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Sunnna.ry 

Part l 

Greenhouse studies were conducted to investigate the 

absorption of sodium, potassium, calcium and magnesium qy lemon 

seedlings. The plants were grown in controlled nutrient solutions 

and analysis of the plant material was made to dete rmine the 

relationship between the four cations in the different plant organs. 

Results of the experiment may be summarized as follows:-

The occurrence of leaf burn appeared to be associat od with a 

low calcium content, together with a high sodium, potassium or 

sodium + potassium content. The development of the seedlings was 

shown to be markedly influenced by the level of calcium supply and 

to a much lesser degree by the leve 1 of potassium supplied. 

The concentration of sodium, potassium, calcium and magnesium 

in the stem and leaf varied with position of the tissues on the main 

axis. 

The level of sodium was found to influence the distribution 

of sodium in the l eaves, and the sodium content of the leaf, stem 

and root tissues gave a good reflection of the level of sodium 

supplied. The effect of the sodium treatment on the uptake of 

potassium appeared to be dependent on the calcium content of the 

tissues. Sodium treatment was found not to affect the leaf calcium 

content. In the stem and root tissues the calcium content was 

reduced when the calcium level in the nutrient medium was low, and 

increased the calcium content of thes e two tissu es at the h igher 

l evel of calc ium supply. The sodium supply was shown to reduce 

the leaf magnesium only slightly, and its affect on the magnesium 

content of the stem and root tissues was shown to be dependent on 

the level of calcium supplied. 

The potassium content of the leaves , stems and roots increased 

when the supply of potassium was raised. Increasing the potassium 
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level in the nutrient supply was found to cause a very slight 

reduction in the sodium content of the leaf, but did not affect the 

sodium content of the stem and root. Potassium did not affect the 

calcium cont(:nt of the leaves and increased the stem calcium when 

sodium was not present in the nutrient media in high concentrations. 

In the roots potassium only increase the calcium content at the 

upper level of calcium supply. The magnesium content of the leaf 

and stem tissues was reiuced as the potassium supply was increased. 

In the roots the general trend was for the magnesium content to 

increase when the level of potassium treatment was raised. 

The calcium content of all the plant parts increased with a 

rise in the calcium supply, the stem and root tissues having a greater 

percentage increase than tte leaves. 

The sodium content of the plant. tissue was reduced as the 

level of calcium supply was raised. 

The l eaf potassium content decreased with a higher calcium 

level of supply. In the stem and roots the potassium content was 

increased by doubling the calcium supply. 

The calcium treatment had no influence on the magnesium 

content of the foliage, but in the stem and root tissues a decrease 

in magnesium content resulted from an increase in the calcium supply. 

Part II 

Potato tuber tissue and carrot root tissue were used as 

experimental material in the investigation of sodium9 potassium
9 

and calcium uptake by storage tissue. It was shown that when the 

tissue disks are transferred from distilled water to a solution of 

salts there is a rapid initial uptake of cation which is neither 

particularly selective, nor related to metabolism, but dependent 

on the external concentration. On the other hand, the prolonged 

active accumulation of cation exhibits selectivity. 

Potassium absorption by potato tuber tissue was shown to be 

stimulated by sodium 9 whereas the potassium and calcilli~ absorption 

by carrot r oot tissue was shown to be reduced by sodium. Similarly 

the sodium absorption by the carrot root tissue was reduced by 

potassium, thus suggesting that the cations compete wi th one another 

for the same absorption mechansim. 
b. 



CHAPTER I 

INTRODUCTION-

It is well established that plant growth is dependent upon 

certain essential chemical elements. These elements are found to be 

present in the plant, together with elements non essential for growth , 

in varying concentrations, depending largely on the nature of the 

element, and the specific re~uirements of the plant. The elements may 

enter the plant from the external source by three independent pathways, 

namely; (1) Root uptake, (2) Plant Injection, (3) Leaf absorption. 

The first method is the more usual, and the one with which the 

present investigation is primarily concerned. 

It has been recognised by numerous workers in this field, whose 

observations are reviewed in the following pages, that salt absorption 

by plant cells is not a simple process, which can be expl ained by osmosis. 

It has generally been assumed, from experimental evidence, that salts are 

taken up independently of one another and in varying amounts depending on 

the salt concentration, the particular plant in ~uestion, and environmental 

conditions. The passage of the nutrients into the cell is considered to 

be independent of the passage of water (Stiles, 1942), and generally the 

rate of ion uptake is the function of the concentration of the solutes 

outside and inside the cell. Ion absorption is further complicated by 

the selectivity of certain plants, some ions being absorbed in preference 

to others, regardless of their relative concentrations in the external 

supply. The entry of an ion into a plant cell may be retarded by the 

presence of another ion, a phenomenon to which the name "ion antagonism" 

was given by Stiles (1936). There are however instances where the entry 

of an ion is accelerated by the presence of another to which the term 

"syngery" has been suggested by Stiles . 

The present investigation is an attempt to elucidate some of the 

problems associated with ion uptake by plants and storage tissues, and 

has been divided into parts, namelyg-

Part 1. 

A study of the effects of incre~sing the concentrations of sodium, 

potassium, and calcium in the nutrient supply, on the external 
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appearance of lemon seedlings, and on the uptake and distribution of 

sodium, potassium, calcium and magnesium in the plants. A water 

culture technique \\'as used for this e xperiment. 

Part 2. 

A study of the effects of increasing the concentrations of sodium, 

and potass ium, in the external media, on the absorption of sodium, 

po~;assium, and calciu:l b:v ~'J:rrot t~.ssues. 

A Revi e"' of the Lit era~· u r•'?. 

It vras established during the first decade of the century that 

certain oat ions may have a rrutual reprcssi ve effect on the absorption of 

one another. In 1906 Osterhout devised a number of methods for 

investigating this problem. In his earlier work, ion antagonism in 

plants was examined indirectly by observing the reduction of to:~icity 

in mixed salt solutions, as compared -;lith the t oxicity of single sal t 

solutions, containing the same substancE.s in the same concentrations. 

Marine plant ma.t erial •·as u.Jed for t heae preliminary experiments. 

Similar results I"Cr e obtair1ed in his l ater work when fresh water, and 

terrestrial species, includir~ Spirogyre, Vaucheria, Lunularia gemmae,and 

Eguisetum spores, as well as wheat seedlings \'ere used. 

A second approach to the problem was introduced in 1907 by 

Osterhout, who dete rmined the rate of root gro•.1th, and used this as a 

measure of salt absorption. He found that root development of wheat 

seedlings proceeded more rapidly in solutions containing both salts of 

sodium and potassium, sodium and anmonium, sodium and calcium, and sodium 

and magnesium, than in single salt solutions of the same ionic concentra­

tion. Adopting the above method Han.CJteen (1910) using wheat, and McCool 

(1913) using peas, observed an antagonism between different ions. 

Hansteen found antagonisms between potassium and calcium, and to a lesser 

degree between potassium and magnesium, and potassium and sodium, while 

McCool found antagonisms to exist between calcium, and magnesium, 

potassium, sodium, ammonium, barium, and strontium, and be tween sodium 

and ammonium. 

In 1907 Benecke produced direct evidence that the presence of one 

salt retards the entry of another into pl ant cell s . 

- 2 -
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he observed that the entrance of ferrous sulphate into the cells v-as 

IllUC h delayed by the addition of a calcium salt to the solution of 

II 

ferrous sulphate. Szucs (1912) later confirmed the observations of 

Benecke and showed further that not only calcium salts but also those 

of other metals could brinr. about the same results. He concluded that 

the antagonistic action '';as dependent upon the valency of the ion. 

More &ivanced mcth0ds have be .m used to demonstrate the 

phenomenon of differcntir-.! ~. on ~·!-.-::c,rptj o~. Brenner (1920) us,,·d 

plasmolysis and deplas.,t~l;ynls, \:hile Osterhcut (1912, 1914, 1915) 

measured the electrical cor:riucti vi ty of living tissue, both methods 

were effective for demonstl·atint: ion anta.3onism. Pl~.nt analysi..:: 

together r•i th controlled nutrient supply has been used by th0 more recent 

workers in demonstrating the effects of different ions upon one ~nether 

in ion uptake by plants. 

Numerous research · .orkcrs have shown that an antagonism cxi sts 

between calcium, and ['Ouium ions, in ion uptake by plants. Sodium was 

found to reduce c:'lcium u:o.::urption by Thorne (1944) using tomato plants, 

IJoonard, Anders on and G~!izo:r (194 8) using sweet potatoes, Gauch o.nd 

\7adleigh (1945) using dv:arf red kidney bea n plants, garden beets and 

Rhodes and Dallis grasses. Similarly calcium was found to reduce the 

absorption of sodium by Haas (1957) using avacodo seedlings, Cooper, 

Paden and Phillipe (1953) using cotton plants, Smith and Reuther (1954) 

using various fruit crops and Cope, Bradfield and Peech (1953) using 

field oro ps. 

The interactions between the two ions may not aff ect all parts of 

a plant in the same way, thus Lunt and Nelson (1950) using mature cotton 

plants found that sodium had no effect on the accumulation of calcium 

in the young cotton roots, but reduced the calcium content in the tops, 

seed and mature roots. Similarly Martin and Ervin (1957) showed that 

increasing the sodium supply depressed l eaf calcium to a greater extent 

than root calcium in avacodo seedlings . The pH was also shovm by Martin 

and Ervin to affect the de3ree to which the two ions interacted, sodium 

r educing the calcium absorption more :i n acid soils than in base satu:r.ated 

soils, or excess lime soilc. Lundegardh (1944) found that cells in the 

interior of the root , or alternatively in organs distant from the roots, 
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displayed ionic relationships which deviated markedly from those in 

the nutrient solutions, due to the different migration speeds, as well 

as mutual interaction of ions. 

Sodium and potassium ions have been found to be antagonistic to 

one another. A large number of ~orkers using numerous plant species 

have found increases in the sodium external supply lead to a decrease 

in the plant potassium concentration; Reed and Haas (1923) and Haas 

and Brusca (1954) using citrus l euves, Hones, Pearson, Parker and 

Huberty (1952) uning feoder roots of citrua, Thorne (1944) using tomato 

plants, Leonard, Anderson and Geiger (1948) using sweet potato plants, 

Bo~er and Wadleigh (1948) using dwarf kidney beans, garden beets, 

Rhodes and Dallis grasses, Cope, Bradfield and Peech (1953) using oats. 

However, Cooper, Paden and Phillipe (1953) using cotton plants, Larson 

and Pierre (1953) using table beets, flax, oats and corn, and Epste in 

and Hagen (1952) using excised barley roots found that living cells were 

able to ciscriminate between the absorption of potassium and sodium, 

accumu.lE.ting potassium in preference to sodium even when the exter·nal 

environment was rich in sodium and poor in potassium. 

Sodium has been found to int erfere with magnesium uptake by the 

plant. Bower and T.'.adleigh (1948) using d· 'arf kidney beEms , garden beet 

and Rhodes and Dallis w~asces, Elgabaly (1955) using barley plants, 

Larson and Pierre (1953) using table beets, flax , oats and corn, Jones, 

Pearson, Parker and Huberty orc.nge trees, and Jom~s, Martin and Bitters 

(1957) young lemon trees , all f ound that additions of sodium to the 

nutrient medium usually depressed the uptake of magnesium. Chapman and 

Brown (1943) found that the addition of sodium to trees deficient in 

potassium delayed the expression of vis11al symptoms of potassium 

deficiency, arrl suggest that t his was due to the antagonistic action 

of sodium on calcium and magnesium. 

Potassi urn and calcium also have bc:cn found to interact with one 

another, causing a nutritional unbalance in the plant(Lundegardh 1944). 

