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1. INTRODUCTION

1.1 ESSENTIAL MICROELEMENTS

At the end of the 19th century, the classical list of ten ¢lements: carbon, hydrogen,
oxygen, nitrogen, phosphorus, potassium, calcium, magnesium, sulfur and iron, had
been recognized as the only elements required for plant growth. Nowadays, itis a
wellknown fact that other nutrients are also essential for plant development. The
criteria of essentiality had been comprehensively discussed by Arnon, 1950a, 1953
and 1958. It was stated that an element is only to be regarded as essential if the plant
fails to develop normally on a medium from which it had been rigidly excluded. Be-
cause of the complexity of the plant-soil system, the definite evidence confirming that
a particular microelement is essential for plant growth, was usually gained by evidence
obtained from purified sand or water cuitures.

In the last few decades of the present century, the so-called rare, minor or trace-
elements: boron, manganese, copper, zinc and molybdenum, had proved to be in-
dispensable nutrients. ARNON 1950b suggested that these essential elements, including
iron, should be called ‘micronutrients’ in analogy to the term ‘macronutrients’.
This new list of the fifteen essential elements tends to be increased, as the ability to
petform accurate experiments, by using more purified nutrient media, is increased.
According to SCHARRER, 1955 such elements as aluminium, bromine, chromium, gal-
lium, lithium, nickel, strontium, titanium, vanadium, tungsten, and others, may,
in some cases, be beneficial to plant growth. BEgsoN, 1958 reported that cobalt and
iodine are of importance in the case of pastures which normally provide these elements
to the animal diets. :

As a matter of fact, microelements are required only in very small amounts. This is
illustrated by table 1, which compares the quantities of macro- and micro-nutrients

Tasie 1 Nutrients removed by crops (kg/ha). (Compiled from Landbouw Gids, 1959)

N PO, KO CaO MgO Mn B Cu Mo Fe Zn

cereals 62 30 62 12 8 0225 001 0025 0002 1.000 0225
pulses 112 29 55 28 12 0077 0.031 0035 0.021 0.616 0.077
potatoes 83 38 153 6 13 0045 0.062 0.047 0.006 0.360 0.045
sugar beets 190 77 326 96 63 0350 0.250 009 0010 2.800 0.350
clover 102 24 85 75 24 0150 0040 0035 0.024 1200 0.150
lucerne 94 25 110 79 9 - - 0.046 - - -

removed by various crops. Nevertheless, shortage of a particular micronutrient may
lead to a reduction in the plant growth and to the development of deficiency symp-
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toms. Considerable attention has beén directed to the microelements, due to the fact
that an excess of these elements may also be toxic, whercby usually characteristic
toxicity symptoms are'manifested by the affected plants. For microelements, in general,
the region between deficiency and toxicity is much smaller than for macroelements.

It may be stated that different plants vary greatly in their requircments for a parti-
cular microelement. According to ARNON, 1953 and 1958, beans require more boron
than batley; so alfalfa is capable to absorb its zinc requirements from a medium that
has an extremely low Zn content. Corn, growing on the same medium, shows clear
deficiency symptoms. It was also observed by WiLLiams and Viamis, 1957, that
lettuce and tomato were less susceptible to manganese toxicity than barley.

1.2 THE FUNCTION OF MICROELEMENTS

It has been pointed out that the results of workers in the field of microelement research
have shown that B, Mn, Cu, Zn, Fe, and Mo are essential plant nutrients. Absence
of any of these elements in the soil will result in serious reductions in growth and pro-
duction. . :

With regard to the function of these micronutrients in plant metabolism, compara-
tively little is known. HEwrrT, 1951; McELROY and Nason, 1954; GaucH, 1957; and
others discussed the possible role of microelements in biochemical and physiological
processes in plant and animal and pointed out that there is a great similarity between
the behaviour of these elements in organisms and in enzyme systems. The idea that
micronutrients play a catalytic role in the biological reactions has received a general
agreement. However, the mechanism of these enzymatic systems and the part governed
by microelements is not yet clear. MCELROY and NASON have reported that the ma-
jority of enzymes cither contain or require one or more metals in order to become
activated. Among these metals are the essential micronutrients such as Mn, Cu, Zn
and Fe, and apparently the non-essential micronutrients (Ni, Co, and others). Ac-
cording to these workers boron does not belong to either of the above mentioned
groups of elements.

