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I. INTRODUCTION

The resulte of many experimemnts have demonstrated the importance
of minor elements in plant nutrition. Two of these elements, iron
and manganese, have been given broad consideration because they in so
many instances have been found to be limiting nutritional factors in
erop production, Both elements are common in soils, and since they
are needed By plents in minute quantities, they are usually preseant
in the soil in adequate amounts for plant growth. The reason for the
occurrence of deficliencies of these elements is to be found in chemical
and physiologicel processes which render them unavailable to the plants
or make them inactive in their physiological functions within the plant,

An example of a disturbance in the iron nutrition of plants is
the so—-called lime induced chlorosis which is the limiting factor in
the production of certain tree fruits in several parts of the world,
Bennett (1927) and ¥Wallace (1929) have demonstrated that this type
of chlorosis can be eliminated by spreys or by injections of iron
s2lts. Lime induced chlorosis has been thought to be due to 2 high
calcium carbonate content of the s0il which will raise the pH value
of the soil to such an extent that iron is precipitated and made un-
available to the plants.

It has, however, been observed by Lindner and Harley (1944),
¥allace (1928) and other workers that the concentration of iron in
the dry matter of chlorotic leaves is not significantly different

from that in comparable green leaves. Thorne and Wallace (1944), on



the other hard, have found significantly higher concentrations of iron
in healthy leaves than in comparable chlorotic leaves, when the data
are expressed on the basis of leaf area., The phyaiological distur-
bance causing the chlorosis is far from being fully understood, but

it may be pointed out, aes concluded by Wallace and Hewitt (1946),

that the evidence suggests that the mobility of iron, both in the
externel medium and within the nlant, plays 2 role in the disease.

Although lime induced chlorosis no doudbt is the most important
cause ~f iron deficiency, other caunses of iron deficiency may also
be of irmortance under certain conditions. Olgen (1935) has demon~
strated in solution cultures at a neutral or alkaline reaction an |
interrelationship between phosvhorus and iron resulting in iron defi-
clency. GChandler and Scarseth (1941) found that the application of
phosphate to a slightly alkaline and to & highly calcareous clay,
in both cases, produced iron chlorosis in peanuts. Similar results
are reported by Siderig and EKraug (1933).

McGeorge (1923), Johnsomn (1924), Rippel (1923), and fSomers and
Bhive (1542) have shown that a high manganese level in soils or in
nutrient solutions will induce chlorosis in plants and that this
chlorosis can bde overcome by increasing the iron concentration in the
nutrient solution or by sprays of iron salts., The interrelationship
thus found to exist between manganese and iron is of considerable
importance on certain soils, rich in mangenese, in the Hawaiian
Islands, and a continuous spplication of iron to the Plants is

necessary in order to avoid chlorosis.
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While iron chlorosis may be due to a number of factors, the
occurrence of manganese deficiencies is, as pointed out by Conpor
(1932) and ¥illis (1932), mainly due to oxidation and precipitation
of the manganese in the soil, the oxidized form being unavailadble to
the plants.

Schreiner and Dewgon (1927). Skinner and Ruprecht (1930), and
others have observed manganese deficiency in various crops grown on
caleareous solls, fZimmerley (1926) and Gilbert, McLeen and Hapdin
(1926) observed the same deficiency symptoms in crops grown on heavily
limed soil,

The most prominent case of manganese deficiency in crops is per-
haps the so-called ¥“gray speck" disease of oats which 1s common in
several perts of Europe and Aunstralia, The Australian workers Sampuel
and Piper (1928) have proved that the disease was identical with man~
ganese deficiency. Manganese deficiency on oats has been reported by
¥illis (1928) and Alberts (1934) to occur on the eastern coastal plains
in the United States and by Shermen and Harmer (1941) to occur in a2lkm—
line organic soils of Michigan., It is now generally accepted that
mangsnese deficiencies may occur when the soil is limed above PH = 6.5
and when the soil has strong oxidising tendencies,

The importance of iron and manganese deficiencies lies in the
difficulty with which they are controlled., Soil treatments with
salts of these elements, or with sulfur to make the soil more acid,

are generally unsatisfactory and of limited application, since the




conditions in the soil causing the original deficiencies still exist.

Scinner and Ruprecht (1930) concluded from their experiments with
truck crops on calcareous goil that much of the manganese 2dded to the
soil became insoluble within three months. Gilbert (1934) concludes
that it seems necessary to apply manganese before each crop under
alkaline soil conditions. ¥Nallace and Qgelvie (1941) found that men-
ganese sulfate and manganese chloride used as fertilizers at a rate
equivalent to 100 pounds of manganese sulfate per acre, were effective
in combating manganese deficiency in Globe beets only durirg the early
stages of their growth. Y¥ein, 8ilk and ¥ills (1943) treated soils in
the laboratory and in the field with solutiones of manganese sulfate
and then examined at intervals the amounts of manganese which could be
extracted with neutral 1 ¥ ammonium acetate, They found in an experi-
ment with a highly caloareous soil that the extractable manganese down
to a depth of 12 inches fell to its original level only seven days
after treatment,

To avoid the influence of the disturbing soil factors, resort has
been made to spraying and injection of iron and manganese salts., The
latter of these two alternatives can only be applied to trees, and
although effective on some trees, may give rise to gumming of stone
fruits (¥allece, 1929), besides being tedious to carry out. Sprays
are cumbersome, and sometimes unsatisfactory since they are often
damaging at effective concentrations. In case of lime induced chlorosis

several applications must be made during a single season to keep the
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plants sufficiently well suprlied with iron, because the iron in such
instances is relatively immodile.

In 1lieu of the difficulties thus encountered in maintaining a
sufficient supply of available iron and manganese, the possibility of
supplying the elements by adding slowly available compounds or arti-

ficially prepared physical complexes to the soll presents an intriguing
approach to the problem,

The material should ideally have the following propertiess (1)
The solubility in water should be relatively small in order to pre-
vent the elements from leaching, and also to prevent them from being
rendered unavailable to the plants through chemical reactions in tﬁe
s0il., The absorption by the plant root would, therefore, necessarily
have to take place directly by contact between the plant root and the
material. (2) The material should be nontoxic to plante in high con-
centrations so that large amounts could be applied at once to furnish
an ample supply of the nutrient over a long period. (3) The rate of
release of the nutrients from the material should be adequate for plant
growth, but must not attain a toxic magnitude,

The implication of a contact absorption does not present any
serious objection to the develorment of such a material., An active
role played by the absorbing root surfaces in releasing nutrient
elements from the solid phase of the soil has already been recognized,
and a mechanism of this absorption has been augg;!atod by Jenpy (1938).