Antagonism b etween these two elements ho.s been further demonstrated by 

Thorne (1944) using tomato plants, Sideris and Young (1945) using 

Ananas comosus, Lunt and Nelson (1950) using cotton plants , Leonard, 

Anderson and Geiger ( 194 8) using sweet potatoes , Gauch and Yfadleigh ( 1945) 
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using dwarf red kidney bean pl~nts, Chapman and Brown (194}), and Haas 

(1949) using citrus. All these workers found that increasing the 

potassium concentration in the nutrient media adversly 0 affected the 

absorption of calcium. Similarly calcium has been found to inhibit 

potassium absorption by several investigators including Leonard, 

Anderson and Geiger (1948) using sweet potatoes, and Fudge (1946) and 

Haas (1949) using grapefruit. Pierre and Bower (1943), and Richards 

(1944) found potassium to have a higher 11competive abili ty 11 than other 

cations, since divalent ions do not reduce potassium absorption to the 

same extent as potassium reduces that of the divalent ions. However 

Martin and Ervin (1957) using avacodo, and Overstree, Jacobson and 

Handley (1952) using barley roots found that potassium uptake may be 

increased by increasing the oa~cium supply, this effect being related 

to the potassium concentration in the external media. 

Several independent investigators have shown that an interaction 

exists between potassium and magnesium. Increasing potassium in the 

external supply has been found to nuppress the uptake of magnesium by 

citrus according to Chapman (1943), Chapman, Brown and Rayner (1947), 

Haas (1949), McColloch, Bingham and Aldrich (1957), and in the work of 

Leonard, Anderson and Geiger (1948) 0 using sweet potatoes, Lunt and 

Nelson (1950) using cotton, Sideris and Young (1945) using Ananas 

comosus and Lar son and Pierre (1953) using several plants. Correspond­

ingly magnesium has been shown to have a slight depressing effect on 

potassium uptake by Fudge (1946) and Haas (1949) using citrus, and 

Smith and Reuther (1954) who used several fruit plants. 

Increase in the calcium concentration has been shown to decrease 

the magnesium concentration in the plant by Reed and Haas (1923) and 

Smith and Rcuth8r (1954) in citrus, and Leonard, Anderson and Geiger 

(1948) with sweet potatoes . However Smith and Reuther(l954) have found 

magnesium to have virtualJy no antagonistic action towards calcium. 

The relationship between the ionic concentration in the external 

media and the concentration in the plant appears to vary with the 

plant species and also with the plant organ. The effects of increas-

ing the sodium concentration in the external supply, upon sodium 
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absorption by plants was found to vary with the plant species, and also 

the position of the organ on the plant. Cooper, Paden and Phillipe (1953) 

using cotton plants, Cope, Bradfield and Peech (1953) using oats, and 

Elgabaly (1955) using barley, found that the sodium concentration in the 

plant rose markedly with increase in the sodium concentration in the 

external supply. Gauch and Wadleigh (1945) using dwarf red kidney bean 

plants however observed that the addition of sodium to the nutrient 

solution produced.only a slight increase over the low sodium normally 

present in the leaves, but there was a moderate increase in the stem and 

a large increase in the roots. Haas (1952 a) (1952 b) and Haas a'Yld 

Brusca (1954) using a ~ater culture technique for grovnng Lisbon Lemon 

seedlings, found that the sodium values were generally low and not 

uniform in the seedling l eaves and bore no relation to the concentration 

of the sodium added. However the sodium content of the roots increased 

with the concentration of the sodium in the nutrient supply. Jones, 

Pearson, Parker and Huberty (1952) obtained similar results with orange 

trees. Richards (1944) considered that citrus was incapable of absorbing 

large quantities of sodium. Injury may result if large amounts of 

sodium accumulate in the plant, Haas (1950) and Martin and Bingham (1954) 

found large amounts of sodium accumulated in the leaves of avacodo 

seedlings, producing 1 eaf burn on the ma.rgins of the leaves. 

A relationship appears to exist between the potassium supply and 

the amount of potassium present in the foliage in most plants, as demon­

strated by Sideris and Young (1945) using Ananas comosus, Jones, Martin 

and Bitters (1957) using citrus, Frear, Anthey, Haskins and Hewetson 

(1948) using peach trees. Haas (1949) found the potassium concentration 

decreased as the maturity of the leaves increased, and in the case of a 

deficiency of potassium the leaves produced visual symptoms of a 

disorder (Chapman and Brown 1947). 

Citrus plants receiving very low levels of calcium supply were 

shown by Reed and Haas (1923) frequently to suffer from leaf abscission. 

Additions of calcium to the external supply produced increases in the 

concentration in the leaves, stem and roots; this increase was found 

not always to be proportional to the amount added. 
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Magnesium supplied to the external media was found by McColloch 

(1957) to result in an increase in leaf magnesium. Smith ~~d Reuther 

(1954} found severe magnesium deficiency to have a very deleterious effect 

on citrus trees . 

In order to reduce tho complicating effect on absorption of the 

transport of materials away from the absorbing regions, frequentl;{ attempts 

have been made to exannne ion uptake using less complex systems than 

t hose which are presented by the intact angiosperm. Some investigators, 

(Hoagland, Davies and Hibbard 1928, Brooks 1937 and Jacques 1938) have 

used coenocytic algae such as Velonia, Halicystis and Nitella spp, where 

the problem of translocation is less involved. However difficulty has 

been encounter ed in culturing these algae in the laboratory. Many 

r esearch workers (Lundegardh and Burstrom 1933, Hoagland and Brayer 

1936 and Humphries 1950) have favoured the use of excised roots as 

experimental subjects, as they are easier to grow in culture under 

controlled conditions. Another important type of material which has 

been used in ion - absorption studies consists of tissue discs of various 

storage organs (Nathanson 1904, Stiles and Jorgensen 1915, Steward 1937, 

Robertson 1941 and Sutcliffe 1952). This method has the advantage 

over excised roots i n offering greater unif ormity of cells comprising 

the tissue. The work of Steward and hi s collaborators , using potato 

tuber tissue, have shown moreover that even this method is not ·without 

certain complicating f eatures. A study of the absorption by disks of 

different thicknesses l ed to the conclusion that only the surface cells 

were involved in metabolic absorption. Using carrot disks Russel and 

Ayland (1955) demonstrated that potassium, rubidium and caesium compete 

with one another for ion uptake . Sutcliffe (1954) using washed beet 

disks,found that both s odium and potass ium were absorbed at comparable 

rates from equimolar solutions of single salts. When the t wo ions are 

supplied together in the same me~ium unequal uptake may occur. The 

uptake of sodium was found to occur more r apidly than that of potass ium 

at 15°C. and 25°C. but at 2°C. approxi mately equal abs or ption of the two 

ions were observed. Sutcliffe (1957) continuing his investigations on 

the selective uptake of alkali cations by red beet root tissue, found that 
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when the disks were transfer.rcti from distilled water to a solution of 

salts, there is a rapid initial uptake of ce.tions, which is neither 

particularly selective, nor directly related to metabolism. On the 

oth er hand, the prolonged active accumulation of cations exhibits strong 

selectivity, sodium being preferred to other ions. 

It is widely recognised that the uptake of inorganic solutes by 

plants involves a complex of interrelated processes, any one of which 

may, in suitable circumstance~ , limit the overall absorptive capacity 

of the-~ organism or tissue. Amongst these controlling factors are 

the rate of utilization and transport at ion of ions from one part of the 

plant to another. Both are intimately related to gro1.1th, and ths 

influence which grov.~h exerts on the course of mineral salt abs o~p~ion 

may be attributed, at least in part, to these associated process cG. 

The present investigation was therefore planned with a view 

to studying some of the problems associated with cation absorption 

by whole plants and excised storage tissue . 
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CH!>.PrER II 

Part I 

Experimental Methods 

Introduction 

The value of the water culture technique for the study of 

problerr.s in plant nutritio!l is gene:rally recognised. This method was 

sel ected for the gro•rlh of the plants in the present eA~eriment, as a 

stricter control in the external supply of nutrients to -~he pla"Ylts could 

be maintained, than in most other methods used for plant culture ""'o-rk. 

It i s well established that the more exactly the chel'liC::ll c0:1stit­

ution of the culture solutions is controlled the more effect ive i~10 

method may be utilised. Therefore it is absolutely essential to uoe 

purified nutrients wherever permitt ing, and every effort made to ensur e 

that the containers and any other vessels used are clean and chemically 

inact i ve. 

Water Purification 

All t he v.at er used throughout this work was t ap water di.stil::;_ed 

in an electric aluminium still , and then r epurified by the following two 

methods;-

(1) Demineralisation 

( 2) Glass Distill at ion 

Both the above methods gave pure water of the quality required ior the 

present investigation, i.e. containing no traces of sodium, potassiu:n, 

calcium or magnesium. 

(1) Demineralisation 

The dist i lled water obtained from the aluminium still was siphoned 

from an aspirator (A) , see Fig . I, the rate of flow of water b e ing con-

trolled by a screwclip (B). The water ~as passed through the ion-

exchange column (C) containing the resin Amberlite M.B .3. The r esin was 

packed into the column in three layers (D) separated one from another 

by "Pyrex rr glass wool (E), degeneration of the resin was indicated by a 
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colour change in the resin from blue to green. The resin was renewed 

whenever the indicator in the second layer showed any signs of colour 

change. 

A capillary tube (F), was attached to the base of the column 

through which the demineralised r;ater flowed into a "Pyrex" glass 

aspirator (G) . The capillary tube ;_,ras arranged so as never t o allow 

the level of the water in the column to :'all beloY: the uppermost layer 

of resin, Approximately 20 litres of demineralised water was produced 

per day using this method. 

(2) Glass Distillation 

The water obtained from the aluminium still was rcdistill ec jn ·a 

constant lvvel "Pyrex" glass still, as described by Wils0!1 anC. Strickler 

(1939), and the redistilled water v.ras collected in a ''Pyrex'' gl~:::s 

aspirator •. This method produced approximately eight l itres of pure 

water daily. 

Glassware -----
The glassware used throughout the pre sent work was of "Pyr·r:?x" 

grade. All the nutri ent s tock solutions, and standard solutions used 

in calibrating the instruments, were stored in e ither polythone containers 

or "Pyrex" two litre flat bottomed flasks, as a precaution ar.:;ainst sodium 

contamination from ordinary glassware. 

Purification of Glassware 

All the containers used in the plant culture work were cleaned 

using the method described by Hewitt and Jones (194 7) . The containers 

were rinsed in l : l,HCl : water solution then thoroughly washed out with 

purified water, and finally autoclaved for thirty minutes at 20 lbs / 

sq.in. 

Chemical Reagents 

The chemical reagents used throughout this work were British 

Drug Houses "Analar" grade reagents, unless otherwise stated. 
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Containers 

Y1ide mouth 1 litre conical flasks were used for the growing of 

the plants in the experimental solutions. The plants were .supported in 

the vessels 1 with the aid of corks, which as well as supporting the 

plants prevented contamination of the culture solutions by dust. All 

the corks were impregnated uith paraffin wax. This prevented impurities 

in the cork from being carried into the nutrient solution by condensing 

vapour. Each cork had a hole ore inch in diameter in its centre for 

supporting the lemon seedlings, and two smaller hol es towards the 

periphery, one for the aeration of glass tubing, and the other for a 

small right angled capillary glass tubing open at both ends, for 

maintaining constant pressure during aeration. 

The l emon seedlings were supported by loosely wrapping non­

absorbent cotton wool around the hypocotyl region of the main axis, 

thus forming a plug in the cork hole. The root s of the seedli ngs were 

allowed to dip into the nutrient solution. Light was excluded from 

the culture solution and roots by covering the glass flasks with black 

cartridge paper wrappers. 

Aeration 

It has been shown by Haas (1932) that aeration is essential for 

the growth of citl~s in water culture. The plants having an oxygen 

r equir ement of between 6 - 8 p.p.m. (Hevritt 1952). Aer ation of the 

nutrient solutions was achieved by admitting compressed air to the 

nutrient solutions through the glass tubing in the corks. The tip of 

each glass tube was drawn out to form a capillary tube , in order to give 

a constant flow of small bubbles, which agitated the solution at the 

same time as aerating them. The flow of air was regulated by a screw 

clip on the rubber tubing connecting the main compressed air pipe to 

the glass tubing ent8ring the nutrient solution. 

