+0,6 94,4+2,3 3,5+0,3 91,4+0,0 0,6+0,1

In addition, the method was studied by adding known amounts of manganese
(MnSO 4 H2O) to the deionized water. Reducing agent (1 mmol) was then added
and extraction, rinsing and elution of the resin carried out according to the resin
method. The extraction suspension was filtered. The manganese content of the eluate
and the filtrate were determined (Table 6).

The amounts of manganese remaining in the extraction suspension after
treatment with hydroquinone were small. This result partly confirms the observation
that hydroquinone does not form complexes with divalent manganese (DAVIES and
KUSTIN 1969 b, WELLS and KURITSYN 1970). On the other hand, 0-5 % of
the added manganese remained in the suspension after treatment with
hydroxylammonium chloride. This would suggest that hydroxylammonium chloride
forms neutral and/or negative complexes with divalent manganese. After the
treatment with ascorbic acid 0—0,7 % of the added manganese remained in the
suspension. The results for ascorbic acid and hydroquinone were thus very similar
and better than that for hydroxylammonium chloride. With divalent manganese the
ascorbate ion may form the complex MnHA + (ULMGREN and WAHLBERG
1971). However, as a cation this complex can be bound by cation exchange resin.
The small amounts of manganese remaining in the extraction suspension following
the treatment with reducing agents may be partly due to the equilibrium between the
ion exchange resin and the suspension.

Table 7. The effect of reducing agent on contents of manganese recovered from cation exchange resin and from
soil suspension.

Extracted manganese mg/kg air-dry soil

c,H 4(OH)2 HONHjCI QH„o t

Remaining in Remaining in Remaining in
Soil Recovered extraction Recovered extraction Recovered extraction
sample from eluatc suspension from cluate suspension from cluatc suspension

4b 1,2+0,0 0,2+0,0 6,4+0,5 0,2±0,0 9,3±2,1 1,0+0,5
10b 5,7 + 0,3 0,3+0,2 27,7±1,2 1,8+0,4 30,0+0,3 2,3+0,6
18a 5,6±0,3 0,1+0,2 7,9±1,0 0,8±0,8 U.5+1,7 0,7+0,0

101 b 34,2 +2,3 0,3+0,2 64,0+1,8 4,3+0,0 86,0+4,2 5,9+0,6
106 b 45,1±2,8 0,7±0,3 218,0+6,7 11,7±0,6 232,5±20,6 14,5±1,4
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The effect of the reducing treatment on the amounts of manganese bound and
umbound on the cation exchange resin was studied using the soil samples, too. The
reducing agents were added to the soil suspensions and extraction and elution
carried out in the normal way. The extraction suspensions were filtered immediately
after shaking. The manganese content of the eluates and filtrates were determined
(Table 7). Manganese not bound by the cation exchange resin remained in the
suspension. In conjunction with the determination of exchangeable manganese, it
was found that cation exchange resin treatment without a reducing agent does not

result in any measurable amounts of manganese remaining in the extraction
suspension. Apart from reduction with hydroxylammonium chloride, no divalent
manganese at all was left in the extraction suspension. Therefore it can be concluded
that the manganese remaining in suspensions of soil samples has been present as a
neutral and/or negative complex and is therefore not retained by the cation exchange
resin. The result shows indirectly, that the manganese remaining in the extraction
suspension has not been divalent manganese. The soil manganese extracted with
cation exchange resin and reducing agent is therefore divalent manganese.

d. Method for determining reducible manganese in the soil

5,0 g of air-dry soil was weighed out into a beaker. In the case of moist samples,
amounts as close as possible to the corresponding air-dry weight were used. The
exact amount of soil was determined by drying the suspension after shaking and
then weighing it. 200 ml deionized water and 1 mmol of reducing agent were
added. The suspension was then carefully mixed using a glass rod and left to stand
for 30 minutes. The resin was weighed during this time. Cation exchange resin
saturated with Mg2+ ions was used to extract both exchangeable and reducible
manganese. The same amounts of resin were used as for determining exchangeable
manganese. The same shaking apparatus was also used. Shaking was started 30
minutes after adding the reducing agent. Hydroquinone and hydroxylammonium
chloride in the eluate were inactivated for the spectrophotometric determinations by
evaporating the eluate to dryness and heating the residue on a sand bath until the
oxides of sulphur had evaporated. After cooling the residue was dissolved in 0,5 M
sulphuric acid. Ascorbic acid was inactivated in the heating stage required for the
oxidation of manganese. The reducing agents were not inactivated when the
manganese determinations were carried out on an atomic absorption
spectrophotometer. In this method the effects of the reducing agents were taken into
account in the preparation of the standard series. The exchangeable manganese
values were subtracted from those for the manganese obtained using the reducing
treatment on the same soil. The difference represented the content of reducible
manganese. The ion exchange resin used to extract reducible manganese was
regenerated in the same way as the resin used in determining the exchangeable
manganese.
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II Determination of total manganese in the soil

In order to find a suitable method for determining total manganese in the soil,
the acid extraction method (HNO } , H2S0 4, HF) of ADAMS (1965) and the
sodium carbonate fusion method of KANEHIRO and SHERMAN (1965) were
compared. The total manganese content of 17 plough layer soils and 16 deeper
layers were determined using both methods. According to the following results, the
difference between the methods did not deviate significantly from zero (plough layer
t0,05=0,64 deeper layer t0i0 5=0,22):

Manganese extracted mg/g air-dry soil
Sodium carbonate Acid extraction

n fusion method

Plough layer 17 511 468
Deeper layer 16 421 430

The sodium carbonate fusion method (KANEHIRO and SHERMAN 1965) was
chosen for determining the total content of manganese in the soil:

0,5 g air-dry soil ground in a mortar (o<O,l mm) was weighed out into a platinum dish. The organic
matter was removed by heating the sample over a low flame for half an hour. The dish was then left to cool.
5,0 g Na 2CO } was added, mixed carefully with a glass rod and 1,0 g Na 2C0 3 spread on the top of the mixture.
The mixture was then fused over a bunsen burner. The dish was allowed to cool and then placed in a 100 ml be-
aker, 10 ml of deionized water, 1 ml C 2H S OH and 20 ml ofcone. HCI were added. After the suspension had
stopped effervescing it was transferred to a beaker using a glass rod. The platinum dish was rinsed with hot deio-
nized water. The beaker was transferred to a boiling water bath and evaporated to dryness. After cooling, 5 ml
of cone. HCI was added and the beaker left to stand for 1 5 minutes. 20 ml ofhot deionized water was then ad-
ded and the beaker placed on a boiling water bath for 15 minutes. The hot suspension was filtered through hard
filter paper (Schleicher & Schiill Selecta Nr 589/3) into a 100 ml volumetric flask. The beaker and the residue
were washed with hot deionized water and the flask filled up to the mark. The manganese content of the filtrate
was determined on an atomic absorption spectrophotometer.

The reliability of the method for determining total manganese was studied by
determining the reproducability of the method. According to the following results
the reproducability of the determinations was satisfactory:

Manganese mg/kg air-dry soil
Soil sample n x" Md s V %

9b (sandy clay) 11 439 443 10,9 2,48
12b (silt) 5 431 424 13,3 3,09

The method was also studied by adding known amounts of manganese, over the
range 100—1000 mg/kg air-dry soil, to the soil samples. The samples were then
analysed in accordance with the above method. As the following results indicate the
sodium carbonate fusion method may be satisfactory:

Added Recovery %

Mnmg 7b 10b 18a 37b 102a
0,05 91,0+3,3 95,1+2,9 91,6+3,0 100,2±4,0 92,7±2,6
0,10 95,1±1,6 97,0+2,0 94,6+2,1 96,8±0,8 92,9+1,4
0,50 96,7+1,0 90,3±3,0 93,4+4,7 97,3+0,6 93,2±3,2
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111 Determination of manganese in plant material

The manganese content of the plant material was determined using the dry
ashing method as follows:

1,0 g of plant material was weighed out into a quartz crucible. The sample was burnt in a muffle furnace
overnight at 450 °C. After the crucible had cooled, a few drops of deionized water were added, the crucible
covered with a watch glass and 10 ml of 3 M HCI slowly added. The dish was transferred to a boiling water
bath and kept on it until white fumes started to escape from the solution. The watch glass was then removed and
the hot solution filtered (Schleicher & Schull Selccta Nr 589/2) into a 50 ml volumetric flask. The dish, filter
paper and residue were washed with 10 ml of deionized water. The filter paper and insoluble residue were
placed in the original quartz dish and burnt at 600 °C for one hour. The cooled ash was dissolved in 0,5 ml of
6 M HCI and placed on a boiling water bath. The dish was kept on the bath until the residue was almost dry.
10 ml of deionized water was then added and the suspension filtered into the same volumetric flask used in the
first stage of the treatment. The dish, filter paper and residue were washed with deionized water and the volu-
metric flask filled up to the mark.

The reliability of the dry ashing method was studied by determining the
reproducability of the method. The following results indicate that the
reproducability of the determinations was good:

Manganese mg/kg dry-matter
Md s V%

13,4 0,10 0,77

n x

Potato sample 14 13,4

The method was also studied by adding known amounts of manganese to the
plant sample. According to the following results, the method used for determining
the manganese content of the plant material was considered to satisfy the
requirements:

Added Recovered Mn
MnjUg ug %

0 12,5+0,0
5 17,4+0,2 98,0

10 21,8+0,6 93,0
20 32,2+1,1 98,5

B. Other analytical methods

The particle size composition of the inorganic matter in the soil samples
was determined by the pipette method (ELONEN 1971). The bulk density of
the soil was determined by means of weighing a 20 ml sample of ground air-dry soil
(ERVIÖ 1971). The pH of the soil was measured from the stirred soil - 0,01 M
CaCl2 suspension (1:2,5) after standing for two hours (RYTI 1965). The
organic carbon content of the soil samples was determined using a
modification (GRAHAM 1948) of ALTEN’s wet digestion method. The total
iron content of the soil was determined from the solution prepared by the
sodium carbonate fusion method (KANEHIRO and SHERMAN 1965). Iron in the plant
material was determined from the same solution, prepared by the dry ashing method,
as was used for the determination of the plant manganese.
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C. Statistical treatment of the results

The t-test was used for carrying out comparisons between pairs of means. The 95
% confidence limits were calculated for means that were not compared with each
other. DUNCAN’s (1955) test and 95 % confidence level was used for comparing
more than two means. Correlation and regression analysis were used for studying
the dependence between variables (EZEKIEL and FOX 1961). Partial correlation
coefficients and the 95 % confidence level were used for testing the significance of
the independent variables. Statistically insignificant independent variables were
excluded from the regression equation and the equation was recalculated and its
parameters were tested again. The partial regression coefficients used for testing the
independent variables were tabulated. Partial regression coefficients which were used
for indicating the final significance of the independent variables, were presented for
the statistically significant (P=0,05) variables. Values of the coefficients which
indicated the insignificance of the variables, were presented for the statistically
insignificant (P=0,05) variables. Beta coefficients were used for depicting the relative
importance of the variables. The beta coefficients were calculated for the significant
variables only, and were presented in the same tables as the partial regression
coefficients. The significance of the coefficient of multiple determination was studied
using the F-test (SNEDECOR and COCHRAN 1978). Standard deviations were calcu-
lated for the mean of the dependent variable and for the net regression coefficients of
the equation. The sekwness of the distribution in the material was studied using
Pearson’s coefficient (MATTILA 1967). The significance of differences between the
coefficients of multiple determination was tested with the z-transformation test
(SNEDECOR and COCHRAN 1978).

Research material

Soil samples were collected from different parts of Finland during the period
1975-1979. The samples were taken from the plough layer (a = 0 - 20 cm) and from
the deeper layer (b=2o—4o cm). Exceptions to this were samples 18, 19, 20, 21, 97
and 109, the samples being taken from the surface soil only. In addition, samples 22
and 23 were subsoil samples (80—100 cm) only. The sampling locations are shown in
Fig. 3 and the general properties of the samples in Appendix 1.

The soil samples were dried at room temperature (20-25 °C) in order to keep the
soil as unchanged as possible (WALKER and BARBER 1960, NELSON 1977, KHANNA
and MISHRA 1978). The samples were then broken up by hand using a wooden disk
and then passed through a 0 2 mm sieve. The samples were not ground because
otherwise the structure of the primary particles would have been destroyed (SOL-
TANPOUR et al. 1976). The air-dry samples were stored in cardboard boxes.

The research material was classified into mineral soils and organogenic soils. In
organogenic soils the content of organic matter (1,9 x org. C %) was over 40 %. The
mineral soils were classified into soil groups on the basis of their particle size
distribution as follows:
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Fig. 3. Location of the sampling points.



Particle size distribution of inorganic material, %

<0,002 0,002-0,02 0,02-0,06 0,06-0,2 0,2-0,6 0,6-2
mm mm mm mm mm mm

Heavy clays
Silty clays
Sandy clays
Silts
Finer fine sands
Fine sands
Sands
Coarse sands

>6O <4O
30-60 20-70
30-60 <5O
<3O >35
<3O <5O
<3O <5O
<3O <5O
<3O <5O

<4O
<2O
>2O
<5O

The main fraction 0,02-0,06 mm
0,06-0,2 mm
0,2-0,6 mm
0,6-2 mm

However, the heavy, silty and sandy clay soil groups were so small that they were
combined to form a single group of clay soils. Similarly, fine sands, sands, coarse
sands and 3 sand moraines were combined to form a single group of coarse soils. The
bulk density, organic carbon content, content of extractable manganese, total iron
content and total manganese content of the soil samples were calculated on the basis
of air-dry soil.

The bulk density of the soil in the plough layer of the mineral soils increased
slightly from the clay soils to the coarse soils (Table 8). The bulk density varied from
0,55 to 1,33kg/dm 3

, the pH from 3,9 to 7,2, and the organic carbon contentfrom 0,7
to 16,4 %. The properties of the deeper layers followed the same trend as for the
topsoils. The bulk density of the plough layer of the organogenic soils varied from
0,16 to 0,71 kg/dm3

, the pH from 3,6 to 4,7, and the organic carbon content from
21,9 to 49,6 %. The properties of the deeper layers were almost the same as those of
the topsoils (Table 8). The average properties of the soil groups corresponded rather
well to the mean properties of Finnish mineral soils (SIPPOLA and TARES 1978).

Table 8. Basic properties of the soil groups.

Particle-size distribution, %

Bulk :

density, pH Org.C, <0,002 0,002-0,02 0,02-0,06 0,06-0,2 0,2-2
Soil kg/dm3 CaCl2 % mm mm mm mm mm

group n x s x s x s xsxsxsxsxs

Clays
-plough layer 30 0,94 0,16 5,1 0,71 4,6 3,2 43 8 31 11 13 6 9 5 3 2
-deeper layer 34 0,95 0,15 5,1 0,77 2,6 2,2 44 11 31 12 11 6 9 7 3 2
Silts
- plough layer 13 0,97 0,11 5,2 0,55 3,6 1,4 22 4 49 7 20 8 5 5 3 2
-deeper layer 13 0,96 0,16 5,0 0,42 2,0 1,8 21 5 51 8 19 8 7 7 3 3
Finer fine sands
- plough layer 26 0,98 0,19 5,0 0,63 4,1 3,7 13 7 27 10 36 10 19 10 3 2
-deeper layer 24 1,00 0,16 4,9 0,65 2,8 4,1 11 7 25 12 41 9 20 12 2 2
Fine sands, sands
and moraines
- plough layer 29 1,10 0,16 5,0 0,44 3,4 2,5 9 6 13 8 16 9 40 16 21 16
-deeper layer 24 1,16 0,19 4,8 0,39 1,6 1,2 9 6 13 9 16 9 40 18 23 17
All mineral soils
-plough layer 98 1,00 0,16 5,1 0,59 4,0 3,0
-deeper layer 95 1,02 0,16 4,9 0,62 2,3 2,6
Organogenic soils
- plough layer 9 0,48 0,15 4,1 0,39 31,0 9,1
-deeper layer 8 0,36 0,11 4,0 0,33 41,5 11,8
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Soil manganese

The manganese content of the earth’s crust varies from 0,05 to 0,5 % (BEAR 1964,
p. 329), and therefore manganese is the second most common trace element of the
magma rocks of the earth (RANKAMA and SAHAMA 1950, p. 640). The most

important manganese-containing minerals are as follows (RANKAMA and SAHAMA
1950, pp. 641-642):

Mineral Composition Mineral Composition
galaxite MnAl 204 knebelite (Mn,Fe) 2Sio 4

jacobsite MnFe 204 rhodonite (Mn,Fe,Ca)Sio3

manganosite MnO pyroxmangite (Mn,Fe)Sio3

hausmannite Mn,o 4 spessartite Mn 3 Al2 (Si0 4) 3
braunite (Mn,Si)2 o3 manganepidote
pyrophanite MnTi0 3 manganphlogopite
pyrolusite Mn02 manganchlorite
manganomelane Mn02 hiibnerite MnW0 4

pyrochroite Mn(OH) 2 triphylite Li(Mn,Fe)PO 4

bäckströmite Mn(OH) 2 lithiophilite Li(Mn,Fe)PO 4

manganite MnOOH triplite (Fe,Mn) 2(F,PO 4 )

rhodochrosite MnC0 3
alabandite a-MnS

The abundance of manganese minerals is well illustrated by the composition of the
Eräjärvi pegmatite deposit near Tampere. Of the 29 phosphate minerals occurring in
this deposit, iron, manganese or both, are the main components of 21 of them (LAHTI
1981). The main reason for the great number of different manganese minerals is the
multiple oxidation states of manganese. It occurs in magma rocks in the oxidation
state Mn2+

, and in sediments and soils mainly as Mn 3+ and Mn 4+ (McKENZIE 1972).
Compounds corresponding to the oxidation states Mn 6+ and Mn 7+ do not occur in
nature (DAY 1963).

Another factor which contributes towards the large number of manganese
minerals is substitution. The Mn4+ in oxide and hydroxide minerals can be substitu-
ted by Mn 2+ and Mn 3+ (McKENZIE 1977). The manganese ions may therefore be
oxidized or reduced without changing position. When sufficient changes in the
oxidation state have occurred, the stability of the crystalline structure is weakened
and finally rearrangement occurs (FEITKNECHT et al. 1960). As a result of oxidation,
the oxygen-manganese bond is lengthened and in order to maintain electroneutrality
some of the O 2" ions are substituted by OH" ions (McKENZIE 1977). For this reason,
manganese oxides form a continues serie from MnO to Mn02. There is considerably
variation in the stability of these oxides.

Oxides and oxyhydroxides of manganese are formed as a result of geochemical
processes. According to RANKAMA and SAHAMA (1950, pp. 647-652), the manganese
of primary minerals has initially been dissolved out as bicarbonate and sometimes as
sulphate. However, manganous bicarbonate is only stable under reducing condi-
tions, e.g., when organic compounds are present. On the other hand, organic
compounds can form complexes with manganous ions and thus bring about manga-
nous ions on migration and leaching. Decomposition of manganous bicarbonate
results in the formation of a manganese compound with an oxidation state of Mn 4+

.



The oxidized manganese may initially remain in solution as a colloidal hydroxide,
which can still be stabilized by organic compounds. In favourable conditions,
precipitation of pyrochroite, Mn(OH)2, may occur. However, in nature this is an
unstable compound and its oxidation results in the formation of oxides correspond-
ing to other oxidation states of manganese.

The most important oxides and o'xyhydroxides of manganese are as follows
(GATTOW and GLEMSER 1961 a, 1961 b, GLEMSER et al. 1961, GIOVANOLI et al. 1967,
GIOVANOLI 1969, GIOVANOLI and LEUENBERGER 1969, GIOVANOLI and STÄHLI
1970, GIOVANOLI et al. 1970 a, 1970 b, 1971):

Mineral Composition Mineral Composition
pyrolusite Mn0 2 hollandite Ba 2Mn8 0 16

ramsdellite Mn0 2 coronadite Pb2 Mn 80 16
nsutite variable lithiophorite (AI,Li)MnO2 (OH)2

birnessite variable groutite MnOOH
buserite variable manganite MnOOH
todorokite variable partridgeite Mn 203
cryptomelane K 2Mn g0 16 hausmannite Mn2t Mn2 3+0 4

Despite the large number of different manganese oxides and oxyhydroxides, they
have only rarely been identified in soils. The most commonly identified manganese
oxides in the soil appear to be lithiophorite (TILLER 1963, TAYLOR et al. 1964),
birnessite (TAYLOR et al. 1964, KOLJONEN et al. 1976, CARLSON et al. 1977),
hollandite, pyrolusite and todorokite (TAYLOR et al. 1964) and manganite (ESWARAN
and RAGHU MOHAN 1973). Birnessite has been identified in Finnish gravel deposits
(KOLJONEN et al. 1976, CARLSON et al. 1977).

Birnessite is a group name for various manganous manganites. The ratio O/Mn
varies from 1,74 to 1,99 (BRICKER 1965). According to BUSER et al. (1954) and
GIOVANOLI et al. (1970 b), these minerals have a double layer structure. The main
layers consist of sheets of Mn4+ 06 octahedra linked by sharing edges. The structure

of the intermediate layers consist of Mn2+ and Mn 3+ co-ordinated to OH' ions and
water molecules. One out of every sixth octahedral sites ofMn 4+ is unoccupied, and
Mn 3+ and Mn 2+ ions are considered to lie above and below these vacant sites. The
distance between the MnO& octahedra layers is about 0,72 nm in the direction of the
c axis. Na, K, Ca, Mg and Fe may be present as foreign cations (GIOVANOLI and
BURKI 1975).The prevailing redox potential controls the crystallization of birnessite.
It crystallizes in slightly basic soils (TAYLOR et al. 1964) and in slightly acid soils
(KOLJONEN et al. 1976, ROSS et al. 1976, CARLSON et al. 1977). The chemical
composition of the birnessite found in Finland is (Ca,K,Na)(Mn,Fe,AI,Mg) 7Oi4

•nH20 (KOLJONEN et al. 1976). 6-Mn0 2 oxides of manganese belonging to the
birnessite group are considered to be the most active oxides of manganese (e.g.
MORGAN and STUMM 1964, MURRAY et al. 1968, LOGANATHAN and BURAU 1973,
LOGANATHAN et al. 1977).

Although it has been supposed that there may be oxides in the soil where
manganese occurs in the oxidation state Mn 3+ (DION and MANN 1946, MANN and
QUASTEL 1946), they have, however, not yet been found (McKENZIE 1972). If, as it
has been assumed, the oxides and oxyhydroxides of manganese in the soil are mainly
only weakly crystallized (McKEAGUE et al. 1968), then this would partly explain why
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it is difficult to find oxide and oxyhydroxide minerals of manganese in the soil.
Only a small part of the soil manganese is to be found in the soil solution. It

appears to be mainly manganous manganese. According to GEERING et al. (1969), the
manganese content of the soil solution varies from 0,01 to 3,75 ppm, and 84 to 99 %

of it is present in complex form. According to OLOMU et al. (1973), the manganese
content of the soil solution may vary from 0,0 to 17,1 ppm. Of this, about 70 %

would be in the oxidation state Mn 2+ and the rest as neutral and/or negative
complexes. According to SIMS and PATRICK (1978), about 75 % of the soil manganese
extractable with water is in the form of negative complexes.

The manganese in the soil solution is in equilibrium with exchangeable manga-
nese. Apart from the manganese in the soil solution, exchangeable manganese is the
most easily mobilised form of manganese (FINCK 1956). It, in turn, is in equilibrium
with the manganese of organic complexes, and with manganese oxides and oxy-
hydroxides. The importance of sparingly-soluble compounds of manganese, such as
carbonates, phosphates and silicates, appears to be very small from the point of view
of exchangeable manganese and manganese in the soil solution, because the mobiliza-
tion of manganese from primary minerals would presuppose weathering (RANKAMA
and SAHAMA 1950, pp. 647-652). Weathering, in turn, results in the formation of
manganese oxides and oxyhydroxides.

According to FINCK (1956), the more humus there is in the soil and the longer the
time the soil has weathered, then the greater the amount of manganese bound to the
organic matter in the soil. Manganese bound to organic matter is thus not only
derived from plant material from which the humus has developed. Complexed
manganese can be extracted with, for instance, aqueous solutions of copper and zinc
salts (HEINTZE and MANN 1947, 1949, HEMSTOCK and LOW 1953, WALKER and
BARBER 1960,ELLIS and KNEZEK 1972). According to PAGE (1962), the formation of
manganese complexes results in a decrease in manganese availability to plants.
However, manganese is the weakest complex former in the first serie of transition
metals (MELLOR and MALEY 1948, IRVING and WILLIAMS 1953). Thus when the pH
of the soil is below 6,1, manganese complexes are hardly likely to be present
(SERDOBOLSKII and SINYAGINA 1953). However, the complexation of manganese
appears to be one reason for the decrease in the content of extractable manganese in
the soil when the pH of soil is increased (GROOT 1956, ZAHER 1979).

The availability of manganese to plants is regulated by redox properties of
manganese oxides and oxyhydroxides. In addition, owing to the high sorption
capacity, manganese oxides and hydroxides can also regulate the extractability of
other micronutrients (McKENZIE 1977). Most of the manganese oxides and oxyhydr-
oxides in the soil are assumed to be weakly crystallized (e.g. McKEAGUE et al. 1968).
Owing to the high reactivity, they represent an important factor regulating the
content of extractable manganese in the soil.

A. Total manganese

The total content of manganese in the research material varied from 177 to 2196
mg/kg in the plough layer of mineral soils, and from 80 to 335 mg/kg in the plough
layer of organogenic soils (Appendix 2). The content of manganese in the deeper



layer varied from 161 to 2481 mg/kg in the mineral soils, and from 170 to 253 mg/kg
in the organogenic soils (Appendix 2).

The mean contents of total manganese in the clay and silt soil groups were of
almost the same order of magnitude (Table 9). The situation was the same in the fine
sand and sand groups, although the mean contents of manganese were about 25 %

smaller than those for the clay and silt soils. Apart from the group of fine sand and
sand soils, the mean total contents of manganese were smaller than the results of
VUORINEN (1958), ERVIÖ and VIRRI (1965) and SILLANPÄÄ (1975). The differences
between the materials may be due to differences in the analytical methods. In the
studies of VUORINEN (1958), ERVIÖ and VIRRI (1965) and SILLANPÄÄ (1975), the
manganese contents were determined spectrographically. On the other hand, the
number of samples used in this study was rather limited in comparison to the research
material of VUORINEN (1958). This fact may explain the differences between the
results, because the variation in the content of soil total manganese is very large (LE
RICHE 1973). The fact that the mean manganese content of the coarse mineral soils
was in good agreement with VUORINEN’s (1958) results supports this assumption.
According to ANDERSSON (1977), the content of manganese extractable with nitric
acid in Swedish soils is, on the average, 456 mg/kg. More than 85 % of the
manganese extractable with hydrofluoric acid is solubilised with nitric acid (ANDERS-
SON 1975). The mean content of total manganese in the plough layer of all the soils
studied, 520 mg/kg (Table 9), is thus of the same order of magnitude as that in
Swedish mineral soils, 534 mg/kg (ANDERSSON 1977).

Table 9. Contents of extractable and total manganese and total iron of the soil groups.