According to Jenny, colloidslly adsorbed nutrients may be absorbed




directly by the plant roots without the intervention of water solubil-
1ty when there is a contact between the colloidal particles and the
absorbing surface of the plant root. The reaction taking place is des-
eribed as being merely an exchange of adsorbed ions,

This mechanism will, of course, not explain a possidble release to
the plant roots of nutrient elements held in & crystalline or amorphous
matrix, There exists, however, good evidence that plant roots have the
2bility to break down such structures to a limited extent and to obtain
nutrients during the process. In recent years, it has bheen observed
that the highly insoluble mineral magnetite may serve as & source of
iron for plants in hydroponic cultures. Zatop (1936) claims that 0.1
percent of magnetite mixed with quartz sand makes unnecessary the use
of soluble iron in the culture solutions maintained on the acid side
of neutrality, and that a number of crop plants odtain sufficient
amounts of iron from magnetite even when the pH value is as high as
8. Chspmen (1939) reported that Cltrus seedlings grow successfully
in quartsz gravel containing 0.1l gram of magnetite per 100 grams of
gravel flooded with a nutrient solution at pH value from 5.8 to 7.0.

He found that the addition of calcium carbonmate to the gravel resulted
in chlorosis unless the amount of magnetite was correspondingly in~
creased. This experiment indicates that there must be a sufficient
area of contact between the magnetite and the plant roots in order to

prevent chlorosis.
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Guest (1944) used bentonite and magnetite incorporated into quarte
sand as a solid-phase source of certain nutrients in hydroponic eunl-
tures, He found that even at alkaline reactions of the nutrient solu~
tion, chlorosis 41d not appear in Citrus seedlings as long as the
magnetite was finely ground in order to present a large surface area.
Incorporation of finely ground dolomite in the sand induced chlorosis
wvhich he assumed was due to interference of solid dolomite particles
with the contact detween the roots and the magnetite particles,

The present study was carried out in order to investigate the
possidility of compounding relatively insoluble glassy frits in such
a manner that certain plant nutrients would bde held in a relatively
insoluble form, but would be released to the adbsorbing root surface
when & contact is established between the root and the frit particle.

The material which has been studied is a product of the porcelain
enamel industry. It has an amorphous structure, and its physical and
chemical properties can be varied within wide limits by changing the
raw composition and the manufacturing procedure.

The technical problem involved in the study is, therefore, %o
prepare frits in which plant nutrients are held in the amorphous matrix
with sufficient forces to prevent their dissolution in water, dbut which
are not strong enough to prevent their re}.oaso and subsequent absorption
by vlant roots acting on the matrix,

Badger and Bray (1945) were the first ones to describe the possi-
bility of using especially compounded glasses as a source of plant

nutrients, These authors attempted to prepare glasses of such a high




solubility that the rate of disintegration in water would be sufficient
to support plant growth, Studies were made on the effect of melting
temperature on the solubility of the products manufactured from mix-
tures of rock vhosphate, potash and silica, and it was found that
glasses may be prepered which are surprisingly soluble with respect to
phosphorus and potassium, The work was not extended to include other
elements, nor were any nutrition experiments carried out. There 1is
reagson to believe that their material would have a strong tendency to
raise the pE value of the medium in which it was dissolved., No pH
measurements, however, were reported.

The purpose of the present stuly was to explore the value of
glassy frits as & source of iron and manganese for plants, and es-
pecially to determine the importance of the pH value of the medium
on the release of iron and manganese to the plant and on the release

of these nutrients by ageous solubility of the frit material,
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II. EXPERIMENTAL METHODS ARD MATERIALS

The availability of iron and manganese in frits was studied in
greenhouse experiments in which wheat seedlings were grown in hydro-
ponic pot cultures using the frit in place of gravel., A quartz culture
served as control to each individual frit culture, by being flooded
repeatedly with identical nutrient solution, in a2 manner to be descrided
below, The difference in growth and chemical composition of the plants
in the two cultures could be taken as a measure of the relative impor-
tance of contact absorption and absorption based on the agueous solu-

dililty of the frit constituents,
A. Mechanical arrangement of the cultures

The culture pots were one—-gtllon, glazed earthemvare pots., A
hole three—quarters of an inch in diameter was located near the dase
of the wall of the pot., Through this hole the nutrient solution was
introduced at regular intervals by an automatic sudbirrigatioa system,
The details of the automatic system employed are shown in figure 1l.

The carboy C contained 16 liters of nutrient sointion, At interwals of
four hours an electric time clock turned on an electrically driven air
pump for seven minutes. The air from the pump entered the main air
line (D) running underneath the greenhouse tadle and forced the nutri-
ent solution upwards flooding the pots A and B simultaneously. Culture
pot A contained the experimental frit, while pot B contained quarts

gravel equal in particle size to that of the frit. A hydrostatic
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water colunn (B) waes connected to the end of the main air pressure
line, The maximum pressure in the line could thus be regulated by
altering the height of the colurn, Since the volume of the nutrient
solution in the carboy greatly exceeded the volume needed to f£ill the
two culture pots, A and B which it supplied, an accurate regulation

of the air pressure was necessary in order to prevent the excess nutri-
- ent solution from being forced over the rim of the culture pots. The
end of the glass tubing leading the nutrient solution into the pot, was
inserted into a six-inch test tube (P), the opening of which was
covered with a thin layer of glass wool, Thus the material in the

pot was prevented from entering the glass tube and the nutrient solu-
tion in the carbdoy.

A total of 44 pairs of pots were arranged on two parallel, adja-
cent greenhouse tables, as shown on plates I, II, and III., One air
pressure system controlled simultaneously the entry of nutrient solu-
tion in all of the cultures.

Yhen the slectric time clock shut off the motor driven air pump,
the solution in the culture pots drained back into the carboys. It
is apparent that pot A and B were supplied with an identical nutrient
solution., Any soluble material released from the frit in pot A would
become equally distributed between pot A and its corresponding quarts
control culture B. If the experimental frit released soluble nutri-
ents, both cultures would profit equally. If, on the other hand, the

plantes growing in the frit were able to obdtain nutrients by contact
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absorption, the plants growing in the corresponding quartz culture
would be expected to be inferior to those growing in the frit, provid-
ing the nutrieant solution was deficient in one or more of the nutrients
furnished by the frit,

| A1l frits were studied in duplicate, and each frit culture was

coupled with its individual corresponiing quartz culture,
B, Nutrient Solutions

As the purvose of this study was to determine the availability of
iron and mancanese in frits, two types of frits were used, one contain-
ing iron but no manganese, and one containing both iron and manganese,
Consequently, the nutrient solution which flooded the pots containing
the iron frit was complete except that no iron was added, while the
nutrient solution flooding the iron-manganese frit was complete except
that neither iron nor manganese was added.