Lighting 

All the side windows of the greenhouse were fitted with Venetian 

blinds and the glass roofing was coated with whitewash, in an effort to 

protect the seedlings from r eceiving direct sunlight . It was found that 
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direct sunlight was too intense, and also brought about high 

temperatures, inducing wilting of the plants. 

Ordinary commercial blue fluorescent lighting was fitted over 

the grcr.ing plants, and was used to increase the light intensity on 

overcast day.s. 

Temperature 

The greenhouse was heated by means of electric coil heaters 

fitted into pipes beneath the benches, supporting the growing plants. 

0 Every attempt was made to maintain the temperature at 70 F, but during 

the winter months the heating supply was inadequate to maintain this 

temperature, and the temperature frequently dropped during the night 

0 to 50 F. There was no means of controlling the high temperatures 

during the summer. months, and terr.peratt:res of 98°F were recorded during 

that part of the growing season. Scorching of the leaves occurred 

at these high temperatures, this matter will be dealth •rith in detail 

under "Visual Appearance 11 • 

Humidity 

A humid atmosphere was maintained in the greenhouse by keeping 

the cement floors constantly wet. In addition asbestos troughs 

containing water were placed beneath all the benches in the greenhouse. 

Plant Mat eri al 

Rough lemon seedlings were used as plant material in the present 

investigation. The fruit containing the seed was picked on the 3rd 

February 1956, from the farm "Baddaford" in the Kat River Valley, Fort 

Beaufort District. The fruits were placed in the laboratory for six 

weeks, during which period they were allowed to dry out, prior to the 

collecting of the seed. As a precaution against fungal attack during 

this period, the fruit were swabbed once weekly with a mercuric chloride 

solution. 

Germination 

On the 15th March, six weeks after the harvesting of the fruit, 

the 1 emons were cut open , and the seeds extracted. In order to hasten 

germination the testa of the seeds were nipped with the aid of a scalpel. 
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Open topped circular dishes eight inches high, and varying 

diameters from eight to fourteen inches, of ordinary glass, were used 

for seed germination. The centre of each dish was packed with coarse 

filter paper (Post lip Jl..ills No 633), and the dishes were lined with 

No. 1 Whatman filter paper. The seeds were sor:n b8tween the outer 

layer of filter paper and the sides of the dishes. The filter paper 

was kept continually moistened \'.i th a modified Knop 1 s four salt solu-

tion (Knop 1861), prepared as follows: 

KH
2

PO 
4 
..••.••.••• 0. 17 g/1 

Ca(No
3
) 2 ........ 0.94 g/1 

KN0
3 

............ 0.60 gjt 

N~so4 .7H2o ...... 0.49 g/1 

There v:as always slight excess of so lution present at the bottom 

of the germinating dishes, ensurinc: that the filter paper was con-

tinually saturated. 

The glass dishes containing the seads were covered 1:ith glass 

lids, and placed in the greenhouse, where the temperature was thermo­

statically ma i ntained at approximately 70°F, in a humid atmosphere. 

It i-;-as found necessary to transfer the germinating seeds into dishes 

containing new fil tt:.:r paper and fresh nutrie!'l.t solution, on the 9th 

April, because of funtal contamination. 

By the 24th April, five and a half weeks after so·dng the seeds, 

a l arge proportion of the seedlings had an overall length of 8 ems. 

At this sta~Se the so -~dlings ':!e:rc removed f rom tho gcrmina ting dishes, 

and placed sin~ly into l litre culture flasks, containing nutrient 

solution similar to that use d for germination. 'I'his solution had a 

pH value of 5 .9. 

The level of the nutrient solution in the flasks was maintained 

by daily making u.p to the mark with water, compensating for the loss 

due to transpiration and evaporation. The nutrient solutions were 

aerated for one hour per day during this period. 

On the 9th May the nutrient solutions were renewed . The seed-

lings rece ived their first dose of micro-nutrients on the 1st June, the 

iron solution was administered seperately from the r emainder of the 
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micro-nutrients. The micro-nutrient solutions were made up according 

to Arnon (1938), :>ith slight modifications, as follo·:ts :-

Iron solution : 0.5 g. Feso
4 

made tn 100 ml with 0.4% Tartaric 

Acid solution. 

Micro-nutrient Solution: 

H3B03 ········· ···· · ·• 2,8347 g 

~mC12 .4H20 •••.••••••• 1,0008 g 

ZnC1
2

.7H
2
0 •.• .. .. ... • 0.1263 g 

euso
4

.5H20 ••...•.•..• 0.0738 g 

made to 1 litre with :rater . 

1 ml of the iron solution, a nd 1 ml of the micro-nutrient solution were 

added to e~ch nutrient solution. Thereafter the iron solution was added 

to the i.lU tricnt solution in l r.1l dose::- every fourth day, c'hereas 1 ml of 

the micro-nutrient solution was added ·xeekly ··hen the complGte nutrient 

solution was changed. 

On the 3rd October it was observed that an int erve inal "spotting 11 

had developed on the lower leaves on some of the seedlings, see Fig.2. 

Closer inspection showed these "spots" to be areas in which epidermal 

collapse had occurred. The cause of thin anatomical disorder isunknown 

dt'<•O';Ch, it is though to be of a physiolocical nature. 'i'his disorder 

did not · n : -occur 1 and had no detrimental effect on the future grov th 

and health of the seedlings. Plants affE!cted were noted, and mention 

~~ll be made of these plants used in the experiment. 

On the 23rd October (thirty t wo weeks after germination), when the 

seedlings hacl. reached approximately 30 ems. in height, from the 

hypocotyl r egion to the stem apex, it was decided to place the plants 

in their respective experimental solutions . 

Selection of Experimental :Material 

It '.-as found that the experirr..ental seedlings could be grouped 

into tiio categories with respect to height, t he smaller seedlings having 

an average height of 29.4 ems, the larger seedlings with an average 

height of 31.5 ems. For the purpose of the experiment the s eedl ings 

wt;re grouped in two, (l) small seedlin':"s, ( 2) lar~e seedlings. There 

was insufficiont material of oi ther group to suppl y the needs for two 
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replications of all t he treatments, therefore the large seedlings were 

used for one set of treatm~nts i n Block A, and the smaller seedlings 

for the r eplicate in Block B. 

All the treatments were randomized and the position of each 

treatment in the greenhouse i~ ill u. tr t .- r! in Fi .3. 

Experimental Nutrient Solutions 

The experiment was desiened to s tudy the effect of varying the 

supply of sodium, potassium, and calcium, on the concentration of 

sodium, potassium, calcium and magnesium present in t he root, st em, and 

l eaf tissues of lemon seedl ings . 

Four levels of sodium 0.00 p.p .m. , 50.0 p .p.m., 195.00 p.p.m. 

and 505 . 0· l?·P ·m., four l evels of potassium, 0.00 p.p.m., 117.00 p.p.m., 

253.00 p . p.m., and 507.00 p .p.m. and two level s of calcium 180 .00 p.p.m., 

and 360.00 p.p.m., were suppliud in the nutrient solutions. 

In the design of this experiment it was felt that the concentra­

t ions of each of the anions and the cations in t he nutriont solutions 

should be kGpt constant, except for the ion being varied in each series, 

even though it ,·:as necessary to vary the t otal ionic concentration. 

The above ' ·ac.; achieved by suppl ying the nitrogen in both the nitrate , 

and the ammonia state . It has been shown by Smit h (1951) that either 

the nitrate or ammonia form of nitrogen is equally suitable for the 

grovrth of ci ·~rus seedlings. I n the pr esent experiment, however, in no 

nutrient solution was the nitrogen supplied sol ely in the one form or 

the other, both forms were always present . 

Sodium was added eit her as the chloride or the nitrate salts, 

or in both forms, while the potassium and calci~~ was supplied as the 

nitrate salt s . The chloride l evel ~as kept constant at 117.00 p .p.m., 

the nutrient solutions receiving no sodium wer e supplied "'ith chloride 

as the ammonium salt. The magnesium concentration was kept constant 

at 97.00 p .p.m., and t h e sulphur concentration at 128.00 p . p. m., by 

adding magnes ium sulphate. The phosphate concentration was kept at 

153.00 p.p.m., and was added as phosphoric acid, and the nitrogen 

concentration was kept at 1 202.00 p.p.m. by adding the nitrates of 

calcium,potassium, and ammonium, and in some cases part was added as 
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TABLE I 

H Values of Nutrient Solutions 
Treat ?3 1 )6, 3 10 56, 30 10 56, 6 11 ?.0 5 Z{ 1 5 27 5b 4/l2}5b 4/12756 ~ti 187'12/)Ei l8712(fo 171757 lJ1757 1571/57 157I/57 22/_175?~ ~ ·· --· -··~ ment New Old New Old ~ .QM:. fu ·--:., Old ~ .2M. New .ill& . New Old l'iew QM Nev1 Old -- ' -~--~----~. ------------·6-- -------

7 .5"21 
. . .,:.. 

5. 78 2.69 u.70 3 .,30 6.60 3-32 )~ 6.30 3.08 • 70 3.60 ' 5 .96 3. :w 5.74-·-7.93 6 . ~8 8.45 7-30 1/A 
{ B 5.78 2.60 6.70 3.05 6.60 . 3.30 ;,. 3.00 6.30 3.64 6.70 3. 20 \ 5-96 3-38 5. 74 7-30 6.28 7-40 7 . )0 7.68 1 5.39 2.90 6.18 3-04 6.51 2.90 ;.. 2.87 7-69 3.32 6.52 3.62 6.51 3 .. 45 5. 80 4. 2.0 6.31 8. 17 7-18 7. '11 i 2 A 