Baron: In this connection the review of Skok, 1958, discussing the role of boron in
the plant cell, is of great interest. He claims that the information given by ALEXANDER,
1942; DUGGER et al, 1957; and others clearly shows that both the presence or absence
of boron may alter some enzymatic reactions in different ways. The difficulty in
assessing the nature of reactions between the borate ion complex and the enzyme
system may be due to the complexing property of the borate ion. It also appears that
boron, as opposed to metals, has no function in the oxidation-reduction system; this
oxidation-reduction system arises when metals, acting in clectron transfer systems
by changing of their valence. :
Other functions of boron have been recorded. The effect of boron on the trans piration
91_‘ plants was qbserved by BAKER et al., 1956. They noticed that the transpiration rate
in bor?n deficient I?eal} plants was remarkably less than that of normal plants. The-
reduction in transpiration was ascribed to three factors: (1) a decreased rate of water
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absorption as a result of boron-deficiency, (2) an increase of non-functional stomatas
in boron-deficient leaves, (3) higher concentrations of pectin and pentosan, resulting
in a higher osmotic pressure in boron-deficient plants.

REED, 1947, described morphological and histological structures of plant organs in
relation to boron deficiency. Apart from a retardation of growth and a die-back of
both root and apical buds, apparently the bundle sheath and the sieve tubes of the
phloem of the boron-deficient plants were disrupted and blocked the normal conduits
for the transportation of energy-rich materials in leaves: Reed also found that in-
organic phosphates were trapped in the necrotic material and in the disrupted phloem
of the boron-deficient plants. Moreover, cells of leaves of the affected plants showed
signs of a disturbed metabolism.

The function of boron in the translocation of sugars and on the carbohydrate meta-
bolism had been postulated by GAUCH and DUGGER, 1953 and 1954, on the hypothesis
that a sugar-borate complex might facilitate the passage of sugar through cell mem-
branes.

The manifested symptoms of boron deﬁcmncy would rather be due to a decrease of
the sugar transport. This hypothesis is not inconsistent with the results obtained by
SkoK, 1957, and those of MCILRATH and PALSER, 1956. Although these workers found
that the addition of sugars does not cure boron-deficient plants, Skok 1958 concluded
that a probable relationship between boron and sugar translocation does exist. This
relation appears to be of an indirect nature and not due to the formation of a boron-
sugar complex,

Caopper: The function of copper and its 1mporta.nce for the activation of oxidase en-
zymes, such as tyrosinase, polyphenol oxidase, monophenol oxidase, laccase and
systems oxidizing ascorbic actd, had been discussed by MULDER, 1950; HEwITT, 1951;
and other investigators.

Zinc: Tt is possible that zinc acts, in activating enzymes such as carbon anhydrase,
hexokinase and dehydrogenase, Zinc plays a role in the synthesis of heteroauxines as
it has a regulating function in the formation of tryptophane (Skoog, 1940; Tsui, 1948).
Manganese: The activity of manganese as a cofactor in enzymatic reactions has been
reported by several workers. HEwiTr, 1951; and MULDER and GERRETSEN 1952, indi-
cated that manganese might be involved in the carbohydrate and nitrogen metabo-
lism. MULDER and GERRETSEN discussed the important part played by manganese in
the photosynthesis of green plants, It may be mentioned here, that double and multi-
ple activation and the similarity of the behaviour of bivalent ions, such as Mgt+, on
the activation of enzymes which contain Mn++ (McELROY and NasoN, 1954), may
complicate the elucidation of the specific functions of manganese in enzymatic re-
actions. For example, the role of manganese with regard to the reduction of nitrate
as recorded by LEEPER, 1941; JONEs et al, 1949; HEwiTT et al, 1949; and others, cannot -
by ascertained since nitrate reduction 1nvolves a number of successive steps that are
governed by different enzymes.

Both Hewrrrt 1951 and PirsoN 1958 do not share this opinion. It may be stated, how—
ever, that this problem has not yet been settled for manganese.

{fron: The importance of iron in chlorophyll formation and related phenomena, such
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as chlorosis, have been reviewed comprehensively by HEwITT, 1951; BROWN, 1956;
GAUcCH, 1957; and GRANICK, 1958. The importance of iron in relation to cytochrome

systems of the respiratory system has been also reported. It has been established that all

enzymatic systems that depend on iron, involve porphyrin structures. In this con-

nection, the well known fact that magnesium is a constituent of chlorophyll might be

recalled.