Reducible manganese, mg/kgExchangeable Total Total
Soil
group

Mn, mg/kg C„H 4(OH) 2 HONHjCI C6H„0 6 Mn, mg/kg Fe, g/kg
n xsxsxsxsxsxs

Clays
- plough layer 30 7,2 4,2 21,2 18,9 47,4 48,6 62,9 53,7 601 273 39,6 14,7
-deeper layer 34 5,8 6,4 15,5 12,9 46,1 45,6 57,3 51,3 568 276 44,6 14,2
Silts
- plough layer 13 8,1 3,5 27,8 15,9 56,4 35,9 78,1 57,7 634 302 32,0 5,4
- deeper layer 13 5,5 3,3 18,8 12,4 40,7 35,2 63,6 65,5 529 199 30,3 10,0
Finer fine sands
- plough layer 26 11,7 26,8 39,5 100,0 63,4 158,9 72,1 134,5 457 381 23,0 5,3
- deeper layer 24 10,4 28,0 28,5 80,7 53,6 155,5 50,0 130,3 463 439 25,0 5,9
Fine sands, sands
and moraines
- plough layer 29 10,1 7,4 34,4 26,7 58,3 45,9 73,0 55,4 438 134 20,3 7,1
-deeper layer 24 5,3 6,2 19,1 21,7 35,8 40,7 45,5 49,3 367 146 19,2 7,3
All mineral soil
- plough layer 98 9,4 14,6 30,8 54,5 56,0 81,4 70,3 83,0 520 289 28,5 12,6
-deeper layer 95 6,8 14,9 20,1 42,6 44,7 85,2 54,4 79,1 485 301 31,3 14,7
Organogenic soils
- plough layer 9 37,0 22,5 10,8 17,7 23,5 31,2 25,9 35,3 212 85 16,0 7,7
- deeper layer 8 46,3 19,6 14,0 16,8 29,7 26,7 30,4 26,1 203 27 16,1 5,9
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The dependence of the total manganese content of the soil samples on the iron
content and overall properties of the samples was studied by means of regression
analysis. The organogenic soils were treated separately. The results for soil sample 27
(Appendix 2) were omitted from the calculations because they deviated from the
distribution of the rest of the material. The distribution of the total manganese
content of the plough layer of the mineral soil samples was skewed, 5=1,25 (Md =

405 mg/kg). Logarithmic values of the total manganese contents (S = 0,37, Md =

6,074 mg/kg) were thus used in the calculations. The proportion of clay fractions was
calculated as weight percentages ofair-dry soil. For this purpose, the organic carbon
content was first transformed into organic matter content using the coefficient 1,9
(HEINONEN 1960). The variables were as follows:

X, In content of total manganese, mg/kg air-dry soil
X 2 total iron content, g/kg air-dry soil
X 3 organic carbon content, % of air-dry soil
X 4 clay fraction content, % of air-dry soil
X 5 soil pH

The total iron content, organic carbon content, clay fraction content and pH of
the soil explained, to a statistically significant degree (P = 0,001), 45,7 % of the
variation in the total manganese content of the plough layer of the mineral soils:

X,=4,759+0,023 X2 -0,029 X,-0,0056 X,+0,185 X 5 (F-19,12“‘)
R-uxs = 0,457 st(i2.Ms)

= 0,004
$1.2345 = 0,321 5b(13.245)= 0,013
n = 96 5b(i4.235)= s b(i4.235)

= 0,0048
5b(15.234)

= 0,056

In the deeper layer of the mineral soil samples, the iron content and clay fraction
content explained 50,0 % of the variation in the manganese content of the soil:

X, = 5,444 + 0,027 X 2 - 0,0092 X, (F = 45,58”“)
Ri.24 = 0,500 sb(l24) = 0,003
SU4 = 0,287 Sbo42)= 0,0027
n = 94

The total iron content, clay fraction content and pH of the soil explained 42,4 % of
the variation in the manganese content of all the mineral soil samples:

X, = 5,217 + 0,025 X 2 - 0,0084 X, + 0,061 X 5 (F = 45,62" x)

245
= 0,424 5b(12.45)

=

51.245 = 0,317 5b(14.25)
= 0,0021

n 190 ®b(i5.24) — 0,030

In the case of the organogenic soils, none of the independent variables studied
explained the variation in the total manganese content, to a statistically significant
degree (P=0,05), Table 10.

The total manganese content of the soil increased along with an increase in the
iron content of the soil. The iron content explained 30,1 % of the variation in the
manganese content of the plough layer of the mineral soils and 43,0 % in the deeper
layer samples, and 66,3 % of the variation in the manganese contentof all the mineral
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soils, when the other statistically significant (P = 0,05) variables were kept constant

(Table 10). The correlation between manganese and iron is presumably due to the
fact that they react in similar ways during geochemical processes. Manganous
manganese can diadochically replace ferrous iron in magma rocks (RANKAMA and
SAHAMA 1950, p. 645). Mn 2+ and Fe2+ ions, which are released during weathering,
may come into contact with acid ground water containing a lot of organic matter.
When iron and manganese end up in the surface layers of the soil, i.e. in oxidizing
conditions, they are oxidized and form precipitates in eskers, peatlands, ditches,
rivers, lakes and clay soils (VASARI et al. 1972, ALHONEN et ai. 1975, KOLJONEN et.
ai. 1976). In podzolic soils, iron is mainly precipitated in the B horizon (AALTONEN
1941, JAUHIAINEN 1973) and if the redox potential of the B horizon is high enough,
manganese will accumulate in the lower part of the horizon (MATTSON and NILSSON
1935, McKEAGUE et al. 1968). Manganese minerals often contain appreciable amounts

of iron (e.g. TAYLOR and McKENZIE 1966, KOLJONEN et al. 1976) and the iron
content of the soil usually also increases if the manganese content does (SCHLICH-
TING and ELGALA 1975). According to SIPPOLA (1974), the manganese content of the
soil increases along with an increase in the contentof iron extractable with dithionite.

The content of total manganese of the soil decreased as the organic carbon
content of the soil increased. It explained 18,5 % of the variation in the manganese
content of the plough layer of the mineral soil samples, when the other statistically
significant (P = 0,05) independent variables were kept constant (Table 10). Organic
carbon was not a statistically significant variable in the deeper layer and in all the
mineral soil samples. The fact that the organic matter content had an effect on the
total manganese content of the soil may be interpreted as indicating that the organic
matter in the soil contains, on the average, less manganese than the mineral fraction.
This is despite the fact that the organic matter would have sorbed manganese from
sources other than plant residues (FINCK 1956). According to ANDERSSON (1977),
the content of manganese extractable with nitric acid decreases as the humus content
increases.

The content of total manganese of the soil decreased along with an increase in the
proportion of the clay fraction. The content of the clay fraction in the plough layer
of the mineral soils explained 5,2 % of the variation in the total manganese content,
11,7 % in the deeper layer samples and 7,6 % in all the mineral soil samples when the
other statistically significant (P=0,05) variables were kept constant (Table 10). The
total manganese content of the soil did not appear to be very closely connected with
the particle size distribution of the soil. According to ROBINSON (1929), the highest
manganese contents are to be found in the silt and fine sand fractions, and according
to YAALON et al. (1972) in the clay fraction. The manganese content is higher in
coarse clay fractions than in fine clay ones (LE RICHE 1973). According to SIPPOLA
(1974), the manganese content increases along with an increase in the clay content,
although the dependence is rather weak. It is likely that manganese, either alone or
together with iron, forms oxide and hydroxide precipitates (ANDERSSON 1975) and
therefore is not likely to be correlated with the particle size distribution properties of
the soil.

The content of total manganese of the soil increased along with an increase in the
pH value of the soil. The pH explained 7,1 % of the variation in the total manganese
content of the plough layer of the mineral soil samples and 2,6 % in all the mineral
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Table 10. Coefficients of partial (r lx „) correlation between In total manganese content (mg/kg) of the soil
and other soil variables, and the beta coefficients (P) between the variables.

Total Fe, g/kg Organic C, % Clay fraction, % pH(CaCl 2 )

n r 1 2... P r,3 ... P r H ... P r,5... P
Mineral soils
- plough layer 96 0,549"" 0,696 -0,430"* -0,186 -0,229" -0,206 0,266" 0,259
- deeper layer 94 0,656"" 0,977 -0,063"s

- -0,341"" -0,409 0,143ns

- total 190 0,814"" 0,846 -0,113°s
- -0,275" -0,339 0,162" 0,090

Organogenic soils
- total 17 0,468"s

- -0,277" - - - 0,286"

soils, when the other statistically significant (P = 0,05) variables were kept constant

(Table 10). The pH was not a significant variable in the case of the group of deeper
layer samples because it explained only 2,0 % of the variation. According to the
stability diagrammes presented for manganese oxides (PONNAMPERUMA et al. 1969),
the manganese in manganic oxides and oxyhydroxides is reduced in acid soils to

manganous manganese. Since manganous manganese is relatively weakly adsorbed in
the soil (ZAHER 1979), it is susceptible to leaching. It is therefore to be expected that
the total manganese content of soils where the pH is low will be smaller than in soils
where the pH is high.

The total iron content of the soil was the most important independent variable
explaining the variation in the total manganese content of the soil (Table 10). The
second most important variable in all the mineral soils was the clay content, although
in the group of plough layer samples pH was a more important variable than the clay
content. Soil pH was of only slight importance in all the mineral soils in comparison
to the other variables. Similarly, the organic carbon content was of little significance
in the plough layer samples (Table 10).

B. Extractable manganese

In this study, manganese extractable from the soil was divided into two groups:
exchangeable and reducible manganese. Exchangeable manganese refers to the
manganese in cationic form, present in the soil solution or adsorbed on soil particles,
which can be displaced by magnesium ions. Reducible manganese refers to the
manganese fraction which is obtained by subtracting the content of exchangeable
manganese from the content of extractable manganese obtained following the
reduction treatment.

I Exchangeable manganese

The content of exchangeable manganese of the mineral soils varied in the plough
layer samples from 1,2 to 34,4 mg/kg and in the deeper layer samples from 0,1 to 33,2
mg/kg. In the organogenic soils, the exchangeable manganese varied in the plough
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layer from 9,8 to 75,0 mg/kg and in the deeper layer from 13,3 to 64,1 mg/kg
(Appendix 2).

The mean contents of exchangeable manganese of the samples in the different
mineral soil groups were of almost the same order of magnitude. The values for the
deeper layer samples were on the average slightly lower than for the plough layer
ones (Table 9). According to KURKI (1972), on the average, in Finnish soils
manganese is extracted with 0,1 M MgS04 from clay soils 5,2 mg/1, from silt soils 7,6
mg/1, from finer fine sand soils 6,8 mg/1 and from fine sand soils and sand soils 6,9
mg/1. In addition, the contents of manganese extractable in Finnish mineral soils with
acid ammonium acetate - EDTA (0,5 M CH3COONH4, 0,5 M CHjCOOH, 0,02 M
Na 2EDTA, pH 4,65) are of the same order of magnitude for the different soil groups
(SIPPOLA and TARES 1978), although about ten times higher than the values obtained
in this study.

The dependence between the content of exchangeable manganese of the soil and
different soil factors was studied by means of regression analysis. The independent
variables were: pH, organic carbon content, the content of reducible manganese and
the content of residual total manganese (=Res. tot. Mn), which was obtained by
subtracting the contents of exchangeable and reducible manganese from the content
of total manganese in the soil. The fractions of reducible manganese were each used
separately as independent variables when calculating the regression equations. The
results for soil No. 27 (Appendix 2) were omitted from the calculation because they
deviated from the distribution of the material. The distribution of the content of
exchangeable manganese was skewed, 5=1,09 and Md=6,o mg/kg. The skewness
was corrected by transforming the values into logarithms, the coefficient of skewness
being 5=0,39 and Md= 1,775 mg/kg.

Hydroquinone-reducible manganese as an independent variable

The variation in the content of exchangeable manganese in the soil was studied
using the following variables:

X, In content of exchangeable manganese, mg/kg air-dry soil
X 2 soil pH
X 3 organic carbon content, % of air-dry soil
X 4 content of hydroquinone-reducible manganese, mg/kg air-dry soil
X 5 "total” manganese content, mg/kg air-dry soil (= total manganese - exchangeable manganese -

hydroquinone-reducible manganese)

The pH, organic carbon content and the content of hydroquinone-reducible
manganese of the soil explained, to a statistically significant degree (P = 0,001), the
variation in the manganese content of the mineral soils:

Plough layer soils;
X, = 4,533 - 0,654 X 2 + 0,048 X, + 0,018 X, (F = 62,32“)
R]23< = 0,670 5b(12.34) = 0>069
51.234 ~ 0,395 sb{i324;“ 0,015
n = 96 5b(1,.23)=sb(1 ,.23)= 0,002
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Deeper layer soils;
X, = 3,922 - 0,681 X 2 + 0,089 X 3 + 0,033 X 4 (F = 34,13”“)
R 1.234

= 0,532 5 b(12.34)
= 0t 122

$1.234 = 0,676 5 b(13.24)
=

n = 94 $*14.23)= °’oo4

All mineral soil samples:
X, = 3,852 - 0,615 X 2 + 0,092 X, + 0,025 X 4 (F = 79,61”“)
Ri.2« = 0,574 sb(i2.34)

= 0,067
$1.234 0,560 5b(13.24) s b(13.24) = 0,016
n = 190 *b(i4.23)= °> oo2

It was found in the first stage of testing the independent variables describing the
variation in the content of exchangeable manganese in organogenic soils, that the
’’total” manganese content was a statistically significant (P = 0,05) variable when the
effects of the other variables were kept constant. The ’’total” manganese content

explained in this case 26,5 % of the variation in the content of exchangeable
manganese. When the statistically insignificant variables were removed from the
equation and the pH, organic carbon content and the content of hydroquinone-
reducible manganese thus able to vary according to the material, it was found that
"total” manganese content was no longer a significant explainer of the variation
(Table 11).

The content of exchangeable manganese of the soil decreased along with an
increase in the soil pH. The pH explained 49,5 % of the variation in the content of
exchangeable manganese of the plough layer samples in the mineral soils, 28,2 % of
the variation in the content of exchangeable manganese in the deeper layer soils and
30,3 % of the variation in the content of exchangeable manganese of all the mineral
soils when the effects of the other statistically significant (P = 0,05) independent
variables were kept constant (Table 11). For instance, according to CHRISTENSEN et
al. (1950), KURKI (1972, 1979), BROWMAN et al. (1969) and RANDALL et al. (1976),
the content of exchangeable manganese of the soil decreases as the soil pH increases.
According to STÄHLBERG and SOMBATPANIT (1974), pH explains 17,1 % of the
variation in the content of exchangeable manganese of the soil and the content of
exchangeable manganese decreases as the pH increases. According to SIPPOLA and
TARES (1978), the content of manganese extractable with acid ammonium acetate -

EDTA increases as the pH of the soil increases, while according to BROWMAN et al.
(1969), the content of ammonium acetate - EDTA -extractable manganese decreases
as the pH increases.

The organic carbon content of the plough layer in the mineral soils explained 9,3
%of the variation in the content of exchangeable manganese in the soil when the
effects of the other statistically significant (P = 0,05) variables were kept constant. It
explained 14,4 % of the variation in the content of exchangeable manganese of all the
mineral soils (Table 11). The content of exchangeable manganese of the soil increased
along with an increase in the organic carbon content. STÄHLBERG and SOMBATPANIT
(1974) propose that the content of exchangeable manganese in the soil is affected by
the organic matter content of the soil, although they were not able to demonstrate
this hypothesis. According to SILLANPÄÄ (1962), the content of soluble manganese in
the soil increases along with the carbon content when the values are expressed in w/w
units. The content of EDTA-extractable manganese also increases as the organic
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matter content increases (GHANEM et al. 1971), and the relative proportion of
manganese bound in the organic matter increases as the degree of humification
increases (FINCK 1956). Despite the low values of the constants govering the complex
formation between manganese and organic matter (SCHNITZER and SKINNER 1967,
SCHNITZER 1969), formation of organometallic manganese complexes appears,
however, to be one reason for the decrease in the contentof exchangeable manganese
as the pH increases (GROOT 1956, SIMS and PATRICK 1978, ZAHER 1979). The
proportion of complexed manganese also increases as the organic carbon content

increases (CHEAM 1973). The stability of organometallic complexes of manganese is,
however, so low that manganese may be relatively easily exchanged with magnesium
ions, for instance, because the formation constants of organometallic complexes of
magnesium are not much smaller than that for manganese (SCHNITZER and HANSEN
1970, DIJK 1971, BLOOMFIELD and SANDERS 1977). In the case of other micronut-

rients, such as copper and nickel, the amount of complexed metal ions also increases
as the organic carbon content increases (PRATT et al. 1964).

The content of exchangeable manganese of the soil increased along with an
increase in the contentof hydroquinone-reducible manganese. It explained 49,8 % of
the variation in the content of exchangeable manganese in the plough layer of the
mineral soils when the effects of other statistically significant (P = 0,05) independent
variables were kept constant. In the deeper layer samples it explained 39,7 %, and in
all the mineral soil samples 44,7 % of the variation in the content of exchangeable
manganese (Table 11). According to e.g. SCHACHTSCHABEL (1957) and STÄHLBERG
and SOMBATPANIT (1974), the content of exchangeable manganese of the soil
increases along with an increase in the content of reducible manganese.

The pH, organic carbon content and the content of hydroquinone-reducible
manganese of the soil explained 67,0 % of the variation in the content of exchange-
able manganese in the plough layer of the mineral soils, 53,2 % in the deeper layer
samples and 57,4 % in all the mineral soils. The content of hydroquinone-reducible
manganese was the most important independent variable, although the pH was
almost as important in the plough layer samples. The organic carbon content was of
only slight significance in comparison to the other variables (Table 11).

Table 11. Coefficients of partial (r,,„) correlation between In content of exchangeable manganese (mg/kg)
of soil and other soil variables, and the beta coefficients (f5) between the variables.

C 6H 4(OH) 2 —Mn, Res. tot. Mn,
pH(CaCI2 ) Organic C, % mg/kg mg/kg

P ru... P r„n rl2. P r, 5...
p

Mineral soils
-plough layer 96 -0,704"" -0,576 0,306" 0,193 0,706"" 0,587 0,172"'
- deeper layer 94 -0,531"" -0,465 0,262" 0,198 0,643"" 0,587 0,046"
- total 190 --0,550"" -0,441 0,.30"" 0,273 0,669"" 0,593 0,069"'
Organogenic soils
- total 17 -0,461"' - 0,172"' - 0,219"' - 0,515"'
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Hydroxylammonium chloride-reducible manganese as an independent variable

The variation in the content of exchangeable manganese in the soil was studied
using the following variables:

X, In content of exchangeable manganese, mg/kg air-dry soil
X 2 soil pH
X 3 organic carbon content, % of air-dry soil
X 4 content of hydroxylammonium chloride-reducible manganese, mg/kg air-dry soil
X 5 "total” manganese content, mg/kg air-dry soil (= total manganese - exchangeable manganese -

hydroxylammonium chloride-reducible manganese)

The pH, organic carbon content and the content of hydroxylammonium chlo-
ride-reducible manganese of the soil explained, to a statistically significant degree (P
= 0,001), the variation in the content of exchangeable manganese of the mineral soil
samples:

Plough layer soils;
X, = 5,209- 0,772 X 2 + 0,037 X 3 + 0,008 X, (F = 53,67*“)

= 0>636 5b(12.34) =

5i. 234 = 0,414 5b<13.24) = 0»093
n = 96 sb(l42J)

= 0,001

Deeper layer soils:
X! = 4,878 - 0,859 X 2 + 0,077 X 3 + 0,013 X 4 (F = 27,54XX3t)

Rl .234
= 0,479 5b(12.34)

=

5j.234 = I>oo9 5b(13.24) =

n = 94 5b(14.23) =

All mineral soil samples;
X, = 4,636 - 0,761 X 2 + 0,087 X 3 + 0,011 X 4 (F = 66,10“)
Rj .234

= 0»516 5b(12.34)
= 0>076

$1.234 = 0,597 5 b(13.24) =

n = 190 «*14.23)= °’ool

The pH, organic carbon content and the content of hydroxylammonium chlo-
ride-reducible manganese of the soil explained 63,6 % of the variation in the content
of exchangeable manganese in the plough layer of the mineral soils, 47,9 % in the
deeper layer samples and 51,6 % in all the mineral soil samples. The content of
hydroxylammonium chloride-reducible manganese alone explained 44,7 % of the
variation in the plough layer, 34,7 % in the deeper layer samples and 37,2 % in all the
mineral soil samples when the effects of the other statistically significant (P = 0,05)
idependent variables were kept constant (Table 12). The pH of the soil in the plough
layer samples was a slightly more important variable than the content of hydroxyl-
ammonium chloride-reducible manganese. However, they were of almost the same
order of importance in the case of the deeper layer samples and the whole of the
mineral soil material. The importance of the organic carbon content as an explainer
of the variation in the content of exchangeable manganese was only slight in
comparison to the other independent variables (Table 12). The content of ’’total”
manganese was of no importance as an explainer of the content of exchangeable
manganese in the soil.
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Table 12. Coefficients of partial (rlx „) correlation between In content of exchangeable manganese (mg/kg)
of the soil and other soil variables, and the beta coefficients (P) between the variables.

HONHjCI—Mn, Res. tot. Mn,
Organic C, %

~ „mg/kg mg/kgPH(CaCI 2 )

n r 12... P r l3. P r 14... P ris... P
Mineral soils
- plough layer 96 -0,694"" -0,680 0,232" 0,147 0,669"" 0,562 0,052n!

-

-deeper layer 94 -0,574"" -0,586 0,216" 0,170 0,589"" 0,577 -0,024"' -

- total 190 -0,591"" -0,545 0,343"" 0,259 0,610"" 0,565 0,025ns
-

Organogenic soils
- total 17 -0,441"' - -0,040"' - 0,435"' - 0,474"' -

After the first stage of testing the independent variables for the organogenic soil
samples, the content of hydroxylammonium chloride-reducible manganese was
found to explain 18,9 % of the variation in the exchangeable manganese when the
effects of the other independent variables tested were kept constant (Table 12). When
the statistically insignificant (P = 0,05) independent variables were removed from
the equation, the content of hydroxylammonium chloride-reducible manganese was
no longer a significant independent variable (Table 12).

Ascorbic acid-reducible manganese as an independent variable

The variation in the content of exchangeable manganese in the soil was studied
using the following variables:

X t In content of exchangeable manganese, mg/kg air-dry soil
X 2 soil pH
X 3 organic carbon content, % of air-dry soil
X 4 content of ascorbic acid-reducible manganese, mg/kg air-dry soil
X 5 ’’total” manganese content, mg/kg air-dry soil (= total manganese - exchangeable manganese -

ascorbic acid-reducible manganese)

The pH, organic carbon content and the content of ascorbic acid-reducible
manganese explained, to a statistically significant degree (P = 0,001), the variation in
the content of exchangeable manganese of the mineral soil samples as follows:

Plough layer soils;
X, = 5,132 - 0,761 X 2 + 0,038 X 3 + 0,007 X 4 (F = 51,10”“)
R 1.234 0,625 5b(12.34) sb(12.34) = 0,075
51.234 = 0,421 5b(13.24)

= 0,016
n= 96 sbo4 23)

= 0,001

Deeper layer soils:
X, = 4,426 - 0,773 X 2 + 0,091 X 3 + 0,010 X, (F = 26,66”“)

= 0,471 5b(12.34)
= 0,126

Sum = 0,675 sb<13,24) ~ 0.037
n = 94 s b(l423)

= 0,001
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All mineral soil samples:
x, = 4,448 - 0,732 X 2 + 0,090 X 3 + 0,009 X 4 (F = 67,29"*)
R1.234 = 0,521 ®b(12.34)~ 0>075

= 0,594 5b(13.24)s b(13.24)
=

n = 190 sb(i4.23)
= o>ool

The pH, organic carbon content and the content of ascorbic acid-reducible manga-
nese of the soil explained 62,5 % of the variation in the content of exchangeable
manganese of the plough layer in the mineral soil samples, 47,1 % in the deeper layer
samples and 52,1 % in all the mineral soil samples. The content of ascorbic acid-
reducible manganese alone explained 43,0 % of the variation in the plough layer
samples, 33,6 % in the deeper layer and 37,8 % in all the mineral soil samples when
the effects of the other statistically significant (P = 0,05) independent variables were
kept constant (Table 13). However, the pH of the soil in the plough layer samples
was a relatively more important independent variable than the content of ascorbic
acid-reducible manganese. In the deeper layer samples and in all the mineral soil
samples they were of almost the same order of importance. The organic carbon
content was of only slight importance as an independent variable in comparison to

the other independent variables (Table 13). The "total” manganese content was of no
importance as an explainer of the variation in the content of exchangeable manga-
nese.

The content of ascorbic acid-reducible manganese explained 32,6 % of the
variation in the content of exchangeable manganese in the organogenic soil samples
when the effects of the other independent variables were kept constant. However,
when the other independent variables which were not statistically significant (P =

0,05) were removed from the equation, the content of ascorbic acid-reducible
manganese no longer explained to a significant degree the content of exchangeable
manganese (Table 13).

The activity of reducible manganese compounds in the soil is assumed to be
unity (e.g. GEERING et al. 1969, BOHN 1970, OLOMU et al. 1973, BRUMMER 1974,
STÄHLBERG et al. 1976). The activity of the manganese oxides thus does not affect
the magnitude of the activity quotient describing the equilibrium of the reduction
reaction. According to empirical results, however, the content of reducible manga-
nese in the soil explains, to a significant degree, the variation in the content of
exchangeable manganese of the soil. On the other hand, the "total” manganese
content is an insignificant variable as far as the content of exchangeable manganese is
concerned. The extraction time is obviously an important factor in estimating the
cases where the activity of the reducible oxide represents a factor regulating the
activity quotient. According to the empirical results, for instance, the pH and the
content of hydroquinone-reducible manganese explained, to a statistically significant
degree (P = 0,001), the variation in the content of exchangeable manganese in the
plough layer of the mineral soil samples:
ln(exchangeable Mn) = 4,912 0,686 pH + 0,016 (hydroquinone-reducible Mn)

The equation, written in the general form of the activity quotient, can be
presented as follows:

Mn)
K =

a(hydroquinonc-rcducible Mn) a(H + ) • b
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Table 13. Coefficients of partial (rlx„) correlation between In content of exchangeable manganese (mg/kg)
of the soil and other soil variables, and the beta coefficients (P) between the variables.

P H(CaCI2 ) OrgamcC,% C.H.0.-Mn, Res. tot. Mn,
mg/kg mg/kg

n r,2 . P r, 3 P r l4 . P r, 5 P
Mineral soils
- plough layer 96 -0,729"" -0,671 0,235" 0,151 0,656"" 0,551 -0,049" -

- deeper layer 94 -0,543"" -0,528 0,377"" 0,201 0,580"" 0,551 -0,080"'
- total 190 -0,583"" -0,525 0,356"" 0,269 0,615"" 0,569 -0,065"' -

Organogenic soils
- total 17 -0,440"' - 0,176"' - 0,429"' 0,444"'

This regression model explains 63,6 %of the variation (F = 162,32xxx ) in the content
of exchangeable manganese. Since, for this reason, the content of reducible manga-
nese cannot be ignored in the equation, it can be considered to represent a reactive
manganese compound whose activity is not unity. In addition to the pH of the soil, it
regulates to a considerable extent the variation in the content of exchangeable
manganese.

II Reducible manganese

The reducible manganese in the soil was determined using hydroquinone,
hydroxylammonium chloride and ascorbic acid as the reducing agent.

Hydroquinone-reducible manganese C 6H4(OH)7-Mn

The content of hydroquinone-reducible manganese in the material varied from
0,3 to 517,6 mg/kg in the plough layer and from 0,1 to 400,3 mg/kg in the deeper
layer of the mineral soil samples. The corresponding values for the organogenic soil
samples were from 0,2 to 54,5 mg/kg and from 0,1 to 45,0 mg/kg (Appendix 2).

The mean values for the content of hydroquinone-reducible manganese in the
different mineral soil groups were of the same order of magnitude (Table 9). Slightly
smaller contents of extractable manganese were obtained from the deeper layer than
from the plough layer samples. Flowever, the differences were not statistically
significant (t = 1,52). The content of hydroquinone-reducible manganese of the
organogenic soil samples was, on the average, slightly lower than that for the mineral
soil samples (t = 3,44’“).

There is no information available about the content of hydroquinone-reducible
manganese in Finnish soils. According to studies carried out abroad, it can vary from
at least 1 to 775 mg/kg depending on the samples and conditions (CHRISTENSEN et al.
1950, ADAMS and WEAR 1957, BROWMAN et al. 1969, RANDALL et al. 1976).