2 B .').39 3.20 6.18 3-15 6.51 2.90 2.89 7-69 3. 76 6.52 3.13 6.51 3.26 5.80 6-41 6.31 7. 16 a.oo 1 }A 5.60 2.7-J 5.58 3.00 6.50 2.90 2.70 6.43 3.12 6.70 3.52 6.55 3.08 5. 89 4 .40 6. 13 7-50 7-30 1s 2\ 3 B 5.60 2.89 5-58 3.18 6.50 2.99 2.89 6.43 3 ·40 6.70 }.40 6.~5 3. 23 5. 69 6.73 6. 13 7. 25 7.30 "7. ')0 4 A 6.50 2.69 4.82 2 ,94 6.50 2.82 3·70 2.72 6.61 3.30 6.63 3·70 6. 76 3.10 S-77 .5 -94 6. 22 7 . oo 6. 19 7.60 4 B 6.50 2.73 4.82 3.08 6.50 2.90 3. 73 2.62 6.61 3.15 6.63 3-45 6.76 3. 23 5. 77 7. 12 6. 22 7. 87 7-19 7-88 5 A 5.81 2.88 6.40 3.11 6.19 3' -40 3.40 3 .]4 6.57 3.20 6.32 3.20 6.62 3.32 5. 97 7.02 6.32 7. 74 7 ·41 7.63 5 B 5.81 3.10 6.40 3.10 6.19 3'-34 3-40 3·34 6.Fjb 3.)0 6.~2 3.56 6.62 3·:53 5.n 6.88 6 .)2 7.38 7 ·41 8.18 &A ) .51 3·40 5.62 }.28 7-43 3.40 3.08 6.4 3.21 6. 0 4.46 6.32 3. 75 5 .79 7.42 6. 19 8. 19 6.78 8. ~5 6. B 5.51 3.20 5.62 3.26 7-43 3-35 3.04 6.40 3-34 6.30 3.13 6.32 3.72 ) .79 7. 13 6. 19 7 . )b 6.78 8. J.4 7A 5.78 3-39 5.52 3-30 5.98 2.95 3 .oo 6.84 3-48 6.28 4.12 6.23 3. 60 5.91 7.40 6.42 7.80 7.58 7.90 
1 7 B 5.78 3-23 5-52 3-22 5-98 2.92 2-77 6.84 .5-73 6.28 3-70 6.23 3.39 5. 91 7-58 6.42 7.70 7 . )8 8.04 8A 6.42 3.20 5.t>1 3.00 6.00 2.88 3.19 2.80 6.34 3.07 6.42 3-56 6. 22 3. 13 5.53 o. 20 6.10 7-67 7.01 7.62 8 B 6.42 }.20 5.61 ).28 6.00 3.12 3-70 3.25 6.34 3.60 6.42 3·34 6.22 3.50 ) . 83 6. 74 6.10 7.58 '{.01 d. OO 9A 5.57 2.77 5.58 3.08 7-18 3.12 3-30 2.99 6.33 3-05 6.30 3.22 6.41 3.50 J -99 4 . 10 6. 20 7-50 7-21 7-94 9B 5-57 2.90 5-58 3-39 7.18 2.92 3.30 ).00 6.33 ).28 6.30 3.20 6.41 3.32 J • 99 7-72 6.20 8 . ()4 7. 21 7-93 10 A ).81 2.92 6.30 _3.12 6~90 3.10 3. 24 2.9:.) 6. 22 ).22 6.50 }. 21 6.70 3.48 6.00 6.69 o. 18 7. 58 7.30 7.88 10 B ).81 2.91 6.30 3.18 6.90 2.90 3 ·30 2.99 6.22 3-41 6.50 3-48 o.70 3.3 8 o . OO '7 .)1 c.l8 7.60 7.30 7-92 11 A 0.01 4.00 6.70 3 ·40 7.20 2.90 3-35 3.12 6.88 3-42 6.)1 3-50 6. 62 3.59 5-90 7 . )0 6. 23 7 .so ?. 20 7-92 11 B 6.01 4.00 6.70 3-40 7-20 3.00 3-19 2·84 6.88 3.16 6.31 ).29 6.62 ) -14 5-90 4 .oo 0 . 23 7.42 7.20 '1 . 91 12 A 6 .)2 3 .oo 6.12 3.18 o.13 2.89 3.20 ... }.52 6.72 .5-2~ 6.30 ~-48 7. 00 3.69 6.01 6.48 8.42 '( . 08 7 · 84 12 B 6.32 3.24 6.12 3.34 6.13 2.96 3-40 4-~l. 6.72 3-57 6.30 3.31 7-00 3-40 t. . Ol 7.08 o.48 7.62 7.08 8. 02 13 A 6.30 2.89 5.58 3-15 6.00 3.20 3- ~9 2.93 6.60 3-27 6.45 3.50 6.41 3. 21 5.90 6. 92 6.32 7.63 7.30 7·78 113 B 6.30 3-09 5.58 3-35 6.60 3.10 3.48 o.oO 3.63 6.45 3.28 6.41 3. 22 5-90 7.92 6.32 7.90 7 .)0 7-89 114 A 6.32 2.88 5. 74 3.12 6.20 3.10 3.23 2.82 6.50 3.20 6.35 3.21 6.58 3 .13 ) . 98 5. 71 6.45 7 • ..j.b 7.32 7-90 114 B 6.32 2.83 5. 74 3.22 6.20 2.80 3.30 2.95 6.50 3-46 6.35 3-76 6.58 3-57 ) . 98 7-15 6.45 6.12 7 .)2 7-75 5.76 2.70 3.23 2.76 6.36 3.09 6.51 3-49 6. 71 3.37 5. 96 6. 27 6.02 t ' C." 7 ·42 G.01 ·15 A 5.80 2.92 5.82 ).10 

.• ..t.) 

~ 15 B 5.60 ).17 5. 82 3-40 5-76 3.00 3-39 ).00 6.36 3.22 6.51 3-57 6.71 3-49 j . 96 b.56 6.02 7. 28 7 ·42 6. 10 116 A 6.50 3.20 6.53 3,40 6.02 3.02 6 .. 50 3.32 2.88 6.40 3-22 6.78 3.42 6.58 3.)8 6.10 7.58 6. 02 7.58 '1 ·3 2 7. 95 ;16 B 6.50 3.12 6.53 5-34 6.02 2.98 6.50 3-30 2.82 6.40 3.10 6.78 3.16 6.58 3.10 6.10 4·55 6. 02 7 ~32 7 . )2 7-63 . :17 A 6.40 3.05 5.98 3.10 6.43 2.85 6.00 3-48 3.08 5.88 3.22 6.60 3- 78 6.47 3.48 5. 95 8.08 6.09 b. 23 7 u ll 7· 78 117 B 6-40 3.08 5.98 3.08 6.43 2.90 6.00 3.23 2.87 5.88 3.19 6.90 3.30 6.4 7 3-42 5. 95 7.02 6.09 7. b"f '( . 11 7-92 '18 A 6.50 2.88 6.30 2.18 6.50 2.80 6.72 3.42 2.80 6.50 3.21 6.90 3-46 6. 89 3-39 5-92 b . 72 6. 13 7.40 7.10 7 ·44 '18 B 6.50 3.20 6.30 3-49 6.50 3-24 6.72 3.20 6.50 3.30 6.90 3.43 6.89 3 ·41 5. 92 6 . ·+0 6.13 7 ·42 7.10 7 · t+b \19 A 5-97 2.78 6.34 3.00 6. 65 2.90 6.10 3-40 2.86 6 . l 2 3.12 6.62 3 .so 6.89 3-54 5. 93 6 . 72 6.07 8. 19 '{ . 12 7.61 'lC .i3 5-97 2.80 6.34 3.15 6.65 ).08 6.10 3.17 - 3.10 6. 22 3.35 6.62 "3 .65 6.b9 3 .. 59 ) . 9) ('.12 6. 07 7., 20 7.12 7. 96 
; ':;J 

·20 A 5.88 2.92 5.52 ).13 6.18 2.92 5.89 3.:!1 2. 132 6.56 3.20 6.51 ;?.52 6. 70 3.52 5 . )'~ 6 · 84 6. 20 7 . OE· (:: . JG 7-91 i2o B 5.88 3.01 5.52 3.23 6.18 3-18 5.89 3.40 3.15 6.56 ) .19 6.51 ,3. 68 6. 70 ) .65 5-99 6. 78 6. 20 7-79 C-5 6 E, <> ().i_ 121 A 6.13 2.91 5.88 2.88 6.50 3-07 6. 62 3-43 2.83 6.48 3-59 6.5} 6.41 ).28 o.Ob b .66 b . 07 'i ,40 t· .. • rl ) 7. ';L, 21 B 6.13 3.09 ) .88 3.10 6.50 3.09 6.62 3 • ..j. O 6.48 3 ·32 6-53 3-40 6 ·41 3 .40 6.08 7. 52 6. 06 7. 12 b. 73 7 '7!:; 5-39 3-07 5-52 2.88 6.15 2.83 6.00 3-25 2.99 6 • .f1 3 -55 6 .&j. 6.28 • I . 
22 A 3. 80 3. ~~ o 5. G8 6.50 6.21 7. 27 7 , +~ 7 . bll 22 B 6.39 3-07 5.52 2.99 6.15 2.92 6.00 3.20 2.84 6.41 3.12 6.8.f 3.60 b.28 3.53 5. 88 b . 88 6. 21 7. (Y;) 7 e.lu 7.78 23 A 5.70 2.99 5.41 2.50 b.l8 2.53 6.23 3.10 . 2.87 6.33 3-21 6.43 3.50 7-01 ) .82 5. 96 7.02 6.01 7 . j1 (·_; . ;..l b .O) 23 :B 5.70 3.02 5-41 b.l8 2.92 6.23 3-40 3-05 6.33 3-31 6.43 3. 73 7.01 3. 63 5. 96 7. 24 6.01 7. f.,(: c . bl 7-9c3 24 A 5.80 3 .27 6.28 2.30 6.08 2.65 5-90 3.12 2.79 5.80 3-23 ').70 3-21 6. '[1 3o40 6.01 7.1) 6. 20 7.36 7•.k 7. 80 24 B 5.80 3 ·4·+ 6.28 2.66 6.08 2.83 ).90 3.12 2.90 ).80 3.25 5. 70 .3 ·41 6. 71 5 . 6!f 6.01 7.36 b . 20 7.36 8. 00 25 A. 5-49 3 .,fO ).60 2.23 6.30 2.90 6.50 2.98 2.71 5.60 2.92 6.79 6.oo 7.10 ) .19 5·97 o . OO 6.02 7 ·4 7 7. 16 7-83 25 D 5.49 3-43 5.60 ~.13 6.}0 :;.29 6.5'0 3.65 3-17 5.60 3-44 6.79 6.10 7.10 3-54 ':) . 97 o.6o b .02 7 ·33 ( . 16 t ,, .. , 

' 1'!1 u r_ 26 A 5.70 3.20 5.41 2.4 7 6.27 3.10 6.45 3-50 3.12 6.72 3 ·45 6.]4 3-78 6.23 3. 86 6.01 8 . 16 6. ]4 7-97 6. 91 7. 9u I 26 B 5.?0 3-56 5.41 2.55 6.27 3.70 6.45 3.82 3-51 6.?2 3.15 6.14 3. 73 6. 23 3-55 6.01 7. 28 6. 14 6. 92 o. SJl 7. t~sl 7A 6.40 2.98 6.23 2.58 6.27 3.03 640 3.22 2.88 6.50 3.69 6.08 3-33 7. 10 3-59 s.sw 7.00 6. 18 7.32 6. 22 7 . _'S c. I , 7B 6.40 3 ·43 6.23 3.08 6.27 3.20 6.40 3-47 3.00 6.50 3.52 6.08 3. 50 7.10 3· 74 5. 90 7·69 6.18 7-78 6. 22 7. 90 I :28 A 6.50 2.70 6.45 2.88 6.44 3.10 6.13 3-40 3-20 6.54 3 ·49 6.30 3.3 2 7. 00 3. 62 6. 08 7-ot 6. 12 7. 68 6. 83 . t .. I . u . -;o 
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ammonium chloride. See Append.x I for constituents of each solution. 

Molar stock solutions were prepared for all the above salts, 

and the culture solutions were made up by ad0ing the required amount 

of each salt to approximately 1 litre of water, in addition 2.00ml iron 

solution, and 2. 0 ml micro-nutrient solution were added, and the 

solutions wP.re made up to t r·o litres ~7ith purified water, and the pH 

value of the solutio!l w::uJ determined. 

In each of the replicates the old solution was drained out of 

the flasks and replac ed v-·ith 1 litre of the fresh culture solution, 

1 ml of the iron solution was added every fourth day as previously 

mentioned. 

pH Value 

The pH values of the fresh nutri ent s olution, prior to being 

supplied to the plants , ranged from 5. 32 - 6. 50, thE. values at the 

t .ime of renewal, after seven days, were found to have dropped con-

siderably to 2.6- 3.56. This lowering_.afthe pH values was found to 

be consistent, as can be seen in Table I. Root damage was not observed 

at these low pH values , as v•ould have been expected, as it has been 

reported (HE!lr itt 1952) that at low pH va lues, be tween 3.0- 4.0 root 

injury generally occurs. 

The addition of 3.0 ml Molar Ammonium acetate solution to two 

litres of nutrient solution, was found to stabilize the pH of the 

nutrient solutions. Over a period of a week the pH values of the 

nutri ent solutions receiving ammonium acetate were found to have varied 

only slightly, with a tendency to bocome more alkaline. The values at 

the commencanent ranged from 5.74- 6.10, and at the time of renewal 

were f rom 4.0 - 7 .0, see Table I. 

Infection by Tbtran~chus t elarius L. 

During the course of the experiment the plants were infect ed with 

gr~enhouse red mite - ~_:!;~ychus telarius _ The use of acaricides 

were inadmiss ible due to the possible chemical contamination of t he 

nutrient solutions and the plants. Therefore the plants were washed 

with distilled vrater· weekly, each l eaf being swabb ed down with cotton 

wool saturated >.ith purified water , t his method although tedious was 
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found to be most effective, in ridding the plants of the mite. 

Some of the plants were sliehtly damaged as a result of the attack by 

the mite, these wi ll be mentioned under ''Visual Symptoms". 