GRANICK, 1948, noted that Mg-protoporphyrin is a possible precursor of chloro-

phyll. According to BROWN, 1956, several metals can be incorporated into the por-

phyrin-ring. Iron porphins or haemo compounds and magnesium porphins or chloro-

phylis are of great importance. HEwrrt, 1951; HiLL, 1949; and ArNON, 1949, suggest
that copper and other micronutrients may have a catalizing effect on the formation of
iron porphyrin and consequently on chlorophyll formation.

Itis a common observation that deficiencies of micronutrients are always accompanied

by chlorosis. It is known that visual deficiency symptoms may vary considerably
among different plants. They are known as intervenal or diffuse chlorosis, white tips,

gray speck, scorching, mottling, ... ete. All these cases have one feature in common,

i.e. the reduction and/or partial destruction of chlorophyll. It is not yet understood,

however, why an excess of micronutrients may also induce chlorosis. Although an

interaction between iron and other element is suggested for an explanation of this

feature. These facts seem to suggest that internal and external factors other than iron

activity or iron availability in the soil might be responsible for the inducement of
chlorosis. This seems to be in agreement with the recent results of BRowN et al, 1959,

who concluded that iron-chlorosis in the field could be corrected by means of the
application of Fe-chelates, as well as by an optimal fertilizer policy and by improving
cultural practices. '

L3 INTERRELATIONS'OF MICROELEMENTS AMONG
EACH OTHER

Interrelations between micronutrients have received the attention of several workers.
In this respect, the antagonistic effect between manganese and iron was considered as
a major problem in plant nutrition. '

SoMERS and SHIVE, 1942, stated that the iron-manganese ratio in the culture medium,
rather than the iron and manganese concentrations was the main factor controling
plant growth in this respect. They found that in the case of soybeans, the ratio between
iron and manganese, corresponding to optimal growth, should be situated within
a narrow range around 2 irrespective of the total concentrations of iron and manga-
nese in the substrate. If this ratio was appreciably higher than 2, soybean plants
showed iron toxicity symptoms which were identical to manganese deficiency symp-
toms.

Manganese toxicity was found to be identical to iron deficiency and could be produced
when the iron-manganese ratio in the culture solution was below 2. Plant analysis
had shown that high concentrations of soluble (active) manganese in the plant tissues
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were invariably associated with low concentrations of soluble (active) iron, These
results were partially criticized by BERGER and (GERLOFF, 1947, who stated that manga-
nese toxicity in potato plants was entirely different from iron deficiency.

Also Morris and PIERRE, 1947, concluded that the iron-manganese ratio in the cul-
ture solution was not a controlling factor in the growth of lespedeza plants. More-
over, it was observed by MoORRIS and PIERRE, 1947, that manganese toxicity in lespe-
deza plants was remarkably alleviated by increasing the iron supply up to 1 p.p.m.
Reduction of manganese toxicity was ascribed to the pronounced decrease of manga-
nese content rather than to an increase of absorbed iron.

Nevertheless, the results of both Somers and SHIVE, 1942, and Morris and PIERRE,
1947, indicate a definite relationship between iron and manganese. They agree in their
conclusion that high levels of iron may decrease the manganese uptake.

Siperis and YOUNG, 1949, also found that a high manganese supply may induce iron
deficiency. In highly magniferrous Hawaiian soils, chlorotic pineapple plants became
healthy after spraying with ferrous sulphate solutions. The inducement of chlorosis by
a high manganese supply could be explained on the assumption that manganese may
substitute iron in porphyrin, which thus becomes inactivated prior to its conversion
to chlorophyll. This hypothesis was supported by the results obtained by WEINSTEIN
and RoRBINs, 1955.

In further studies, SIpERIS, 1950, using radioactive iron (*°Fe), showed that in cultures
supplied with manganese, the translocation of iron from roots to leaves was consi-
derably impeded. It was suggested that iron remained in the roots in combination with
certain protein fractions of the cells. TOTH and ROMNEY, 1954, applied radioactive
manganese (¥Mn) to soybeans in a culture solution and showed that high levels of
iron reduced the manganese content of the leaves, while an increase of manganese
was found in the roots.