A three—-salt solution, similar to that of Shive (1915), was used,

and 1ts final composition was as follows?

Salt Grams per liter

k”uo 7!20 ‘ 3070
Ca(N0,) . 4E,0 T 1,23

KH, PO, 2.76




Concentrated stock solutions of each salt were made up separately

with the following concentrationss

Salt Grams per liter
MgSO,.7H,0 296
Oa(uoa) z.tmzo 98
mzro“ 221

Each carboy, containing 15 liters of distilled water, received
200 milliliters of each of these stock solutions, and then distilled
water was added to bring the total volume to 16 liters.,

Micro-nutrients were supplied dy adding 16 milliliters to each

carboy of a stock solution having the following composition:

Salt Grams per liter
E”S 2,860
MnS0, . 7820 0.220
MoO3 0,007
On”u.SBzO 0,080

The final concentration of the micro-nutrients in the culture solu-

tions-was as follows?

Xlemont Parts per million
Boron 0.50
Zine 0.05
Molybdenum 0.05

Copper 0,02
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To the culture solutions flooding the frits containing iron but
no manganese, 16 milliliters of a stock solution containing 1.538 grams
of anou.nzo Per liter were added per cardboy. The final concentration
of manganese in the solution was approximately 0.5 parts per million.

Absolute control cultures with quartz gravel in pot A as well as
in pot B (figure 1) were arranged in the same manner as described mbove.
Iron and manganese were added to the nutrient solutiona according to
the following table:

Absolute control Micro-nutrients Parts per million of
cul ture Yo Mn
1 Iron and manganese 4,0 . 0.5
2 Manganese only o 0.5
3 Iron only 4.0 o]
4 No iron and no man— o (o}
ganese

Each culture was run in triplicate. Iron was supplied by adding
ten milliliters of & stock solution made up as follows: 6,40 grams
of electrolytic iron was dissolved in 12 milliiliters of concentrated
sulphuric acid. The solution was transferred to & 1000 milliliters
volumetric flask half filled with distilled water., After cooling the
solution was brought to volume with distilled water.

Since the acidity of the nutrient solution may be a major factor
determining the rate at which frit constituents are brought into solu-~

tion, a constant PH value was maintained in the nutrient solutions
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throughout each experiment. The pH value of the solution in each
individual carboy was determined twice & week with a glass electrode
and, 1f necessary, adjusted to the proper value by the addition of
a 1 ¥ sulphuric acid solution or a2 1 N potassium hydroxide solution.
The pH values of the nutrient solutions were maintained within 0.2

PE unit from the value originally decided upon for the experiment.
C. Plant Material

Yorty-five seeds of wheat, variety P*ILLINOISY harvested in 1948,
were planted an inch deep in the culture media., From 30 to 40 plants
were obtained in each pot, No effort was made to odtain a uniform
number of plants per pot since the removal of plants severely disturded
the root system of the remaining plants, The plants were harvested
when they had reached the jointing stage, and each experiment lasted
for about 45 days.

The roots of the plants were separated from the tops and discarded,
The lower part of the stems, which had been in contact with the nutrient
solution, was washed in running tap weter, rinsed in distilled water,
and gently wiped dry with a cheesecloth,

The plants were dried in a forced—air chamber at a temperature

of 6°° C.

D, Methods of chemical analysis

1., Plant material

A one gram sample of the dry and finely ground plant material
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was weighed into & platinum cerucibdle and placed in a cold electric
muffle, The temperature was gradually increased until smoking began,
and held constant until heavy smoke was no longer given off. The
temperature was then increased to 850° C. and maintained at that level
for two hours,

After cooling, the ash was wetted with one milliliter of a 1t4
sulphuric acid soclution, about five milliliters of concentrated hydro-
fluoric acid was added, and the crucible was then placed on a hot plate
at low heat. The solution was evaporated until a viscous residue wvas
left in the crucible., About ten milliliters of a O.1 N nitric acid
solution were added while the crucible remained on the hot plate. The
dissolved residue was transferred to a 50 milliliters volumetric flask,
After cooling, the solution was made to volume with 0.1 N nitric acid.

Iron in the ash solution was determined colorimetrically by the
o-phenanthroline method described by Hummell and Willerd (1538). The
detailed procedure is given in appexdix 1, Manganese in the ash solu-
tion was determined colorimetrically by the periodate method described
by ¥illard and Greathouge (1917). Detailed procedure is given in
appendix 2,

2. Hutrient solutions

Samples of the nutrient solutions were collected after the comple—
tion of the individuval experiments., In order to obtain a representative
sample, Tive milliliters of concentrated sulphuric acid were added to

esch carboy, the acidified solution was well shaken, and the sample
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collected while the carboy was emptied.

The sample was filtered, and 500 millilitere of the solution
were transferred to a 600 milliliter beaker, and evaporated on a
hot plate until the volume was about 50 milliliters. The concentrated
solution was transferred to a 100 milliliter flask, After cooling,
the solution was made to volume with distilled water.

Iron and manganese in the concentrated sample of the nutrient
solution, was determined dy the same method as used for the plant
material (see appendix 1 and 2).