The dependence of the variation in the content of hydroquinone-reducible
manganese of the soil on different properties of the soil was studied by means of
regression analysis. The variables were as follows:



X, content of hydroquinone-reducible manganese, mg/kg air-dry soil
X 2 soil pH
X 3 organic carbon content, % of air-dry soil
X 4 "total” manganese content, mg/kg air-dry soil (= total manganese - hydroquinone-reducible

manganese)

The ’’total” manganese content of the mineral soils explained, to a statistically
significant degree (P = 0,001), the variation in the content of hydroquinone-
reducible manganese of the soil as follows:

Plough layer soils:
X, = 5,4 + 0,044 X 4 (F = 21,24“)

— 0,184 5(,(i4)=0,009
5,,4

= 20,7 n= 96

Deeper layer soils:
X, = 1,6 + 0,033 X, (F = 20,42”")
ii, = 0,182 st,,, ,=0,007
S, .4 = 14,7 n = 94

All mineral soil samples;
X, = 2,6 + 0,040 X< (F = 41,81’“*)
t\< = 0,182 5b04)=0,006sbO4)=0,006
S, 4 = 18,3 n = 190

In the case of the organogenic soil samples, none of the independent variables
studied explained the variation in the content of hydroquinone-reducible manganese
in the soil to a statistically significant (P = 0,05) degree (Table 14).

The ’’total” manganese contentof the soil explained 18,4 % of the variation in the
content of hydroquinone-reducible manganese of the plough layer in the mineral soil
samples, 18,2 % in the deeper layer samples and 18,2 % of the variation in the
content of hydroquinone-reducible manganese of all the mineral soil samples. In
addition, it was the only statistically significant (P = 0,05) independent variable.
According to BROWMAN et al. (1969) and HOYT and NYBORG (1971), the total
manganese content of the soil explains, to a statistically significant degree (P = 0,05),
the variation in the content of hydroquinone-reducible manganese. On the other
hand, the pH and the organic matter content are not significant independent
variables (BROWMAN et al. 1969, HOYT and NYBORG 1971, RANDALL et al. 1976).

Table 14. Coefficients of partial (r, x ) correlation between content of hydroquinone-reducible manganese
(mg/kg) of the soil and other soil variables, and the beta coefficients (P) between the variables.

pH(CaCl2 ) Organic C, % Res. tot. Mn, mg/kg
n ri2 P fis... P r„... p"

Mineral soils
- plough layer 96 -0,098n!

- -0,138" - 0,429"" 0,429
- deeper layer 94 0,104" s

- -0,012M
- 0,426"" 0,426

- total 190 0,038"' - -0,038"* - 0,427"" 0,427
Organogenic soils
- total 17 0,325"' - -0,017"' - 0,377"'

436
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Hydroxylammonium chloride-reducible manganese HONH}Cl-Mn

The content of hydroxylammonium chloride-reducible manganese varied from
0,8 to 718,4 mg/kg in the plough layer of the mineral soil samples and from 0,1 to

770,3 mg/kg in the deeper layer samples. The corresponding values for the
organogenic soil samples were from 1,3 to 98,7 mg/kg and 1,4 to 71,8 mg/kg
(Appendix 2). The content of hydroxylammonium chloride-reducible manganese in
the soil can vary from 0 to 805 mg/kg (RANDALL et al. 1976,ROORDA van EYSINGA
et al. 1978). According to RANDALL et al. (1976), the mean content of hydroxylam-
monium chloride-reducible manganese of the soils containing large amounts of
organic matter is smaller than that of soils containing small amounts of organic
matter.

The dependence of the content of hydroxylammonium chloride-reducible man-
ganese in the soil on different soil properties was studied using the following
variables:

X, content of hydroxylammonium chloride-reducible manganese, mg/kg air-dry soil
X 2 soil pH
X 5 organic carbon content, % of air-dry soil
X 4 "total” manganese content, mg/kg air-dry soil (= total manganese - hydroxylammonium

chloride-reducible manganese)

Either the ’’total” manganese content of the soil alone, or together with pH,
explained, to a statistically significant degree (P = 0,001), the variation in the content
of hydroxylammonium chloride-reducible manganese in the mineral soil samples as
follows:

Plough layer soils:
X, = 4,7 + 0,098 X, (F = 24,77x")
rj.4 = 0.209 s b(l4)

= 0,020
Si 4 = 40,3 n = 96

Deeper layer soils;
X, = 104,8 + 21,3 X 2 + 0,085 X 4 (F = 46,05xxx

)
= 0,336 5b(12.4)

=

S 1.24 = 33,1 5b(14.2) = o*^lB
n = 94

All mineral soil samples:
X, = 78,2 + 16,4 X 2 + 0,090 X 4 (F = 70,43 xxx )

Rl .24
= 0,274 5b(12 ,4)

= 4,5
51.24 = 36,9 ®b(14.2)= 0,013
n = 190

In the case of the organogenic soil samples, none of the independent variables
studied explained, to a statitically significant degree (P = 0,05), the variation in the
content of hydroxylammonium chloride-reducible manganese (Table 15).

’’Total” manganese content and pH explained 27,4 % of the variation in the
content of hydroxylammonium chloride-reducible manganese of the whole mineral
soil material. These two variables explained 33,6 % of the corresponding variation in
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Table 15. Coefficients of partial (r lx ) correlation between content of hydroxylammonium chloride-
reducible manganese (mg/kg) of the soil and other soil variables, and the beta coefficients (p)
between the variables.

pH(CaCl2 ) Organic C, % Res. tot. Mn, mg/kg
n ri2... P r1 3...

p rM
... P

Mineral soils
- plough layer 96 0,136"' - -0,076"' - 0,457™ 0,457
- deeper layer 94 0,370"" 0,330 0,058"' - 0,451ra 0,419
- total 190 0,259™ 0,232 0,007"' - 0,440"" 0,425
Organogenic soils
- total 17 0,507"' - 0,342"' - 0,239"'

the deeper layer samples. The ’’total” manganese content was the only statistically
significant (P = 0,05) independent variable as far as the plough layer samples were
concerned, and explained 20,9 % of the variation in the content of hydroxylam-
monium chloride-reducible manganese. This variable explained 20,3 % of the
variation in the deeper layer samples and 19,4 % of the variation in all the mineral
soil samples when the effect of pH was kept constant (Table 15). The pH of the soil
explained 13,7 % of the variation in the deeper layer samples and 6,7 % in all the
mineral soil samples when the variation in the ’’total” manganese content was kept
constant. The "total” manganese content was a relatively more important independ-
ent variable than the soil pH (Table 15).

The content of hydroxylammonium chloride-reducible manganese in the differ-
ent soil groups was almost twice the content of hydroquinone-reducible manganese
(Table 9). The difference between the mean contents in the plough layer of the
mineral soil samples was significant (t = 2,52 x). According to DION et al. (1947)
however, these two reducing agents are almost as effective in extracting reducible
manganese. The content of hydroxylammonium chloride-reducible manganese
increases along with an increase in the pH of the soil (RANDALL et al. 1976,ROORDA
van EYSINGA et al. 1978, VORM and DIEST 1979). According to VORM and DIEST
(1979), the content of reducible manganese increases as the pH increases because the
reducible manganese fraction is leached away in acid soils. The organic matter
content is not an important variable explaining the variation in the content of
hydroxylammonium chloride-reducible manganese in the soil (RANDALL et al. 1976,
ROORDA van EYSINGA et al. 1978).

Ascorbic acid-reducible manganese CJigO^Mn

The content of ascorbic acid-reducible manganese varied in the plough layer of
the mineral soil samples from 1,4 to 680,7 mg/kg and in the deeper layer samples
from 0,1 to 647,0 mg/kg. The corresponding values for the organogenic soil samples
were from 2,2 to 112,7 mg/kg and from 4,2 to 68,3 mg/kg (Appendix 2). The mean
content of ascorbic acid-reducible manganese of the mineral soil samples was higher



than that of the organogenic soil samples (plough layer t = 4,56’“*, deeper layer
t = 6,20*’“). The content of ascorbic acid-reducible manganese was, on the average,
higher than the contents of hydroxylammonium chloride-reducible and hydro-
quinone-reducible manganese (Table 9). However, only the difference between the
contents of hydroquinone-reducible and. ascorbic acid-reducible manganese was
statistically significant (t = 3,90 xxx ).

The dependence of the variation in the content of ascorbic acid-reducible
manganese in the soil on different soil properties was studied using the following
variables:

X, content of ascorbic acid-reducible manganese, mg/kg air-dry soil
X 2 soil pH
X 3 organic carbon content, % of air dry soil
X 4 ’’total” manganese content, mg/kg air-dry soil (= total manganese - ascorbic acid-reducible

manganese)

The ’’total” manganese content of the soil either alone, or together with pH,
explained, to a statistically significant degree (P = 0,001), the variation in the content
of ascorbic acid-reducible manganese in the mineral soil samples as follows:

Plough layer soils:
X, = 1,0 + 0,144 X 4 (F = 35,84™)
d. 4 = 0,276 sb(M )=o,o24
Sj 4 = 46,8 n = 96

Deeper layer soils:
X, = -103,4 + 20,3 X 2 + 0,122 X 4 (F = 43,23*")
Ri .24 = 0,322 sb(l24) = 7,1
5i.24 = 41,7 sb(M.2) = 0,023
n = 94

All mineral soil samples:
X, = -80,0 + 15,9 X 2 + 0,132 X 4 (F = 84,42 xxx)

R].24 = 0,311 Sb{l2.4)
= 5|3

5j.24 = 43,7 sb{i4.2)=

n = 190

The pH of the organogenic soil samples was a statistically significant (P = 0,05)
explainer of the variation in the content of ascorbic acid-reducible manganese when
the other independent variables were kept constant (Table 16). This variable
explained 28,2 % of the variation. As the other variables were not statistically
significant, they were removed from the equation. However, when this was done the
pH was no longer a significant independent variable as it explained only 21,3 % of
the variation (Table 16).

The pH and the ’’total” manganese content explained 31,1 % of the variation in
the content of ascorbic acid-reducible manganese of the mineral soil samples. The
corresponding value for the deeper layer samples was 32,2 %. The ’’total” manganese
content was the only statistically significant (P = 0,05) independent variable in the
case of the plough layer samples and explained 27,6 % of the variation in the content
of ascorbic acid-reducible manganese. When the effect of pH was kept constant, it
explained 23,3 % of the variation in the deeper layer samples and 25, 1 % in all the

4 439
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Table 16. Coefficients of partial (r,,..) correlation between content of ascorbic acid-reducible manganese
(mg/kg) of the soil and other soil variables, and the beta coefficients (P) between the variables.

pH(CaCl 2 ) Organic C, % Res.tot. Mn, mg/kg

n r 1 2... P r l3 p" r,,... p"

Mineral soils
- plough layer 96 0,112™ - -0,076n!

- 0,525"" 0,525
- deeper layer 94 0,289" 0,253 -0,009"' - 0,483"" 0,463
- total 190 0,214" 0,184 -0,007™ - 0,501"" 0,486
Organogenic soils
- total 17 0,461™ 0,325™ - o,lBo™

mineral soil samples (Table 16). When the effect of the ’’total” manganese content
was kept constant, the pH explained 8,4 % of the variation in the deeper layer
samples and 4,6 % in all the mineral soil samples. The ’’total” manganese content was
a considerably more important independent variable than pH (Table 16).

The ’’total” manganese content of the soil explained the variation in the content
of reducible manganese the better, the more effective the reducing agent in question.
This could be interpreted to mean that as the effectiveness of the reducing agent
increases, then the content of reducible manganese will approach the total manganese
content. In this study, the hydroquinone treatment reduced, on the average, 5,9 % of
the total manganese in the plough layer of the mineral soil samples, the hydroxylam-
monium chloride treatment 10,8 % and the ascorbic acid treatment 13,5 % (Table 9).

Availability of manganese

In the soil manganese is present in the soil solution, in an exchangeable form, in
organic complexes, as oxides and oxyhydroxides and as primary minerals. Part of the
soil manganese is easily extractable, part in an active form (the sum of exchangeable
and reducible manganese), and the rest in a form which is not easily extractable.
Available manganese can be in a form that the plants can use as such, or it first has to
be converted into a utilizable form. A considerable proportion of the soil manganese
appears to be unavailable for plants. Although an absolute deficiency of manganese is
rare, plant stands have frequently been shown to be suffering from a deficiency of
manganese (e.g. SCHACHTSCHABEL 1957, SEMB and OIEN 1970, SCHUTZ 1978).

The availability of soil manganese can be altered. The factors most frequently
mentioned as having an effect on availability include moisture, redox potential,
organic matter content and pH of the soil. Availability can be measured, for instance,
by determining the content of manganese extracted by different extraction methods.
However, the actual utilizer of manganese - the plant stand - is the only true

depictor of availability. In point of fact, information which is obtained in this
manner about the availability of manganese already present in the soil or added to the
soil comes to light at too late a stage from the point of view of the yield. Means
therefore have to be found which can be used to predict, in advance, the availibility
of the soil manganese and the fate of that added to the soil.
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A. Factors affecting the availability of manganese

The effects of soil moisture, the plant stand, the redox potential, the organic
matter content and liming on the extractability of soil manganese were studied. Also
the dependence of the manganese content and manganese uptake of the yield on
different soil properties were investigated. The effect of liming on the content of
extractable manganese in the soil and on the manganese in the yield is examined in
the section dealing with the availability of added manganese.

I Effect of soil moisture and the plant stand

The aerobic status of the soil decreases as the moisture increases. As a result of
this, the redox potential of the soil decreases and the content of extractable
manganese can change. According to JACKSON and SHERMAN (1953), the oxidation
and reduction of manganese varies according to the time of year. During wet periods
the manganese is reduced and during dry ones it is oxidized. In actual fact the
moisture of the soil obviously has to exceed field capacity before the moisture can
bring about the conversion of soil manganese into an exchangeable form (HARTER
and McLEAN 1965). Such changes are also affected by temperature if the moisture of
the soil is sufficiently high (CHENG et al. 1971). On the other hand, the oxidation or
reduction of manganese is always associated with the reduction or oxidation of
another element. The transfer of electrons from one element to another always
means that two or more elements are involved in the process. The reducing agent
may usually be organic matter since the addition of organic matter brings about an
increase in the content of exchangeable manganese (CHRISTENSEN et al. 1950, MISRA
and DWIVEDI 1979, PAL et al. 1979, ASGHAR and KANEHIRO 1980). The plant stand
has a similar effect since it produces easily oxidizing organic matter and thus alters
the content of extractable manganese (GODO and REISENAUER 1981).

The effects of soil moisture and the plant stand on the content of exchangeable
and reducible manganese of the soil were studied by means of pot experiments. The
variables used in the experiments were incubation and plant stand at different soil
moisture conditions as follows:

Moisture Incubation and plant stand
Saturated with water

pF 1,0
Incubation
Incubation and oats
Incubation and oats

Incubation and oats
pF 2,0
pF 2,7-3,0

In the experiments the moisture conditions - saturated with water and pF 1 -

were selected on the basis of the results of HARTER and McLEAN (1965), since they
claim that the moisture condition of the soil should be above field capacity if it is to

bring about changes in the content of extractable manganese. The moisture values pF
2,0 and pF 2,7—3,0 were considered to represent aerobic conditions and also the type
of moisture conditions prevailing in the soil.

The first experiment was set up with three replicates (apart from incubation
saturated with water) on fine sand soil (18a, Appendix 1). One liter polythene pots.
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each containing 1400 g air-dry soil, were used in the experiment. All the pots were
fertilized at the beginning of the experiment as follows:

Nutrient mg/kg soil Compound
N 300 Ca(NO3 )2 -4H 20

85 Ca(H2PO4) 2 H2 OP
K 160 KCI

50 MgCl2 -6H 20Mg
Ca 340 Ca(NO3 )2 -4H 20, Ca(H 2PO,)2 H2O

50 Na2 S0 4, FeS0 4-7H 20S
Fe 2 FeSO,-7H 20

2 CuCl2-2H 20Cu
Zn 0,7 Zn-EDTA

0,5 H3803B
Mo 0,3 Na2 Mo0 4-2H 2 0

In each pot 33 oats seeds (Hordeum vulgare L.) were sown. A 0,5 cm thick layer
of quartz sand, which had been washed with 3 M HCI and rinsed with deionized
water, was spread over the surface of the soil in the pots to prevent crusting of the
soil surface during watering. The nutrients were added as an aqueous solution after
the seeds had been sown. The experiment was terminated when the oats had reached
the boot stage.

After the first experiment the effects of soil moisture and plant stand on the
content of extractable manganese were studied in the second experiment using soil
samples la, 3a, 6a and 15a (Appendix 1). 150 g air-dry soil was weighed out into 0,51
polythene pots. In each pot 11 oats seeds per pot were sown and the experiment was
carried out with four replicates. Fertilization and harvesting were the same as for the
first experiment.

Maintenance of constant soil moisture. The maintenance of constant moisture
condition in pot experiments is usually brought about by weighing the pots at
intervals and then adding water equivalent to the amount which has been lost
(BIGSBY 1963, KROGMAN 1963, STEVENSON and MUNN 1970, DYCK 1977,
McLAUGHLIN 1977). Using this method, however, it is not possible to take into
account the changes caused by the increase in the mass of the plants, nor the changes
which take place in the water-holding properties of the soil during the course of the
experiment. As soil moisture was one of the treatments in the experiment, it had to
be kept as constant as possible. The use of a sintered glass funnel regulating soil
moisture, as proposed by MOSS (1964), was initially tested. However, the evapotrans-
piration was so great that air bubbles were formed under the funnel soon after the
start of the experiment and the water contact was broken. The air bubbles could not
be removed during the course of the experiment. On the basis of preliminary
experiments a set-up in which a tensiometer was inserted in the experimental pot was
found to be most practiable. The tensiometer was constructed from a sintered glass
(pore size 316 plate, cut to 40 X 10 X 6 mm in size, a 70 cm long plastic tube
(0 2 mm) being fastened to one end. The tensiometer and plastic tube were filled
with water and connected to a mercury valve constructed from T- and L-shaped
polythene connectors. The tensiometer mediated tension into the mercury valve.
An increase in tension caused the valve to open, with the result that water flowed
into the experimental pot. When the tension caused by the evapotranspiration and
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conducted by the tensiometer started to decrease, the valve closed (Fig. 4). The
moisture values (pF 1 and pF 2) required in the pots were obtained by regulating the
difference between the mercury levels in the U-shaped tube.

The tensiometers were placed vertically in the center of the pots, below the
watering point, at a depth ofabout 0,5 cm below the surface of the soil. As the end of
the watering tube consisted of a capillary tube and the free surface of the water in the
water reservoir was at a height of only 2 cm above the end of the watering tube,
water was added at a rate of between 1 to 5 drops each time it operated. The action of
the tensiometer and the watering device were investigated by weighing two experi-
mental pots each day for ten successive days. The accuracy was considered to be
good:

n Weight of pot g

pot 1 10 622,6 ± 0,4
pot 2 10 453,7 ± 0,5

However, the weakness of the device became apparent when it was used for long-
term experiments. The functioning of the tensiometers was retarded as the experi-
ment proceeded. The fine soil particles gradually blocked the pores of the tensiome-
ters with the result that the pots became over-watered. The tensiometers were
cleaned by removing the blocked layer of the tensiometer surface with fine sand-
paper.

The tensiometers were made from a sintered glass plate with a pore size of 3 —l6
/im. According to CZERATZKI (1958), moisture condition equivalent to pF 2,27
cannot be exceeded with this pore size. It was therefore decided that the watering of
the pots with the driest moisture regime (pF 2,7—3,0) would be regulated by
weighing the pots. The pots were given sufficient water to give a pF value of 2,7 and
then allowed to dry out to pF 3,0 before being rewatered. However, in the final stage
of the experiment when transpiration was high, on some days the soil in the pots
became drier than pF 3,0 before being rewatered.

The content of extractable manganese was determined on moist soil samples
immediately after the termination of the experiments. In the incubated soils, the
content of exchangeable manganese of the soil samples saturated with water was
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significantly (P = 0,05) higher than in the other incubated soil samples which had a
different moisture condition (Table 17). However, not even this treatment brought
about an increase in the content of exchangeable manganese of soil sample No. 15a
(silt). A moisture of pF 1 brought about a slight increase in the content of
exchangeable manganese in the soil sample No. 18a (fine sand) in comparison to drier
soil samples. An increase in the moisture resulted in a decrease in the reducible
manganese fraction in incubated soils saturated with water (Table 17). The increase
in the content of exchangeable manganese obviously took place at the expense of the
reducible fractions.

In the experiments in which oats were grown there was a statistically significant
(P = 0,05) increase in the content of exchangeable manganese in four out of five soil
samples when the moisture of the soil was raised to pF 1 (Table 17). When the pF
value was 2 or between 2,7 to 3,0 the contents of exchangeable manganese in the soil
were, apart from the finer fine sand samples (la), not dependent on the moisture.
When the moisture was pF 1 there was a decrease in the content of reducible
manganese as the content of exchangeable manganese increased in three soil samples
(Table 17).

In the incubation experiments, saturating the soil with water did not even
increase the content of extractable manganese in all soil samples. The moisture
condition did not have any effect on the content of extractable manganese when the
moisture was near to field capacity or drier. According to SHUMAN (1980), the
moisture of the soil does not affect the content of exchangeable manganese of fine
sand. In addition, according to CHRISTENSEN et al. (1950), HARTER and McLEAN
(1965) and SHUMAN (1980), the moisture of the soil does not affect the content of
extractable manganese if the moisture is below field capacity. On the other hand,
saturating the soil with water increases the content of exchangeable manganese
(HARTER and McLEAN 1965, GRASMANIS and LEEPER 1966, TURNER and PATRICK
1968, SHUMAN 1980).

In the oats experiments, the content of exchangeable manganese in the soil
increased, to a statistically significant degree (P = 0,05), in four soils out of five when
the moisture of the soil was increased from pF 2 to pF 1 (Table 17). It was considered
that the plant stand promoted manganese reduction in the oats experiments as
compared with incubation experiments (Table 17). It may be that there was not
enough easily oxidizing organic matter in the incubated soils because increasing the
moisture did not unambiguously increase the content of exchangeable manganese.
On the other hand, the organic compounds produced by the roots in the oats

experiments may have been easily oxidizing and the manganese therefore been
reduced. According to HARTER and McLEAN (1965), the reduction of manganese is
purely a chemical reaction. According to CHRISTENSEN et al. (1950), the moisture of
the soil indirectly affects the content of extractable manganese by regulating the rate
of decomposition of the organic matter. Substances excreted by the roots increase the
solubility of manganese by reducing manganese oxides and complexing the divalent
manganese released (GODO and REISENAUER 1980).

Determination of soil redox potential. Changes in soil redox conditions were
studied in the pot experiment of soil sample No. 18a. For measuring of soil redox
potential an inert electrode was made from platinum wire for each of the pots. Pieces
of platinum wire, 4 mm long and about 1,5 mm thick, were fixed onto the end of
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copper wires. The electrodes were protected by glass tubes according to the direction of
WARTIOVAARA (1943). According to JACOB (1970), the size of the electrode does not

affect the results. The electrodes were cleaned with dilute nitric acid (1 ;3) and rinsed
with deionized water. The electrodes were tested using the ferro-ferric cyanide
buffer of ZoBELL (1946). The largest variation between the electrodes was 2 mV. The
electrodes were placed in the center of the pots, about 2 cm from the bottom, at the
same time as the pot experiment was being set up. A calomel electrode, consisting of
calomel in a saturated solution of KCI, was used as the reference electrode. Soil pH
and the redox potential measurements were carried out at the same time. The
measurements were carried out every day during the first week of the experiment,
and then every second day.

The potential of t}ie calomel reference electrode is temperature-dependent.
According to CARRELS and CHRIST (1965, p. 127), the potential of a calomel electrode
can be calculated with respect to a hydrogen electrode using the following formula:

Eh
= 244,4-0,66(t-25 °C)

Using this formula, the potential of the electrode can be corrected to a level
corresponding to a temperature of 25 °C and the reading converted into millivolts.
The value of the redox potential of the soil is also dependent on the pH if, in addition
to electrons, protons also take part in the reaction. According to PATRICK (1960), the
effect of changes in pH may vary from -60 mV to -232 mV per pH unit. Despite this,
a value of -59 mV at a temperature of 25 °C is usually used for dE/dpH (PONNAM-
PERUMA 1972), and it has been found to correspond rather well to changes in
potential taking place in the soil per pH unit (JACKSON 1956). In this study the
potential values were calculated with respect to a hydrogen electrode and corrected
to correspond to values at pH 7 and a temperature of 25 °C using the following
formula:

E 7 = EMFm„sured + 244,4—0,66(t—25 °C)-59(pH-7)
result

The redox potential of the soil was obtained in millivolts.
In the incubation experiment, the redox potential of the soils saturated with

water fell rapidly to about 0,6 V. The potential in one pot then fell during the period
of one week to 0,3 V, where it remained almost unchanged for three weeks. This was
followed by a gradual decline right up to the end of the experiment. The potential in
the other pot decreased rather regularly throughout the course of the experiment. In
the incubated samples saturated with water, the potential at the end of the experi-
ment had fallen to about 0,2 V (Fig. 5). The potential of one of the soils where
moisture conditions were maintained at pF 1 did not change very much throughout
the course of the experiment, and in two other pots it fell to about the 0,4 to 0,3 V
level. When the moisture of the soil was pF 2, there was a sharp fall in the potential to
about 0,3 V during the first two weeks of the experiment in one of the pots. There
was only a slight fall in the potential in one of the pots when the moisture Was below
field capacity (Fig. 5).

When the moisture in the oats experiment was pF 1, the potential fell sharply, to
some extent stepwise, throughout the course of the experiment. There was a slight
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levelling-off in the potential to about —O,l V in the final stage of the experiment (Fig.
5). When the moisture of the soil was pF 2, the potential in two of the pots fell
slightly at the beginning of the experiment. Similar changes occurred in the pots
where the moisture was below field capacity. There was a slight increase in the
potential in the other pots during the course of the experiment (Fig. 5).

Mean values of the redox potentials in the replicates were not calculated because the
differences between the replicates were large. The results were considered to
describe, as such, the heterogenity of the soil with regard to the redox potential.
According to PONNAMPERUMA and CASTRO (1964), the redox potential of the soil
describes the local potential which develops as a result of microbial activity. It is thus
only representative of a smallish area around the measuring point. The redox
potentials were characterised by sharp local drops which were then followed by a
levelling off. The potential remains stable while the reduction of certain compounds is
taking place. As long as the compound is present the potential is maintained at a stable
level. When the compound has been completely reduced, the potential rapidly falls to a
new level where the reduction of another compound, which stabilizes the potential,
starts. A relatively stable stage was observed at a potential of 0,6 V in the incubated
pot saturated with water and in the oats experiment when the moisture was pF 1
(Fig. 5). This may be caused by the reduction of oxygen because the conditions
above the 0,6 V potential appear to be still very oxidizing (PONNAMPERUMA and
CASTRO 1964). Oxygen starts to be reduced at a potential of about 0,6 V and it
stabilizes the potential between 0,6 and 0,5 V (TAKAI and KAMURA 1966). The

Fig. 5. Soil redox potential in the incubation and oats experiments at different soil moisture (replicates
plotted).
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presence of oxygen can no longer be demonstrated if the potential has fallen to 0,3 V
(TURNER and PATRICK 1968). The reduction of nitrate appears to stabilize the
potential at about 0,4 to 0,3 V (PONNAMPERUMA and CASTRO 1964), although the
reduction of manganese compounds also starts at this potential (PATRICK and
HENDERSON 1981 a). According to TAKAI and KAMURA (1966), manganates are
reduced when the potential is between 0,6 and 0,4 V and, according to TURNER and
PATRICK (1968), not until the potential falls to between 0,2 to 0,1 V. The reduction of
manganese in manganese compounds starts when E 7 is 0,3 to 0,2 V (PATRICK and
HENDERSON 1981 b). When the moisture in the oats experiment was pF 1, the
potential in the final stage of the experiment appeared to be stabilized by the
reduction of iron compounds at about 0,1 V (PATRICK 1964, PATRICK and HENDER-
SON 1981 b).

The content of exchangeable manganese of the soil in the incubated soils and in
the oats experiment were determined after the experiments had been terminated. The
content of exchangeable manganese was calculated per unit weight of the total
content of manganese in the soil and then compared to the corresponding redox
potential value. The results were divided into two groups after they had been
examined graphically: contents of exchangeable manganese dependent on or inde-
pendent of the redox potential (Fig. 6). When the potential was above 0,59 V the
content of exchangeable manganese was 4,8 ± 0,8 mg/kg soil manganese. When the
potential fell below 0,57 V, the content of exchangeable manganese increased the
more, the lower was the redox potential (Fig. 6).