Preparation of Plant 1'-aterial 

On the 1 9th Janua~ 1957, the plants were photographed, and 

their general appearance and condition recorded, the plants were 

t hen prepared for che~ical analysis. 

Preparation of Plant }•\a.t~r~.al 

Each plant was r emoved f rom it s respective nutrient solution, 

any excess solution which may have adhe1 d to the roots was removed 

by drying on sheets of No. 1 Vi'hatman filter paper. The entire plant 

was then weighed on a rough balance for its fresh ·.reight determination . 

Each seedling was divided u p into seven sections namely: 

(1) Upper Stem, (2) Middle Stem, (3) Lo,:er Stem, (4) Upper Leaves, 

(5) I.liddle Leaves, (6) Lower Leaves, and (7) Roots , for dry weight 

determination and chemical analysis . The lengths of the section of 

the main axis were arbitrarily determined by ensuring each sectj_on 

from the same pl ant bore the same number of leaves. In the case of 

plants with branches, the laterals were a s sessed individually on the 

same basis , irrespective of their position on the main axis, the leaf 

and stem t is sues from each plant .,,ere bulked into the upper, middle 

and l ower leaf and stem eroups. The base of the lovn.r stem sections 

was f ixed as being immediately abovn the hypocoty l and the root 

sections all tissue below this point. 

The leaves from each grou p were ~rashed in r edistilled water to 

remove any dust, or any other surface contamination that might have 

been pr esent on the leaves surface and were dried on sheets of Ho. l 

Whatman filter paper . The petiole and mid rib from each leaf were 

removed, using a pair of stainless steel s cissors and the lamina ".-as 

wrapped separatel y from the petiole and mid rib in No . 1 Whatman 

filter paper. Similarly t he roots were washe d in purified 1;rater , 

removing as far as possible &~y nutrient solution still adhering to 

the root surface. The root and stem sections wer e wrapped separately 

in sheets of No. 1 1~-hatman filter paper. The various groups were 
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appropriately labelled and placed in an "Anal is 11 forced-draught 

0 
oven kept at 105 C. 

D:r:y \ "eights 

0 
The plant mat erial Fa:: placed in an oven at 105 C for at least 

t v:enty four hours prior to ·. oighing. The material to be weighed 

'7:as removed from the oven and placed in a glass dessicator containing 

calciur. chloride and. allo·.~ed to cool for exactly thir"b.f minutes1 

before -.;.rei ghing . The , ·eighing operat ion was carried out as rapidly 

as po:: ;ible, in an attempt to prevent moisture being taken up by the 

plant material rrou the at6osphere during weighing. 'I' he seven groups 

of material from each plant were weighed and recorded separately. 

Grinding of Plant Material 

The dric~d plant material ·as prepared for che~.:1ical analysis 

after its dry ~eight had been determined. The l eaf material was 

ground to a fine powder using an agate ball and mill, a porcelain ball 

and mill was used for grinding the root material. All the stem 

tissue nas eround by hand ·: ith a porcelain mortar and pestle. In each 

case when the desired dogree of grinding had been :ro&ched the samples 

wer e transferred to glass specimer: tubes for storage. 

Mixing of Plant Material 

In some instances e.g. upper stem, there was found to be 

insufficient plant material for chemical analysis. In order to 

overcome this difficulty the samples from corresponding treatments 

in Block A and Block B were bulked and thoroughly m:bced in a mortar and 

pestle. 

Chemical Analysis of Plant 1\'Iaterial 

Preparation of Plant Material for Analysis 

The ground plant material was placed in petri dishes and dried 

for at least twenty four hours at 105°C prior to weighing, removing 

any moisture which may have been absorbed during storage. After 

removal from the oven , the sample vras placed in a glass dessicator 

containing calcium chloride, and all owed to cool for exactly thirty 

minutes, prior to weighing. A sample (0.5 g approx.) of the 

powdered plant mat erial was weighted out accur~tely and placed into a 
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silica beaker. 

The silica beakers containing the samples w~3re placed in a 

0 muffle fuY-0ace at 500 C, and kept at this temperature for at least 

fifteen hours, at the end of thi.s p..:riod the plant ash was completely 

white. The beclmrs end contents ~'ere allowed to cool to room 

temperature . The ash was moistened >;i th a few drops of purified water 

and ~as then dissolved in 20 ml 1:1 HCl solution. The silica beakers 

were covered w:'.. th •. ·atch elassc.s and warmed on an electric hot plate 

for twenty five minnt es . To Gach be J.ker , 1 ml of concentrated HN0
3 

was added, ensuring · J .. he complet :~ oxidation of any remaining organic 

matter. The solutions were then evaporated to dryness, the residue 

wa s dissol vcd i n 10 ml 1:1 HCl and further diluted to about 20 ml total 

volume ":Ji th redistilled water. Tbis solution waf.l heated for about ten 

minutes, and then filtered through Ho. 1 batman filter papGr, ·,:hich 

had been previously treated with hot C!.ilute HCl solution to remove any 

calcium that may have been present in the paper. The filtrate was 

collected in clc:e.n 100 ml "Pyrex" beakers, and the residue ,,-as · ... .-ashed 

three times r:ith hot water, and the ,,mshin.~s were added to the filtrate, 

which was made up to approxirna tely 50 ml. 

It has beun previously shown that the pr e sence of either 

phosphate or sulphate ions interfere with the quantitative determinatkn 

of sodium, potassium anC. calcium, using flame photometric methods. 

It 1:as thm·efore necessary to remove th<.=.:..:e two anions from the plant 

solution. In the pr~sent work those ions ;, -ere removed on an anion 

exchange rcs:i r.. Dc-Accdi. te E. The plant solution · tas poured into the 

resin colurr.n a.r..d allowed to leach throuf"h at the rate of one tlrop per 

second into 100 ml volumetric flasJ'::. 'l'he r esin was washed with small 

portions of purified water, and these washings "::ere added to the 

original solution, and made up to the volume with purified v;atcr . 

The solution was shaken well and the sodiur.:, potassium, calcium and 

macnes ium concentrations presE:nt in the solutions were determined 

as described be low. 
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Sodium, Potassium and Calcium Determination 

An "r:EL" flame photometer · :as used for the determination of 

sodium, potassium, and calcium in the plant solutions. A standard 

solution containiTI.g 50.00 p.p.rr.. lira, 100.00 p.p.m. K, 350.00 p.p .m. 

Ca, and 100.00 p. p.m. l!g, and v;as made up using the following 

procedure::-

(1) .. leigh out 0.1271 g NaCl 

0.1906 g Kr:l 

0,8740 g Ca.co
3 

0.5732 C Mg~o4 • ?H
2

0 

(2) Place the above salts into 1 liLo volumetric flask 

and dissolve in rodist illcd water . 

(3) Add 3 ml 1:1 HCl 

(4) Make u p to 1 litre vrith redistilled \:o.tor 

All the chemicals used to l!Rke the above standard solution were of 

"Specpurc 11 g rade. The above nolution was 10 X Standard ~>elution 

and referred to as Solution A, and was stored in a polythene container, 

as a precaution against any contamination from glass ·;arEJ. Solution A 

'17as diluted by half, givinc Solution B, this solution was used for 

prep3.rine the dilut ed standards usod in calibrding the instrument. 

The diluted standards were mdc up as follows:-

(1) 20.0 rn1 Solution B made up to 100 ml with redist illed water 

(2) 15.0 ml Solution B made up to 100 ml ~·ith redistilled water 

(3) 10.0 ml Solution B r.ade up to 100 ml with redistilled water 

(4) 5.0 ml Solution B macle up to 100 ml ~ith r~distillcd water 

(5) Redi st i 11 ed water 

The values obtained using the above standard solnt ions in ~::tl i bro. t i ng 

the instruii£nt can be found in Tables 2 - 4 be lo'7 . 
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Table 2 

Calibration of 11EE111 flamc photomet or for estimating bodiurn 

·- -------··-. 
i 

I
I Replicate 

Instrument 

[ Reading 

~ - --·--·---·-
1 
; Averee;o 

Sodium concentration in p .p.m. 

o.oo 1.26 

o.oo 26.00 

0.00 26.00 

o.co 26 .. 00 
! 

l ·-···- ····------
' I O.CO 
I 

26 .oo 

2.53 

52.00 

52.00 

52.00 

')2 . 00 
·-------·· 

3.79 

76.00 

76.00 

76 .oo 

76 .00 

conce ntrat io.!LlE.....E.· p. El. 

o.o 2.43 4-.87 7.31 
-------.. ·--~-

I ! I ! Replicate i o.co 26.00 52.00 75.75 
I 

I 
1 Inst rumcnt 
I 

I o.oo 26.00 51.75 75.25 
I 

~ Reading o.oo 26.00 51.50 74· 25 
I 

~ -- ~vera,_~e . 
: o.oo 26.00 51.75 75.08 
! 

o.oo 8 . 75 17. 50 26.25 
·· - ··- ----- ---·-

I 

Replica t e l o.oo 23 .oo 48.25 73.50 
I 

Instrument o.co 23.00 48 .oo 73.50 

Reading o.oo 23 .oo 48.50 73·50 
------------~ . 

I Avera...;sc 1 0.00 23.00 48 . 2) 73.50 I 
L 
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100.09 

100.00 

100 . 00 

i 

I 
100.00; 

J, ?"5 

lOOJit~ 
100 r.rl 

3 100. 00 

I 
lOO.GOi 

! 

35.CO 

lOO . CO 

100.00 

100.00 

lCO .oo1 
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The relationehip between the instrument readings and the 

concentrations of t he above three: elc men ts ·.:e.s found to bo £~l:most 

linear, soc Figs. 4,5 and 7. 

In tho case of tho pl,nt solution the sodiu.::, pote.ssium and 

CE1lc iu.'l1 concentn..:.tjons c ould be dct ermino<l directly, ho::ovcr in some 

cases the soluti·:ms h<·d to bo diluted. 5 X, 20 X, · ;ith purified water. 

For the macnesium dotormin:J.tion in the _>lant solut ion the Titan 

Ycllo··~ I•Eethod v;as foll owed, using a Hilger "Spekl;:cr" ab sorptior:.Jt.::r 

to men::urc t he int ~msity of t he colour :produced by the rca..:;ent. The 

follov.·inc r oa{:ent s i:ero used and Pl"Gpa.red as follm1s : -

(1) Titnn Ynllo·:· Solution 

(c:t) ·:/eight out 0. 30 b. Titan Yell a ; Indicator (::3 . D.H .) 

(b) Dissolve in 150.0 Bl Et hyl Alcohol. 

(c) IIake up to 200.0 ml ···ith redistilled water. 

(2) Qalciui:l SulJ2hate Solution 

2.40 g Cas o
4 

' :ore rr..o.d.o u p to 1 l i tre ; ·i th purifie d. 

water. 

(3) 4P; Eyciro:e;ylarnino Hydrochloride Solution 

4.0 g Hydroxylamine Hydrochloride i.ns mde up to 

100 ml ',' ith r odi dill od wat cr. 

(4) Sodium Hydroxido Solution 

100.0 r; of Sod iur: Hydroxide solution .-as made up to 

250 r:1l •--j_ th .f'J.r ifi . .:; d ·;. cct er o 

Calibration of 'Snekk \.:r 1
' absorpt ion 

":, st andard s ol ut ion o:f.' magnes ium sol ution was pr .Jp a r ed as 

f o ll m: s ::-

(l ) Y/ei ght out 0. 5067 g :,~:SO 
4

• 7J:I20. 

( 2) Dissolve in redistill (~d water o 

( 3) Add l. 5 rnl 121 HCl 

(4) :L.iake to 500 rnl with redistill ed t,;at er . 

The above s olu tion containe d 100 .00 p.p.m.Mg. 1.0 ml , 2 . 0 ml , 5 .0 ol 

8 .0 ml, 10.0 ml and 20.0 ml aliquots of the standard solution v;ere 
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taken and made np to 100 ml >lith r ;;distilled v: ... tcr, givil!£! dilute 

stc.ndards co!'lt:-' injng 1.0, 2.0, 5 . 0 , 8.0, l!l,O rnd 20 . 0 p.p.r.1. 

rrn.gne s i UL:. 