Phe concentrations of potassium and sodium in the nutrient solu-
tion were determined by the Perkin-HEimer flame photometer, Model No.
520, using an acetylene flame. A 2-milliliter aliquot of the concen-
trated nutrient solution was pipetted into a 50 milliliter volumetric
flask and made to volume with distilled water. The concentration
of potassium and sodium in this solution was determined according to

the direct intensity method (see appendix 3).
E. Preparation of the frits

Technical grades of raw materials were used in compounding the
experimental frits, such as powdered quartz, potassium cardbonate,
sodium carbonate, mono—calcium phosvhate, etc. The well mixed com-
ponents were melted in an electric smelter and held in the molten
stage for 3.5 hours. The molten material was quenched by permitting
1t to flow into cold, running water, The material was fragmented into

small pieces by the rapid cooling in the water. The moist, fragmented
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material was cooled and dried in a commercial rotatory drying pean,
and then the particles were graded for size in & series of screems.
The material selected for the nutrition experiment was about one-
eighth of an inch in diameter.,

Before the frit was placed in the culture pots it was sieved
throuogh a 2 millimeter sieve in order to remove 2all finer particles.
The material retained on the sieve woes washed in tap water and finally
rinsed thoroughly with distilled water after being placed in the pots.
wo liters of frit were placed in each pot,

Quarts gravel was sieved in the same manner as described for the
frit in order to obtain a uniform and equal particle size in the two
comparable cultures. The quartz gravel was further spread out in a
thin layer and thoroughly treated with a strong electro-magnet to re-
move any iron impurities. It was then soaked for several days in a
dilute sulphuric acid solution (pH 2.5), thoroughly washed in tap water

and finally rinsed in distilled water,
¥, Composition of the frits

The composition of the frits used in the present study were based
upon results obtained in previous studies with iron-containing frits,
A report on the preliminary experiments has been given by ¥ynd (1950,
1951), and his results are summarized as follows:

The composition of the frits used in the preliminary experiments

was based arbitrarily on the data presented by Padger and Bray (1945)
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and the frits thus obtained varied greatly in solubility as determined
by the method given in appendix 4, The solubility of the frits was
found to have a marked influence on the growth of the plents, & high
solubility (above 7.0 percent) made the nutrient solutions alkaline,
thus creating a toxic condition for the plants., The most successful
wheat cultures, comparing favoradbly in growth with absolute control
cultures receiving a complete nutrient solution, were odtained with
frits of relatively low soludbility. Chlorosis would, however, appeer
in the later stages of the experimental period, and in later experi-
ments the iron content of the frits wes increased from 2,0 to 5.0 per-
cent ro203.
Some 0of the frits thus developed produced plants which were green
and healthy throughout the experimental period and which were nup;rior
in size to plants grown in the absolute control cultures receiving a
complete nutrient solution. In table 1, the composition and the solu~
bility of the newer frits are listed. The table includes three groups
of frite representing three different levels of silica content. Within
each group a decrease in the perceantage of 0CaO, MgO, !20, and hzo with

& corresponding increase in the nhosphorus content resulted in a de-

crease in solubility.

Of the frits listed in tadble 1, 6238-C and 6224~C produced the
best plants as judged by the fresh weight obtained, 6238-C produced
slightly higher fresh weights than did 6224—C. Based on the total

amount of iron absorbed per plant however, 6224~C gave a higher value
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than 6238-C. The basic formulae represented by these two frits were,
therefore, selected for the present study., Since both frits had proved
successful, the investigations had reached the point where it was appro-
rriate to explore the effects of changes in the iron content. At this
stage manganese was also included in the study, and the four series of
frits listed in table 2, were prepared for the present study.

The 6285 and 6287 frit series in table 2 conform to the basic for-
mula represented by 6238-C in table 1, and the 6286 and 6288 series
conform to the basic formula represented by 6224—0 in table 1. The
variation in iron and manganese in the new frits, as shown in table 2,
has been compensated for by a change in all the other constituents to
avold any appreciable deviation from the basic formula with subsequent
change in solubility.

All frits listed were studied simul tanecusly at various pH levels

of the nutrient solution. The following experiments were carried outt

Experiment ¥o. pH of nutrient Experimental Total number
solution period of days
1 6.0 June 13—July 26 43
2 7.0 Sept. 10—0Oct. 24 4d;
3 4,0 Nov. 7—Dec. 22 45
b 5.0 Dec. 28--Feb. 14 48
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11I. EXPERIMENTAL RESULTS

A, Visual appearance of the plants

1. At DH 4.0 of the putrjent solutiopn. The experiment with the
nutrient solutions at pE w 4.0 was carried out during the months of

Rovember and December andA the plants grew relatively slowly because
of the low light intensity. In spite of the slow growth, pronounced
differences in the size of the plante and in the color of the leaves
was observed.between the plants grown in frit and those grown in
quarts. In all instances, the size of the plants in the frit cultures
was larger than that of the plants in the corresponding quarts cultures.,
In most instances, the plants which were grown in the frits exhibited
a darker green color than did those grown in the corresponding quarts
cul tures,

It was noticeable also that the plants grown on the frits of the
6285 and the 6287 series with low S10, content were larger than the
plants grown on the frits of the 6286 and 6288 geries with high 810,
content, Similar differences were observed between the plants grown
in the respective gquarts control cultures, the largest plante being
agssociated with the largest frit-grown plants,

Within the cultures of each series of frits, no visible differ-
ences were apparent. This indicated that the different 1r§n or man—
ganese contents of the frits exerted no effect on' the plants which

was visibly evident.
The color of the absolute control plants grown without iron was
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less green than the color of the plants supplied with complete nutrient
solution, No deficilency symptoms were observed in those absolute con-
trol cultures from which manganese was excluded, Although the size of
the iron deficient plants was not appreciadbly smaller than the size

of the ones receiving complete nutrient solution, it was apparent,
however, that the plants Teceiving a -complete nutrient solution w&e
smaller than the plants grown in the frits of the 6285 and 6287 series.

2. At pH 3.0 of the putrient selution. The experiment was carried
out during the months of January and February. The ingtallation of
adequate artificial light materially improved the growth of the plants.,

The control plants showed signs of chlorosis garly in the experi-
mental period and the growth was markedly inhibited., A4Al)l of the frit
&rown plants, however, were still green and healthy at the end of the
experimental period.

Again 1t was observed that the frit series 6285 and 6287 produced
larger vlants than did the 6286 and 6288 frit series, and a similar
difference was again noticeadble detween the correspvonding control
plants. Therefore, the control plants corresponding to the 6285 and
6287 frit series were larger than the control plants corresponding to
she 6286 and 6288 frit series.

The plants grown in f#it had, in most instances, started to Joint
at the time of harvest, while very few of the corftrol plants had reached
the jointing stage when they were harvested.

¥Within each frit series, no marked visible differences in the

plants were associated with the differences in the iron or meanganese
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content of the frits., However, in case of the series 6287, the frit
containing 2 percent of )lnoz produced definitely taller plants than
did the rest of the frits >~ .thin this series., The corresponding con-
trol culture likewise produced definitely taller plants than did other
control cultures in the series.