The increase in the content of exchangeable manganese in the soil started rather
close to the 0,5—0,4 V potential, at which point most of the manganese compounds
are considered to have strated to be reduced (TAKAI and KAMURA 1966, BRUMMER
1974, SIMS and PATRICK 1978,PAL et al. 1979, PATRICK and HENDERSON 1981 a). In

fact, according to TAKAI and KAMURA (1966), manganates may start to be reduced
already at the 0,5 V potential. However, according to TURNER and PATRICK (1968),
this does not happen until the potential is closer to 0,2 V. The differences may due to

the properties of the reducible compounds in question.
The reduction curves of a number of standard minerals have been drawn in

Fig. 6. Content of exchangeable manganese (mg/kg) of soil as a function of soil redox potential.
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Figure 6 as a function of the potential, based on the values presented by LATIMER
(1952, p. 7) and PONNAMPERUMA et al. (1969). Reduction of manganese in the soil
started within approximately the same potential region as for the standard minerals.
However, the content of reduced manganese in the soil increased at a considerably
slower rate than was to be expected on the basis of the theoretical model. Further-
more, according to BRUMMER (1974), the content of exchangeable manganese in the
soil increases more slowly than would be assumed on the basis of values derived
from potential measurements.

The slow solubility of manganese compounds in water may be the reason why
they are not reduced as fast as the redox potential would indicate (PONNAMPERUMA
1972). On the other hand, it is not clear whether the redox potential is at all the right
parameter to depict variations in the content of exchangeable manganese. The soil
redox potential may rather be the result of oxidation and reduction reactions taking
place in the soil and hence, being a qualitative parameter, not very suitable for
quantitative calculations. This is supported by the results of PATRICK and HENDER-
SON (1981 b), who found that changes in the redox potential alone do not bring
about changes in the content of extractable manganese.

II Effect of organic matter and microbial activity

The results of the incubation and oats experiments showed that a plant stand has
a considerable effect on the content of extractable manganese in the soil. However,
regulation of the soil moisture alone was not sufficient to bring about a change in the
content of exchangeable manganese. The easily oxidizing compounds produced and
excreted by the plants may act as electron donors and correspondingly, the mangan-
ese compounds as electron acceptors. Addition of organic matter to the soil results in
the reduction of manganese (CHRISTENSEN et al. 1950, GROOT 1956, GHANEM et al.
1971, MISRA and DWIVEDI 1979, PAL et al. 1979, ASGHAR and KANEHIRO 1980).
According to HARTER and McLEAN (1965), the reduction of manganese is solely a
non-biological process, while PAL et al. (1979) consider it to be both a non-biological
and biological process. PATRICK and HENDERSON (1981 b) demonstrated that the
reduction of manganese in the soil is, by nature at least, non-biological. In any case
root exudates increase the solubility of manganese oxides because the solubility of
the oxides is greater in the rhizosphere than outside it (GODO and REISENAUER
1980).

The importance of organic matter as a factor affecting the content of extractable
manganese in the soil and the role played by biological factors in the reduction of
manganese were studied through incubation experiments. Two sandy clay soils (5a
and 10a), one silt (17a) and two fine sand (7a and 13a) soils (Appendix 1) were used in
the experiment. The soil samples were treated in three different ways in order to
regulate the biological activity of the soil. The heat treatment (60 °C) was carried out
by placing the soil samples in 1 liter beakers in a drying oven, the bulb of a
thermometer being positioned in the centre of the samples. The oven temperature
was raised to 60 °C and the samples kept at this temperature for two hours, after the
internal temperature of the samples had reached 60 °C. The samples were removed
from the oven and allowed to cool to room temperature. The heat treatment was
used to partially denature enzymes in the soil. Germicidal irradiation treatment was
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carried out using an AIRAM LU 30 W disinfection lamp, of which most of the
radiation, 90—95 % of the total, is emitted at a wavelength of 253,7 nm. The soil
samples were spread in a layer about 1 cm thick on watchglasses (0 35 cm). The
radiation source, which was fitted with a reflective cylindrical parabolic aluminium
shield, was placed at a height of about 40 cm above the soil samples. The samples
were mixed daily so as to expose as large a sample area as possible to the germicidal
radiation during the 7 days treatment period. The aim of the radiation treatmentwas
to inactivate the micro-organisms in the surface layer of the soil. Germicidal
radiation given as low-energy electromagnetic radiation (5 eV, 253,7 nm) affects only
the exposed surface of the soil sample. Gamma irradiation treatment of the soil
samples was carried out with 60 Co (cobalt source of the Dept. Radiochemistry, Univ.
of Helsinki). The samples were exposed to 4 Mrad (104 J/kg) of energy during a
period of 2,5 days. The aim of the treatment was to inactivate the biological activity
of the soil. However, even this dosage of energy is not enough to inactivate all the
enzymes (ROBERGE and KNOWLES 1968, SKUJINS and McLAREN 1969). Glucose was
used as the organic substrate, and was added to the soil samples at the rate of 0 or 5,0
g/100 g air-dry soil. 100 g of soil was weighed out into 250 ml beakers, glucose
added, the samples mixed with a glass rod and deionized water added to give a
moisture of pF 2. The moisture of the soil samples was checked every second day by
weighing the pots and the amount of water lost through evaporation was replaced.
Soil sample No. 5a was incubated for two weeks, No. 7a for three weeks, No. 10afor
four weeks, No. 13a for five weeks and No. 17a for six weeks. The content of
extractable manganese of the moist soils was determined after the experiment had
been terminated.

The content of extractable manganese in the soil may change as a result of
measures which inactivate soil micro-organisms (MÄNTYLAHTI and YLÄRANTA
1981). The difference (Q - C 0) between the contents of extractable manganese with
(Q) and without (C 0) glucose addition had to be calculated when determining the
effect of organic matter on the content of extractable manganese in the soil. The
effect of the heat treatment resulted in an increase in the content of exchangeable
manganese in the sandy clay soil sample (10a) compared to the untreated soil sample
(Table 18). Germicidal irradiation increased the content of exchangeable manganese
of two of the soil samples (7a and 10a) and decreased that of one sample (sa). Gamma
irradiation reduced the content of exchangeable manganese of three of the soil
samples (7a, 10a and 17a) in comparison to the untreated soil samples (Table 18).
Addition of glucose increased the proportion of exchangeable manganese out of the
total manganese content of the soil as the incubation period was lengthened. Almost
60 % of the total manganese contentof the soil sample incubated for the longest time
(17a) had been transformed into an exchangeable form as a result of the addition of
glucose.

The content of exchangeable manganese in the soil increased at the expense ofthe
reducible manganese in the soil. In general, the content of hydroquinone-reducible
manganese was low in soils with glucose addition. As the effectiveness of the
reducing agent used increased, the change in the content of reducible manganese
approached that of the content of exchangeable manganese (Table 18). The increase
in the content of exchangeable manganese brought about by the addition of glucose
took place mostly at the expense of the content of ascorbic acid-reducible manganese.



451

Table
18.

Effect
of
glucose

(C,-C
0
)

on
the

content
of
extractable

manganese
(mg/kg)
in
soil
samples
where
the
microbial

activity
wasinactivated

by

various
methods.*

Only

2
h
60

°C

7
d

273,5
nm

4
Mrad

Incu
tion

incubation

and
incubation

and
incubation
and
incubation

Soil

time,
Extractable

sample
weeks

manganese,
mg/kg

Ci

CrC
0

Ci

Ci-C
0

Q

C]-C
0

Cj-C
0

5a

2

Exchangeable

36,3

26,3
a

33,2

24,l"
b

33,7

23,6
b

38,0

24,4*
b

(sandy

C6

H„(OH.)
2

-reducible
0,7

-11,9'

0,6

-10,7'b

1,4

-9,9
b

0,7

-6,0°

clay)

HONHjCI-reducible
2,1

-16,2'

1,3

-14,4'b

3,2

-13,4
b

1,3

-9,6C

QH
8

06
-reducible

5,3

-22,6'

3,0

-20,0'b

6,8

-18,6
b

2,0

-19,l
b

7a

3

Exchangeable

23,6

20,9b

25,3

22,4*
b

25,8

23,3*

24,4

9,6C

(sand)

QH
4

(OH)
2

-reducible
0,6

-12,l
b

0,3

-12,5'b

0,1

-13,6'

0,5

-0,9°

HONH
3

CI-reducible
1,1

-14,1'

1,4

-13,3'

1,1

-14,6'

1,4

-2,9
b

QH
g0
6

-reducible

4,1

-20,8"

3,5

-21,0'

2,7

-22,6'

4,5

-7,6
b

10a

4

Exchangeable

223,7

202,4b

249,9

234,8'

252,3

240,6'

194,6

157,8C

(sandy

QH
4

(OH)
2

-reducible
1,4

-76,5'

6,2

-81,8*

7,8

-80,3"

1,3

-^6,8b

clay)

HONH,CI-reducible
1,3

-107,2'

4,8

-110,2'

7,8

-111,1*

4,1

-68,4b

Q,H
8

06
-reducible

36,2

-172,2'

48,9

-168,0*

44,3

-171,3'

16,0

-115,5b

13a

5

Exchangeable

292,5

252,6'

282,3

264,0'

312,6

297,5'

394,2

275,4'

(sand)

C6

H<(OH)
2

-reducible
3,5

-119,3b

4,5

-141,8"

5,6

-142,4'

19,7

-17,6C

HONH,CI-reducible
13,7

-131,2b

24,2

-148,8'

13,2

-158,0*

24,1

-32,l
c

QH
8

06
-reducible

28,8

-192,2b

43,1

-193,6
b

32,9

-216,4'

43,0

-81,9e

17a

6

Exchangeable

566,5

556,9"

519,7

512,4"

547,3

534,9'

557,2

404,0
b

(silt)

QH,(OH)
2

-reducible
22,0

-308,6"

25,8

-307,1"

20,6

-310,2"

34,2

-127,2
b

HONHjCI-reducible
61,0

-367,6b

68,2

-370,7
b

43,3

-384,1'

61,3

-200,8C

QH
8

06
-reducible

113,7

-132,4'

166,6

-405,3
b

94,7

145,3

-235,3C

*

Each
line
has
been
tested
separately.



452

Glucose addition increased the content of exchangeable manganese in the soil.
However, effective inactivation of the micro-organisms brought about a smaller
increase in the content of exchangeable manganese than no inactivation. This
observation would indicate that reduction of manganese in the soil was a biological
process. However, the content of exchangeable manganese did increase also in the
inactivated soil samples. This was interpreted as indicating that non-biological
reduction of manganese had taken place. Reduction of manganese in the soil was
thus, both a biological and non-biological process, the progression of which was
dependent on the availability of easily oxidizing organic matter. Glucose was found
to be an effective reducing agent. Results which show that the oxidation and
reduction of manganese is either biological (LEEPER and SWABY 1940, BROMFIELD
and SKERMAN 1950, INGOLS and ENGINUN 1968, MULDER and VEEN 1968, MEEK et
al. 1973, BROMFIELD 1978, BROMFIELD and DAVID 1978, UREN and LEEPER 1978,
WEBER et al. 1979, GOMAH et al. 1980) or non-biological (HARTER and MacLEAN
1965, PATRICK and HENDERSON 1981 b), do not thus disagree with the results
obtained in this study.

B. Dependence of manganese uptake and manganese content of the
yield on different soil properties

The dependence of the manganese uptake and manganese contentof the yield on
different soil properties was studied by means of a pot experiment. 100 ml ofair-dry
surface soil (Appendix 1) was measured out into 0,3 1 polythene pots. 100 ml quartz
sand, which had been washed with 3 M HCI and rinsed with deoinized water, was
mixed into the soils. In each pot 37 seeds of Italian ryegrass (Lolium multiflorum
Lam.) were sown. Ryegrass was chosen as the test plant because it can be cropped
several yields without having to be reseeded. Most of the manganese already present
in the seeds appears to be removed in the first yield. After seeding, the seeds were
covered with 100 ml of quarz sand to prevent soil crusting during watering. It has
earlier been shown that the soil moisture has no effect on the content of exchangeable
manganese in the soil if the moisture is less than field capacity. Deionized water
equivalent to 20 % of the total volume of the soils was added to each pot. The pots
were weighed and watered one to two times a day. After the ryegrass had sprouted,
the number of seedlings was reduced to 35 and the pots transferred to the green-
house. The temperature in the greenhouse varied from 18 to 29 °C during the course
of the experiment. The experiment was carried out with three replicates.

The soils were fertilized for the first time one week after the grass had sprouted,
and for the second time two weeks later. The soils were fertilized again after the yield
had been harvested and once more two weeks after cutting. The nutrients were given
as an aqueous solution per unit volume of the soil. The amounts of nutrients and the
form in which they were applied were as follows:
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mg/1 soil-yield CompoundNutrient

N 300 NH,NO3 , Ca(NO,)2 -4H 20
P 63 K 2HP04

K 160 K 2HP0 4

Ca 46 Ca(NO,)2 -4H 20
Mg 50 MgSCV7H20
S 68 MgSO, 7H 20, CuSO,-5H 20, ZnSO, 7H 20
Cu 2 CuSO,-5H20
Zn 0,7 ZnS0 4;7H 2 0
B 0,5 H3BO,
Mo 0,3 Na2 M00,-2H 20

Iron was applied only when the experiment was set up (Fe 2 mg/1 soil) in order to

prevent the plants from suffering from iron deficiency. Additional iron was not given
because it acts as an antagonist of manganese (LÖHNIS 1951, GUPTA 1972). In fact,
iron may also promote the uptake of manganese by the plants by reducing manga-
nese oxides (BOKEN 1955, 1956, 1957).

Four yields were harvested from the pot experiment. The yield was dried at 75 °C
and then weighed. The iron and manganese contents of the plant material were
determined. The roots of the ryegrass plants were carefully separated from the soil
after the final yield had been cut, and then washed and dried. The manganese content

of the roots was determined.
The material was divided into two groups on the basis of the organic carbon

content of the soil. The group of the mineral soils (< 21 % organic carbon)
consisted of 89 soil samples, and the group of organogenic soils of 9 soil samples. The
dry matter yields g/pot were as follows:

Yield I Yield II Yield 111 Yield IV
n x s x s is il

Mineral soil samples 89 1,65 0,34 1,87 0,25 1,64 0,19 1,41 0,16
Organogenic soil samples 9 1,63 0,36 1,53 0,18 1,38 0,26 1,19 0,27

On the mineral soils the mean yield was 6,57 g/100 ml soil and on the
organogenic soils 5,72 g/100 ml soil. When these yields are converted into yields per
hectare, assuming that the amount of surface soil per hectare is 2-106 liters, then the
mean total yields harvested in the pot experiment were 130 t/ha-20 cm for the mineral
soil samples, and 110 t/ha-20 cm for the organogenic soil samples.

I Manganese uptake of the yield

The amount of manganese (ptg/pot) in the ryegrass yields in the pot experiment
were as follows:

Yield I Yield II Yield 111 Yield IV
X S X S X sn x s

Mineral soil samples
Mineral soil samples

89 142 124
86 124 61

9 341 212

276 161 262 158 260 158
261 132 250 137 250 141
349 205 236 154 216 143Organogenic soil samples
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The amount of manganese removed in four ryegrass yields from the mineral soil
samples was 940 /xg/pot and from the organogenic soil samples 1142 /xg/pot. If it is
assumed that the plants remove nutrients from a layer of soil 20 cm thick, then the
amount of manganese removed in the yields in the pot experiment would be
equivalent to about 18,8 kg/ha-20 cm in the case of mineral soils, and about 22,8 kg/
ha-20 cm in the case of organogenic soils. The amount of manganese removed in the
four yields already exceeded, by a factor of20, the amount of manganeseremoved in
the total yield of cocksfoot reported by SILLANPÄÄ and RINNE (1975).

If the amount of manganese removed in the yield is calculated per unit surface
area only, then the amount of manganese removed in the ryegrass yield in the pot
experiment still exceeds that removed in the cocksfoot yield. This comparison well
illustrates the capacity of pot experiments to indicate, over a short period of time,
whether the variables being studied explain the variation in the amount of manganese
removed in the yield.

The distribution of the manganese uptake of the ryegrass yields was studied using
coefficient of skewness. The distribution in the first yield was skewed positively (S =

0,61, Md = 117,0 n g/pot). The skewness in the distribution was reduced when the
results for soil samples No. 27a, 67a and 89a were removed from the material (S =

0,44, Md = 115,5 /xg/pot). The regression calculations for the variation in the
manganese uptake of the yields were carried out on a material consisting of 86 soil
samples. In addition to the soil analyses, it was apparent from the results for the
manganese uptake of the first yield that the results for organogenic soil samples
should be considered as a separate group. If these results would have been combined
with the mineral soil material, then the distribution would have become even more
skewed (S = 0,88, Md = 120,0 /xg/pot).

The variation in the manganese uptake of the ryegrass yields from the mineral soil
samples was studied by means of regression analysis. The soil pH, organic carbon
content and the contents of exchangeable and reducible manganese were used as the
independent variables. The reducible manganese fractions were used as separate
independent variables when the regression equations were being calculated. Statisti-
cally insignificant variables which exceeded the 5 % risk level were removed.

Hydroquinone-reducible manganese as an independent variable

The variation in the manganese uptake of the ryegrass yields was initially studied
using the following variables:

X, manganese uptake of the yield, /rg/pot
X 2 soil pH
X 3 organic carbon content, % of air-dry soil
X, In content of exchangeable manganese, mg/kg air-dry soil
X 5 content of hydroquinone-reducible manganese, mg/kg air-dry soil

Of the independent variables studied, only the content of exchangeable manga-
nese in the soil explained, to a statistically significant degree (P = 0,001), the
variation in the manganese uptake of the Ist ryegrass yield as follows:



X, = 44,7 + 43,50 X 4 (F = 24,87”“)
*1.4 = 0,228 sb(i4) 8,72Sb(l4) 8’22
SM = 53,5 n= 86

The contentof exchangeable manganese explained only 22,8 % of the variation in the
manganese uptake of the yield. Thus over 75 % of the variation is due to variables
not included in the regression equation. When the effects of other independent
variables were kept constant, the soil pH explained only 1,9 %of the variation, the
organic carbon content 0,0 % and the content of hydroquinone-reducible manganese
1,4 % (Table 19).

The soil pH and the content of exchangeable manganese explained, to a statisti-
cally significant degree (P = 0,001), the variation in the manganese uptake ofthe 2nd
ryegrass yield as follows:

X, = -561,0 + 113,3 X 2 + 133,35 X 4 (F = 18,67x3“)
R*.24 = 0»308 5b(12.4)

== 25,3
s 1.24

= 111»5 5b(14.2)
= 22,41

n = 86

The statistically significant variables together explained 30,8 % of the variation in the
manganese uptake of the second yield. The soil pH explained 19,4 % of the variation
when the effect of the content of exchangeable manganese of the soil was kept
constant, and the content of exchangeable manganese explained 29,9 % of the
variation when the effect of pH was kept constant. The content of exchangeable
manganese of the soil was a slightly more important variable in explaining the
variation than the pH of the soil (Table 19). The carbon content and the content of
hydroquinone-reducible manganese of the soil explained only 1 to 2 % of the
variation.

The soil pH, and the contents of exchangeable and hydroquinone-reducible
manganese explained, to a statistically significant degree (P = 0,001), the variation in
the manganese uptake of the 3rd ryegrass yield as follows:

X, = -509,7 + 104,2 X 2 + 94,46 X 4 + 2,18 X 5 (F = 23,95”“)
R1.245 = 0,467 5b<12.45)

=

51,245 = 101,9 ®b(14.25)= 27,41
n = 86 sb(is.24)= °-64

The independent variables in the regression equation explained 46,7 % of the
variation in the manganese uptake of the yield. When the effects of the other
variables were kept constant, the individual variables explained the variation as
follows: pH 16,5 %, content of exchangeable manganese 12,7 %, and content of
hydroquinone-reducible manganese 11,4 %. The content of exchangeable manganese
was the most important of the variables, although the importance of soil pH was not
much smaller. The importance of the content of hydroquinone-reducible manganese
was clearly less than that of the soil pH or the content of exchangeable manganese
(Table 19). The organic carbon content, which was not statistically significant (P =

0,05), explained 3,5 % of the variation when the effects of the other variables were
kept constant.

The independent variables explained, to a statistically significant degree (P =

0,001), the variation in the manganese uptake of the 4th ryegrass yield as follows:

5 455
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X, = -565,2 + 121,2 X 2 - 9,8 X, + 92,43 X 4 4- 2,53 X 5 (F = 28,27”“)
Ri.2345 = 0,583 5b{12.345)= s b{12.345)

= 24,2
51.2345 93,1 5b(13,245)
n = 86 5b(i4.235)= s b(i4.235)

= 26,84
5b(15.234) = 0,66

The independent variables in the regression equation explained 58,3 % of the
variation in the manganese uptake of the fourth yield. When the effects of the other
variables were kept constant, the individual variables explained the variation as
follows: pH 23,7 %, organic carbon content 5,1 %, content of exchangeable
manganese 12,8 % and content of hydroquinone-reducible manganese 14,9 % (Table
19). The most important of the variables was pH, followed by the content of
exchangeable manganese, the content of hydroquinone-reducible manganese and the
organic carbon content (Table 19).

The content of exchangeable manganese of the soil was the only one of the
independent variables studied which explained, to a statistically significant degree (P
= 0,05), the variation in the manganese uptake of the first ryegrass yield. The
importance of this variable became even more apparent in the case of the second
yield. However, the importance of the content of exchangeable manganese as an
independent variable gradually decreased, in successive yields, in comparison to the
other variables. The soil pH did not explain to a statistically significant degree (P =

0,05), the variation in the manganese uptake of the first yield. However, it was an
important independent variable in later yields, in the case of the fourth yield being
the most important variable. The content of hydroquinone-reducible manganese of
the soil did not explain, to a statistically significant degree (P = 0,05), the variation in
the manganese uptake of the first and second yield, but its importance then increased
with every successive yield. The importance of the organic carbon content of the soil
as an independent variable also increased with each successive yield. By the fourth
yield it was already a statistically significant (P = 0,05) variable explaining the
variation in the manganese uptake of the yield.

Hydroxylammonium chloride-reducible manganese as an independent variable

The variation in the manganese uptake of the ryegrass yield was studied using the
following variables:

Xi manganese uptake of the yield, pg/pot
X 2 soil pH
X 3 organic carbon content, % of air-dry soil
X, In content of exchangeable manganese, mg/kg air-dry soil
X 5 content of hydroxylammonium chloride-reducible manganese, mg/kg air-dry soil

The content of hydroxylammonium chloride-reducible manganese of the soil was
as poor an explainer of the manganese uptake of the Ist ryegrass yield as the content of
hydroquinone-reducible manganese. When the 5 % risk level was used as the
criterion in testing the independent variables, the content of hydroxylammonium
chloride-reducible manganese, as well as the soil pH and the carbon content, were
found to be insignificant independent variables (Table 20). The regression equation
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Table 19. Coefficients of partial (r,„J correlation between uptake of manganese (jag/pot) of Italian
ryegrass (Lolium multiflorum Lam.) yields I—IV and soil variables, and the beta coefficients (P)
between the variables.

Exchangeable Hydroquinone-
pH(CaCl2 ) Organic C, % Mn, mg/kg reducible Mn, mg/kg

Yield n r,2 .. P r l}... P r M ...
p r, 5 P

Ist yield 86 0,139°' 0,012ns
- 0,478™ 0,478 0,117"

2nd yield 86 0,441"' 0,504 -0,152"' - 0,547"' 0,670 0,106"'
3rd yield 86 0,406"" 0,448 -0,188"' - 0,356"" 0,459 0,338" 0,351
4th yield 86 0,486"" 0,507 -0,227" -0,166 0,357™ 0,437 0,387™ 0,396

was thus reduced to the same form as when the hydroquinone-reducible manganese
fraction was used as the independent variable.

The content of hydroxylammonium chloride-reducible manganese of the soil
explained, to a statistically significant degree (P = 0,001), the variation in the
manganese uptake of the 2nd ryegrass yield as follows:

X, = 155,7 + 2,23 X 5 (F = 62,70"x)

= 0,427 Sb(ls) = 0,28
S,.s = 100,9 n = 86

The content of hydroxylammonium chloride-reducible manganese of the soil
explained 42,7 % of the variation in the manganese uptake of the yield. Of the
statistically insignificant (P = 0,05) variables, soil pH explained 2,7 % of the
variation, the organic carbon content 0,2 % and the content of exchangeable
manganese 4,4 %, when the effects of the other independent variables were kept
constant (Table 20).

The soil pH and the contents of exchangeable and hydroxylammonium chloride-
reducible manganese explained, to a statistically significant degree (P = 0,001), the
variation in the manganese uptake of the 3rd ryegrass yield as follows;

X, = -222,2 + 53,5 X 2 + 54,18 X, + 2,13 X 5 (F = 40,73“)
245 = 0,598 5b{12.45) = 24,4

§1.245 = 88,3 5b(14.25)
= 23,62

n = 86 5 b(15.24) =

The statistically significant variables explained 59,8 % of the variation in the
manganese uptake of the yield. When the effects of the other variables were kept
constant, the individual independent variables explained the variation as follows: pH
6,4 %, content of exchangeable manganese 7,0 % and content of hydroxylam-
monium chloride-reducible manganese 27,4 %. The content of hydroxylammonium
chloride-reducible manganese was the most important variable explaining the varia-
tion in the manganese uptake of the third yield. The second most important variable
was the content of exchangeable manganese, although the pH was not very much less
important (Table 20). The only insignificant variable (P = 0,05), the organic carbon
content, explained only 1,0 % of the variation in the manganese uptake of the yield
when the effects of the other independent variables were kept constant (Table 20).



The soil pH and the contents of exchangeable and hydroxylammonium chloride-
reducible manganese initially explained, to a statistically significant degree (P =

0,001), the variation in the manganese uptake ofthe 4th ryegrass yield. As the organic
carbon content was statistically insignificant (P = 0,05), it was omitted from the
regression equation and the variables were retested. The result was that only the soil
pH and the content of hydroxylammonium chloride-reducible manganese explained,
to a statistically significant degree (P = 0,001), the variation in the manganese uptake
of the fourth ryegrass yield. The regression equation was as follows:

X, = -41,6 + 30,6 X 2 + 2,87 X 5 (F = 86,91 XJ “)

Ri.25 = 0,677 5b(12.5 sb(12.5)
= 27,1

$1.25 “ 80,9 Sb<ls.2)

n = 86

The statistically significant (P = 0,05) variables explained 67,7 % of the variation in
the manganese uptake of the yield. When the effects of the other independent
variables were kept constant, the pH explained 4,8 % of the variation and the content
of hydroxylammonium chloride-reducible manganese 65,4 %. The content of reduc-
ible manganese was a considerably more important explainer of the variation than
the soil pH (Table 20). As far as the independent variables removed from the
regression equation were concidered, the organic carbon content explained 2,9 % of
the variation in the manganese uptake of the yield and the content of exchangeable
manganese 4,1 %, when the effects of the other independent variables being studied
were kept constant (Table 20).

The content of hydroxylammonium chloride-reducible manganese was no better
an explainer of the variation in the manganese uptake of the first yield of ryegrass
than the content of hydroquinone-reducible manganese. Thus the only variable
which explained, to a statistically significant degree (P = 0,05), the variation in the
manganese uptake of the first yield was the content of exchangeable manganese of
the soil. However, in later yields the content of exchangeable manganese was of only
slight importance as an independent variable. The importance of the content of
hydroxylammonium chloride-reducible manganese increased with each successive
yield. The importance of the soil pH showed a similar trend. The organic carbon
content of the soil was of no statistical significance (P = 0,05) as an explainer of the
variation in the manganese uptake of the yield, although there was a slight trend
indicating that its importance may increase with each successive yield.