Tao absorptior.1ot or ·:1F.!.8 cali br:1tc<l uoin~; the followiDg 

proc odur ~ :-

(l) ?.ipptte 5.0 ml of' t he diluted. ~,tand<::rrd. into a 

200 ml conical flask. 

( 2) Add 5. 0 ml CaSO 
4

. . 

(3) Add 20 .0 ml r.::uistilled v:at::Jr. 

(4) Pl.J.ce flacks in a ,-·ator uath at 25°C for 

approx ims.t ely fifL .:m r;~inutos. 

(5) Rc·:T"ov.J t 'i1c fl a 3kc fro"l the ', ater bat h and add 1.0 

ml 4~ hydroxylar:Jtnc hydrochloride, O. 7 ml Titan 

Y)llow Solution, and 2. 0 nl sodiu c hydroxide 

(6) Shake: the flasks. 

(7) Place the solution in a 4 em. cell. 

(8) Use a Kodak No. 5 Yollow-Grc:m filt er. 

A reagent blank solution v:as prepared similarly to the 

:::ta;1dard solutions vith the exception that purifild wC:Lter , as added 

i:r1stead of the Mgso
4 

s olution . 'I'hE: rca.C.:i n_-~:... obtair.r: (i for the calibra­

tion curvr~ are found in Tablu 5 bclor:. 

Table 2 

Calibration of "Spr:kker" absorptiomet er for est i rna.tin;; :.!agp0sium 

I~ conceutra- Drum Readi ng Average 
tion in 
p.:;. rr . • 

- - -·· ··· -· ···i 

1.0 0.035 0.0..;3 0.024 0.041 0.030 0.046 0.035i 

2.0 o.no 0.083 0.104 0.091 0 .093 0.118 0.100 

5.0 0.272 0.268 0.269 0.260 0.260 0.265 0.266 

8.0 0.380 0.388 0. 392 0.382 0 . 38 7 0.383 0 . 386 

10.0 0.410 0.4 28 o.soo 0.488 0.4 76 0.485 0.4651 
: 

20.0 o. 724 0. 736 o. 720 o. 715 0. 701 o. 741 o. 7231 
I 
I 
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A curve was obtained when the drum readings were plotted against 

the concentration of magnesium, see Fig. 6. 

The above method was found to be satisfactory for the 

determination of magnesium in plant material. The versenate (EDTA) 

method, which has been found satisfactory for the determination of 

magnesium in biological material was in this case found to be 

unsatisfactory due to the indicator being oxidized by the high iron 

content of the root. 
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CHAPrER Iii 

RGsults 

The effects of the experimental treatment on the visual 

appearance and condition of the lemon seedlings at the time of sampling 

are summarised in Table 6. 

Visual Appearance 

At the conclusion of the experiment it was observed that the 

leaves of some of the seedlings had produced visual symptom~ 

suggesting the presence of a physiological uisorder. The appearance 

of these symptoms was not confined to any single leaf position on the 

central axis. Generally the symptoms were more pronounced in the 

apical regions of the seedlings receiving the lower calcium level in 

the nutrient sol ution, and in the lower leaves of the seedlings 

receiving the higher calcium level of supply. 

described in greater detail below. 

Leaf Symptoms 

(l) Leaf Burn 

These symptoms are 

For several days during the early part of January 1957, the 

greenhouse temperature rose considerably higher than nor~l 

(approximately 98°F), due to warm spell. It was during this period 

that leaf burn was first observed amongst t he apical leaves of the 

seedlings. 

Leaf burn r as found to occur in seedlings receiving a low level 

of calcium together with high l evels of (l) potass i um, (2) sodium, or 

(3) sodi um and potassi um in the nutrient solution . At the time of 

sampling leaf burn was found not to have occurred on the foliage of 

seedlings receiving potassium treatments of 117.0 p.p.m. or l ess, or 

sodi um treatments of 50.0 p.p.m. or less. · Lemon s eedlings 

receiving treatments with potassium levels higher than 117.0 p.p.m., 

together with levels of sodium of 50.0 p.p.m., were found not to 

produc e leaf burn. Similarly the foliage of plants r ecei ving l evels 

of sodium of 195.0 p.p.m., together with 117.0 p.p.m. potass ium, did 

not suffer from leaf burn. However, the seedlings rece i ving 

- 25 -



L---- --

Fig. 8. Showing Stage II of Leaf Chlorosis. 

L 

Fig. ~. Showing Stage III of Leaf Chlorosis 



Fie. 10. Sha;.ring the various stages of leaf 
chlorosis on a single tree , from the 
LO\"rer Leaf' ( No 1) to the Apical Leaf 
~ No 31 ) • 

.... ___ _ 
Fig, 11. Shows characteristic V sha:9ed chlorotic 

area prior to leaf burn. 



Fir: .. l2. Shows ;:corchi>·'l.g of the apical leaves. 

Fig. 13. Shows scorching of the apical leaves of' 

a seedling receiving a high potassiu~ 
and a low s-:xli uLl treatn··nt. 



Fir;.J..(. A con~:>.rison between the armearance 
of seedlings receiving a h i f,h calcium 
(left ), and a lmv calciun1 ( right) treatment. 

Fit:. 15. A compe.rison bei..l]<reen the a:ppear&'1.ce 

of se ·dline;s receiving a high c 8lcium 
( left) , and a low calcil..un (. right) 
treatment. 



ShoYring d.Pnage resulting 
from eruntion of the b8.rk 

FiE. 1 7. A cor.marizon ry r S i:?; :' l:e•y een :JE' _:.~ • .1.::.:- s rm-.n 
in. hich c alcium t n ::atmcnt \ 'L'4-5, 'l'J..-6 J, A.nd. 
lo ... c nl c i.tun treatnc-~t V1':}5, "r 26 ). 



I 

,, 

Fig. lfl. A cornp!U'icon of si·~e l)t"d;''·'er:>n seedlinr;s 
era;.'ll i:.'1 hirh ce..lciw t~·ea tmcnt \ T':'.'/ , T4.-8 ) 
r.nC. 10'.'! ca.biw:t ere~ tDent \ T~}'/, T28 ). 



195.0 p.p.m. sodium, with potassium levels higher or lower than 

117.0 p.p.m. ,suffered from leaf burn. Seedlings supplied with 

sodium concentrations higher than 195.0 p.p.m. pr oduced leaf burn 

irrespective of the level of potass ium. '.7hen the cone en tration of 

the external supply of calcium was i ncreased, leaf burn was found not 

to occur, even in the presence of high levels of sodium aYJ.d potassium. 

The first visual sign suggesting that leaf burn is likely to 

occur is the appearance of light green areas in between the primary 

lateral v eins, close to the leaf margins. These areas in the early 

stages are not Cllways easily visible, and may only be observed by 

holding the leaf to a source of illumination. 

The next stage is the progressive formation b<Jtween the :primary; 

lateral veins, on the lamina margin, of light green chlorotic areas. 

The leaf tissue between the veinlets becomes yellow-green in colour, 

while the prinary lateral veins and veinlets maintain their original 

deep green colour, see Fig. 8. The chlorotic areas increase in size 

and eventually coalesce around the margin of the lamina to form a 

continuous band along the affected region. At the same time the 

chlorotic areas develop inwards towards the mid rib producing 

parallel chlorotic bands between the primary lateral veins, the 

latter remaining green, see Figs. 9 and 10. In the final stage the 

central tissue remains green, while the affected areas fuse to give a 

V-shaped chlorotic region which extends along the margin from the 

leaf tip to a position just beyond mid leaf. This stage is normally 

accompanied by the curling of the leaf margins towards the ventral leaf 

surface. Prior to leaf burn taking place, the yellow chlorotic 

regions develop a tangerine-orange colour (B.c.c.) see Figs. 11 and 

12. In some instances leaf burn occurred prior to the merging of 

the chlorotic areas from both leaf mar gins. It was observed that 

there were instances of seedlings receiving high potassium l evels and 

no sodium, where leaf burn occurred on the leaf margins and tips, 

without any of the above pre-burn symptoms occurring, see Fig. 13. 

"'requently abscission of the leaves occurred after leaf burn, 

leaving a portion of the petiole still attached to the central axis. 

There were however, isolated cases of abscission of the leaves taking 
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place in the absence of any leaf burn, but in these particular 

instances the leavos were in an a0var-ced stage of chloros is. 

(II) Leaf Chlorosis 

As nentioned above there wGre seedlings rec8jvin& tbe 

experimental treatments "'hich, although not sufferine from leaf burn, 

etill sho·::ed sicns of the presence of a J.eaf cisorder. These visual 

symptoms r~sC::mblP the stages occu.rrirl{[. in pre-leaf burn described 

above, and these stac;es -r:ill be referred to in the present text as 

follows~-

(i) Stage~ 

Light green areas fo rmed in betwe:m th-; lateral v eins , near 

the leaf margin. These are as were not always easily observed, am 

in some cases wore only visible by holding the leaf to a light source. 

(ii) Stage II 

Light yell ow-green chlorotic are as formed in between the 

prim:l.ry lateral veins, i!l a zone extending from the leaf tip to 

approxiJJE.toly mid leaf. These chlorctic regions wer e always close 

to the leaf mare-in. The pri::nary lc.teral veins and veinlets 

maintained th'3ir original de:ep green colour. 

( iii) Stage III 

The chlorotic areas coalesced, forming a continuous yellmv-

green region of tissue parallel to the leaf margin, and extending 

from the leaf tip to approximately mid-leaf . 

(iv) Stage IV 

A V-shaped chlorotic area, with the two arms joined at the leaf 

tip, and each arm lyine along the leaf margin . The chlorotic region 

had a characteristic light tangerine-orange colour (B.C.C .), while 

the central leaf tissue remained green . 

Visual signs of a physiological disorder in the leaves were 

induced as a result of the experimental treatments. The plants 

r eceiving the lo·.rer level of calcium su pply were found to suffer 

severely from leaf bum, and the leaves showed marked visual symptoms 

of an internal disorder . At the higher supply of calcium, no 

leaf burn was found to occur, and when symptoms of leaf disorder did 

occur, they were only very mild . A comparison betwc.sn the visual 
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TABLE 6 

Visual Appearance of Lemon Seedlings. 

-------Treat:..-, ----­
ment. 

---=c,-·a- - ·--·---··· .. _BLQCJLA __ -m;:;;:;::rt~:----------rr.:;:------------
1 a2 

1 

K'o 

2 

I No leaf burn. All lec:.ves show signs 
! pb;ys iological disorder. 

I UJ2,Eer leaves Stage I 
! Middle leaves Stage II 

Lower leaves stage Ill 

No leaf burn. No leaf symptoms 
physiological disorder. 

Upper leaves (lateral} Healthy 
Middle leaves (lateral Healthy 
Lower leaves (lateral Healt~ 

of a 

of a 

I ~emarks. Bark erruption on central axis. Central 

-~t---+- axis dead above eighth basal leaf. 
1 

I Leaf burn of five upper leaves. Abcission of 
3 [third apical leaf. All leaves show signs of a I physiological disorder. 

l Upper leaves Scorched and Stage III 
Middle leaves Stage II 

4 

Lower l eaves Stage II 

Leaf burn of four upper leaves. 

\ Upper leaves 

I 
Middle leaves 
Lower leaves 

I 

Scorched (marginal) Stage II 
Stage III, and Stage IV 
Stage II 

17 

18 

19 

20 

iNa leaf burn. All leaves show signs of a 
jslight physiological disorder. 
1 

!uEEer leaves Stage I 
'Middle leaves Stage II 
Lower leaves Stage II 

I 
I 

I 
! 

!No leaf burn. Some leaves show symptoms of a 
1 physiological 

Upper leaves 
Middle leaves 

' Lower leaves 

disorder. 

Healthy 
Healthy 
Stage II 

No leaf burn. Some leaves show symptoms of 
physiological disorder. 