The abdbsolute control cultures receiving no iron in the nutrient
solution produced plants which were very chlorotic and the growth was
obviously inhibited, Omission of manganese from the nutrient solution
resulted in a slight chlorosis of the plants. The growth, however,
seemed not to have been visidly inhidited Dy the chlorotic condition.
The cormplete nutrient solution gave rise to normal healthy plants,
but in no instances did the growth of these plants compare with that
of the plants grown in the frits of the 6285 and 6287 series.

3. At pH £.0 of the amutrient solution. The experiment was oarried
out during the months of June and July. It was, therefore, difficult
to avoid high temperatures in the greenhouse on bright days and injury
to the plants in the form of drying of the leaf tips was encountered
in some instances,

The same general picture of the growth of the plants as described
for the previous experiment also was apparent in this experiment., ¥The
control plants became chlorotic at an early stage of their development,
and the size obtained hy the control plants was markedly less than
the size obtained by the plants grown in the corresponding frit cultures.

The vlants grown on frit 6287-B (2.0 percent 1'0203) reached an
exceptional large size and the frits of the 6285 and 6287 series
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produced plants of a size superior to that of the absolute control
rlants receiving complete nutrient solution (Plates IV, V, VI, and
VI). Since one might expect precipitation of the iron in the nutri-
ent solution at the high pH level used in this and the following ex-
periment, the solutions receiving iron were thoroughly shaken once

a day prior to flooding of the culture pots. Since the plants grown
in the absolute control cultures receiving complete nutrient solution
appeared green and healthy, this precaution was apparently sufficient
to keep the plants supplied with iron., Still, the growth of these
plants was inferior to the growth of the best frit grown plants (Plate
VIII).

Manganese deficiency did not occur in this or in the following
experiment when manganese was excluded from the nutrient solution of
the absolute control cultures. Iron deficiency, on the other hand,
became very prominent in the cultures not receiving iron in the nutri-
ent solution (Plate IX).

k. A$ PR 2.0 of the nutrient solution. The plants in this experi-
ment, which was carried out during the months of September and Octobder,
made a very slow growth which might be ascribed partly to low light
intensity and partly to the unfavorable pH level of the nutrient solu~-
tion.

The difference in growth between the plants in the frit cultures
and the plants in the corresponding control cultures was here more pro—
nounced than in any of the previous experiments, The control plants
reached only about half the size obtained by the corresponding frit

grown plants, The control plants were in all instances very chlorotic,




It was agalin easily observed that the plants grown in the frits of the
6285 and 6287 series were superior in size to the plants grown in the
frits of the 6286 and 6288 series.

The development of the plants in the absolute control cultures was
ag descridbed for the previous experiment.

5. Sumpary. The visual observations made of the development of
the plants, can be summarized as follows: (1) The frit culturee pro=-
duced normal, green plants over a range in pH from 4,0 to 7.0 of the
nutrient solution. (2) The corresponding control cultures of these
frits produced more or less chlorotic plants whose growth was inferior
to that of the corresponding frit grown plants. The degree of chlorosis
and the difference in growth between the control plants and the corres—
ponding frit grown plants increased with increase in pH of the nutri-
ent solution. (3) Prits of the series 6285 and 6287 produced at all
PH levels conspicuously larger plants than the ones obtained in the
absolute control cultures receiving complete nutrient solution, (4)
The growth of the plants in the control cultures seemed to be related
to the growth of the plants in the corresponding frit cultures in such
a way tﬁat a good growth of the plants in the frit culture generally
was agsociated with a good growth of the corresponding control plants,

The visible appearances of the frit grown plants clearly showed
that the favorable effect of the frits, as compared to the corresponding

control cultures, increased as the pH value of the nutrient solution

increased,
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B. Fresh weight of the plants

The fresh weights of the plants obtained in the individuml cultures
at the various levels of pH of the nutrient solution are listed in
tables 3 and 4 (pH 4,0), tables 5 and 6 (pH 5.0), tables 7 and 8 (pH
6.0), and tadles 9 and 10 (pH 7.0).

The data show that the fresh weights obtained in the individual
frit cultures are, at all pH levels, significantly larger than the fresh
wveights obtained in the corresponding control cultures, Further, it
will also be noticed that the fresh weight of the control plants is
closely correlated with the fresh weight of the corresponding frit
grown plants. Thus, a relatively large fresh weight of the plants
grown in the frit was generally associated with & relatively large
fregh weight of the corresponding control plants,

The frits of the 6285 and the 6286 series have invariably produced
larger yields of fresh weight than have the frits of the 6286 and 6288
series, and, similarly, the fresh weights obtained in the control cul-
tures corresponding to the 6285 and 6287 frit series are almost in-
variably larger than the fresh weighte obtained in the control cultures
corresponding to the 6286 and 6288 frit series,

The relative average fresh weight obtained in the individual
cultures, calculated in percent of the average fresh weight obtained
in the absolute control culture receiving complete nutrient solution,
is plotted against frit composition in figures 2, 3, 4, and 5, These

figures show that at all pH levels, the fresh weights obtained on the
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6285 and 6287 frit cultures were significantly larger than the average
fresh weight of the absolute control cultures receiving a complete
nutrient solution., The same is true for the fresh weight obtained in
the 6286 and 6288 frit cultures except when the nutrient solution was
maintained at a pH of 5.0, in which case the plants grown in these
frits obtained about the same fresh weight as the absolute control
plants receiving complete nutrient solution,

The figures also demonstrate that within each individual frit
series there was a change in fresh weight from one frit culture teo
another reflected in a parallel change in the fresh weight obtained
in the corresvonding control cultures., The figures do, however, not
indicate that the fresh weights obtained have any correlation with the
amount of iron or mangenese present in the frit. At pH 5.0 and 6,0
of the nutrient solution (figures 3 and 4) frit No, 6287-B (2,0 percent
llnoz) gave rise to an exceptionally large fresh weight, which wonld
indicate that this frit represents the most favorable composition with

regard to iron and manganese,
The average fresh weight obdbtained in the control cultures within

each individual frit series was calculated in percent of the average
fresh weights obtained in the corresponding frit cultures, and the
values obtained are plotted against pH of the nutrient solution in
figure 6. The effect of raising the pH of the nutrieant solution from
4,0 to 7.0 has been to increase the difference in fresh weight between

the frit grown plants and the corresponding control plants. The
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exceptionally low percentage value found at pH 5.0 of the nutrient
solution, especially in the case of the 6288 frit series, can be
explained as being due to a relatively large difference in the physio-
logical age between the frit and the control plants in this particular
experiment, At the time of harvest the frit plants had in most cages
bdegun to joint, while the control plants had not reached the jointing
stage, In the other experiments the plants were harvested at a some-

what earlier stage in their development.
C. Dry weight of plants

The dry weight of the plants obtained in the individual cultures
at different levels of pH of the nutrient solution is listed in tadbles
11 and 12 (pH 4.0), 13 and 14 (pH 5.0), 15 and 16 (pH 6.0) and 17 and
18 (pE 7.0).