Similar results were advanced by BOLLE-JONES, 1955, who concluded that applications
of iron reduced the uptake of manganese by potato plants. Increased iron supply
decreased the concentration of manganesc of the laminae, stems and petioles, but
increased that of the roots. Extra potassium or phosphorus generally reduced the
quantity of manganese which was retained by the roots.

Factors other than iron may have an effect on the manganese uptake. In culture so-
hations, Torx and ROMNEY, 1954, had found that high levels of either molybdenum
or nickel, reduced the absorption of Mn by soybeans. In sandy loam soil, the same
authors observed that high levels of copper increased the manganese uptake of dif-
ferent plants, The effect of molybdenum however was erratic. It was also stated that
the soil pH is a dominant factor affecting manganese uptake. A decrease of soil pH
resulted in an increase of manganese absorption in the case of all plants,

The uptake of iron and manganese appears to depend on the nature of the nitrogen
applied. Siperis and YOUNG, 1949, found for pineapple plants that the nitrates had
no effect on the content of iron and manganese of the plant tissues. With ammonium
as a source of nitrogen the iron concentration was greater than that with nitrate-nitro-
gen. The manganese uptake was greatly reduced when ammonium was supplied as
nitrogen source.
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The interactions of copper, manganese and iron were comprehensively reviewed by
ERKAMA, 1950. In sterile cultures it was found that the iron-content of peas was low
in the copper-deficient plants, while in manganese-deficient plants the iron content was
high. These results suggest an antagonism between manganese and iron, and a syner-
gism between copper and iron. It was also found that extremely high concentrations of
manganese were found in copper-deficient peas, that originated from copper-deficient
seed. This would seem to indicate an antagonism between copper and manganese.
Copper and manganese react differently to iron. With increasing copper supply, the
iron content of the plant sap decreases, while in the protoplasm it increases. Manga-
nese supply resulted in an increase of ferric iron in the vacuole sap, and a reduction
of iron in the protoplasm. '

With regard to copper-iron relationships, it was shown by BRowN and HoLmMEs, 1955,
that copper deficiency resulted in an accumulation of iron in corn plants, especially
in the nodes. It is not justified to apply these findings to other plants, since it was found
that some soybean varieties and wheat differed-from corn, with regard to the effect
of copper on the absorption and utilization of iron. :

1.4 MICRO- AND MACRO-ELEMENTS INTERRELATIONSHIPS

It is of interest to investigate whether micronutrients have an effect on the uptake of
macronutrients. : S

It is well known that both deficiency and excess of micronutrients lead to a depression
of yield and sometimes to a serious damage of plants, even when macroelements are
adequately supplied. The question may be put whether microelements effect the ability
of plants to absorb macronutrients from a culture medium, or influence the assimi-
lation of those ions by the plant. :

In the literature, quantitative information on the relationships between micro- and
macronutrients are scarcely found. The few available relationships were mainly
described for the cases where macroclements had an effect on the uptake of micro-
nutrients. Even though, they are by no means claer. :

For example, the outstanding problem of micronutrients deficiencies induced by an
excess of lime, suggest that there might be an effect of calcium on the uptake of micro-
nutrients. GISIGER, 1950, however, showed that a high pH instead of the high Ca-ion
concentration is the cause of an induced boron deficiency. SioLLEMA and Hubig, 1909;
and GISIGER, 1950, found that a high pH was responsible for a reduction of available
manganese in the soil, since the gray speck disease of oats could be induced by the
application of calcium carbonate, potassium hydroxyde and calcium hydroxyde, all
resulting in an increase of the pH of the soil.

With peanut plants, RicH, 1956, found a significant negative correlation between the
manganese content of the plant leaves and the pH, the exchangeable calcium and mag-
nestum content of the soil. The manganese content in the plant was positively corre-

lated to exchangeable and to easily reducible manganese in the soil. These observations
were also reported by DE Groor, 1956.
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For iron, similar results were obtained by McGEORGE and BREAZEALE 1956, rye and
barley seedlings absorbed iron as readily from calcarious soils as from non-calcarious
soils, but there was a greater immobilization of iron in the plant tops in the case of
the former.