I Upper leaves 
:Middle l eaves 
Lower leaves 

Healthy 
Healthy 

Stage II 

No lea f burn. Lower leaves show symptoms of a 
physiological disorder. 

Wpper leaves 
Middle leaves 
Lower leaves 

Healtb;y 
Healtb;y 
Stage II 

I 
i 



Table 6 contd . 
.J~l(A - Treat-=;-------· ·--·Trefr I 

ca
1 

Ca 
ment. I 2 ment - ··- --

j iNo leaf buru.. .nll leaves show signs of a:. 21 No leaf burn. Some leC:Lves shou signs of a 

I 
5 !physiological dis order. physiologi~t:.l disorder. 

I 
I iu;eper leaves Stc.:.ge II DE~oer leaves Healthy. 

I Ko !Middle led.ves Stages II and III Middle leaves Stage II 

I 'Lo.,-er leaves Stage II Lo·.:er leaves Stage II 
I 

of : .Remarks • 'l1 V.i0 lower leaves show signs I 

! i "Epidermal Collc.pse". I I 
! 

!No leaf burn. Lo\, er leaves show signs of a No leaf burn. 0ome leuves shOil signs of a I 

I 6 i physiological disorder. 22 physiological disorder. 

' 
I 

I jup;per leaves Heulthy UJ2per lea.ves Healthy 
I 

IS. HGalthy . :kiddle leuves Healthy I ll\.tiddle leaves 
I ILo11ar leav:es Stage II Lower leaves Stu.ge II 
I 
I 
I r 

I I 
I 
I 

!No leaf burn. lec.ves I leaf burn. All leuves show signs of a I No Some sho\7 signs of a 
i 7 

I 

pb;ys:i,.ological disorder. 23 physiological disorder. I ! 
i U;e;eer l e;;.ves Staga IV UE;eer leaves Healthy 

1{2 Middle leaves Stage III I Middle leaves Stage I 

I 
i 

Lower leaves Stage II I Lower leaves Stage II 
i 

I 

I 
i I 

I No leaf burn. Some leaves show signs of a No leaf burn. Some leC~ves show signs of a 
8 physiological disorder. 24 physiological disorder. 

I 
I 

Upper leaves Healthy I U,E;eer leaves Hea lthy 

I y'3 YJ.iddle leaves Stage III i :Middle leaves Healthy 

I Lower leaves Stage II I Lower leaves Stage II 
' 

Remu.rks • Cur ling of lower and middle leaves. i Remarks • Tv10 lower leaves show signs of "Epidermal I 
I I Collapse". I 
; 



Table 6 Contd. _liLOCK A 

I 

I Ku 

I 
i 

I 

~ 

I 
I 

K2 

IS 

Trea : 
ment. 

---: TreE.:Ir; 

! ment .; 
I . 

Cu. 
2 

9 
Leaf burn. Abcissi on of two leaves. .Al l leaves 

1

1_ ! No leaf bur·n. Some leaves show signs of a 
show signs of a physiologic~l disorder. 25 I ~hysiological disorder. 

! I 

iUEEer leaves Stage IV I U;e:Eer leaves H~althy 

'Middle le~ves Sk .. ge III 1~iddle leaves Stage II 
Lo~1er leaves Stage II. LoV~er leaves Stage II 

' 
No leaf burn • All. leaves show signs of a i No leaf burn. Sooa ·leaves show s i gns of a 

10 physiological disorder. 26 physiological disorder. 

1
u:eEer leaves Stage I ua~er leaves Healthy 

!Middle leaves Stage II 1liddle leaves Stage I 
j Lo-:-rer leaves Stage I I Lower leaves Stage I 

I 
I 

I 
' 
iLeaf burn. All leaves show signs of a No leaf burn. ~ome leaves shorv signs of a 

ll ! physiological disorder. 27 physiological disorder. 
' I 
i 
;UJ2~r leaves Stage II UEper leaves Healthy 
)tJ.iL<ule leaves Stage III Middle leaves Healthy 
!Lo·.-,er leaves Stage II Lower leaves Stage I 
' 
i 
I Remarks. 11Bpidenual Collapse 11 on three lo·,.-er ; 

i leaves. 
l 

i 
of a No leaf of _rihysiological jLeaf burn. All leaves show signs burn. No signs a 

12 ;physiological disorder. 28 disorder. 

lU;EE-3r l ec.ves Stage III UE:ter leaves Healthy 

~Iiddle leaves Stage II lhiddle leaves Healthy 
iLower leaves Stage II Lower leaves Healthy 
I i 
! i I 

I 
I 

I 
I 

I 

I 
I 
I 
I 
I 

! 
I 



Table 6 Contd. .OLJCK A 

I 

I 
I 
I 
I 

I I 

Trc,~t-1 

ment. i 
,-1-e_af __ b_ur_n-. -li-. b_c_i_s_s_i_o_n-of four apical leaves. 
' 13 All leav~::s show signs of a physiological d:isarder. 

Upper leaves 
Middle leaves 
Lo~.er 1 eaves 

Stage IV 
Stage II 
Stage II 

Remarks. Burn E<.nC.. die uack of apical ster:... 

Leaf burn. Abcission 
All leaves show signs 

: 
of four apical leaves. , 
of a physiologic&l . d:isorderJ 

I 

I 
i 
! 

----·------------·---
'l'ree.t- · 

j 
ment, ; 

No leaf burn. Some l eaves show signs of a 
29 I physiologic&l disorder. 

30 

I 

' Upper leaves 
~l .• iddle leaves 
j Low8r l e::ov,:., 

I 
I 

Healthy 
Ht::altby 
Stae-e II 

1~o l eaf burn. Some leav~s sh0w signs of a 
physiologic&l disor~er. 

I 
i 
I 

Upper l eaves 
:Middle leaves 
Lower leaves l I I . 

1

1 

1 l Renw.rlr...s. Two lee:.ves show si{;ns of ''.ilipiderwal 

I Collapse". 

Upper leaves 
J1i1iddle leaves 
Low8r leaves 

Stage IV 
Stage III 
Stage II 

Healthy 
Healthy 
Stage I 

Na3 ·-----t--------------+--t----------------l 

I ! 15 

16 

Leaf burn. A.ll lez.vus sh,Jw signs :Jf a 
physiological d1sorder. 

U;eper L~aves 

Middle leaves 
Lower leB.ves 

Stage IV. 
Stage II 
Stag-e II 

Leaf burn. Abc i s s ion of ten apical l eaves . I 
i>.ll leaves sho,; signs of a physiolo~ical disorder 

leaves u,E:eer Burnt I 
kiddle leaves Stage IV I 
Lower leaves Stage II 

31 

32 

No leaf burn. No signs of a physiological 
disorder. 

Upper leaves 
Middle l eaves 
Lower leaves 

Healthy 
Healthy 
Healtey 

Remar·ks. Bark e:cruptions on lower stelil. 

No leaf burn. Smne l eaves show signs of 
phys io logical disorder. 

u:e:eer leaves Heeltb;y 
:NliJdle leaves Healtey 
Lov:er leaves stage I 

D. 

Remarks. Tree shows e1f'ects of infection by 
Tetran~hus telarius . 

" ! 
:---------------~------------------------------------------~----~------------------------------------------~ 



'l'abl.e b Uontd. 
BLOC~~ .B 

,- " -- - - -Treat-=- ·-

i 
IK 

I 0 

l 
I 
I 

I 
l 

I 
I 

I 
I Kl I I 

I 
I 
INao 
! 

i 
I 

liS I 
I 
I 
I 
I 
I 

t:,eht. 

No leaf burn. All leaves show signs of a 
1 . phys L..>logical disorder . 

U:eper leaves Stage II 
11liddle leaves Stage II 
Lowar leaves Stage II 

' NO leaf burn. All leaves show signs of a 
2 physiological disorder. 

· Up:ter leaves Stage I 
:Middle let:ves Stage II 

i 1o;,.er leaves Stage II 

Leaf burn. Abcission of one a p icc...l leaf. .all 
3 leaves show signs of a ~hysiological disorder. 

tuEEer leaves Scorch, and Stage III 
!Middle leaves St ac!.e II 
·Lower leaves Stage II 

\No leaf burn. ...:~bcission of one apical leaf. All 
4 :leaves show signs of a physiological disorder . 

:U12per leaves 
;JY!iddle leaves 
:Lower leaves 

Stage IV 
Stage III 
Stage II 

'Rera&rks. Tree sfows effect of infection by 
Tetrdnchus telarius. 

at- . 
i,;,ent . ~ 

I 

l~o leaf burn. All leaves show sie;ns of a 
17 physioloGicc..l disorder . 

18 

19 

20 

U:eper leaves 
1.1iddl13 leav8s 
Lower leaves 

Stage II 
Stac;;e II 
Stage I 

Re:ci<; rks. Tree shows effects of infection by 
Tetraztchus tel~rius. 

No leaf burn. t>o.we leaves show signs of a 
physiological disorder. 

l.JEEer leaves 
lifiidU.le leaves 
Lower leaves 

Healtby 
Stage I 
Stage I 

Rer.1arks. Tree shows effucts of infection by 
Tetranl'chus t8larius. 

I No l eaf burn. 
I .!:Jhysiulogical 

Lower l~aves show siJns of a 
disorder. 

I U ... per leaves 
1 Middle l oaves 

Low;;:r leaves 

Healthy 
Hea.lttzy­
Stage I 

Remarks. Tree s hows effects of infection by 
Tetranbhus telarius. 

I 
i No l eaf burn. Lower l ecves show signs of a 

disorder. physiological 

Upper lea ves 
Middle leaves 
Lo ,v-er leaves 

Healthy 
Healthy 
St age I 



Table 6 Contd. BLOCK J3 
- -··----·- -------····- ·-----·------------ ---------· -------~f---

Treat-i Oal 'Treat-
mcnt. 

5 

6 

; No leaf burn. I physiological 
I 

i 
1 Upper leaves 
i Middle leaves 
j Lower leaves 
I 

All leaves show signs of a 
disorder. 

Stage I 
Stage II 
Stage II 

No leaf burn. All leaves show signs of a 
j physiological dis order. 

i 
' Upper l eaves Stage II 

I lniddle l eaves Stag~::: III 
Lower leaves Stage III 

! RemarJr,s. Wilting of upper leaves. 
I 

. r.lent . 

21 

22 

Ca 2 

No l eaf burn. All leaves show signs of a 
: physiological disorder. 

, Upper leL:.vos 
:lviiddle leaves 

t Low.:::r lea. ves 

Stage I 
Stag;; II 
Staca II 

No led burn. Sow.e leaves shov.- signs of a 
· z.'hys iological dis order. 

: UPf·3r leaves 
i Middle leaves 
i 
· Lower lec..ves 

Hc:alth;y 
Stage I 
Stut;e II 

Nal~~--------4------------------------------------------------+------~------------------------------------------------~ 

1 
No leaf burn. 
physiological 7 

8 

lu;eper leaves 
:r::iddle leaves 
Lower leaves 

INo l eaf burn. 
physiological 

I 
I Upp~:r leaves 
!l{~iddle leaves 
I Lower leaves 

Some leaves show signs of a 
disorder. 

Stage I 
Healthy 
Healthy 

Sorue lreves show signs of a 
disorder. 

Stage II 
Stage I 
Hoalth,y 

23 

24 

j No le:::.f burn. No siJ!lS of e:. i.Jh;ysiological disorder~ 
! 

' 
; Upper leaves 
llViiddle leaves 
: Lower leaves 

Healtrzy­
Healtby 
t=e&lthy 

I 
1 Ret1arks. Nilting of apical l eaves . 

! No leaf burn. 
j physiological 
I 

! Upper leaves 
11 . , ' l l 1 v1~o.a e eaves 
i Lo·,;er leaves 

All leaves bhOi7 signs of a 
disorder. 

Stage I 
Stage II 
Sta£;"8 II 

i Rer.L.rks. Tree s,rows effects of infection by 
Tetranchus tela riue. 