The data show that at all pH levels the dry weights obtained in
the frit cultures were significantly larger than the dry weights odb-
tained in the correspondiing control cultures, and that the dry weight
of the control plante is closely correlated with the dry weight of
the plants grown in the corresponding frit cultures.

It is further noticed, from figures 7, 8, 9, and 10, that the
frit series 6285 and 6287, at all pH levels, have produced signifi-
cantly higher ylelds of dry plant material than did the absolute con-
trol culture receiving complete nutrient solution, The same result
is obtained with respect to the frits of the 6286 and 6288 series

except at pH 5.0 of the nutrient solution, A4t this pH the dry weight
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of the plants grown in the 6286 and 6288 frits is not significantly
different from the fresh weight obtained in the absolute control cul-
tures receiving complete nutrient solution.

The figures do not indicate any correlation between the amount of
iron or manganese present in the frit and the dry weight of the plants
produced., It is, however, noticed that frit No. 6287-B (2.0 percent
MnO,) has increased the dry weight of the plants about 100 percent as
compared to the dry weight obtained in the absolute control cultures
receiving complete nutrient solution, and that frit No. 6285-C (7.5
percent 1'0203)9 on the same basis has increased the dry weight about
80 percent.

The effect of pH of the nutrient solution on the relative differ-
ence in dry weight between the plants grown in frit and the ones growm
in the corresponding control cultures is demonstrated in figure ll.

It will be seen that the same relative differences were obtained for

dry weight as were obtained with respect to fresh weight of the plants,
D, Absorption of iron by the plants

Surface contamination of dust may be a major source of error in
iron determinations of plant material, Unfortunately, this error was
not fully recognised in thg present study until the plant material
obtained from the two first experiments (pH 6.0 and 7.0) had beem
analysed. The inconsistencies of the analytical data pointed towards

serious contaminations of the material, 1In an attempt to eliminate this
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error, the plants in the third experiment (pH 4.0) were washed by re-
peated dippings in distilled water shortly after they had been har-
vested., Somewhat more consistent results were thus obtained. A still
higher degree of consistency was obtained, however, in the last experi-
ment (pH 5.0) in which the plants were dipped several times in a2 dilute
hydrochloric acid solution and rinsed in distilled water before they

were placed in the drying oven.

le. Iron content as parts per million of dry tissue

a. At DH 4,0 of the putrient solution. The iron content expressed
as parts per million of oven dry material, is listed in tables 19 and 20,

The differences in iron content between the plants grown in frit and
the ones grown in the corresponding control cultures are, in most
instances, smaller than the differences in iron content between plants
grown in duplicate cultures. There is thus no basis to conclude that
the plants grown in frit contain more iron per unit dry weight than
the plants grown in the éorreaponﬂing control cultures. Further, the
data do not indicate that the amount of iron present in the frit has
had sany influence upon the concentration of iron in the dry material
of the plants, nor is there any indication that the manganese content
of the frit has had such an influence.

As shown in table 20, the addition of iron to the nutrient solution
has had but little influence upon the concentration of iron in the dry
matter of the plants grown in the absolute control cultures. In the

case where manganese but no iron has been added to the solution a



slight depression of the iron concentration of the dry matter of the
rlants is observed.

b. At DE 5.0 of the nutrient solution. The iron content expressed
as parts per million of the oven Adry material is listed in tadbles 21
and 22, It will be seen from these tables, that even though there
existed large differences in the data obtained from duplicate cultures,
a consistently higher average value for iron content was obtained for
the plants grown in frit than for those grown in the corresponding
control cultures. Figure 12 demonstrates that the frit series 6285
has produced plants with a higher concentration of iron in the ary
matter than has the frit series 6286, and, similarly, that the frit
series 6287 has produced plants with a higher concentration of iron
in the 4dry matter than the frit series 6288. A close parallelism
between the frit and the corresponding control cultures with res—

pect to iron concentration in the dry matter of the vlants is charac—

teristic for both iron—-frit series.

From figure 12 it is also seen that the addition of manganese
€0 the frits has increased the concentration of iron in the dry matter
of the plants., This finding is not in accordance with the general
belief that manganese has a depressing effect on the abdbsorption of
iron by plants. Such a depressing effect of manganese is, however,
demonstrated by the data presented in tadble 22, It will de seen
that when both iron and manganese are added to the nutrient solution
of the absolute control cultures, the concentration of iron in the

dry matter of the plants is less than when only iron is added,
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Similarly, when only manganese is added, the concentration of iron in
the dry matter 18 less than when none of the two elements is added.

c. A% pE 6.0 apd 7.0 of ihe putrient golution. A4As already men-
tioned, no measures wore taken in order to eliminate iron contamina-
tion of the material obdtained in these experiments, It will be seen
from tables 23, 24, 25, and 26 that the data obtained for iron content
in the dry matter are of a higher order of magnitude than the corres-
ponding data odbtained in the previous experiments, and that the differ-
ences bdetween the duplicate cultures are generally very large., No

conclusion, therefore, can be drawn as to the relative concentration

of iron in the plant material,

2., Total absorption of iron by the plants

a. At DH 4,0 of the nutrient solution. The concentration of iron
in the dry matter of the plants grown in frit and the plants grown in
the corresponding control cultures did, as already pointed out, not
show any significant differences. The total amount of iron absorbed
is, however, larger in the frit cultures than irn the corresponding
control cultures as shown in table 27. The plants grown in the frits
of the 6285 and 6287 series have abscrbed more iron than the plants
grown in the frits of the 6286 and 6288 series. JFurther, the control
plants corresponding to the 6285 and 6287 frit eeries have absorbed
more irem than the control plants corresponding to the 6286 and 6288

frit series. The average amount of iron absorbed by the plants grown



in the absolute controcl cultures receiving complete nutrient solution
is in most instances lower than the amount of iron absorbed by the
frit grown plants,

b. At pH 5.0 of the putrient solution. At this pH of the nutriemt
solution it was found to be a higher concentration of iron in the dry