WEAR, 1956, studying the effect of CaCO,, CaSO, and Na,CO; on the uptake of zinc
by sorghum, showed that the uptake of zinc decreases when CaCQ, or Nay,CO, are
supplied, while an increase of zinc uptake is observed after an application of CaSO,.
Accordingly the conclusion was drawn that a reduction in zinc uptake could be at-
tributed to a pH effect and not to a Ca-ion effect.

When the pH effect was eliminated by using controlled cuiture medla, the relatlon of
calcium to the uptake of micronutrients by different plants was investigated, but no
definite conclusion could be drawn.

The Calcium-boron relationship, has received considerable attention from several
workers.

According to PURVIS 2nd DAVIDSON, 1948, there exists a functional relatwnslup be-
tween boron and calcivm inside the plant. A high intake of one of these nutrients will
increase the requirement for the other. MCILRATH and DE BruUYN, 1956, found that
an increased calcium supply decreased the content of both soluble and total boron in
siberian millet at high boron levels in the nutrient solution. Similar results were also
obtained by BRENNAN and SHIVE, 1948, who found that in the case of tomato plants,
increments of calcium accentuate boron-deficiency at a low level of boron, whereas a
decrease of boron-toxicity was observed at a very high level of boron in the substrate.
At intermediate levels of boron, calcium exerted little influence on boron absorption.
HERNANDEZ-MEDINA and LuGo, LopPEz, 1958, concluded that the total boron content
of pine-apple plant tissues depends on the level of boron, irrespective of the level of
calcium. Also BRENNAN and SHIvE, 1948; ReevE and SHIVE, 1944; MARSH and SHIVE,
1941; and others, had arrived at the conclusion that the calcium content of plants was
largely independent on the boron level, and primarily determined by the calcivm con-
centration in the substrate.

McILrATH and DE Bruyn, 1956, however found that the soluble and total calcium
content of siberian millet increased with an increasing boron supply.

For blue Iupine, HENDERSON and VEAL, 1948, also found that the presence of boron
promotes the uptake of calcium.

It has been shown that several different views exist in the literature. According to the
author, this apparent discrepency might disappear if the plant yield had been taken
into consideration. The negative relation between the increments of calcium supply
and the boron content of the plant, observed by BRENNAN and SHivE, 1948 and by
MCcILRATH and DE BRUYN, 1956, is in fact in agreement with the above mentioned
view of PurvIs and DAVIDSON, 1948. By 1 1ncreasmg the dose of calcium, the plant tends
to produce more dry matter and therefore requires more boron.

When the yield increases, the relative values per unit weight, which are given as indi-
cations for nutrient contents, may decrease. In this connection, it should be borne in
mind that requirements for micronutrients are -very minute. Moreover, the plant
growth is very sensitive to a lack or excess of micronutrients, which will result in 2
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reduction of the dry matter production. For these reasons the fluctuation in the rate of
growth, caused by deficiency or excess of micronutrients, may affect the relative values
of the absorbed micro- and macro-nutrients. : :

Other factors may also interfere, such as the genetic properties of different plants in
relation to their requirements of calcium and boron.

A relationship between phosphorous and micronutrients, especially iron and zinc has
also been suggested. Phosphate in nutrient solutions may precipitate iron and, thus,
reduce the iron availability to plants. The pH of the solution, together with other
micronutrients, such as manganese and copper, may interfere in the iron absorption
and/or affect the translocation of iron in the plant.

Repiske and BiopuLed, 1953, and BiopuLpl, 1953(a), using radioactive iron (*¥Fe)
found that most of the iron applied to beans, in the presence of relatively high levels -
of phosphorus (0.001 M), failed to reach the plant leaves and cansed a diffuse chlorosis.
At pH 7.0 and at a low phosphorus supply (0.000f M), chlorotic mysophyll and pre-
cipitated or immobile %Fe along the veins could be observed.

At a pH of 4 the plants, receiving the same low level of phosphorus (0.001 m), pro-
duced normal, healthy leaves with a uniform distribution of ®Fe in the leaf tissues.
Foster and RusseLL, 1958, showed that the application of ferric iron in water cul-
tures, before or simultaneous with phosphate, reduced the transfer of phosphate from
roots to plant shoots. The effect is more marked in barley than in rye.

Recently, TwyMAN, 1959, found that there was a significant drop in phosphate con-
centration in the leaves of tomatoes growing in a culture solution, when the iron
supply was increased. The addition of iron in four applications at four day intervals,
resulted in a higher phosphorus concentration in the leaves than when the same quan-
tity of iron was applied every 8 days or in one single application.