Table 20. Coefficients of partial (rlx ) correlation between uptake of manganese (fcg/pot) of Italian
ryegrass (Lolium multiflorum Lam.) yields I-IV and soil variables, and the beta coefficients (P)
between the variables.

Hydroxy lammonium
Exchangeable chloride-reducible
Mn, mg/kg Mn, mg/kgpH(CaCl2 ) Organic C, %

Yield n r l2 P tu. P rn. P ris. P

Ist yield 86 0,122“ - 0,026“ - 0,478™ 0,478 -0,078”
2nd yield 86 0,164“ - -0,041“ - 0,210“ - 0,654™ 0,654
3rd yield 86 0,236* 0,230 -0,101“ - 0,245* 0,263 0,577™ 0,603
4th yield 86 0,219* 0,129 -0,170M

- 0,201 ns
- 0,809“* 0,792
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Ascorbic acid-reducible manganese as an independent variable

The variation in the manganese uptake of the ryegrass yields was studied using
the following variables:

X! manganese uptake of the yield, /ug/pot
X 2 soil pH
X 3 organic carbon content, % of air-dry soil
X, In content of exchangeable manganese, mg/kg air-dry soil
X 5 content of ascorbic acid-reducible manganese, mg/kg air-dry soil

No improvement was obtained in explaining the variation in the manganese
uptake of the Ist ryegrass yield even though the content of ascorbic acid-reducible
manganese was used as the variable for the reducible manganese fraction. The
content of ascorbic acid-reducible manganese explained only 0,2 % of the variation
in the manganese uptake of the yield when the other independent variables were kept
constant (Table 21). The regression equation describing the variation in the manga-
nese uptake of the yield was thus reduced to the same form as when the content of
hydroquinone-reducible or hydroxylammonium chloride-reducible manganese was
used as the independent variable.

It was found in the first stage of testing the independent variables describing the
variation in the manganese uptake of the 2nd ryegrass yield, that the contents of
exchangeable manganese and ascorbic acid-reducible manganese of the soil
explained, to a statistically significant degree (P = 0,001), the variation in the
manganese uptake of the yield. These variables explained 44,1 % of the variation.
Because soil pH and organic carbon content were insignificant variables they were
omitted from the equation and the remaining independent variables were tested
again. It was found that the content of exchangeable manganese of the soil was no
longer included in the regression equation. This was the case because it explained
only 2,3 % of the variation in the manganese uptake of the yield when the contentof
ascorbic acid-reducible manganese was kept constant (Table 21). The content of
ascorbic acid-reducible manganese of the soil thus explained, to a statistically
significant degree (P = 0,001), the variation in the manganese uptake of the ryegrass
yield as follows:

X, = 152,5 + 1,73 X 5 (F = 62,74xxx
)

ris = 0,428 s b(is)=

S, 5 = 100,8 n = 86

The content of ascorbic acid-reducible manganese of the soil explained 42,8 % of the
variation in the manganese uptake of the yield. When the effects of the other
independent variables were kept constant, the soil pH explained 3,9 % of the
variation and the organic carbon content 0,2 % (Table 21).

The soil pH and the contents of exchangeable and ascorbic acid-reducible
manganese explained, to a statistically significant degree (P = 0,001), the variation in
the manganese uptake in the 3rd ryegrass.yield as follows:

X, = -301,6 -f 65,7 X 2 + 66,13 X 4 + 1,54 X 5 (F = 38,95”“)
R-i.245 = 0,588 5 b<12.45)

= 23,9
5j.245 = 89,5 14.25)

= 22,97
n = 86 0,25



The statistically significant (P = 0,05) variables explained 58,8 % of the variation in
the manganese uptake of the yield. When the effects of the other independent
variables were kept constant, the pH explained 8,5 % of the variation, the content of
exchangeable manganese 9,2 % and the content of ascorbic acid-reducible manganese
31,5 %. The content of ascorbic acid-reducible manganese was the most important
variable, the content of exchangeable manganese the second, and the soil pH the
third (Table 21). The organic carbon content of the soil explained only 1,6 % of the
variation in the manganese uptake of the yield when the effects of the other variables
were kept constant.

The soil pH and the contents of exchangeable and ascorbic acid-reducible
manganese explained, to a statistically significant degree (P = 0,001), the variation in
the manganese uptake of the 4th ryegrass yield as follows:

X, = -346,2 + 75,5 X 2 + 54,12 X, + 1,80 X 5 (F = 56,44"")
= 0,674 sb(i2.<s)

= 21,8
$1.245 = 81,8 5b(14.25)

= 20,99
n = 86 5b(15.24)~ s b(15.24)~ 0,23

The soil pH, the content of exchangeable manganese and the content of ascorbic
acid-reducible manganese explained 67,4 % of the variation in the manganese uptake
of the ryegrass yield. When the effects of the other independent variables were kept
constant, the soil pH explained 12,8 % of the variation, the content of exchangeable
manganese 7,5 % and the content of ascorbic acid-reducible manganese 43,0 %. The
most important variable was the content of ascorbic acid-reducible manganese and
the content of exchangeable manganese of the soil the least important (Table 21). The
organic carbon content, which was a statistically insignificant (P = 0,05) variable,
explained 4,0 % of the variation in the manganese uptake of the yield when the
effects of the other variables were kept constant.

The content of ascorbic acid-reducible manganese of the soil was no better an
explainer of the variation in the manganese uptake of the first yield than were any of
the other reducible manganese fractions. The content of exchangeable manganese of
the soil was thus the only suitable independent variable when the variation in the
manganese uptake of the Ist yield was examined. However, the content of exchange-
able manganese was of only slight importance in the case of the other yields. In

Table 21. Coefficients of partial (r,, ) correlation between uptake of manganese (pg/pot) of Italian
ryegrass (Lolium multiflorum Lam.) yields I—IV and soil variables, and the beta coefficients (P)
between the variables.

Ascorbic acid-
Exchangeable reducible

pH(CaCl 2 ) Organic C, % Mn, mg/kg Mn, mg/kg

Yield n r, 2... P r„.„ P r„... P r15... P
Ist yield 86 0,055™ - 0,073"' - 0,478°'' 0,478 0,044°'
2nd yield 86 0,197"' - -0,049m

- 0,150"' - 0,654™ 0,654
3rd yield 86 0,291° 0,282 -0,127"' - 0,303° 0,321 0,561"° 0,561
4th yield 86 0,357°" 0,316 -0,201"' - 0,274" 0,256 0,655°" 0,639
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successive yields beginning with the 2nd ryegrass yield, the content of ascorbic acid-
reducible manganese proved to be the most important variable explaining the
variation in the manganese uptake of the yield. The pH, too, became more important
with each successive yield.

The content of exchangeable manganese of the soil has been used with varying
degrees of success to explain the variation in the manganese uptake in yields
(BROWMAN et al. 1969, HOYT and NYBORG 1971, RANDALL et al. 1976, DUANG-
PATRA et al. 1979). The water-extractable, exchangeable, acid-extractable and
EDTA- and DTPA-extractable manganese have, in many cases, proved to be of
equal value as explainers of the variation in the manganese uptake in yields (e.g.
RANDALL et al. 1976,DUANGPATRA et al. 1979). However, the content ofreducible
manganese has rarely been found to be a suitable independent variable (HAMMES and
BERGER 1960 b, RANDALL et al. 1976), and in most cases it is an inferior independent
variable compared to the contents of manganese extractable by the other methods
(BROWMAN et al. 1969,DUANGPATRA et al. 1979). According to BROWMAN et al.
(1969), the soil pH and the content of manganese extractable with neutral
ammonium acetate are better able to explain the variation in the manganese uptake
of the yield than, in addition to the pH, the sum of the contents of hydroquinone-
reducible and exchangeable manganese. This indicates that there may be reason to
use the contents of exchangeable manganese and reducible manganese as separate
variables when studying the variation in the manganese uptake of the yields.

The regression models explaining the variation in the manganese uptake of the
ryegrass yields were studied by comparing the coefficients of multiple determination
for all the four independent variables using the z-transformation test. The differences
between the different regression models were not statistically significant at the 5 %

risk level:

C^t(OHyHONH}CI QW/O/YyQtf.O,
Yield 6 z,—Zj 6 z,-Zj 6 z 2 — z,
Ist yield 0,08"' 0,08"s 0,00"'
2nd yield -0,86"' -0,97"' -0,12"'
3rd yield -1,15"' -0,99°' 0,16"'
4th yield -1,45"' -1,24"' 0,2 l"s

The regression models were also compared by determining how many statisti-
cally significant independent variables were required to form the final equation. The
equation in which soil pH, organic carbon content and the contents of exchangeable
manganese and hydroxylammonium chloride-reducible manganese were the inde-
pendent variables, was found to be the best one in this respect.

When the different manganese fractions were compared, the content of hydro-
xylammonium chloride-reducible manganese was found to be the best variable
describing the variation in the manganese uptake of the yield. The extraction
conditions used in determining the content of hydroxylammonium chloride-reduc-
ible manganese may have better corresponded to the natural conditions prevailing in
the soil than the methods used to determine the contents of hydroquinone or
ascorbic acid-reducible manganese. The relative unimportance of soil pH in the
regression model in which the content of hydroquinone-reducible manganese was
used as the variable for the reducible manganese fraction, supports this assumption.
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The mean content of exchangeable manganese of the soil in the pots, 625 p,g/pot,
appears to have satisfied the manganese requirements of the yields for a fairly long
time. The content of exchangeable manganese of the soil was therefore the factor
regulating the variation in the manganese uptake of the first yields. The soil pH and
the content of reducible manganese better explained the variation in the manganese
uptake in successive yields. Obviously the content of reducible manganese, which
was used as the variable describing the capacity factor of soil manganeseand which is
regulated by pH, became the most important variable at the stage when the
importance of the content of exchangeable manganese of the soil, which was the
variable describing the intensity factor of soil manganese, started to decrease. The
increase in the importance of the organic carbon content with successive yields can
be interpreted to indicate that it is a variable reducing the total manganese contentof
the soil, and thus also the variable reducing the fractions of extractable manganese.

Regression analysis was not carried out on the variation in the manganese uptake
of the ryegrass yields grown on organogenic soil samples owing to the small number
of such samples.

II Manganese content of the yield

The manganese content (mg/kg D.M.) of the different ryegrass yields harvested
in the pot experiment were as follows:

Yield I Yield II Yield 111 Yield IV
nxs xi xl xi

Mineral soils 89 90,1 80,9 148,3 93,4 159,8 97,1 183,9 109,5
Mineral soils 86 76,8 35,1 137,8 65,1 152,2 80,1 176,5 97,5
Organogenic soils 9 204,6 126,6 224,6 130,7 170,7 109,4 173,9 106,0

The manganese content of the first yield in the experiment with the mineral soil
samples was considerably smaller than that obtained in later yields. There were no
such differences in the case of the organogenic soil samples. The lowest manganese
content in the first yield, 19,1 mg/kg D.M., occurred in sample No. 30a and the
highest, 582,5 mg/kg D.M., in sample No. 27a.

The distribution of the manganese content in the first yield was initially studied
using the whole mineral soil material. The distribution was skewed positively, the
coefficient of skewness being 5=0,62 (Md=73,4 mg/kg D.M.). The coefficient of
skewness fell to 5=0,38 (Md=72,3 mg/kg D.M.) when the results for samples No.
27a, 67a and 89a were omitted. The manganese contents of the ryegrass yields for
these three samples were therefore removed and the samples used in calculating the
regression equations were the same as those used in studying the manganese uptake
of the yields.

The variation in the manganese content of the ryegrass yields obtained with the
mineral soil samples were studied using regression analysis. The soil pH, organic
carbon content and the contents of exchangeable manganese and reducible manga-
nese were used as the independent variables. The reducible manganese fractions,
hydroquinone-, hydroxylammonium chloride- or ascorbic acid-reducible manga-
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nese, were used as separate independent variables when the equations were being
constructed.

Hydroquinone-reducible manganese as an independent variable

The variation in the manganese content of the ryegrass yields was studied using
the following variables:

X! manganese content of the yield, mg/kg D.M.
X 2 soil pH
X 3 organic carbon content, % of air-dry soil
X 4 In content of exchangeable manganese, mg/kg air-dry soil
X 5 content of hydroquinone-reducible manganese, mg/kg air-dry soil

The content of exchangeable manganese of the soil explained, to a statistically
significant degree (P=0,001), the variation in the manganese content of the Ist
ryegrass yield as follows:

X, = 20,7 + 30,65 X 4 (= 42,79xxx )

rl, = 0,337 sb<M)
= 4> 68

S,,4 = 28,7 n = 86

The content of exchangeable manganese of the soil explained 33,7 % of the variation
in the manganese content of the yield. Of the statistically insignificant (P = 0,05)
independent variables, the soil pH explained 2,7 % of the variation in the manganese
content of the yield, the organic carbon content 1,1 % and the content of hydro-
quinone-reducible manganese 0,7 % when the effects of the other independent
variables were kept constant (Table 22).

The soil pH and the content of exchangeable manganese explained, to a statisti-
cally significant degree (P = 0,001), the variation in the manganese content ofthe 2nd
ryegrass yield as follows:

X, = -190,3 + 39,4 X 2 + 69,41 X 4 (F = 20,89xxx )

R2
i,2< = 0,335 *K 12.4,= 12,2

5i.24 53,7 s b(i4.2)“ 10»79
n = 86

The soil pH and the content of exchangeable manganese explained 33,5 % of the
variation in the manganese content of the yield. The soil pH alone explained 11,2 %

of the variation and the content of exchangeable manganese 33,3 % when the effect
of the other independent variable was kept constant. The content of exchangeable
manganese of the soil was a considerably more important independent variable than
the soil pH (Table 22). As far as the statistically insignificant (P = 0,05) variables
were concerned, the organic carbon content of the soil explained 0,5 % of the
variation in the manganese content of the yield and the content of hydro-
quinone-reducible manganese 3,3 % when the effects of the other independent
variables were kept constant (Table 22).

The soil pH and the contents of exchangeable manganese and hydroquinone-
reducible manganese explained, to a statistically significant degree (P = 0,001), the
variation in the manganese content of the 3rd ryegrass yield as follows:
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X, = -190,4 + 40,4 X 2 + 52,38 X 4 + 1,60 X 5 (F = 30,31’a“)
R 1.245 = 0,526 5 b(12.45)

= 14,3
s 1.245 56,1 5 b(14.25) — I^,ll
n 86 5 b(15.24)

The soil pH and the contents of exchangeable manganese and hydroquinone-
reducible manganese explained 52,6 % of the variation in the manganese content of
the yield. As far as the statistically significant (P = 0,05) independent variables were
concerned, the soil pH explained 8,9 % of the variation, the content of exchangeable
manganese 12,8 % and the content of hydroquinone-reducible manganese 18,5 %

when the effects of the other independent variables were kept constant. The contents
of exchangeable manganese and hydroquinone-reducible manganese were almost as
important variables as each other. The importance of pH as an explainer of the
variation in the manganese content of the yield was less than that of the manganese
fractions (Table 22). The organic carbon content of the soil, which was statistically
insignificant (P = 0,05), explained 2,8 % of the variation when the effects of the
other independent variables were kept constant (Table 22).

The soil pH, the organic carbon content and the contents of exchangeable
manganese and hydroquinone-reducible manganese explained, to a statistically
significant degree (P = 0,001), the variation in the manganese content of the 4th
ryegrass yield as follows:

X, = -234,2 + 53,8 X 2 - 6,6 X, + 56,87 X, + 2,21 X 5 (F = 33,01”“)
RijMS = 0,620 5b(12.345)= 16,0
5i.2345 61,6 5 b(13.245)

n = 86 5b(i4.235)= s b(i4.235)
= 17,76

5b(15.234)

The soil pH, the organic carbon contentand the contents of exchangeable manganese
and hydroquinone-reducible manganese explained 62,0 % of the variation in the
manganese content of the yield. The individual variables explained the variation in
the manganese content of the yield, when the effects of the other independent
variables were kept constant, as follows: the soil pH 12,3 %, the organic carbon
content 5,3 %, the content of exchangeable manganese 11,2 % and the content of
hydroquinone-reducible manganese 23,3 %. The most important variable was the
content of hydroquinone-reducible manganese, and the second most important one
the content of exchangeable manganese, although the soil pH was almost as
important. The importance of the organic carbon content was only slight compared
to the other variables (Table 22).

The content of exchangeable manganese of the soil was the only independent
variable which explained, to a statistically significant degree (P = 0,05), the variation
in the manganese content of the Ist yield. Its importance in successive yields
gradually decreased in comparison to the other variables. The soil pH became a
statistically significant variable (P = 0,05) after the second yield had been harvested
and its importance increased, compared to the content of exchangeable manganese,
with each successive yield starting from the second one. The content of hydro-
quinone-reducible manganese became an important variable regulating the variation
in the manganese content of the yield starting from the third yield. The importance
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Table 22. Coefficients of partial (rlx.) correlation between manganese content (mg/kg) of Italian ryegrass
(Lolium multiflorum Lam.) yields I—IV and soil variables, and the beta coefficients (P) between
the variables.

Exchangeable Hydroquinone-
pH(CaCl2 ) Organic C, % Mn, mg/kg reducible Mn, mg/kg

Yield n r,2 P r„... p r„... p r 15...
p

Ist yield 86 -0,165™ 0,103ns
- 0,581"™ 0,581 -0,082™

2nd yield 86 0,334" 0,357 -0,073°* - 0,577"" 0,710 o,lBl™
3rd yield 86 0,298" 0,297 -0,168™ - 0,357"» 0,435 0,430"" 0,439
4th yield 86 0,350" 0,325 -0,229" -0,160 0,335" 0,388 0,483"" 0,499

of the organic carbon content of the soil also increased with each successive yield. By
the time that the fourth yield had been harvested, it had become a statistically
significant (P = 0,05) variable regulating the variation in the manganese content of
the yield.

Hydroxylammonium chloride-reducible manganese as an independent variable

The variation in the manganese content of the ryegrass yields was studied using
the following variables:

X, manganese content of the yield, mg/kg D.M.
X 2 soil pH
X, organic carbon content, % of air-dry soil
X, In content of exchangeable manganese, mg/kg air-dry soil
X 5 content of hydroxylammonium chloride-reducible manganese, mg/kg air-dry soil

During the first stage of testing the independent variables describing the variation
in the manganese content of the Ist ryegrass yield, it was found that the soil pH and
the content of exchangeable manganese explained, to a statistically significant degree
(P = 0,05), 36,2 % of the variation in the manganese content of the yield. The
organic carbon content and the content of hydroxylammonium chloride-reducible
manganese were then removed from the regression model and the significance of the
remaining independent variables retested. The soil pH was then found to be an
insignificant variable because it explained only 3,8 % of the variation in the
manganese content of the yield when the effect of the content of exchangeable
manganese was kept constant (Table 23). The regression equation describing the
variation in the manganese content of the yield was thus reduced to the same form as
when the content of hydroquinone-reducible manganese was used as the indepen-
dent variable. Of the variables removed from the regression model in the initial stage,
the organic carbon content of the soil explained 2,2 % of the variation in the
manganese content of the yield and the content of hydroxylammonium chloride-
reducible manganese 1,6 %, the effects of the other independent variables being kept
constant (Table 23).

The contents of exchangeable manganese and hydroxylammonium chloride-
reducible manganese explained, to a statistically significant degree (P = 0,001), the
variation in the manganese content of the 2nd ryegrass yield as follows:
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X, = 47,3 + 27,00 X 4 + 0,87 X 5 (F = 36,96"")
Ri„ = 0,471 5b( ,45)

= 8,66
5,.«, - 47,9 Sbos4)= 0,15
n = 86

The contents of exchangeable manganese and hydroxylammonium chloride-reduc-
ible manganese of the soil explained 47,1 % of the variation in the manganese content

of the yield. When the effect of the other statistically significant (P -= 0,05)
independent variable was kept constant, the content of exchangeable manganese
explained 10,5 %of the variation and the content of hydroxylammonium chloride-
reducible manganese 29,4 %. The content of reducible manganese was a considerably
more important independent variable than the content of exchangeable manganese
(Table 23). As regards the statistically insignificant (P = 0,05) variables, the pH
explained 0,1 % of the variation in the manganese content of the yield and the
organic carbon content 0,1 % when the effects of the other variables were kept
constant (Table 23).

The contents of exchangeable manganese and hydroxylammonium chloride-
reducible manganese explained, to a statistically significant degree (P = 0,001), the
variation in the manganese content of the 3rd ryegrass yield as follows:

X, = 58,7 + 24,76 X 4 + 1,42 X 5 (F = 72,41“)
Rl .45 = 0>636 *b(14.5)=
Sj 45 48,9 Sb{js 4)

== 0,15
n = 86

The contents of exchangeable manganese and hydroxylammonium chloride-reduc-
ible manganese explained 63,6 % of the variation in the manganese content of
the yield. When the effect of the other independent variable was kept constant, the
content of exchangeable manganese explained 8,6 % of the variation and the content
of hydroxylammonium chloride-reducible manganese 48,8 %. The contentof reduc-
ible manganese was a considerably more important explainer of the variation in the
manganese content of the yield than the content of exchangeable manganese (Table
23). As regards the statistically insignificant (P = 0,05) variables, the pH explained
1,7 % of the variation in the manganese content of the yield and the organic carbon
content of the soil 1,1 % when the effects of the other variables were kept constant
(Table 23).

It was initially found when testing the variables explaining the variation in the
manganese content of the 4th ryegrass yield, that the soil pH and the organic carbon
content were not statistically significant (P = 0,05) independent variables since pH
explained only 2,6 % of the variation and the organic carbon content 4,0 %, the
effects of the other variables being kept constant (Table 23). A new regression
equation was formed in which the contents of exchangeable manganese and hyd-
roxylammonium chloride-reducible manganese were the independent variables. The
equation explained 69,7 % of the variation in the manganese content of the yield.
However, after the variables had been tested, it was found that when the pH and the
organic carbon content were allowed to vary according to the material, then the
content of exchangeable manganese had become a statistically insignificant (P =

0,05) independent variable even though it explained 3,4 % of the variation (Table 23).
Thus the content of hydroxylammonium chloride-reducible manganese in the soil
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Table 23. Coefficients of partial (rlx ) correlation between manganese content (mg/kg) of Italian ryegrass
(Lolium multiflorum Lam.) yields I —IV and soil variables, and the beta coefficients (ft) between
the variables.

Hydroxylammonium
Exchangeable chloride-reducible

PH(CaCI 2 ) Organic C, % Mn, mg/kg Mn, mg/kg
Yield n r,2 ...

p> r13...
p" r1 4...

p r„... P
Ist yield 86 -0,194" - 0,148"' - 0,581"" 0,581 0,128"'
2nd yield 86 0,034"' 0,024"* - 0,324" 0,276 0,542™ 0,520
3rd yield 86 0,131"' 0,103"' - 0,294" 0,206 0,698"" 0,686
4th yield 86 0,161"' - -0,200"' - 0,185"' - 0,828°" 0,828

alone explained, to a statistically significant degree (P = 0,001), the variation in the
manganese content of the yield as follows:

X, = 78,4 + 2,08 X 5 (F = 183,72”“)
rls = 0,686 sb(is)= 0,15
S,s = 54,9 n= 86

The content of hydroxylammonium chloride-reducible manganese of the soil
explained 68,6 % of the variation in the manganese content of the yield.

The content of exchangeable manganese of the soil was the only independent
variable which explained, to a statistically significant degree (P=0,05), the variation
in the manganese content of the first ryegrass yield. Its importance in the two next

yields decreased, and by the time the fourth yield was harvested it was no longer a
significant independent variable. The importance of the content of hydroxylam-
monium chloride-reducible manganese as an independent variable increased with
each successive yield. By the time the fourth yield had been harvested, it was the only
variable which explained, to a statistically significant degree, the variation in the
manganese content of the yield. The importance of the soil pH and the organic
carbon content as independent variables gradually increased with each successive
yield. Despite this, however, they were not statistically significant (P = 0,05)
variables in any of the regression models.

Ascorbic acid-reducible manganese as an independent variable

The variation in the manganese content of the ryegrass yields was studied using
the following variables:

X, manganese content of the yield, mg/kg D.M.
X 2 soil pH
X 3 organic carbon content, % of air-dry soil
X, In content of exchangeable manganese, mg/kg air-dry soil
X 5 content of ascorbic acid-reducible manganese, mg/kg air-dry soil

Of the different independent variables, only the content of exchangeable man-
ganese of the soil explained, to a statistically significant degree (P=0,05), the
variation in the manganese content of the Ist ryegrass yield. In actual fact, the soil pH
was also found to be a significant variable in the first test when the effects of the
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other independent variables were kept constant. However, when the organic carbon
content and the content of ascorbic acid-reducible manganese, which were insignific-
ant variables, were removed from the model, the proportion of the variation
explained by the soil pH decreased so much that it was no longer a statistically
significant variable. The statistically insignificant variables explained the variation,
when the effects of the other independent variables were kept constant, as follows:
pH 3,8 %, the organic carbon content 2,3 % and the content of ascorbic acid-
reducible manganese 1,2 % (Table 24).

The contents of exchangeable manganese and ascorbic acid-reducible manganese
explained, to a statistically significant degree (P=0,001), the variation in the man-
ganese content of the 2nd ryegrass yield as follows:

X, = 44,4 4- 27,44 X 4 + 0,69 X 5 (F = 38,89xxx )

Rl .45 = 0>484 5b(14.5)
=

5f.45 = 47,3 5b(15.4)=

n = 86

The contents of exchangeable manganese and ascorbic acid-reducible manganese
explained 48,4 % of the variation in the manganese content of the yield. The content
of exchangeable manganese explained 11,2 % of the variation and the content of
ascorbic acid-reducible manganese 31,1 % when the effect of the other variable was
kept constant. The content of reducible manganese was a more important explainer
of the variation in the manganese content of the yield than the content of exchange-
able manganese (Table 24). As regards the statistically insignificant (P=0,05) vari-
ables, the pH explained 0,3 % of the variation and the organic carbon content 0,0 %

when the effects of the other independent variables were kept constant (Table 24).
The contents of exchangeable manganese and ascorbic acid-reducible manganese

of the soil explained, to a statistically significant degree (P=0,001), the variation in
the manganese content of the 3rd ryegrass yield as follows:

X, = 35,7 + 27,41 X 4 + 1,06 X 5 (F = 66,17”“)
Ri.45 = 0,614 S b<l4.s)

=

51.45 = 50,3 5b(15.4)=

n = 86

The contents of exchangeable manganese and ascorbic acid-reducible manganese
explained 61,4 % of the variation in the manganese content of the yield. The content
of exchangeable manganese explained 10,0 % of the variation and the content of
ascorbic acid-reducible manganese 48,4 % when the effect of the other independent
variable was kept constant. The content of ascorbic acid-reducible manganese was a
considerably more important independent variable than the content of exchangeable
manganese (Table 24). As regards the statistically insignificant (P=0,05) variables
which were removed from the regression model, the pH explained 3,9 % of the
variation in the manganese content of the yield and the organic carbon content of the
soil 1,7 % when the effects of the other independent variables were kept constant

(Table 24).
The soil pH, organic carbon content and the contents of exchangeable manganese

and ascorbic acid-reducible manganese explained, to a statistically significant degree
(P=0,001), the variation in the manganese content of the 4th ryegrass yield as
follows:



X, = -144,3 4- 34,8 X 2 - 6,0 X 3 4-50,92 X, 4- 1,15 X 5 (F = 44,41"-)
8-1.2345 = 0,687 ®b<12.345)= 15,2
§1.2345 55,9 ®b(13.245)
n = 86 5b(14.235)= 15,10

5b(15.234)
= o>l7

The independent variables explained 68,7 % of the variation in the manganese
content of the yield. When the effects, of the other variables were kept constant, the
soil pH explained 6,1 % of the variation in the manganese content of the yield, the
organic carbon content 5,6 %, the content of exchangeable manganese 12,3 % and
the content of ascorbic acid-reducible manganese 36,8 %. The content of ascorbic
acid-reducible manganese was the most important variable of these independent
variables. The content of exchangeable manganese and the soil pH were almost as
important as each other. The organic carbon content of the soil was the least
important explainer of the variation in the manganese contentof the yield (Table 24).