matter of the plants grown in frit than in the dry matter of the plants
grown in the corresponding control cultures., The total amounts of
iron absorbed in the verious cultures are listed in tadble 28, and the
average values are plotted against frit composition in figure 12, It
will be noticed that the plants in the frit cultures have absorbed
about twice as much iron as the plants in the corresponding control
cultures., This is true for all four frit series. It will also be
notices (table 28) that the plants grown in the frits of the 6285 and
6287 series generally have absorbed more iron than the plants ggown
in the absolute control cultures receiving a complete nutrient solution.
c. At DH 6.0 apd 7.0 of ihe mutrient solution. Tables 29 and 30
show that, in spite of the inconsistencies of the analytical results,
there is indication of a definitely larger absorption of iron by the
plants grown in frit than by the plants grown in the corresponding
control cultures. This difference is especially noticeable when the

frits series 6285 and 6287 are considered,
3. Summary of iron absorption

The data obtained for iron absorption by the plants at a pH of

5.0 of the nutrient solution are the most reliable ones, since special

’ '
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precautions were taken in this experiment to eliminate iron contamina-
tions of the plant material. The data from this experiment show?

(1) The plants grown in the frit cultures have accumulated more iron
in the tissune than the plants grown in the corresponding control cul-
tures., This result indicates that the frit grown plants have had a
better access to available iron than the control plants. (2) The
plants grown in the frits of the 6285 and 6287 frit series have ab-
sorbed more iron than the plants grown in the 6286 and 6288 frit
series, which indicates that the iron present in the former frits is
more available than the iron present in the latter. (3) The control
plants corresponding to the 6285 and 6287 frit meries have generally
absorbed more iron than the control plants corresponding to the 6286
and 6288 frit series, which would indicate that the iron in the former
frits is slightly more soluble than the iron in the latter frits. (&)
There ig no indication of a correlatior between the amount of iron in

the frit and the amount absorbed by the plants,

E. Absorption of manganess by the plants
l. Manganese content as parts per million of the

oven dry tissue

a. At DH 4,0 of the putrient splution. Manganese content of the
dry plant material is listed in tables 31 and 32. It is readily seen

that the presence of manganese in the frit has had a considerable in-

fluence upon the concentration of manganese in the dry plant tissue.




An incremase in the manganese content of the frit from 1.0 to 4.0 per-
cent rhoz has greatly increased the concentration of manganese in the
plants,

It will also be noticed that the concentration of manganese in
the dry matter of the control plants is of the same order of magnitude
as the concentration of manganese in the corresponding frit grown
plants, This is an indication of & relatively large solubility of the
frit manganese.

The plants grown in the 6287 frit series contain all higher
amounts of manganese per unit dry weight than the plants grown in Bhe
6288 frit series, The solubility of the manganese in the 6287 frits,
therefore, 1s larger apparently than that of the mangseanese in the 6288
frits.

The absolute control plants which were supplied with a nutrient
solution from which manganese was excluded 414 not contain any detect-
able amounts of manganese in the dry tissue,

b. At pH 5.0 of the putrient solution. Manganese content in the
oven dry tissue is listed in tadbles 33 and 34, The data show the same

tendency towards an increfse in manganese concentration of the dry
tissue following an increase of the manganese concentration of the frit,
In contrast to what was found in the previous experiment, a large differ-
ence is observed between frit and corresponding control cultures with
respect to manganese concentration in the dry tissue. In both iron

frit series (6285 and 6286) the control plants have a higher concen—
tration of manganese than the corresponding frit grown plants, The

same large; differenc:. in the concentration of mangsnese in the dry
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plant material is observed between frit and the corresponding control
cultures of the manganese frit series 6287, No such difference is
observed with respect to the frit series 6288, This finding, together
with the relatively low manganese concentration of the plants grown

in thie frit, again indicates that the manganese in the 6288 frit is
less available to the plants than the manganese in the 6287 frit. The
data also indicate that the manganese 1# the 6288 frit is less goludble
than the manganese in the 6287 frit since the control plants associated
with the latter frit contain relatively large amomnts of manganese,

c. At pH £,0 and 7,0 of the nutrient golution. Manganese concen—
tration in the 4dry plant material is listed in tadbles 35, 36, 37, and
38, The data from the two experiments point out the same general re-
lationships as mentioned for the previous experiment. The observations
already made regzarding the relative availadbility of manganese in the

two frit series 6287 and 6288 are confirmed in these two experiments.
2. Total absorption of manganese by the plants

Total absorption of manganese by the plants, expressed as milli-
grams per ten plants, is listed in tadble 39 (pH 4.0), tadble 40 (pH
5.0), table 41 (pH 6.0) and table 42 (pH 7.0). The average values
are plotted against frit composition in figure 13 (pE 4.0), figure
14 (pH 5.0), figure 15 (pH 6.0) and figure 16 (pE 7.0).

The total amounts of manganese absorbed by the plants grown in
the frit cultures of the iron series (6285 and 6286) is in most cases

of the same order of magnitude 2s the amount absorbed by the corresponding
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frit grown plants., The higher concentration of manganese observed

in the control plants is thus largely compensated for by a smaller
total weight of dry matter., There are no indications in the data pre-
sented that the amount of iron present in the frit has had any influence
upon the total absorption of manganese by the plants.

The total amounts of manganese a;‘baorbed by the plants grown in
the manganese containing frits are, in most cases, increased as the
mangenese concentration of the frit is increased, The same relation-
ship holds true for the corresponding control plants,

The most manganese has been absorbed by the plants grown in the
6287 frit series. The control plants corresponding to this frit series
have in most cases absorbed more manganese than the plants grown in

the 6288 frit series,
3. Summary of manganese absorption

A review of the data pertaining to manganese in the plants points
out the following: (1) The concentration of manganese in the dry
matter of the control plants is of the same order of magnitude as the
concentration of manganese in the dry matter of the corresponding
frit grown plants when the data from the experiment at pH 4.0 of the
nutrient soluntion are considered, In the rest of the experiments, the
control plants corresponding to the frit series 6285, 6286 and 6287
contain significantly more manganese :in the dry matter than the corres-

ponding frit grown plants, The control plants corresmonding to the
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frit series 6288 contain also in these experiments about the same
amount of manganese in the dry matter as the corresvonding frit grown
plants, These findings seem to indicate that the control plants of
the manganese frit series have had access to appreciable amounts of
manganese, and that the manganese in the frits has been relatively
soluble,

(2) There is a strong correlation between the total amount of
manganese absorbed by the plants and the amount of manganese present
in the frit. %This holds true both for the frit grown rlants and the
control plants, indicating that the amounts of manganese released from
the frit by the nutrient solution has increased with inecrease in the
amount of manganese present in the frit,

(3) The large amounts of manganese absorbed by the plants grown
in the 6287 frit series as compared to the amounts absorbed by the
plants in the 6288 series indicate that the mangenese in the 6287 frits
"has been more easily avallable than the mangeanese in the 6288 frits.
The large amounts of manganese abgsorbed by the control plants corres—
ponding to the frit series 6287 as compared to the amounts absorbed
by the control plants corresponding to the 6288 series, 11kow1-§

indicate a larger solubility of the manganese in the 6287 than in the

6288 frits.