BiNGHAM and MARTIN, 1956, found that an excess of phosphate, such as Ca(H,PO,),,
reduced the absorption of zinc and copper by citrus plants, whereas no effect of phos-
phate on manganese and iron absorption was found. '
Similar results were obtained by LONERAGAN, 1951, with flax. High phosphate appli-
cations induced severe zinc-deficiency and increased the response to zinc applications.
At all high phosphate-treatments an increase in phosphorus content of the plant was
associated with a reduction in the zinc content of the plant.

Using radioactive zinc (¥Zn), WOLTZ et al, 1953, obscrved that the concentration of
zine in the tops of soybean plants was reduced after an addition of phosphate (800
Ib./acre POy as KH,PO,). .
The application of limestone appeared to be more effective than phosphate in reducing
the uptake of zinc. On the other hand, Boawn et al, 1954, did not find any effect of
phosphate on the uptake of either applied or native soil zinc by bean plants, Doubling
the concentration of phosphate in the plant tissues failed to produce zinc deficiency
symptoms or to reduce the yield of dry matter.

The interaction between phosphorus and iron may influence the translocation of zinc
within the plant.

THORNE and WIEBE, 1957, and BipDULP
phorus in the cuiture solution,
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tent was high, however, zinc precipitated to a lesser extent, probably because phos-
phate was precipitated by the excess of iron.

At a low phosphate content no pronounced precipitation of zinc along the veins could
be observed. In this case zinc appeared to be uniformly distributed in the leaf.
Copper may also interfere in the phosphorus-iron relation. According to BrowN et al.,
1955, high doses of phosphorus did not appreciably affect the absorption and utili-
zation of iron by soybeans and rice unless high doses of copper were also given. With
another varjety of soybeans and with wheat, increasing rates of phosphorus and cop-
per applications, did not affect the absorption of iron.
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2. SCOPE OF THE PRESENT INVESTIGATION -

It is clear that optimal levels of micronutrients are essential for normal plant growth
and production. From the foregoing literature it is obvious that the uptake of micro-
elements depends on soil conditions, and that the transport in the plant is governed by
ionic interaction inside the plant. It is also obvious that these microelements are in-
volved in enzymatic reactions, although their specific function is still obscure. The
complicated mechanism of the nutrient nptake and metabolism has not yet enabled -
the assessment of suitable techniques for the study of causal relationships. The eluci-
dation of the functions of micronutrients in plant growth however, is a wide field for
future research. It is evident that the study of the interactions among micronutrients
- and the study of the effect of micronutrients on the behaviour of macroelements are of
great importance.

As the effect of micronutrients on the uptake of macronutrients by the plant has not
yet been investigated in a systematic way, an experiment was designed with the object
of determining the effect of boron, manganese, copper, zine, and iron and their inter-
~ actions on the uptake of nitrogen, phosphorus, potassium, calcium, magnesium and
sodium. , '

Three kinds of indicator plants were chosen, namely: oats, lucerne and tomato.

The results of the three successive experiments which were conducted in 1959, could
be used as a guide for detailed investigations of some interesting aspects.

An elaborated experiment was designed in 1960 mainly to study the effect of a wide
range of boron applications at low, medium and high levels of potassium and copper
on the uptake of macroclements by lucerne plants.
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3. CHOICE OF THE EXPERIMENTAL TECHNIQUE

3.1 DESIGN OF EXPERIMENTS

The investigations with regard to the effect of microelements on the uptake of macro-
elements, may be approached in various ways. A relatively simple experimental de-
sign, would be the study of different levels of a particular microelement on the uptake
of macroelements. The advantage of such an experiment, apart from its simplicity,
would be the fact that the appearance of any deficiency or toxicity symptoms could
easily be attributed to the absence or presence of a particular microelement, The set
up of an experiment according to these principles would have two disadvantages. The
infiuence of microelements on the uptake of macroelements is as yet entirely unknown,
any experimental design would therefore require a great number of treatment conti-
nuations. Moreover the interactions between the microelements as related to macro-
element uptake can not be determined in this way.