In the first ryegrass yield, the content of exchangeable manganese of the soil was
the only variable which explained, to a statistically significant degree, the variation in
the manganese content of the yield. However, its importance compared to other
variables decreased in successive yields. The importance of the content of ascorbic
acid-reducible manganese increased with each successive yield. It was the most
important variable starting from the second yield. The soil pH and the organic
carbon content became statistically significant variables by the time that the fourth
yield had been harvested.

The regression models explaining the variation in the manganese content of the
ryegrass yields were studied by comparing the coefficients of multiple determination
of the models, containing all the independent variables, by means of the z-transfor-
mation. The regression equations in which the content ofreducible manganese of the
soil had been determined by different methods were thus compared with each other.
The differences between the coefficients of multiple determination of the different
models were not statistically significant at the 5 % risk level:

CtH/OH)JHONHjCl C 6Hi(OH) 2/C6H,06 HONHICI/C6HaOt

Yield 6 z;—z 2 6 z,— z, 6 z2—z 2
Ist yield -0,10“ -0,10” -0,10“
2nd yield -0,90” -1,02“ —0,12”
3rd yield -1,10” -1,10” 0,00“
4th yield -1,11” -0,79” 0,32“

Table 24. Coefficients of partial (r lx ) correlation between manganese content (mg/kg) of Italian ryegrass
(Lolium multiflorum Lam.) yields I-IV and soil variables, and the beta coefficients (P) between
the variables.

Ascorbic acid-
Exchangeable reducible

pH(CaCl2) Organic C, % Mn, mg/kg Mn, mg/kg
Yield n r 12...

fj r„ p r14... P r, 5 ...
p

Ist yield 86 -0,194"' 0,150"' - 0,581"" 0,581 0,109"'
2nd yield 86 0,057"' 0,020"' - 0,335" 0,281 0,557*" 0,530
3rd yield 86 0,197"' - -0,132"' - 0,316" 0,228 0,696"" 0,661
4th yield 86 0,247" 0,174 -0,236" -0,119 0,351" 0,179 0,607"" 0,714

469
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Regression models were also compared by determining how many statistically
significant variables were needed to form each final equation. It was then found that
when the soil pH, organic carbon content and the contents of exchangeable and
hydroxylammonium chloride-reducible manganese were used as the independent
variables, that in most cases the equation was reduced to the form containing fewer
variables than when some other reducible manganese fraction was used instead of the
content of hydroxylammonium chloride-reducible manganese. In this respect the
content of hydroquinone-reducible manganese proved to be a weaker variable in the
regression equations, and the content of ascorbic acid-reducible manganese to be
almost as good a variable as the content of hydroxylammonium chloride-reducible
manganese.

The content of exchangeable manganese of the soil was an important explainer of
the variation in the manganese content of the first yield in particular. The soil pH had
no statistically significant effect on the variation. Determination of the content of
exchangeable manganese of the soil by means of a non-buffered extractant obviously
also includes the effect of the pH of the soil sample. When buffered extractants are
used to extract manganese, then the soil pH has to be used as an independent
variable, as well as the manganese content, if the variation in the manganese content

of the yield is to be studied (SIPPOLA and KURKI 1981). Similarly, when the
importance of the content of exchangeable manganese, which describes the intensity
factor of soil manganese, decreased, the importance of the content of reducible
manganese, which describes the capacity factor of soil manganese, became more
important with each successive yield. The content of hydroxylammonium chloride-
reducible manganese was the best variable describing the capacity factor of soil
manganese. The pH of the extractant used in determining the content of hydroxyl-
ammonium chloride-reducible manganese of the soil may have been close to the pH
value of the soil samples. Thus the soil pH had no significant effect in describing the
variation in the manganese content of the yield in those cases where the content of
hydroxylammonium chloride-reducible manganese was used as the reducible man-
ganese fraction. The use of the content of hydroquinone-reducible manganese, in
particular, as a describer of the variation in the manganese content of the yield also
presupposed that the pH of the soil was taken into account. When the analytical
methods were tested, it was found that the hydroquinone treatment increased the pH
of the extractant. The importance of the organic carbon content as an explainer of the
variation in the manganese content of the fourth yield may be due to the fact that the
total manganese content decreases as the organic carbon content increases. Initially
the organic carbon content had an opposite effect which may be caused by the fact
that the organic matter in the soil regulates the soil pH and thus, in turn, the content

of exchangeable manganese.
The variation in the manganese content of the yield has been explained, with

varying degrees of success, by means of the water-soluble, exchangeable and EDTA-
and DTPA-extractable manganese of the soil (TISDALE and BERTRAMSON 1950,
HAMMES and BERGER 1960 a, PAGE et al. 1962, BEYME 1971, HOYT and NYBORG
1971, GUPTA 1972, KÄHÄRI and NISSINEN 1978, ROORDA van EYSINGA et al. 1978,
SCHUTZ 1978, 1980). The content of reducible manganese of the soil is usually less
successful at explaining the variation in the manganese content of the yield than the
content of exchangeable manganese (HAMMES and BERGER 1960 a, SEMB and OIEN



1970, BEYME 1971, HOYT and NYBORG 1971, ROORDA van EYSINGA et al. 1978,
DUANGPATRA et al. 1979). According to BEYME (1971) and SCHUTZ (1978,1980), for
instance, the content of reducible manganese of the soil is not a statistically
significant independent variable at all.

The iron content of the soil may have an effect on the manganese content of the
yield. However, the content of extractable iron of the soil was not used as an
explainer of the variation in the manganese content of the yield because the reliability
of the method for determining the content of extractable iron would have first had to
be studied. On the other hand, the iron content of the yield was used as an explainer
of the variation in the manganese content of the yield. However, the iron content of
the yield explained only 0,5 % of the variation in the manganese content of the first
ryegrass yield. The results of the iron determinations were not subsequently used in
the regression calculations.

111 Manganese content of the roots

After the 4th Italian ryegrass yield had been harvested, the pots were emptied.
The roots of the ryegrass plants were carefully separated from the soil, washed and
dried at 75 °C. The manganese content of the roots was determined and was, on the
average, as follows (mg/kg D.M.):

n x s Range
Mineral soil samples 89 109,4 120,3 11,8-1075,5
Mineral soil samples 86 99,0 74,2 11,8- 289,2
Organogenic soil samples 9 55,1 42,9 12,1- 148,9

The distribution of the manganese content in the roots was studied using the
coefficient of skewness. The distribution of the whole mineral soil material was
positively skewed, 5=0,83 (Md=76,2 mg/kg D.M.). When three root samples (27a,
67a and 89a) were omitted the standard deviation decreased but the skewness of the
distribution increased, 5=1,12 (Md=7l,3 mg/kg D.M.). However, because the
calculations concerning the manganese uptake and the manganese content of the
yield were carried out using a material consisting of 86 samples, the results for the
manganese content of the roots were also calculated using 86 samples.

The variation in the manganese content of the roots was studied using soil pH,
organic carbon content and the contents of exchangeable and reducible manganese of
the soil as the independent variables. The contents of hydroquinone-, hydroxylam-
monium chloride- and ascorbic acid-reducible manganese were each used separately
as the reducible manganese fraction together with the other independent variables.
The variation in the manganese content of the roots was studied using the following
variables:

X, manganese content of the roots, mg/kg D.M.
X 2 soil pH
X 3 organic carbon content, % of air-dry soil
X, In content of exchangeable manganese, mg/kg air-dry soil
X 5 content of reducible manganese, mg/kg air-dry soil

6 471
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Soil pH and the contents of exchangeable and hydroguinone-reducible manga-
nese of the soil explained, to a statistically significant degree (P=0,001), the variation
in the manganese content of the roots;

X, = -166,2 + 29,9 X 2 + 35,70 X, + 1,86 X 5 (F = 35,56”“)
245 = 0,565 5*12.45)

=

51.245 = *9,8 5b(14.25)
= 13,42

n = 86 5*15.24,= °-32

The soil pH and the contents of exchangeable and hydroquinone-reducible manga-
nese of the soil explained 56,5 % of the variation in the manganese content of the
roots. Soil pH explained 6,3 % of the variation, the content of exchangeable
manganese 7,9 % and the content of hydroquinone-reducible manganese 28,1 %

when the effects of the other statistically significant (P=0,05) variables were kept
constant. The most important variable was the content of hydroquinone-reducible
manganese and the least important variable soil pH (Table 25). The soil organic
carbon content was not a statistically significant independent variable as it explained
only 2,9 % of the variation when the effects of the other variables were kept constant
(Table 25).

When the content of hydroxylammonium chloride-reducible manganese was
used as the reducible manganese fraction, the contents of exchangeable and hydroxyl-
ammonium chloride-reducible manganese explained, to a statistically significant
degree (P=0,001), the variation in the manganese content of the roots as follows:

X, = -1,3 + 18,01 X 4 + 1,43 X 5 (F = 91,68”“)
Ri .45 = 0,688 sb{i4.s)

= 7,58
5i.45 = 5b(15.4) =

n = 86

The contents of exchangeable and hydroxylammonium chloride-reducible manga-
nese of the soil explained 68,8 % of the variation in the manganese content of the
roots. The content of exchangeable manganese alone explained 6,4 % of the variation
when the effect of the content of the reducible manganese was kept constant, and
correspondingly, the content of hydroxylammonium chloride-reducible manganese
explained 59,3 % of the variation when the effect of exchangeable manganese was
kept constant. The content of hydroxylammonium chloride-reducible manganese
was a much more important variable than the content of exchangeable manganese
(Table 25). As regards the statistically insignificant (P=0,05) variables, the soil pH
explained 0,4 % of the variation and the organic carbon content 1,4 % when the
effects of the other independent variables were kept constant (Table 25).

When the content of ascorbic acid-reducible manganese was used as the reducible
manganese fraction, the contents of exchangeable and ascorbic acid-reducible man-
ganese explained, to a statistically significant degree (P=0,001), the variation in the
manganese content of the roots as follows:

x, = -6,1 + 18,04 X 4 4- 1,15 X 5 (F = 114,32”“)
Rl .45 = 0*734 5b(14.5) =

51.45 = sb(ls.4) = o*o9
n = 86
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Table 25. Coefficients of partial (r,„ ) correlation between manganese content (mg/kg) of roots of Italian
ryegrass (Lolium multiflorum Lam.) and soil variables, and the beta coefficients (P) between the
variables.

Exchangeable Mn,

P H(CaCI 2) Organic C, % mg/kg
" r ts... P rl5 P r, 5. P

Roots 86 0,252" 0,237 -0,170" - 0,282° 0,320
Roots 86 0,065"' -0,118"' - 0,252" 0,161
Roots 86 0,095"' -0,126"' - 0,274" 0,162

Reducible manganese, mg/kg

QH4(OH)2 HONH,CI C 6H 8Ot

■"is P fis... P fis... P
0,530"" 0,552 - - -

0,770"" 0,747
0,807" 0,777

The contents of exchangeable and ascorbic acid-reducible manganese of the soil
explained 73,4 % of the variation in the manganese content of the roots. The content
of exchangeable manganese explained 7,5 % of the variation and the content of
ascorbic acid-reducible manganese 65,2 % when the effect of the other statistically
significant (P=0,05) variable was kept constant. The importance of the content of
exchangeable manganese was minor compared with the content of ascorbic acid-
reducible manganese (Table 25). As regards the statistically insignificant variables,
the soil pH explained 0,9 % of the variation and the organic carbon content 1,6 %

when the effects of the other variables were kept constant (Table 25).
The different regression equations were compared with each other. The soil pH,

organic carbon content and the content of exchangeable manganese were used as the
independent variables in all the equations. The contents of hydroquinone-,
hydroxylammonium chloride- and ascorbic acid-reducible manganese were used
alternatively as the reducible manganese fraction. According to the following results,
the differences between the coefficients of multiple determination, calculated using
all the variables, were not statistically significant (P=0,05):

CfH4(OH)2 /HONHjCI C 6 H4(0H)! /C6H g06 HONHjCI/CJHsO 6
6 Z/—z 3 6 z,-z3 6 2j-Zj

1,36“ -1,96“ -0,60“

When the content of hydroquinone-reducible manganese was used as an inde-
pendent variable in the regression equation, the soil pH and the contentof exchange-
able manganese were also included as independent variables. When either the content
of hydroxylammonium chloride-reducible or ascorbic acid-reducible manganese was
used as the reducible manganese fraction, the soil pH and the organic carbon content
were eliminated from the regression equation. The hydroxylammonium chloride-
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and ascorbic acid-reducible manganese fractions were considered to be better
independent variables than the content of hydroquinone-reducible manganese.

The variation in the manganese content of the roots was well explained by the
variables describing capacity factors of soil manganese. The variable describing the
intensity factor of the soil manganese explained only a small proportion of the
variation in the manganese content. However, its significance became pronounced
when the content of hydroquinone-reducible manganese was used as the capacity
factor of soil manganese.

The manganese content of the roots growing in the mineral soil samples was, on
the average, 56 ±7 % of the manganese content of the 4th yield. The variation ranged
from 18 to 236 %. According to ERKAMA (1947), plant roots are more sensitive to
high manganese contents than shoots. However, depending on the plant species, the
roots may tolerate quite high manganese contents without any decrease in the dry-
matter yield of the roots. According to REHAB and WALLACE (1978), for instance,
the manganese content of cotton roots may increase as much as many hundreds and
even to thousands of mg/kg without any decrease in the dry-matter yield of the
roots.

C. Effect of liming on manganese availability

Liming is used to decrease excessive soil acidity. However, liming also decreases
the content of exchangeable manganese of the soil (CHRISTENSEN et al. 1950,JONES
1957 b, SANCHEZ and KAMPRATH 1959, WHITE 1970, GUPTA 1972, ANDERSSON and
NILSSON 1976, OSMAN et al. 1978, KOWALENKO et al. 1980). If the content of
exchangeable manganese of the soil decreases too much, the plant stand starts to
suffer from manganese deficiency (e.g. GISIGER and HASLER 1948, KOWALENKO et
al. 1980). However, liming can also be used to decrease contents of exchangeable
manganese which are toxic to the plants (GUPTA et al. 1973). The decrease in the
content of exchangeable manganese of the soil brought about by liming is not based
exclusively on the increase in the soil pH. The divalent manganese ions may be
bound through chemisorption onto the surface of the calcite, and the sorption of
added manganese is also proportional to the particle-size of the calcite (McBRIDE
1979).

The effects of liming material and manganese fertilizer on the content of
extractable manganese of the soil, on the amount of manganese removed in the yields
and on the manganese content of the yield were studied by means of pot experi-
ments. The treatments were liming and manganese fertilization as follows:

Calcite
Liming g/kg air-dry soil t/ha-20 cm
L 0 0 0
L, 1,7 3,5
L 2 3,4 7,0
L, 6,9 14,0
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Manganese Manganese as MnS0 4 -4H 20
application mg/kg air-dry soil kg/ha-20 cm

Mn0 0 0
Mn, 2,86 5,7
Mn3 8,57 17,2
Mn, 25,71 51,5

The experiments were carried out with four replicates. In the incubation experi-
ment 0,5 liter polythene pots were used and in the experiment with turnip rape 5 liter
Mitscherlich-pots. The soil used in the experiments was fine sand (109a, Appendix
1). The soil in the pots was fertilized at the start of the experiments as follows:

Nutrient mg/kg soil Compound
N 292 NH,NO3

P 117 K2 HP0 4

K 292 K2 HP0 4

Mg 58 MgS04 -7H 2 0
S 81 MgSCV7H20, CuS04-5H20, ZnS0 4 7H20
B 1,5 H 3BO,
Cu 4,4 CuS0 4 5H 20
Zn 2,9 ZnS0 4-7H 20
Mo 1,5 Na 2Mo0 4 2H 20

The nutrients were added to the soil samples as aqueous solutions, the soil samples
then being mixed in a plastic dish and transferred to the pots.

In the incubation experiment 343 g of air-dry soil was weighed out per pot.
Calcite was mixed to the soil at the start of the experiment. Manganese was added to
the soils as an aqueous solution. The soil in the pots was watered to a moisture
condition equivalent to 20 % of the soil weight. After watering the pots were
covered with polythene film in order to decrease evaporation. However, the film was
perforated with small holes in order to prevent the development of anaerobic
conditions in the pots. The pots were placed in a greenhouse consisting of a roof of
glass and walls of wire netting. The pots were weighed twice during the growing
season and the water which had evaporated was replaced. After four months
incubation, the pots were transferred to a store maintained at constant temperature
(5 °C) for the winter. The following spring the pots were again transferred to the
greenhouse and incubation continued till the autumn. The experiment was termi-
nated, the soils were left to dry to the air-dry state and the content of extractable
manganese then determined. The incubation time totalled 16 months.

In the experiment with turnip rape 3430 g of air-dry soil was weighed out into 5
liter Mitscherlich-pots. The liming and manganese fertilization treatments were
carried out in the same way as in the incubation experiment. 10 turnip rape (Brassica
campestris oleifera L.) seeds were sown in each pot at a depth of about 1 cm. The soil
was carefully watered and the pots kept covered with polythene film untill the turnip
rape sprouted. Two weeks after sowing the number of plants was thinned to seven
per pot. However, owing to poor sprouting and damping-off, there were only five or
six seedlings in some of the pots. The number of seedlings was increased to 7by
transferring seedlings from the replicates, and by reseeding. Manganese fertilizerwas
added as an aqueous solution after thinning the seedlings. The experiment was
carried out in a greenhouse comprising a roof of glass and walls of wire netting. The
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pots were watered every day. Any water which collected in the dishes under the pots
was poured back into the pots and enough deionized water added until water began
to drip into the dish under the pot. The yield was harvested when the turnip rape
plants were covered with about 80 % blossom. The yield was dried at 60 °C,
weighed, milled and the manganese content determined. Soil samples were taken for
analysis. The rest of the soil was stored in pots during the following winter. The next

spring the soil from the pots was homogenized and fertilized with nitrogen and
potassium in the same way as the previous spring. Liming and manganese fertiliza-
tion were not repeated. Seeding with turnip rape, care of the experiment, harvesting
and the taking of soil samples were carried out in the same way as the previous
autumn.

I Effects of liming material and applied manganese on the content of
extractable manganese of the soil

The effects of liming material and added manganese on the content of extractable
manganese of the soil were studied by determining the contents of exchangeable and
hydroquinone-reducible manganese of the soil used in the incubation and turnip
rape experiments.

In the incubation experiment, added manganese increased the contents of
exchangeable and hydroquinone-reducible manganese of the unlimed soils (Table
26). However, the changes were small since after incubation for 16 months only 4 to
8 % of the added manganese was recovered from the exchangeable and 2 to 4 % from
the hydroquinone-reducible soil manganese fractions. A total of 6 to 10 % of the
added manganese was recovered from the fractions which were determined (Table
26).

Depending on the amount used, calcite decreased the content of exchangeable
manganese by 45 to 83 %. However, the content of hydroquinone-reducible
manganese increased at the same time by 93 to 124 %. The summed content of
exchangeable and hydroquinone-reducible manganese thus decreased by only 11 to
38 % (Table 26).

Depending on the amount of calcite added, 0 to 6 % of the added manganese was
present in the form of exchangeable manganese in the limed soil samples (Table 26).
Thus the decrease in the content of exchangeable manganese brought about by calcite
application could not have been prevented by adding large amounts of manganese.
The smallest amount of calcite added (L) = 3,5 t/ha-20 cm) brought about an
increase in the content of hydroquinone-reducible manganese but the highest
amount of calcite added (L 4 = 14 t/ha •20 cm) appeared to have induced the
conversion of exchangeable as well as added manganese into some form other than
hydroquinone-reducible manganese (Table 26). In the limed soil samples, 0 to 19 %

of the added manganese was recovered from the fractions of exchangeable and
hydroquinone-reducible manganese.

The soil pH, organic carbon content and the contentof hydroquinone-reducible
manganese explained 67 % of the variation in the content of exchangeable manganese
of the plough layer of the mineral soil samples (p.429). The content of exchangeable
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Table 26. Effect of liming and manganese fertilization on contents of exchangeable and hydroquinone-
reducible manganese in the incubation experiment.’*

Soil Exchangeable manganese, Hydroquinone-reducible Mn Sum of the fractions,
Treatment pH tng/kg %of added mg/kg %of added mg/kg %of added

LoMno 4,6 8,9C -2, 11,8C

Mn, 9,0bc 3,5 I,o* 3,5 U.O 1* 7,0
Mn, 9,2 b 3,5 3,l«h 2,3 12,3** 5,8
Mn, 11,0* 8,2 3,3« 1,6 14,3" 9,7

L, Mn 0 5,0 4,9' 5,6' 10,5'
Mn, 5,0' 3,5 5,8' 7,0 10,8d' 10,5
Mn, 5,4' 5,8 10,5 12.1 1* 18,7
Mn, 5.9" 1 3,9 6,7* 4,3 12,6b 8,2

L 2 Mn0 5,4 2,7h
- 9,2*

Mn, 2,7h 0,0 (~5* 0,0 9,2» 0,0
Mn, 2,8* 1,2 7,0° 5,8 9,8' 7,0
Mn, 3,0» 1,2 8,2* 6,6 11,2d 7,8

L4 Mn 0 6,0 1,5' - 5,8' - 7,3'
Mn, 1,5' 0,0 5,8' 0,0 7,3' 0,0
Mn, 1,6' 1,2 6,3' 5,8 7,9h 7,0
Mn, \,T 0,8 7,4b 6,2 9,1" 7,0

* Data in each column has been tested separately.

manganese of the incubated soils was calculated using the regression equation. Soil
properties which were affected by the calcite treatments were used as independent
variables in the regression equation and the results were compared with those of soil
analysis:

Exchangeable Mn, mg/kg air-dry soil
According to According to

Liming regression equation soil analysis
L 0 7,5 ± 0,0 8,9 ± 0,3
L, 5,3 ± 0,1 4,9 ± 0,4
L 2 4,1 ± 0,0 2,7 ± 0,2
L, 2,8 ± 0,0 1,5 ± 0,0

The content of exchangeable manganese of the unlimed soil samples was about 19
% higher than that derived from the regression equation. However, the calcite
treatment decreased the content of exchangeable manganese faster than would have
been presupposed from the changes in the independent variables. Calcite may have
chemisorbed exchangeable manganese and the content of exchangeable manganese
thus decreased more than would have been supposed on the basis of the changes in
the soil pH and in the content of hydroquinone-reducible manganese.

In the unlimed soil samples in the turnip rape experiment, manganese addition
increased the content of exchangeable manganese. 11 to 57 % of the added manga-
nese was recovered from the exchangeable manganese fraction, and 18 to 63 % when
the manganese uptake of the yield was calculated as part of the exchangeable
manganese fraction (Table 27). However, the results may perhaps not to be this good
because the maintenance of added manganese in exchangeable form was obviously
affected to a great extent by the plant stand (Tables 26 and 27).
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Table 27. Effect of liming and manganese fertilization on contents of exchangeable and hydroquinone-
reducible manganese in the pot experiment with turnip rape (Brassica campestris oleifera L.).*

Soil Exchangeable Mn, Hydroquinone-reducible Mn Sum of the fractions,
Treatment pH rng/kg %of added m g/kg %of added mg/kg %of added

L„MnO 4,6 6,9C
- 3,1' - 10,0*

Mn, 7,2 C 17,5 4,3ij 42,0 11,5* 59,4
Mn3 11,0b 55,8 5,2 Wi 24,5 16,2C 80,3
Mn, 21,5* 63,3 6,0* 14,8 28,4* 78,1

L, Mn 0 5,0 3,7'f - 9,o*
Mn, 4,l<fc 19,6 6,6* 45,5 10,7** 65,0
Mn, 25,6 9,5d 49,0 15,lc 74,8
Mn, 11,lb 32,8 17,2b 46,3 28,3' 79,0

L2 Mn 0 5,4 2,5rf
- - 8,2 f*

Mn, 2,8d 12,9 7,5 e' 62,9 10,3rf 75,9
Mn, 3,7** 15,8 10,2cd 52,5 13,9cd 68,3
Mn, 6,5C 17,7 20,1* 56,0 26,6,b 73,7

L4 Mn„ 6,0 1,5» - 6,2* 7,7*
Mn, 1,3* 0,0 7,6* 49,0 8,9* 45,8
Mn, 1,9» 6,4 11,6C 63,0 13,5"* 69,4
Mn, 2,7* 5,8 21,5* 59,5 24,2 b 65,3

* Data in each column has been tested separately.

Depending on the amount of calcite added the content of exchangeable manga-
nese decreased by 46 to 78 % in the soil samples used in the turnip rape experiment.
When the amount of manganese uptake of the yield was included in the exchangeable
manganese fraction, then the addition of calcite decreased the content of exchange-
able manganese by 45 to 75 % (Tables 27 and 29). Although liming brought about an
increase in the content of hydroquinone-reducible manganese, the sum of the
contents of exchangeable and reducible manganese decreased (Table 27). A part of
the exchangeable manganese present in the soil and a part of the added manganese
had also been converted into a form other than hydroquinone-reducible manganese.

The contents of exchangeable manganese of the soil samples of the turnip rape
experiment were also compared with the contents of exchangeable manganese
calculated using the regression equation (p. 429). The soil properties pH, organic
carbon content and the content of hydroquinone-reducible manganese, which were
affected by liming were used as the independent variables. The results were as
follows:

Exchangeable Mn, mg/kg air-dry soil
According to According to

Liming regression equation soil analysis
L„ 6,4 ± 0,2 6,9 ± 1,7
L, 5,2 ± 0,1 3,7 ± 0,3
U 4,0 ± 0,1 2,5 ± 0,5
L, 2,7 ± 0,1 1,5 ± 0,3

The content of exchangeable manganese of the unlimed soil samples was about 8
% higher than that calculated by means of the regression equation. If the calcite
treatment had reduced the content of exchangeable manganese only according to the
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changes in the soil pH and in the content of hydroquinone-reducible manganese,
then the content of exchangeable manganese of the limed soil samples would have
had to be 8 % higher than the contents calculated by means of the regression
equation.

When the soils were incubated for 16 months, only a small percentage of the
added manganese remained in exchangeable form. The added manganese remained as
exchangeable manganese in both unlimed and limed soils, in greater amounts in the
pots with a plant stand than in incubated soils. This may be caused by the easily
oxidizing organic compounds produced by the plant stand. Organic compounds act

as reducing agents of manganese compounds during oxidation. According to GODO
and REISENAUER (1980), the availability of soil manganese is controlled by the
combined effects of soil properties, plant characteristics, and the interaction of plant
roots and the surrounding soil.

II Effects of liming and manganese fertilization on the manganese uptake
and manganese content of the yield

The effects of liming and manganese fertilization on the manganese uptake and
manganese content of the yield were studied by means of a two-year turnip rape
experiment. The residual effects of the treatments were studied during the second
year.

Yield
In the first year a small amount of added manganese (Mn, = 5,7 kg/ha ■ 20 cm)

had no statistically significant (P = 0,05) effect on the yield. The largest amount of
manganese added (Mn, = 51,5 kg/ha • 20 cm) decreased the yield in the unlimed soil
samples but in the limed ones added manganeseappeared to have no injurious effects
(Table 28). In the second year, calcite increased the yield but added manganese had
no effect on the yield (Table 28).