IV. DISCUSSION

The most strildding result of the experiments is the difference in
growth between the plants in the individual control cultures and the
plants in the corresponding control cultures, the frit grown plants
generally being larger and having a greener and healthier appearance
than the corresponding control plants.

Since doth the frit and the control culture received identical
amounts of nutrients in the culture solution, the better growth of the
rlants in the frit culture must be attributed to a component of the
frit only availadble to the vlant roots upon contact with the frit.

When iron containing frit was used in connection with a nutrient
solution devoid in iron, the better growth of the plants grown in con-
tact with the frit as compared to that of the plants grown in the con-
trol culture nust be due to 2 direct absorption of iron from the frit.

The objection may be put forth that the iron in the frit may be
soluble, dbut does not reach the plant roots in the control culture due
to precipitation in the cardboy containing the nutrient solution, In
order to test this possibility, determinations were made of the amounts
of iron present in the nutrient solutions at the end of the exrerimen-
tal periods, The results obtained in connection with the experiments
carried out at pH 4,0 and pH 5,0 of the nutrient solution are listed
in tables 43 and 44, It will De seen that iron was present in the

nutrient solutions in negligidle amounta, and that the amounts are of
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the same order of magnitude as the amounts found in the absolute con-
trol solutions receiving no iron. The data obtained in connection
with the other experiments were of the same low order of magnitude,

The data for iron in the nutrient solutions do not indicate any
acocunmulation of iron with lncrease in the iron content of the frits,
Apparently no iron was released from the frits in amounts sufficient
to support plant growth,

The fact remains, however, that the control plants corresponding
to the 6285 frit series made a better growth and absorbed slightly more
firon than did the control plants corresponding to the 6286 frit series
(see figure 12). The only explanation for this difference seems to be
that the control plants corresponding to the 6285 frit series have
had a slightly better access to iron than have the control plants corres-
ponding to the 6286 frit series. In spite of the negligible amounts
of iron found in the nutrient solutions, it is not possible to rule
out completely that a slight amount of iron may have been released dy
the nutrient solution flooding the 6285 frits. The amounts released
has, however, not been sufficient to prevent chlorosis and stunted
growth of the control plants.

Another fact pointing towards a slight solubility of the frit
iron is the close parallelism observed between iron absorption of the
frit grown plants and the control plants. %This parallelism is cleerly
demonstrated by the curves for p.pem. of iron in the dry matter of the

plants grown in the 6285 frit series and corresponding control eultures




and the p.p.m. of iron in the dry matter of the plants grown in the
6286 frit series and corresponding control cultures.

In contrast to what is found for the iron present in the frit,
the manganese in the frit exhibits a considerable solutility, as in-
dicated by the amounts of manganese absorbed by the control plants
grown in ceonnection with the manganese containing frits. The indica-
tion of &2 relatively large solubility of the manganese is substantiated
by chemioal analysis of the nutrient solutions flooding the manganese
frits., Figure 17 demongtrates the amounts of manganese released by
the various nutrient solutions. It is seen that the largest amounts
of manganese are released from the 6287 frits and that the pH of the
nutrient solution has had a strong influence upon the amounts released.,
At pH 4,0 of the nutrient solution there has been released about twice
as much mangenese as at pH 7.0,

Owing to the large solubility of the manganese in the frits there
is no basis to conclude to wvhat extent the plant roots have been able
to adbsord manganese from the frit by contact with the frit particles.
The bdetter growth of the plants grown in the manganese frits as com-
pared to that of the plants grown in the corresponding control cultures,
must be ascribed to an effect of the iron in the frit,

It is evident from various revorts in the literature that the
elements iron and manganese are functionally interrelated in their

physiological effect on plants. JTottingham and Bagk (1916) studied
this interrelationship in nutrient cultures of wheat, Their data seem
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to indicate that the best growth of the plants was obtained when the
ratio of iron to manganese in the nutrient solution was 1:1,

More recently Somers and Shive (1942) have reported that the
best growth of soybeans in nutrient solution culture was obtained
when the ratio of iron to manganese in the nutrient solution was within
& NArrow limit of 2.5, the absolute concentration of the elements being
of a lesser importance than th? ratio between their concentrations.
The ratio of iron to manganese in the nutrient solution flooding the
manganese frits in the present experiments was apparently extremely
low, especially in the case of the 6287 frit series. It will be seen
from figure 17 that at pH 4,0 of the nutrient solution, the frit
6287-D (4.0 percent unoz) released manganese to the solution in amounts
corresponding to 10 p.p.m. of Mn at the end of the experimental period,
Table 43 shows that the iron concentration of the solution was about
5 milligrams per carboy or 0.3 pe.pem. of Fe. This will give 2 ratio
of iron to manganese of about 0.03 which is far below the optimunm
ratios reported in the literature. The possibility exists, therefore,
that the chlorotic condition and stunted growth observed in the con~
trol cultures in certain cases may be due to manganese toxicity. 1If
this 1is true, it is of interest to notice that the plants grown in the
corresponding frit cultures did not show any toxicity symptoms, although
they were supplied with the same high manganese solution as the control

plants., The effect of the frit must, therefore, have been to eliminate




h2,

the unfavorable iron-manganese ratio due to the presence of the iron
in the frit,

Assuming that the concentrations of iron and manganese in the
plant tissue will be determined largely by their concentrations in
the substrate, the ratio of iron to manganese in the dry matter of
the plants should give an indication of the relative availability of
the elements to the plant roots., This ratio is calculated for the
prlant material obtained in the experiment carried out at a pH of 5,0
of the nutrient solution. The data are presented in table 45, It
will be noticed that the ratio of iron to manganese in the contr