The few results of various workers have shown, that the action of the microelements
on nutrients uptake is a controversial matter. Most of the microelements may interact
with each other and with macroelements. :

Prior to detailed investigations it is essential to obtain a general idea on the problems
which are involved. In order to obtain this general picture of the effect of microele-
ments and their interactions on macroelement uptake by plants, a factorial design
would seem to be the most obvious approach. In principle low, medium and high
levels of microelement applications should be compared. Using the most important
elements, viz., boron, manganese, iron, copper and zinc, it is evident that such an
experiment has to include 3% = 243 treatment combinations. If this would be repli-
cated 4 or 5 times, respectively 972 or 1215 experimental plots would be required. This
number is much too high to handle in one single experiment in a greenhouse and more-
over much time would be involved in the chemical analysis of so many samples, It is
possible, however, to carry out a 38 factorial experiment and at the same time reduce the
number of experimental plots considerably, by arranging the treatment combinations
* in such a way that some of the higher order interactions become confounded with
subunits (blocks) of the experiment. This kind of experimental design has the dis-
advantage that the higher order interactions may be attributed to either treatment or
subunit (block) effects. The advantage, however, is the fact that a great number of
treatment combinations can be tested from the results obtained from a relatively small
number of experimental plots. The sacrifice of some higher order intez:ac.tions, which
are difficult to interpret would seem to outweigh the advantage of obtaining a general
picture of all main effects and first order interactions with a relatively small number of
experimental plots. It is therefore that this approach was chosen as a first step. It is
likely that the results of such an experiment will indicate the cases which require more
extensive investigation. Depending on the nature of these subsequent (.ietalled inves-
tigations, a suilable experimental design would have to be chosen again,
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In general it may be said in this respect that such a detailed experiment would include
a relatively great number of levels of a particular microelement together with a few
levels of some other elements.

3.2 PLANT MATERIALS

The requirements of micro- and macro-elements will not be equal for different plant
species. Several workers have shown that some plant species are sensitive to deficient
or toxic levels of microelements whereas other species are less sensitive. For the pre-
sent investigation it was considered of importance whether mono- and dicotyledones
differ in their reactions to microelements. Within the dicotyledones, leguminosae
occupy an important place. They differ considerably from other dicotyledonsin respect
to their nitrogen nutrition. For this reason, oats was selected as a test crop for the
monocotyledons, for dicotyledones tomato and the legume lucerne.

Although it is known that great differences obtain in each category between plant
species and varieties, it was thought that for a preliminary trial the large amount of
work involved in including more plant species, would not be justified and should be
deferred to subsequent detailed investigations.

The growing period of the experimental plants was kept short. With regard to the
practical application of the results it would be of advantage to dispose to the final
yields of the test crop. It may be expected however that any serious microelement
deficiency or toxicity condition of the plant would be accompanied by secondary
effects which will be responsible for a change in the uptake pattern of the macroele-
ments. It was therefore decided to carry out the investigation on normal plants at a
young stage of development. In this way, the expenditure for the required quantities
of quartz sand, chemical and demineralized water were kept at a minimum,

It is evident that only small differences in macroelement uptake may be expected on
account of the microelement treatments at such a young stage of development, The
experiment should therefore be designed to enable the detection of small differences
in macroelement uptake. The final design and lay out of the experiment were intended
to cope with this object.

33 CULTURE MEPIUM

It is of the utmost importance that the culture medium does not modify the nature
of the treatments. Unfortunately, soil interferes strongly with the applied nutrients.
It is well known that microelements may become unavailable to plants on account
of fluctuations in pH and microbiological activity. The latter effect is related to the
nature of the organic matter in the soil. Soil as a medium is therefore a too complex
medium for the present investigations.

By means of water cultures it is possible to maintain a relatively constant nutrient
medium, provided the solutions are frequently refreshed. In addition, all cultures have
to be aerated regularly. The amount of work involved in watercultures is considerable
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and particularly in the case of microelement investigations because impurities will
have to be removed from large quantities of water and chemicals.

The most suitable approach would seem to be by means of a sand culture technique.
Highly purified quartz sand will not react with any micro- or macro-element of the
culture solutions. Morcover, the great porosity of sand assures the roots of a well
aerated medium. If the sand is supplied daily with culture solutions to a constant
. water content, relative small quantities of highly purificd water and chemicals are
required. For these reasons, a sandculture technique was chosen for the present in-
vestigations.
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4. MATERIALS AND METHODS

41 EXPERIMENTAL DESIGNS

The first experiment (tabel 2} was designed to determine the effect of 3 levels of B,
Mn, Cu, Zn and Fe on the uptake of macroelements.