Table 28. Effect of liming and manganese fertilization on the yield (g/pot) of turnip rape (Brassica
campestris oleifera L.) in the first year and the residual effect in the second year.*

LimingManganese 2

Year application L 0 L] L 2 L 4
1980 Mn0 28,l cd 33,9abo 35,l ,bc 37,l'bc

Mn, 37,7lbc 40,rb 35,0* bc 39,7*b

Mn, 32,3'bc 31,6bcd SS^11

Mn, 23,8 d 35,7**" 29,6bcd 43,6'
1981 Mn0 23,3"* 29,8* b 31,7* 28,9***

Mn, 27,4*bcd 30,3* 29,0,bc 31,0*
Mn3 21,7d 28,!*1* 28,9' bc 29,4*bc

Mn, 23,6bcd 30,l*b 30,3* 28,9*bc

* The results for each year have been tested separately.
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Manganese uptake of the yield
In the first year calcite decreased, to a statistically significant degree (P = 0,05),

the manganese uptake of the yield. On the other hand, added manganese increased
the manganese uptake of the yield and hence the decrease in manganese which was
brought about by the medium amount of calcite (L 2 = 7 t/ha •20 cm) could be
prevented by means of manganese fertilization (Table 29). In the unlimed soil
samples, the manganese uptake of the yield was about 36 to 39 % of the amount of
manganese added. Liming decreased the manganese uptake of the yield when it was
calculated in per cent of added manganese:

Manganese Mn uptake of the yield, % of added Mn
application L 0 L, L 2 L4

Mn, 36 56 31 25
Mn, 39 35 17 14
Mn, 39 26 15 10

In the second year the residual effect of added manganese was statistically
significant (P = 0,05) in the unlimed soil samples although the effect of added
manganese had decreased compared with that in the first year (Table 29). In the
limed soil samples, added manganese had no effect on the manganese uptake of the
yield in those cases where the amount of manganese added the previous year had
been less than the Mn 3 level, i.e. 17,2 kg/ha •20 cm (Table 29). On the other hand,
the residual effect of the largest amount of added manganese (Mn, = 51,5 kg/ha • 20
cm) was statistically significant (P = 0,05) when the amount of calcite added was not
higher than the L 2 level (7 t/ha •20 cm). The yield harvested in the second year took
up 0 to 39 % of the manganese added in the first year:

Manganese Mn uptake of the yield, % of added Mn
application L 0 L, L 2 L<

Mn, 31 0 0 11
Mn, 39 0 0 3
Mn, 25 14 6 1

Table 29. Effect of liming and manganese fertilization on manganese uptake (mg/pot) by turnip rape
(.Brassica campestris oleifera L.) in the first year and the residual effect in the second year.*

Liming
Manganese -

Year application L 0 L, L 2 L<
1980 Mn0 1,70cd 0,84g 0,60e 0,76*

Mn, 2,06 c 1,40drf 0,91» 1,01 f«

Mn, 2,86 b 1,90cd 1,12''» 1,18rfg

Mn, 5,18a 3,17* 1,94c 1,63cd '

1981 Mn0 1,29d 1,26d 0,83' 0,59*
Mn, 1,62c 1,24d 0,77' 0,70*.
Mn, 2,46 b 1,20d 0,82' 0,67*
Mn, 3,52' 2,49b 1,40cd 0,71'

* The results for each year have been tested separately.
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In the unlimed soil samples, the yields took up 64 to 78 % of the added
manganese. The good result obtained with the unlimed soil samples may partly have
been caused by the fact that 18 to 63 % of the added manganese remained as
exchangeable manganese throughout the experiment (Table 27). However, the
result may be partly apparent and it might have been brought about by the indirect
effect of the plant stand since, according to the corresponding results obtained with
the incubated soil samples, only 4 to 8 % of the added manganese was retained as
exchangeable manganese (Table 26).

According to HOYT and NYBORG (1971), the manganese content of turnip rape
harvested soon after blossom development is, on the average, 244 mg/kg D.M.
(47-588 mg/kg D.M.). As the manganese content of turnip rape does not essentially
deviate from the manganese content of Italian ryegrass, the regression equation
calculated on the basis of the results of the Italian ryegrass experiment (p.455) was
applied to the results of the turnip rape experiment. The results were calculated as
relative values with respect to the manganese uptake of turnip rape grown on the
unlimed soil samples. The regression equation describing the variation in the manga-
nese uptake of the first Italian ryegrass yield was applied to the turnip rape results for
the first year. Correspondingly, the turnip rape results for the second year were used
in the regression equation describing the variation in the manganese uptake of the
second Italian ryegrass yield (p. 455). The soil properties affected by the liming
treatment were used as the independent variables. The results were as follows:

Relative Mn uptake of the yield
Lo L] L 2 L4

1980 Measured uptake 100 49 35 45
Calculated uptake 100 52 38 28

1981 Measured uptake 100 98 64 46
Calculated uptake 100 74 66 62

The manganese uptake of turnip rape followed rather closely in the first year but
only fairly in the second year the manganese uptake derived from the regression
equation describing the variation in the manganese uptake of Italian ryegrass.

Manganese content of the yield
The smallest amount of manganese added (Mnt = 5,7 kg/ha • 20 cm) had no effect

on the manganese content of turnip rape. On the other hand, the largest amount of
manganese added (Mn 9 = 51,5 kg/ha • 20 cm) increased the manganese content of the
yield by about four times compared to the manganese content of the yield obtained
without the addition of manganese to the soil (Table 30). In the first year liming
decreased the manganese content of the yield by about one third compared to the
content of the yield without the addition of calcite to the soil. The decrease in the
manganese content of the yield which was brought about by liming could be only
partly prevented by means of manganese application (Table 30). In the second year,
the effect of manganese fertilizer was considerably reduced compared with the effect
in the first year. Only the largest amount of manganese added (Mn 9 =51,5 kg/ha • 20
cm) was now sufficient to compensate for and only slightly to increase the manga-
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Table 30. Effect of liming and manganese fertilization on manganese content (mg/kg D.M.) of turnip
rape {Brassica campestris oleifera L.) in the first year and the residual effect in the second year.*

w Limine
Manganese

Year application L 0 L, L 2 L 4
1980 Mn 0 61,2C 25,9rf 17,2f 20,6'

Mn, 56,0 cd 34,9e( 25,8tf 24,9*'
Mn, 91,2b 60,6C 35,2d 32,6rf

Mn, 256,1' 89,7* 66,3C 39,7d<

1981 Mn0 61,8d 37,6<8h 27,7fgh 23,7 h

Mn, 59,4 d < 40,8rfBh 26,7Bh 22,5 h

Mn, 112,5b 42,5e'8 28,4,gh 22,9 h

Mn, 146,9' 82,4' 46,2c( 24,2 h

* The results for each year have been tested separately.

nese content of the yield when calcite was applied at the L 2 level (3,5 t/ha •20 cm)
only (Table 30).

The decrease in the manganese content of turnip rape brought about by liming
was studied using the regression equation calculated for the variation in the manga-
nese content of Italian ryegrass (p. 463). The results were calculated as relative values
of the results obtained in the turnip rape experiment for the liming treatment only.
The manganese content of the turnip rape in the first year was compared with the
results obtained from the regression equation describing the variation in the manga-
nese content of Italian ryegrass in the first yield. Correspondingly, the manganese
content of the turnip rape in the second year was compared with the results obtained
from the regression equation describing the variation in the manganese content of
Italian ryegrass in the second yield (p. 463). Liming decreased the manganese content
of the turnip rape in the first year by a slightly faster rate than was estimated on the
basis of the content of exchangeable manganese of the soil. On the other hand, in the
second year of the experiment the decrease in the manganese content was much
higher than was estimated on the basis of the soil pH and the content of exchangeable
manganese:

Relative Mn content of the yield
L 0 L, L 2 L4

1980 Measured content 100 42 28 34
Calculated content 100 52 38 28

1981 Measured content 100 61 45 38
Calculated content 100 69 59 52

The added manganese was converted, by liming, into the form of reducible
manganese. In the experiments with Italian ryegrass, it was found that the reducible
manganese in the soil is a potential source of manganese for the plants. However, the
variations in the manganese uptake and content of the first yield were primarily
regulated by the content of exchangeable manganese of the soil. Thus the conversion
of added manganese, brought about by liming, into the reducible form of manganese
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was an unfavourable process. However, the manganese content of turnip rape
increased when manganese was added, but the medium amount of calcite added (L 2
= 7 t/ha • 20 cm) was enough to prevent the increase in the manganese contentof the
yield which otherwise would have been produced by manganese application, or was
enough to decrease the manganese. content of the yield in spite of manganese
application.

The decrease in the content of extractable manganese of the soil and the decrease
in the manganese content of the yield brought about by liming cannot very easily be
compensated by manganese application. According to GUPTA (1972), for instance, if
the soil pH increases from 4,2 to 6,2 then the manganese content of the yield
decreases to about one fifth part of the original level. At the same time, heavy
manganese fertilization is not even enough to compensate for the decrease in the
manganese content of the yield brought about by liming.

Discussion

The only correct method of determining plant-available manganese would be to
cultivate the plant in the soil under study. The growth factors would then regulate
the manganese uptake and manganese content of the yield. It is possible, by
determining the manganese uptake and manganese content of the yield, to describe
the availability of soil manganese. However, this method gives information about the
availability of soil manganese too late when considering the availability of soil
manganese from the point of view of the produced yield. Means and methods for
determining in advance the availability of soil manganese are therefore required.
However, soil analyses give information about certain growth factors only. It is
hardly possible using these analytical methods to describe accurately the plant-
availability of soil manganese.

The variation in the manganese uptake and manganese content of the yield can be
described by determining the content of extractable manganese of the soil, soil pH
and organic carbon content of the soil. At the start of the yield development the
intensity factor of soil manganese, i.e. the content of exchangeable manganese, is an
important variable. The greater the number of yields harvested, the less important is
the significance of the intensity factor of soil manganese. However, at the same time,
the capacity factor of soil manganese, i.e. the content of reducible manganese,
gradually becomes an important variable. The content of hydroxylammonium
chloride-reducible manganese of the soil appears to depict rather well the capacity
factor of soil manganese.

Explaining the variation in the manganese uptake and in the manganese content

using soil characteristics is much more difficult in the case of the first yield than of
the following yields. A low value for the coefficient of multiple determination in the
case of the manganese uptake and the manganese content of the first yield could be
attributed to many factors. The amount of nutrients in the seeds, low nutrient
requirements compared to the amounts available at the beginning of growth of the
yield and the growth stage of the plant roots are contributing factors. Some results of
the amounts of manganese available to plants from the seeds are as follows;



484

Mn Mg/1000 seeds
Avena sativa L. (cv. Nasta) 2080
Triticum aestivum L. (cv. Ruso) 2380
Lolium multiflorum Lam. (cv. Leda) 149
Brassica campestris oleifera L. (cv. Candle) 73
Trifolium pratense L. (cv. Venla) 38

The amount of manganese present in the seeds of plants which produce small
seeds is not high but might affect to some extent the rather weak coefficient of
multiple determination. In the pot experiment with Italian ryegrass, the amount of
manganese in the seeds corresponds to 4,4 % of the manganese uptake of the first
yield. The amount of exchangeable manganese in the soil was, on the average, more
than seven times higher than the manganese uptake of the first yield. This indicates
that the intensity factor of soil manganese should perhaps be determined using less
effective extraction solutions than were used in this study. During the growth of the
first yield the plant roots might not have developed enough, and therefore the
manganese uptake and manganese content of the first yield were smaller than in the
following yields. The manganese uptake is also extremely slow compared to that of,
for instance, potassium (KANNAN and KEPPEL 1976). During the initial phase of
growth, the plant roots might not be able to produce enough oxidizing organic
compounds. It is therefore not to be expected that the content of reducible
manganese of the soil, which describes the capacity factor of soil manganese, would
explain the variation in the manganese uptake and in the manganese content of the
first yield.

Variables describing intensity and capacity factors of soil manganese are reg-
ulated by various factors. For instance, liming decreases the content of exchangeable
manganese of the soil but increases at the same time the content of reducible
manganese. However, the manganese uptake and manganese content of the yield
decreases at the same time, and the change is larger than that estimated on the basis of
changes in the soil pH. The manganese uptake of the yield can be affected by means
of manganese fertilization. If liming and manganese fertilization are carried out in the
same year, the effect of manganese fertilization is rather weak and of short duration.
As the decrease in the manganese uptake and manganese content of the yield caused
by liming cannot be fully compensated for by means of manganese fertilization,
liming should be carried out with careful consideration.

Manganese is often linked with the factors regulated by the soil redox potential.
However, soil manganese is not reduced as rapidly as the changes in the soil redox
potential would indicate. Manganese reduction, however, starts at that redox poten-
tial where theoretically the reduction of synthetic manganese oxides also starts.
According to the results of this study, the importance of the soil redox potential as a
factor regulating the content of exchangeable manganese of the soil might be less
important than has hereto been supposed. The soil redox potential is more likely to

be the result of oxidation and reduction reactions in the soil as the cause of them. The
results of, for instance, COLLINS and BUOL (1970), PATRICK and HENDERSON (1981
b) and OTTOW (1982) support this view. In addition, the results concerning the effect
of easily oxidizing organic matter on the content of exchangeable manganese
illustrate the importance of electron donors. Although there is organic matter present
in the soil, it appears to be mainly organic matter which has already been oxidized
and hence can no longer act as an electron donor. The organic compounds excreted
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by plant roots appear to be important in this respect as reducing agents of manganese
compounds (GODO and REISENAUER 1980).

Soil micro-organisms are able to oxidize and reduce manganese and thus affect
the amount of available manganese in the soil (BARBER and LEE 1974). According to
the results of the incubation experiments, the significance of easily oxidizing organic
matter as a factor increasing the content of exchangeable manganese seems to be
more important than the microbial activity. In intensive cultivation, the content of
reducible manganese of the soil describes rather well the variation in the manganese
uptake and the manganese content of the yield. As reducible manganese can
presumably be reduced through the action of plant roots exudates, the importance of
microbial activity in the reduction of soil manganese would thus appear to be less
than expected.

According to GODO and REISENAUER (1980), the effect and importance of
microbial activity are secondary in the reduction of soil manganese because the plant
is able to grow as well in a sterile as in a non-sterile medium. Microbial activity may
be more important as a factor regulating the soil manganese intensity than the
capacity because the content of exchangeable manganese of the soil is less able to

explain the variation in the manganese uptake and the manganese content of the first
yield than the content of reducible manganese in the following yields.

The intensity and capacity factors of soil manganese are important variables
describing the variation in the manganese uptake and the manganese content of the
yield. The intensity factor is described by means of the content of exchangeable
manganese and the capacity factor by means of the content of reducible manganese.
The factor describing capacity appears to be based on manganese compounds in the
soil which have manganese in the oxidation states, Mn 3+ and Mn4+

. The manga-
nese corresponding to these oxidation states may be principally the manganese in
secondary minerals, such as manganese oxides and oxyhydroxides. The manganese in
the oxidation state Mn 3+ has, however, not yet been identified in the soil (McKENZIE
1972). Mn 3+ hardly exists in the soil solution because it is subject to disproportiona-
tion in aqueous solution, forming Mn 2+ and Mn0 2 (STUMM and MORGAN 1970,p.
525). The factor describing the soil manganese intensity is based on manganese in the
oxidation state Mn2+

, including the manganese which occurs in soil solution and as
exchangeable manganese in the soil.

The pH corresponding to the zero point of charge of manganese oxides and
oxyhydroxides is usually lower than 4,5 (PARKS 1965). As a result of ligand exchange
of anions, the pH of the ZPC of oxides and oxyhydroxides can be diminished. It is
apparent when the soil is extracted that there are small-sized oxide- and oxyhydrox-
idepolymers of manganese in the extraction suspension, and in these polymers the
manganese occurs in the oxidation states Mn 4+ and Mn3+

. If the soil extraction is
carried out at a higher pH than the pH of ZPC of the manganese oxides and
oxyhydroxides, then the polymers are charged negatively. Owing to the size of the
polymers and the way extraction is carried out, variable amounts of polymers pass
into the extraction filtrate. As the plants primarily take up manganese as Mn 2+

, soil
extractable manganese in the oxidation state Mn 2+

, at least, should be determined.
The cation exhange resin extraction procedure modified in this study seems to be
suited for this purpose. It is possible using this method to extract the manganese in
the soil solution in cationic form and the exchangeable soil manganese in cationic
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form. Furthermore, it is possible to prevent negatively charged manganese polymers
with oxidation state of manganese Mn 4+ and Mn 3+ passing into the filtrate. On the
other hand, manganese oxides and oxyhydroxides are a potential source of
manganese for plants. However, the manganese in oxides and oxyhydroxides must
first be reduced to the oxidation state Mn2+ before it becomens available for plants. A
modified cation exchange resin method including treatments with reducing agents
seems to be well suited for the determination of soil reducible manganese because it
is possible using this method to determine the manganese reduced to the oxidation
state Mn 2+ during the extraction, in particular.

Summary

The aim of this study was to determine the plant-available manganese in the soil.
Exchangeable and reducible manganese in the soil were determined and then used,
together with the results of other soil analyses, as independent variables in studying
the variation in the manganese uptake and manganese content of the yield. In
addition, the factors affecting the variation in the content of extractable manganese of
the soil, and whether it is possible to affect this variation were studied. The research
material consisted of 193 mineral soil samples and 17 organogenic soil samples. In the
mineral soil samples there was 98 plough layer soils and in the organogenic soil
samples 9 plough layer soils. Oats {Avena saliva L.), Italian ryegrass (Lolium
mulltflorum Lam.) and turnip rape (Brassica campestris oleifera L.) were used as the
test plants in the pot experiments.

A cation exchange resin method was developed for extracting soil manganese.
The method enabled both exchangeable and reducible manganese to be determined
with adequate reproducability. Exchangeable manganese comprised the manganese
which was freely present in the soil solution in the cationic form as well as the
manganese in the cationic form which could be exchanged from the soil. Reducible
manganese was the manganese reduced to the oxidation state Mn 2+

, by the action of
hydroquinone, hydroxylammonium chloride or ascorbic acid.

The total iron content of the soil explained 30 to 66 % of the variation in the
total manganese content of the soil. The variation was explained to a minor extent by the
clay content, by the pH in plough layer samples of mineral soils and in all the mineral
soil samples, and by the organic carbon content in plough layer samples of mineral
soils. The content of reducible manganese, the pH and the organic carbon content

explained 53 to 67 % of the variation in the content of exchangeable manganese of
the soil. The content ofreducible manganese was a slightly more important indepen-
dent variable than soil pH. The importance of the organic carbon content as an
independent variable was minor compared with the other variables studied. The
contents of hydroquinone-, hydroxylammonium chloride- and ascorbic acid-reduc-
ible manganese were of almost equal importance as independent variables when
explaining the variation in the content of exchangeable manganese. The soil "total”
manganese content explained, to a minor extent, 18 to 34 % of the variation in the
content of reducible manganese of the soil.

The content of exchangeable manganese of the soil did not depend on soil



moisture when the moisture was lower than the field capacity. On the other hand,
the content of exchangeable manganese of the soil was increased by the presence of
the plant stand, when compared with the incubated soil samples. According to the
soil redox potential measurements, soil moisture depressed the redox potential only
when the soil moisture was higher than the field capacity. The roots of the plant
stand had an appreciable, soil redox potential-depressing effect. The content of
exchangeable manganese of the soil began to increase when the soil redox potential
dropped below 0,59 V. However, the content of exhangeable manganese did not
increase by nearly as much as the theoretical reduction of synthetic manganese
oxides would have presupposed. The content of exchangeable manganese increased
following the inactivation of microbial activity and the addition of glucose. How-
ever, this did not depend very much on the degree of inactivation. It was concluded
that the reduction of soil manganese in nature is both biological and non-biological.
Easily oxidizing organic compound rapidly reduced soil manganese.

The content of exchangeable manganese of the soil explained 23 % of the
variation in the manganese uptake and 34 % in the manganese content of the first
yield. The more yields that were harvested, the smaller the significance of the content
of exchangeable manganese appeared to be as an explainer of the variation in the
manganese uptake and in the manganese content of the yield. On the other hand, the
importance of the content of reducible manganese increased according to the number
of yields harvested. The content of hydroxylammonium chloride-reducible manga-
nese explained 68 % of the variation in the manganese uptake and 69 % of that in the
manganese content of the fourth yield. The content of hydroxylammonium chloride-
reducible manganese was a better independent variable than the content of hydro-
quinone- or ascorbic acid-reducible manganese. The contents of exchangeable and
ascorbic acid-reducible manganese of the soil explained 73 % of the variation in the
manganese content of the plant roots.

The contentof exchangeable manganese of the soil was considered to describe the
intensity factor of soil manganese. Correspondingly, the content of reducible
manganese of the soil was considered to describe the capacity factor of soil
manganese.

Manganese fertilization increased the manganese content of the yield and the
content of extractable manganese of the soil. On the other hand, liming decreased the
manganese uptake and also the manganese content of the yield. When liming and
manganese fertilization were carried out in the same spring, the effect of manganese
fertilization remained adequate when the amount of liming material used had been
small. In the next growing period, applied manganese had hardly any residual effect
when the amount of calcite used the previous year had been at least 7 t/ha-20 cm. A
large amount of manganese (51,5 kg/ha-20 cm) was hardly sufficient to prevent the
decrease in the manganese uptake and the manganese contentof the yield affected by
liming. The decrease in the content of exchangeable manganese of the soil affected by
liming material was greater than that estimated on the basis of pH changes. Similarly,
the decrease in the content of exchangeable manganese was associated with an
increase in the content of reducible manganese of the soil.

If the aim is to determine the plant-available manganese in the soil so as to predict
the manganese uptake and manganese content of the yield, then the determination of
the factors describing the intensity and capacity of soil manganese would appear to
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be worthwhile. The exchangeable manganese in cationic form determined from
unbuffered soil suspension might be the factor describing the intensity factor of soil
manganese. The capacity factor of soil manganese might be described by the
reducible manganese which is reduced to the oxidation state Mn 2+ by means of
hydroxylammonium chloride.
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Appendix 1. Soil samples in the basic material.
a ■ o—2o cm, b = 20-40 cm, V = virgin soil.

Soil Bulk pH Org. C, Particle-size distribution, %

sample density, CaCl, % <2 2-20 20-60 60-200 >2OO
kg/dm3 fim /xm /im /un /xm

laV 0,74 4,5 7,8 23 22 37 15 3
lbV 1,23 4,3 1,0 8 7 28 53 4
2a V 0,58 4,5 10,6 40 21 25 12 2
2b V 0,95 3,4 2,8 17 15 35 30 3
3a 1,10 6,4 4,1 35 22 21 19 3
3b 1,12 6,2 1,0 71 20 1 7 1
4a 0,99 5,9 5,3 47 20 19 11 3
4b 1,03 5,6 2,0 37 13 14 32 4
5a 0,93 5,5 5,6 38 22 28 10 2
5b 1,04 5,1 1,9 50 21 15 13 1
6a 1,25 5,4 3,0 8 6 20 60 6
6b 1,25 5,4 1,1 12 7 23 57 1
7a 1,24 5,9 4,6 8 5 11 68 8
7b 1,25 5,2 1,1 10 5 16 66 3
8a 1,04 5,7 5,6 12 11 23 45 9
8b 1,21 5,3 1,0 12 7 21 55 5
9a 1,33 5,4 0,7 22 12 20 43 3
9b 1,17 5,7 0,6 45 21 17 16 1

10a 1,12 4,7 1,7 46 23 15 13 3
10b 1,08 5,6 0,9 74 14 4 7 1
11a 1,16 4,8 1,6 61 12 8 18 1
lib 1,12 5,6 0,6 60 12 11 18 0
12a 1,05 4,5 3,4 15 45 14 19 7
12b 1,04 4,7 0,7 14 51 13 16 6
13a 1,04 4,5 4,0 15 40 11 19 15
13b 0,98 4,8 1,0 16 39 8 16 21
14a 1,09 4,6 3,7 6 15 14 47 18
14b 1,16 4,6 1,6 3 10 12 54 21
15a 1,07 6,0 3,8 25 46 19 7 3
15b 1,10 6,0 0,9 32 44 16 6 2
16a 1,06 5,7 3,7 22 43 26 4 5
16b 1,14 5,5 0,9 18 45 32 3 2
17a 1,06 5,4 4,6 23 40 17 9 11
17b 1,09 5,3 1,1 26 47 17 6 4
18a 1,06 4,9 2,7 17 13 16 37 17
19a 1,00 5,3 4,2 50 33 3 9 5
20a 1,19 4,9 3,0 6 3 3 30 58
21a 1,21 5,3 3,1 6 3 4 30 57
22b V 1,26 4,7 0,4 15 19 4 21 41
23b V 0,75 3,9 9,6 36 45 13 4 2
24a 1,18 4,7 2,6 6 12 14 41 27
24b 1,15 4,9 1,5 5 9 13 43 30
25a 0,96 4,6 3,1 51 37 9 2 1
25b 0,92 4,6 1,9 52 36 9 2 1
26a 0,97 4,9 3,9 17 41 35 6 1
26b 0,83 4,6 2,8 14 39 38 7 2
27a 0,63 4,8 15,8 9 32 40 15 4
27b 0,50 4,7 18,4 9 26 43 15 7
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Appendix 1. (Continued).

Soil Bulk pH Org. C, Particle-size distribution, %

sample density, CaCl2 % <2 2-20 20-60 60-200 >2OO
kg/dm 3 /u.m /*m /nm /j.m (tm

28a 0,96 4,7 4,6 65 12 6 5 12
28b 0,87 4,7 3,6 61 12 6 6 15

29a 0,50 4,7 32,4
29b 0,37 4,3 33,1
30a 0,63 5,9 13,9 24 36 36 3 1
30b 0,77 5,9 3,5 19 33 40 5 3
31a 1,07 5,6 2,4 15 23 40 20 2
31b 1,02 5,5 1,2 15 29 39 16 1
32a 1,09 4,4 3,2 9 25 24 26 16
32b 1,03 4,4 2,8 8 22 24 28 18

33a 0,75 4,3 8,2 40 29 13 6 12
33b 0,72 4,3 6,9 51 31 10 3 5
34a 1,07 7,2 2,1 48 35 10 2 5
34b 1,06 7,2 1,6 56 34 3 2 5
35a 0,93 5,2 2,6 42 41 11 4 2
35b 0,90 5,2 1,3 41 45 9 3 2
36a 0,65 5,1 12,1 18 20 14 26 22
36b 0,81 4,6 6,0 15 8 12 38 27
37a 1,26 4,7 1,2 6 4 6 51 33

37b 1,27 4,9 0,5 5 2 4 50 39
38a 1,10 5,3 2,6 8 24 48 18 2
38b 1,00 4,9 2,3 8 23 47 20 2
39a 1,20 5,7 1,6 14 38 23 14 11
39b 1,10 5,4 1,3 17 42 18 13 10
40a 1,20 5,2 2,0 6 10 29 46 9

40b 1,15 5,1 1,3 6 12 35 40 7
41a 1,19 4,6 2,0 6 8 21 54 11
41b 1,11 4,7 1,7 4 9 27 52 8
42a 1,02 6,2 2,0 10 33 49 7 1
42b 1,01 6,0 1,0 7 31 51 6 5
43a 1,11 4,9 2,3 9 11 29 48 3
43b 1,13 4,4 0,7 9 11 60 15 5
44a 1,01 5,5 2,1 36 40 11 10 3
44b 0,96 5,4 2,1 36 38 12 11 3
45a 0,96 4,7 3,0 4 18 55 20 3
45b 1,09 4,7 1,1 4 15 55 25 1
46a 1,23 6,1 0,6 4 31 42 10 13

46b 1,20 5,3 0,4 5 33 40 11 11
47a 1,15 4,9 1,9 17 16 33 26 8
47b 1,12 5,0 1,3 22 19 28 24 7
48a 1,04 5,7 1,8 21 30 28 16 5

48b 1,07 5,0 0,9 28 30 27 13 2
49a 0,84 5,0 6,2 24 38 36 1 1
49b 1,01 4,8 1,4 30 42 27 1 0
50a 0,82 4,7 4,1 26 54 11 4 5
50b 0,82 4,7 2,9 25 55 11 5 4
51a 1,12 4,8 1,3 6 9 37 43 5

51b 1,15 4,7 0,7 10 12 40 36 2
52a 0,69 4,5 10,1 6 11 24 48 11
52b 0,74 4,5 3,9 5 8 28 51 8

53a 1,02 5,5 3,1 11 14 11 56 8
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Appendix 1. (Continued).

Soil Bulk pH Org. C, Particle-size distribution, %

sample density, CaCl2 % <2 2-20 20-60 60-200 >2OO
kg/dm 3 pm /um /u.m /u.m

53b 0,97 4,2 1,5 27 21 17 31 4
54a 0,74 4,7 6,2 42 36 14 7 1
54b 0,78 4,5 3,8 35 40 19 6 0
55a 0,80 4,1 4,6 22 30 36 10 2
55b 0,84 3,9 2,1 17 24 43 14 2
56a 0,96 5,0 3,1 37 39 13 5 6
56b 0,90 4,9 3,6 39 38 11 5 7
57a 1,10 5,0 2,4 29 19 19 17 14
57b 1,04 4,9 1,3 40 24 12 12 12
58a 0,93 4,7 4,9 46 27 16 9 2
58b 1,07 4,9 2,1 31 30 26 13 0
59a 1,07 5,3 2,3 17 34 26 22 1
59b 1,12 5,2 1,2 15 34 30 20 1
60a 1,14 5,3 1,7 14 19 13 27 27
60b 1,11 5,1 1,0 15 20 13 21 31
61a 0,93 4,5 2,4 21 59 16 2 2
61b 0,98 4,7 1,9 21 60 15 2 2
62a 0,87 5,3 3,7 38 44 12 5 1
62b 0,90 4,3 1,2 39 49 10 1 1
63a 1,06 4,7 1,8 16 58 21 3 2
63b 1,12 4,7 0,6 14 60 23 2 1
64a 1,11 4,6 1,6 10 29 36 21 4
64b 1,13 4,8 0,8 10 34 42 13 1
65a 1,31 4,7 1,7 6 25 27 14 28
65b 1,43 5,0 1,4 3 15 19 11 52
66a 1,00 4,4 4,0 5 17 25 30 23
66b 1,18 4,7 1,1 5 19 25 28 23
67a 1,08 3,9 2,5 5 18 34 41 2
67b 0,98 3,9 2,5 4 17 33 43 3
68a 0,75 3,9 6,2 4 10 43 41 2
68b 0,95 4,0 3,4 3 8 47 41 1
69a 1,08 5,6 1,7 20 52 21 5 2
69b 1,07 5,7 0,9 15 53 28 3 1
70a 0,95 5,9 4,1 20 41 33 4 2
70b 0,96 5,6 2,8 19 40 36 4 1
71a 1,21 5,9 1,3 5 7 51 35 2
71b 1,18 5,7 0,3 4 5 50 41 0
72a 0,43 4,4 36,8
72b 0,36 4,5 44,9
73a 0,81 4,6 3,2 10 23 33 30 4
73b 0,93 4,5 12,0 10 23 38 28 1
74a 0,61 3,7 22,1
74b 0,32 3,7 50,5
75a 1,06 4,7 2,2 8 45 29 16 2
75b 1,15 4,9 0,4 8 44 32 15 1
76a 0,90 4,8 4,4 9 43 36 7 5
76b 0,82 5,0 4,1 9 44 36 7 4
77a 1,02 5,3 2,7 33 48 9 5 5
77b 0,95 5,2 1,3 30 47 11 6 6
78a 1,00 4,8 2,3 45 34 9 9 3
78b 0,87 5,6 2,4 44 34 10 9 3
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Appendix 1. (Continued).

Soil Bulk pH Org. C, Particle-size distribution, %

sample density, CaCl2 % <2 2-20 20-60 60-200 >2OO
kg/dm3 |im /xm /tim fim /u.m

79a 0,80 4,9 6,8 43 29 15 9 4
79b 0,88 4,8 3,9 41 26 19 10 4
80a 1,13 5,9 2,2 48 25 18 7 2
80b 1,08 6,1 1,8 57 24 15 4 0
81a 1,10 4,9 2,6 19 28 26 22 5
81b 1,07 4,9 0,6 39 33 1 22 5
82a 0,86 4,5 4,1 41 48 5 2 4

82b 0,89 4,8 2,3 39 52 5 2 2
83a 0,50 4,6 21,9
83b 0,48 4,3 26,4
84a 0,87 4,5 3,3 26 52 20 2 0

84b 0,77 4,4 2,5 26 49 23 2 0

85a 0,45 3,8 33,1
85b 0,30 3,9 49,6
86a 0,71 3,9 20,8
86b 0,56 3,6 24,8
87a 0,93 4,4 2,9 36 41 18 4 1
87b 0,97 4,6 0,9 35 40 19 4 2
88a 1,22 4,3 1,7 4 12 4 37 43
88b 1,23 4,4 0,9 5 8 5 39 43
89a 1,04 4,4 3,4 4 13 22 31 30
89b 1,01 4,4 2,6 5 14 20 31 30
90a 1,00 5,2 2,1 29 58 6 5 2
90b 0,97 5,4 0,9 22 66 5 5 2
91a 0,77 5,6 6,0 25 48 25 1 1
91b 0,67 4,9 6,6 26 49 23 1 1
92a 0,93 6,4 5,3 35 52 10 2 1
92b 0,98 6,5 3,6 40 48 9 2 1
93a 1,00 5,2 3,0 29 24 16 28 3
93b 0,91 4,2 1,7 35 28 19 17 1
94a 1,14 5,3 2,0 4 4 5 85 2
94b 1,18 5,5 0,9 3 3 5 87 2
95a 1,02 4,6 2,2 37 38 8 9 8

95b 1,00 4,8 1,7 38 39 8 8 7
96a 1,14 5,3 4,4 42 18 13 9 18
96b 0,99 5,3 1,9 54 32 5 3 6
97a 0,16 3,6 49,6
98a 0,56 4,1 28,7
98b 0,23 3,7 55,8
99a 1,07 5,2 3,6 5 10 49 35 1
99b 1,10 5,0 1,0 3 11 53 33 0
100 a 0,42 4,4 33,4
100 b 0,25 3,8 46,9
101 a V 0,59 4,6 9,3 14 32 34 17 3
101 b V 0,73 4,5 4,4 19 41 17 21 2
102 a V 0,95 4,8 2,9 11 26 20 15 28
102 b V 1,70 4,6 1,7 8 20 20 13 39

103 a V 0,64 4,2 16,4 36 24 13 15 12
103 b V 0,53 3,9 8,6 53 22 9 10 6
104 a 1,01 5,4 2,9 8 20 12 20 40
104 b 1,09 5,6 2,4 8 20 11 21 40



501

Appendix 1. (Continued).

Soil Bulk pH Org. C, Particle-size distribution, %

simple density, CaCl2 % <2 2-20 20-60 60-200 >2OO
kg/dm 3 /xm |xm /xm /u.m (im

105 a 0,55 4,2 8,9 34 44 12 5 5

105 b 0,56 3,9 6,8 34 44 12 5 5
106 a 1,02 5,6 3,8 33 16 6 22 23
106 b 1,06 5,8 3,1 31 14 5 24 26
107 a 1,00 4,7 1,5 60 14 7 12 7
107 b 0,99 5,0 2,3 45 10 11 18 16
108 a 0,93 5,3 4,4 7 8 6 33 46
108 b 1,31 4,5 1,0 2 3 3 42 50
109 a 1,01 4,4 6,4 23 12 24 34 7
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Appendix 2. Exchangeable, hydroquinone-reducible, hydroxylammonium chloride-reducible, ascorbic
acid-reducible and total manganese and total iron in the soil samples.

Soil Exchangeable Reducible manganese, mg/kg Total Total
sample Mn, mg/kg QH4(OH) 2 HONH3CI QH80„ Mn, mg/kg Fe, g/kg

la 12,8 2,2 2,2 3,2 314 19,7
lb 2,5 0,5 1,0 1,0 222 10,9
2a 14,9 1,1 1,1 1,1 343 27,9
2b 32,6 0,8 3,4 3,4 307 21,8
3a 3,0 11,0 23,0 28,0 386 30,6
3b 1,5 4,0 18,5 18,5 518 57,0
4a 5,1 9,9 27,4 31,9 458 42,2
4b 1,2 1,3 6,3 9,3 356 40,6
5a 8,5 4,5 15,0 19,5 378 25,4
5b 0,8 0,7 1,2 2,2 348 39,0
6a 2,3 5,2 10,7 15,2 320 18,8
6b 2,0 12,3 34,0 33,0 297 19,9
7a 2,8 5,8 14,3 22,8 354 19,0
7b 1,4 2,1 4,0 5,4 269 20,0
8a 6,0 18,0 40,0 47,4 442 40,6
8b 2,0 7,7 20,0 20,7 255 19,4
9a 2,4 6,1 11,1 15,6 351 25,6
9b 1,1 9,9 30,9 40,4 454 42,4

10a 8,4 12,6 26,1 43,9 566 33,1
10b 1,3 5,7 28,7 30,2 538 58,4
11a 2,0 4,0 11,5 15,0 504 49,3
lib 2,0 8,5 34,5 41,6 552 51,7
12a 9,0 23,0 32,0 45,9 609 30,1
12b 1,0 2,5 4,0 14,5 458 34,7
13a 14,0 30,2 45,2 72,2 562 30,5
13b 2,5 5,1 10,3 23,9 539 38,5
14a 5,5 16,9 23,3 30,3 454 24,5
14b 2,0 11,6 20,2 37,8 367 21,4
15a 5,7 28,3 85,5 125,5 970 39,1
15b 1,8 14,2 112,2 100,2 661 48,0
16a 4,7 23,7 75,5 109,7 918 36,2
16b 1,2 9,2 31,2 54,8 530 36,4
17a 14,4 44,2 119,4 172,2 936 35,1
17b 4,3 13,7 39,1 75,9 642 44,5
18a 6,0 5,7 7,8 13,6 383 25,0
19a 6,2 15,2 67,4 103,7 808 36,0
20a 21,2 53,0 130,4 162,8 526 16,8
21a 11,1 58,9 112,5 175,1 654 11,6
22b 5,2 10,5 31,4 43,4 510 28,8
23b 33,2 0,0 0,0 0,0 349 38,9
24a 16,8 80,4 153,8 179,2 498 16,3
24b 10,7 47,3 88,5 109,3 378 16,4
25a 6,8 17,7 35,2 58,0 404 34,4
25b 12,4 13,2 38,0 49,4 331 36,1
26a 4,0 9,5 14,8 19,0 306 20,2
26b 3,0 6,1 7,2 9,8 267 20,0
27a 141,0 517,6 718,4 680,7 2196 26,7
27b 138,0 400,3 770,3 647,0 2481 24,5
28a 13,0 30,3 50,6 69,2 1158 101,4
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Appendix 2. (Contunued).

Soil Exchangeable Reducible manganese, mg/kg Total Total

sample Mn, mg/kg QH 4(OH)2 HONH,CI C 6H 80,, Mn, mg/kg Fe, g/kg

28b 11,5 24,1 62,5 66,3 1628 111,2
29a 57,0 54,5 98,7 112,7 335 15,7
29b 64,1 45,0 71,8 68,3 230 17,8
30a 2,0 9,0 22,4 28,0 280 23,9
30b 0,9 3,3 10,1 11,1 272 23,8
31a 2,7 16,3 36,7 41,7 455 29,9
31b 2,0 9,0 20,2 29,1 401 33,1
32a 34,4 77,1 102,7 112,0 619 19,0
32b 30,6 73,9 131,8 124,0 541 18,6
33a 5,9 8,1 10,6 13,6 237 31,0
33b 4,2 3,4 4,9 6,8 236 33,2
34a 1,2 18,3 41,5 48,7 742 46,6
34b 1,5 28,5 89,0 68,6 655 47,5
35a 4,6 24,3 43,1 74,9 841 45,2
35b 2,4 11,6 49,1 79,2 756 46,4
36a 10,5 21,2 40,5 58,5 336 20,7
36b 4,8 12,2 21,3 28,5 237 15,0
37a 7,1 22,9 34,0 43,9 236 9,8
37b 3,0 6,6 13,0 12,0 161 8,3
38a 3,2 9,3 18,5 22,4 340 19,0
38b 3,2 6,8 10,8 13,8 275 18,9
39a 5,6 29,4 62,4 74,4 427 17,9
39b 6,3 25,9 71,0 84,2 404 19,4
40a 12,5 62,8 93,2 118,9 490 18,3
40b 4,6 18,7 33,7 42,5 377 19,1
41a 11,0 67,8 92,6 124,7 744 27,9
41b 6,4 48,3 90,7 146,5 646 26,6
42a 4,8 100,9 186,6 233,3 868 26,9
42b 3,0 58,2 126,3 128,4 619 28,7
43a 3,6 10,4 19,2 23,6 342 15,9
43b 1,0 1,4 1,0 2,1 332 14,4
44a 7,0 62,4 139,4 139,8 1087 24,7
44b 5,8 44,8 132,1 150,3 1048 45,9
45a 3,5 3,7 7,0 41,2 326 18,6
45b 1,3 1,3 2,3 3,2 360 23,4
46a 4,2 54,6 105,8 122,9 664 28,0
46b 5,0 43,2 66,2 76,8 497 29,4
47a 2,8 2,9 8,2 11,7 291 20,7
47b 1,9 3,7 15,1 20,3 280 26,2
48a 1,4 9,6 23,0 35,3 410 27,0
48b 1,3 4,7 8,7 12,7 312 35,9
49a 5,2 25,9 46,6 63,0 538 33,9
49b 2,4 10,6 27,6 33,7 400 31,1
50a 9,1 16,7 30,3 42,9 475 32,9
50b 7,6 23,0 36,7 45,9 504 36,9
51a 7,4 24,8 42,6 57,9 604 28,9
51b 7,1 29,0 60,6 76,9 543 31,4
52a 17,0 18,6 26,2 28,3 322 11,3
52b 6,4 7,1 13,1 13,6 261 9,9
53a 3,6 9,4 18,6 23,1 404 23,6
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Appendix 2. (Contunued).

Soil Exchangeable Reducible manganese, mg/kg Total Total

sample Mn, mg/kg QH,(OH) 2 HONH3CI C 6H 806 Mn, mg/kg Fe, g/kg

53b 4,4 3,9 5,6 7,1 353 31,8
54a 20,6 78,7 98,0 132,3 770 38,3
54b 7,7 22,9 29,5 52,3 555 30,4
55a 10,5 6,0 6,5 8,5 405 36,4
55b 4,9 1,4 1,4 2,0 363 27,7
56a 3,5 24,8 69,7 119,4 1080 50,8
56b 5,0 31,7 81,4 117,9 951 50,6
57a 4,0 6,5 11,0 20,4 341 29,8
57b 2,6 4,0 7,4 10,9 346 44,2
58a 5,5 16,7 23,4 39,2 498 40,3
58b 4,0 13,5 23,2 31,6 489 38,8
59a 3,6 10,9 19,7 27,5 414 25,6
59b 2,1 6,8 14,4 18,5 364 27,4
60a 5,0 16,1 38,2 52,9 312 18,4
60b 3,1 7,9 14,9 24,7 286 21,1
61a 11,5 27,4 35,9 48,5 559 34,7
61b 6,4 19,2 28,6 48,3 631 36,4
62a 2,0 5,5 14,0 24,7 346 35,7
62b 3,8 6,7 16,2 19,5 403 38,4
63a 10,5 30,0 43,2 57,4 522 30,5
63b 4,5 19,7 29,7 38,7 517 29,2
64a 5,3 10,2 11,3 17,4 354 26,5
64b 3,3 8,2 11,2 28,4 407 28,8
65a 6,5 34,1 46,4 54,7 308 16,9
65b 2,0 5,0 9,5 11,5 253 16,6
66a 16,5 44,7 61,5 74,2 305 16,8
66b 3,3 10,7 15,7 19,5 221 15,2
67a 20,0 2,8 5,0 4,4 357 24,5
67b 17,0 3,6 7,4 18,0 404 22,2
68a 3,3 0,3 0,8 1,4 244 12,4
68b 1,3 0,4 0,4 0,5 429 13,9
69a 6,5 28,5 49,4 55,3 424 32,1
69b 2,2 11,8 23,4 34,5 443 29,5
70a 2,7 11,8 25,1 32,9 347 30,7
70b 2,0 6,9 11,0 13,5 324 25,2
71a 4,8 35,2 53,3 54,0 338 18,9
71b 2,9 18,8 26,5 28,8 393 17,7
72a 20,8 0,5 1,7 3,0 183 22,4
72b 18,8 6,2 21,2 21,2 197 21,3
73a 14,0 23,2 34,8 38,9 237 23,0
73b 3,9 7,1 7,6 10,1 359 27,8
74a 26,3 1,2 2,5 3,7 267 24,0
74b 62,5 1,4 1,4 4,2 170 18,5
75a 7,8 16,9 21,6 33,4 383 23,4
75b 3,9 21,4 35,5 64,9 448 26,7
76a 11,0 39,1 57,8 63,9 482 23,5
76b 9,9 39,7 66,1 74,5 365 18,0
77a 4,2 26,6 63,7 100,2 905 41,3
77b 3,6 19,1 54,6 92,0 765 43,0
78a 11,0 44,2 91,2 120,1 821 50,5
78b 21,1 35,6 81,1 103,3 664 54,1
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Appendix 2. (Contunued).

Soil Exchangeable Reducible manganese, mg/kg Total Total
sample Mn, mg/kg QH,(OH) 2 HONH,CI QHB O6 Mn, mg/kg Fe, g/kg

79a 5,5 18,3 29,6 39,1 309 28,5
79b 4,7 12,3 27,2 33,1 318 31,3
80a 2,4 11,1 31,1 39,1 459 50,5
80b 1,8 11,2 45,3 55,9 455 48,0
81a 7,8 15,4 24,6 30,6 202 13,5
81b 5,6 16,0 37,9 48,6 287 25,5
82a 8,4 16,9 31,6 47,9 809 47,6
82b 3,8 16,2 31,5 75,7 772 46,2
83a 9,8 14,2 20,2 25,2 152 19,8
83b 13,3 11,7 16,7 16,7 178 18,6
84a 9,7 16,1 30,8 24,0 362 28,3
84b 8,5 14,1 15,7 18,9 382 29,5
85a 28,8 0,2 5,0 3,7 178 19,9
85b 51,3 9,2 14,5 11,9 191 16,9
86a 54,7 5,8 12,7 13,7 151 4,4
86b 48,4 3,2 7,4 8,4 253 21,8
87a 9,7 19,3 28,7 43,5 379 34,1
87b 4,3 11,7 47,8 47,3 460 41,1
88a 20,0 94,3 130,7 156,4 450 13,3
88b 11,0 63,2 86,1 122,6 426 13,7
89a 16,0 61,9 68,3 72,6 323 14,0
89b 12,0 43,8 50,1 64,3 320 14,1
90a 12,0 72,3 132,3 206,2 1296 36,1
90b 10,1 49,9 140,6 267,2 1108 40,0
91a 4,3 13,2 26,8 32,0 291 16,9
91b 5,5 11,0 16,6 23,5 306 18,8
92a 4,6 31,7 74,9 96,8 592 32,6
92b 3,3 43,5 111,0 136,7 763 52,5
93a 7,6 21,4 32,4 46,4 493 29,2
93b 9,2 11,9 14,5 22,9 465 34,1
94a 4,6 17,5 45,1 47,2 292 9,0
94b 1,9 6,3 14,6 21,3 272 10,1
95a 10,5 32,6 56,7 95,2 860 37,6
95b 7,2 27,5 66,7 119,9 804 38,7
96a 5,8 16,3 43,4 47,5 453 30,0
96b 3,6 14,9 45,1 58,4 545 46,9
97a 12,8 0,8 1,3 2,2 80 3,5
98a 47,5 18,3 39,3 28,8 321 22,1
98b 51,3 35,5 66,7 66,7 194 8,3
99a 5,6 35,4 66,7 93,7 372 18,2
99b 0,9 1,6 3,1 5,7 306 24,1
100 a 75,0 1,3 30,3 40,5 237 12,6
100 b 60,5 0,0 38,2 46,0 208 5,8
101 a 17,0 50,7 112,3 144,4 584 22,9
101 b 11,0 34,1 64,4 86,1 550 7,9
102 a 2,6 8,4 17,4 22,7 303 20,3
102 b 1,4 4,6 7,8 11,6 339 21,3
103 a 10,0 0,5 9,5 11,1 177 17,5
103 b 2,8 0,6 1,3 1,6 313 31,3
104 a 8,5 65,4 165,8 185,1 684 25,6
104 b 3,8 48,5 140,5 166,2 688 26,4
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Appendix 2. (Contunued).

Soil Exchangeable Reducible manganese, mg/kg Total Total
sample Mn, mg/kg C 6H 4(OH) 2 HONH3 CI C 6H 8 06 Mn, mg/kg Fe, g/kg

105 a 7,7 2,3 3,3 3,8 231 37,0
105 b 6,6 0,3 0,5 0,4 275 47,9
106 a 10,0 61,8 244,6 253,6 811 32,9
106 b 4,7 45,0 218,0 231,7 755 32,0
107 a 8,5 10,5 16,3 26,2 603 54,0
107 b 11,0 10,6 20,6 24,3 491 44,4
108 a 2,1 11,4 26,3 29,5 465 19,5
108 b 0,0 1,5 2,1 2,7 601 17,4
109 a 8,6 3,2 4,8 10,1 318 21,3
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SELOSTUS

Kasville käyttökelpoisen maan mangaanin määrittämisestä

Väinö Mäntylahti
Yliopiston maanviljelyskemian laitos, Helsinki

Tutkimuksen tarkoituksena oli määrittää kasville käyttökelpoista maan mangaania. Maasta määritettiin
vaihtuvaa ja pelkistyvää mangaania ja tutkittiin, miten ne muiden maa-analyysitulosten ohella kuvasivat
sadon mangaanin ottoa ja mangaanipitoisuutta. Lisäksi tutkittiin mistä tekijöistä maan uuttuvan mangaa-
nin pitoisuuden vaihtelut johtuvat ja miten niihin voidaan vaikuttaa. Aineistona oli 193kivennäismaata ja
17 eloperäistä maata. Kivennäismaista oli pintamaita 98 ja eloperäisistä maista 9. Astiakokeissa käytettiin
koekasvina kauraa (Avena sutiva L.), Italian raiheinää (Lolium multiflorum Lam.) ja rypsiä ( Brassica
campestris oleifera L.).

Maan mangaanin uuttamiseksi kehitettiin kationinvaihtohartsimenetelmä, jolla voitiin tyydyttävällä
toistettavuudella määrittää maan vaihtuvaa ja pelkistyvää mangaania. Vaihtuva mangaani koostui maanes-
teen kationimuotoisesta mangaanista ja maan vaihtuvasta kationimuotoisesta mangaanista. Pelkistyvä
mangaani oli hydrokinonin, hydroksyyliammoniumkloridin ja askorbiinihapon vaikutuksesta pelkisty-
nyttä kationimuotoista mangaania.

Maan kokonaismangaanin pitoisuuden vaihtelua selitti ensisijaisesti maan kokonaisraudan pitoisuus
(30-66 %). Vähäisessä määrin vaihtelua selittivät savespitoisuus, pH kivennäismaiden muokkauskerrok-
sessa ja kun kivennäismaita käsiteltiin yhtenä ryhmänä, sekä orgaanisen hiilen pitoisuus kivennäismaiden
muokkauskerroksessa. Maan vaihtuvan mangaanin pitoisuuden vaihtelustapelkistyvän mangaanin pitoi-
suus, pH ja orgaanisen hiilen pitoisuus selittivät 53—67 %. Pelkistyvän mangaanin pitoisuus oli hieman
tärkeämpi riippumaton muuttuja kuin pH. Orgaanisen hiilen pitoisuuden merkitys riippumattomana
muuttujana oli vähäinen muihin muuttujiin verrattuna. Hydrokinoni-, hydroksyyliammoniumkloridi- ja
askorbiinihappopelkisteisen mangaanin pitoisuudet olivat lähes samanarvoisia vaihtuvan mangaanin pitoi-
suuden vaihtelun kuvaajia. Pelkistyvän mangaanin pitoisuuden vaihtelua selitti vähäisessä määrin (18-34
%) maan ”kokonais”mangaanin pitoisuus.

Maan vaihtuvan mangaanin pitoisuus ei riippunut maan kosteudesta, mikäli kosteus oli kenttäkapasi-
teettia pienempi. Sen sijaan kasvuston vaikutuksesta maan vaihtuvan mangaanin pitoisuus kohosi, kun
vertailukohteena käytettiin muhitettuja maita. Maan hapetus-pelkistyspotentiaalimittausten perusteella
todettiin, että maan kosteus alensi potentiaalia vasta, kun kosteus oli kenttäkapasiteettia suurempi. Kasvin
juuristolla oli huomattava potentiaalia alentava vaikutus. Maan vaihtuvan mangaanin pitoisuus alkoi
kohota, kun hapetus-pelkistyspotentiaali laski alle 0,59 V. Tosin vaihtuvan mangaanin pitoisuus ei
kohonnut potentiaaliyksikköä kohti läheskään niin paljon, kuin synteettisten mangaanioksidien teoreetti-
nen pelkistyminen olisi edellyttänyt. Maan mikrobitoiminnan inaktivoinnin ja glukoosilisäyksen vaiku-
tuksesta vaihtuvan mangaanin pitoisuus kohosi riippumatta kovinkaan suuresti inaktivoinnin asteesta.

Mangaanin pelkistymisen pääteltiin olevan luonteeltaan sekä biologista että ei-biologista. Helposti hapet-
tuva orgaaninen yhdiste pelkisti nopeasti maan mangaania.

Maan vaihtuvan mangaanin pitoisuus selitti 23 % ensimmäisen raiheinäsadon mangaanin oton ja 34 %

mangaanipitoisuuden vaihtelusta. Mitä useampi sato korjattiin, sitä vähäisemmäksi osoittautui vaihtuvan
mangaanin pitoisuuden merkitys sadon mangaanin oton ja pitoisuuden vaihtelun kuvaajana. Sen sijaan
pelkistyvän mangaanin pitoisuuden merkitys korostui sitä mukaa, mitä useampi sato korjattiin. Neljännen
sadon mangaanin oton vaihtelusta hydroksyyliammoniumkloridipelkisteisen mangaanin pitoisuus selitti
68 % ja mangaanipitoisuuden vaihtelusta 69 %. Riippumattomana muuttujana hydroksyyliammonium-
kloridipelkisteisen mangaanin pitoisuus oli parempi selittäjä kuin hydrokinonipelkisteisen ja askorbiini-
happopelkisteisen mangaanin pitoisuus. Raiheinän juuriston mangaanipitoisuuden vaihtelusta maan vaih-
tuvan mangaanin pitoisuus ja askorbiinihappopelkisteisen mangaanin pitoisuus selittivät 73 %.

Maan vaihtuvan mangaanin pitoisuuden katsottiin kuvaavan maan mangaanin intensiteettitekijää.
Vastaavasti pelkistyvän mangaanin pitoisuuden katsottiin kuvaavan maan mangaanin kapasiteettitekijää.

Mangaanilannoitus kohotti sadon ja maan uuttuvan mangaanin pitoisuutta. Toisaalta kalkitus vähensi
sadon mangaanin ottoa ja alensi siten sadon mangaanipitoisuutta. Kun kalkitus ja mangaanilannoitus
suoritettiin samana keväänä, säilyi mangaanilannoituksen teho tyydyttävänä, mikäli kalkitusainemäärä oli
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ollut pieni. Seuraavana kasvukautena lisätyllä mangaanilla ei ollut juuri lainkaan jälkivaikutusta, jos
kalsiitlia oli edellisenä vuotena käytetty noin 7 t/ha ■ 20 cm. Suuri mangaanimäärä (51,5 kg/ha • 20 cm)
riitti vaivoin kumoamaan kalkituksen aiheuttaman sadon mangaanin oton ja mangaanipitoisuuden alene-
misen. Kalkituksen vaikutuksesta tapahtunut maan vaihtuvan mangaanin pitoisuuden aleneminen oli
suurempi kuin maan pH:n muutoksen perusteella oli pääteltävissä. Vaihtuvan mangaanin pitoisuuden
väheneminen merkitsi samalla pelkistyvän mangaanin pitoisuuden kohoamista.

Kun pyritään määrittämään kasville käyttökelpoista maan mangaania tarkoituksena ennakoida sadon
mangaanin ottoa ja mangaanipitoisuutta, näyttäisi olevan tarkoituksenmukaista määrittää mangaanin
intensiteettiä ja kapasiteettia kuvaavia muuttujia. Intensiteettiä kuvaava muuttuja saattaisi olla puskuroi-
mattomasta uuttosuspensiosta määritetty kationimuotoinen vaihtuva mangaani. Kapasiteettia sopinee
kuvaamaan hydroksyyliammoniumkloridilla hapetusasteelle Mn2+ pelkistyvä mangaani.