The levels comprised:

1. no application,

2. normal application

3. excess, i.e., five times the normal dose.

Treatment combmatlons were grouped in 81 units and subd1v1ded into 9 blocks. These
blocks were confounded with higher order interactions. All main effects and two
factor interactions were not confounded and could therefore be calculated. As 35
factorial combinations would require 243 units, the present lay out comprises 4 of a-
replication (CocHRAN and Cox, 1957). This design was used successively with oats,
Iucerne and tomato as test crops. It will be shown, that as a result of the first experi-
ment the conclusion was drawn that boron, copper and potassium interactions was
one of the problems which required a more extensive investigation.

Therefore, a second experiment (table 3) was laid down, which comprised 2 replica-
tions of the factorial combinations of 7 levels of boron, 3 levels of copper and 3 levels
of potassium. All treatments were completely randomized in one block. Only lucerne
was used as a test crop for the second experiment.

42 NUTRIENT SOLUTIONS

Nutrient solutions based on ‘Long Ashton’ formula (Hewrtr, 1952), were used for
both experiments.

Table 4 shows the salts which were employed together with the concentrations of the
microelements corresponding to the various treatments of the first experiment. The
concentrations of nutrients of the second experiment are given in tabel 5.

All nutrient solutions were prepared from ‘pro analysi’ (Merck) grade chemicals and
demineralized water of a conductivity of 0,7-0,4 micromhos cml. Also the quartz-
sand was of ‘pro analysi’ grade (BROCADES).

Sand and water were analysed spectrochemically to check for the presence of impu-
rities. Only very small amounts of microelements were present. Demineralized water
(prepared with Dowex 2 and Dowex 50) which was supplied in relative large quanti-
tics appeared to contain most of the impurities, i.e. 0.0002 ppm Mn, 0.001 ppm Cu
and 0.0001 ppm Fe. The zero level of application of these elements thus received
minute amounts of Mn, Cu and Fe.

An analysis of double destilled water from a pyrex still, showed Mn, Cu and Fe levels
of the same magnitude as the demineralized water. Consequently there was no reason
to use the relative expensive destilled water instead of the cheaper demineralized water.
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Tapre 4 Composition of the nutrient solutions for the 3° factorial experiments with oats, lucerne
and tomato

A ~ constant nutrients

element Conc. source Conc.
ﬁ 13 ’;:ﬁ:ﬁ; } KNO, 2 m.c.fliter
Ca 8 mefliter ] Ca(NOQ,), . 4H,0 8 m.c./liter
PO, 4  m.e.fliter ] .
Na 13 mefliter NaH.PO, . 21,0 4 m.e.fliter
Mg 3  m.efliter MgS0, . 7TH;0 3 m.e.fliter
Mo 0.02 p.p.m. (NH,):Mo,0;, . 4H,;0

b -~ variable nutrients
levels
source
0 1 5

B - 05 25 ppm H,BO,
Mn - 65 25 ppm MnS0, . 4H,0
Cu - 0.05 0.25 p.p.m. CusS0, . SH;0
Zn - 01 05 ppm ZnS0, . 7TH,O
Fe - 5 25  ppm. FeCH,0, . 3H,0O (Ferric citratc)

TaeLe 5 Composition of the nutrient solutions applied to the 7 % 3 x 3 Boron, Copper, Potassium
experiment with lucerne. The salts were the same as in tabel 4, except:

a) for the K, level: 1.0 m.e.fliter KNO; and 1.0 m.e./liter NaNO; for compensation of N,

b) for the K, level: 2 m.e.fliter from both KNO, and ¥,50, were added.

A — constant nutrients

clement concentrations

N 10 mefliter
Ca 8  me.fliter
PO, 4  me.fliter
Na 1.3 m.e.jliter
Mg : 3 me.fliter
Mo 0.02 p.p.m.
Mn 0.5 p.p.m.
Zn 01 ppm.
Fe 5.0 pp.m.
B - variable nutrients
levels
1 2 3 4 5 6 7
. B 0.0 0.01 0.05 0.5 1.0 2.5 50 ppm.
- Ce 0.0 0.05 0.5 p.p.m.
X 10 20 40 m.e./L
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