" 



Table 6 Contd. :3LOCK B 

r ~--------~-e_n_;~~-----------------C-a~l~----~~~~----~--~~--------------~'T=~~e~=t~.,~ _____________________ c_a_2 ________________ ·-_·_-· __ -_-_··_·l 

, No leaf burn. Some leaves show signs of a I J.-ro leaf burn. No signs of a _f.lhysiological j 

K 
I l 
I 
I 

I i I 

;Na 2 

I 
I 
I lf:2 

I 

liS 
I 

~ ! 

9 I physiological disorder. l 25 disorder. t 

I I' 
, ~r leaves Healthy 
! l.'l.iddle leaves Stage II 
! Lower leaves Stage II I Remarks. Wilting of upper leaves I 

No leaf burn. All leaves show signs of a 
10 physiological disorder. 

. Upper loaves I 1Iiddle leaves 

1 

Lower leaves 

! 

Stage III 
Stage II 
Stae,-re II 

i Leaf burn. All leaves show signs of a 
' 11 I physiological disoreder. 

UEper leaves Stage III 
1\i.i.iddle leaves Stage II 

12 

Lov1er leaves Stage II 

Leaf burn. Abcission of five ~pical leaves.All ! 
leaTes show sy1nptows of a physiological disorder. ' ! 
Upper leaves 
Middle leaves 
Lower leaves 

Stage III 
Stc•.ge II 
Stage I 

26 

27 

28 

1 Upper leaves Healthy 
j iYJ.iddle leaves J.~ealthy 
i Lower leaves Healthy 

j R(dmarks. Wilting of upper 
' 

leaves 

l No leaf burn. Some leuv.:::s ·show signs of a 
1 physiological disorder. 

I 

upper lea ves 
Middle leaves 
Lower leaves 

No leaf burn. 
disorder. 

. Upper leaves 
l~1iddle leaves 
Lower le~:~.ves 

Healthy 
Healthy 
Stage I 

No signs of a _physiological 

Healthy 
Real thy 
Healthy 

Rer.iarks. ililting of upper leaves 

I No leaf ourn. 
.

1

. physiological 

. UEper leaves 
1'1iddle leu ves 
Lower leaves 

Sowe leaves show signs of a 
disorder. 

Hea lthy 
Stage I 
Stage I 

I 
I 

_i 
' : 
i 

i 

'------------~' --------------------------------------------------~!~------------------------------------------------------~~ 



Table 6 Contd, BWCKB 

Treat-1 Ca1 lrrrectr Ca2 
i 

I I ! ment. 'ment . I 
1 i 
Leaf burn. Abcission of nine leaves. .b.ll No leaf burn • SOI!le leaves show signs of a i 

I 
13 leaves show· symptoms of a physiological disorder. 29 physiologi cal disorder. i 

I u~:eer l eaves 
I 

Burnt UE:eer leaves Healthy I 
Ko liiiddle leaves Stage III Il'liddle leaves Healthy l 

Lower leaves Stage II Lower leaves Stage I I 
I I 
Leaf burn. All leaves show signs of a No l eaf burn. Some leaves show signs of a I 

I 

14 physi ol ogical dis~rder. 30 physiological disorder. I 
Ul),t;'Elr leaves Stage IV ua~er leaves Heal thy 

2 leaves showing "Jltrllije:rma1 IS. Middle leaves Stage III Ivliddle leaves Stc:.ge I 

Lower leaves Stage II Lower leaves St I collapse 11
• age 

Renarks· Bark erru]Jtion on main axis. 

~a ; · l1eaf burn. Some leaves show signs of a No leaf burn. Some leaves show signs of a 
l 15 physiological disorder. 31 physiological diso;Jtder. 
I 

Up,eer leaves Stage -III U:J2-eer leaves Healtey I 
K2 Middle leaves Stage II Middle leaves Healthy 

Lower leaves Stage I Lower leaves Stage I 

I 

I 
!Leaf burn. All leaves show signs of a No ~-:ettrn. No sigM of any phys iological 

16 1 P~'siological di sorder. 32 disorder. 

I : 

jU:ea:er leaves Stc:..ge rr U~er leaves (lateral{ Healthy 

IS ·lVIicUe leaves Stage III ~i die leaves (latera ) Healthy · 
Lower l eaves Stage I Lower leaves (main axis and laterals) Healtqy 

I Remarks. Bark errupt ions on lower main axis. 
I I ruain axis died above basal leaf. 

I I 
I I I 1 I 

I 

! ! I 



appearance of the seedlincs r.Jceiving high and low levels of calcium 

can be seen in FiP._:s. 14 and 15. 

(III) "Epidermal Collapse" 

During the early stages of grovrth the seedlings pr educed leaf 

spots, described previously (Chapter I). This visual leaf symptom 

will be referred to in the present work as "Epidcm:ral Collapse", see 

Fig. 2. The spotP prod:lceci on the upper and lower epidermal 

surfaces w8re the r c._.-_,_17. c;"' an unknown factor and appeared to be areas 

where the sn.b- .;:;,>i d.m.T•;,:..l "t;~CSWJ had broken down, rosu l t ing in 

epidermRl coll :.J..:;:se. r:l'he plants sho' :ing this phenomenon used in the 

present invostigatiol'l are r ecorded in Table 6 . 

(IV) Effect of. _T_8:J;~~-~3t.C~~s~~ius_ 1 

The trees affected by Tetranychus telarius during the course of 

the present investigation were left with visual signs of their attack. 

The leaves lost their usual waxy gloss and both the upper and lower 

surfaces became rough in texture and took on a dull l ight green colour. 

In Table 6 a r ecord has been made of experimental plants attacked by 

the mite. 

Stem Symptoms 

(I) Stem Burn 

There were isolated occurrences amongst the experimental 

seedlings receiving the lower level of calcium in the nutrient 

solutions, of the apical region of the stem being burnt, and die back 

resulting , s ee Fig 11. These instances were only observed when there 

had been severe leaf burn, followed by leaf abscjssion . 

(II) B9!E.L..<i-,..~2i:\:2 _ 

In some of th•, experimental trees <:!Tuptions of tbe bark 

occurred in the lower stem regions expos ing the woody tissue beneath. 

These . . TUpted areas r:ere approximately l. 5 x 0. 2 em. in extent , the 

great est length of these areav l ay in the same direction as the central 

axis. Usually there was more than one ar ea on the i nfect ed st ems. 

In three inst ances tha de.rra.ge brought o.bou t as a r esult of this bark 

t.ru ~:t ion- was so extensiv e that all the plant tissue above the 

affected area died, see Fig. lh . In each of these three cases, a 

- 28 -
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TABLE 7 
Fresh Weight and Height of Lemon Seedlings on 9.1.57 

i ----··Tre~~:en~---T-wcight----i;- gms . ~ H~igh~ -~~-;~--~ 

I i Block A Block B I Block A Block B: 

T 1 ~~ K ~ Ca1 22 .3 18.2 51.1 5~.1 

T 17j! 
0

( ca2 33.5 24.5 62.2 48.6 
·I 

' T 2 i Rl(~ Cal 

T 18, Ca
2 

I 47.2 

! T 3 il Na
0 

) ea1 I 36.6 

25.4 39·7 85.5 

31.5 77 ·5 57·4 

68.2 27.4 58.2 

25.5 57 ° 7 I 71.7 T 1911 JS~ ca2 1 39.7 

T 4 I ~ Ca1 52.1 27.2 
1 

86.5 52.5 

: :l------E)~ ~2l_l __ :~~--l;~-~--~ ;::;---:i::-
li K ( 

T 2lj! 
0

( Ca2 

T 6 i! 
T 22 

T 23 

TJ.4 

:I 

Ca 2 

35.J 

28.0 

44·9 

33 ·3 

49.0 

33·7 

34·9 

43·3 

49.9 

30.0 

'44. J 

45.0 

42.8 

28.0 

36.2 

19.8 

30.7 

18.6 

25.3 

53.7 

69.0 

81.7 

65.-4 

32.4 64 .l 

30.4 70.3 

34·5 75 ·9 

25.8 76.3 

31.9 77·8 

41.6 l()(j..6 

59·7 

67 .5 

'45·3 

62.6 

59-5 

46 .2 

46.8 

57 ·3 

66.0 

53.0 

58~0 

49.1 

55.2 

88.0 

52.6 

53 .J 



T 1 

T 17 

T 2 

T 18 

T 3 

T 19 

T 4 

T 20 

T 5 
. 

T 21 

T 6 

T 22 

T 7 

T 23 

T 8 

T 24 

T 9 

T 25 

T 10 

'11 26 

·l' 11 

T 27 

T. l 2 

T 28 

T 13 

T 29 

T 14 

T 30 

T 15 

T 31 

T 16 

T 32 

Treatment 

( 
Kl( 

( 

( 
K2( 

( 

( 

IS~ 
( 

Ko~ 

( 
}S_ ( 

( 

( 

K2> 
\ 

( 
JS( 

( 

( 
K { --. ,, 

V I 

' 

( Dry Wt. of . Drj Wt. of 
. Lower Leaves :Nlid Leaves 

Dry i/t . of 
l\t1id Stem 

Dry Weight expressed in gra:rp::~! _Block A 

====~----------~------------------~ Dry 'i{t. of Dry vvt • oi' 

Ca2 A 

Ca
1 

A 

Ca
2 

A 

Ca1 A 

Ca
2 

A 

Ca1 A 

Ca2 A 

Ca
1 

A 

Ca
2 

A 

Ca
1 

A 

Ca
2 

A 

Ca
1 

A 

Ca
2 

A 

Ca1 A 

1.3238 

1. 3191 

0 .6133 

2.5570 

1.5387 

1.4192 

2 .2737 

2.0846 

1.3594 

2.1020 

1.5122 

2. 7393 

2.0660 

2.2867 

2.8251 

1.9372 

Upper Leaves Lower Stem 

o. 7131 

1.4268 

2.0354 

1.6602 

1.3700 

1.6154 

1.9631 

1.6208 

1.5424 

1.9667 

o. 7301 

3.0646 

2.0742 

2.1122 

3.0602 

2.6092 

0 .5987 

1.1096 

0.8803 

1.6445 

1.3415 

1.3551 

1. 7142 

1.2563 

0.2286 

0.6172 

0.5601 

0-4481 

0-494 7 

u.6525 

·---·---- ............ __________________________________ _ 
0.8566 1.4136 0. 7003 1.1914 0.9545 v.27o6 

1.3920 2.1092 1. 2557 1.6053 1.2689 

0.9615 1.4819 0 . 6711 1.4210 J. 8997 

1.8777 2-4530 1.6428 2.6389 1.6425 

1.5035 1.6266 u.984 7 

2.3712 

2. 7163 

1.6723 

0. 9442 

1.5964 

2.(.()21 1.0017 

1.5577 

1.8822 1.0210 

1.5568 

0 . 2481 

0.5197 

0.3410 

0.5299 

Dry iVt . 
of Roots 

1.8645 

2.9096 

2.2761 

3-9276 

2.6459 

2. 7934 

4 .1662 

2.6553 

0.6086 

3-2113 

2 . 2436 

3. 7119 

2. 3976 

3 . 8198 

2.51u9 

4 . ul 28 

Total 
Dry 1'ie ight 

7.6305 

11.2829 

8 . 6646 

16.1533 

11-4844 

12.0767 

16.6550 

12.7010 

5-9956 

11.3154 

7-9269 

14-4865 

9.8572 

15.5063 

9. 5394 

14.8994:-

2 .2884 

1.4889 

1.654 J 

1. 7340 

1-7728 

1.6593 

2.8334 

1.5237 
___ ·-----------------------

Ca 11. 
2 

1.654 7 

1.2210 

1.8661 

1. 8804 

2.4125 

1.3717 

1.8866 Ca2 A 2.5868 

Ca1 A 1. 7411 2. 0+16 

v.7732 

1. 0296 

l.3U83 

2. ul39 

2.125u 

2.3969 

l.654 .J 

2.6363 

2 .32U5 

1.1763 

l. 2972 

] . l2U4 

1.5510 

L .J0'.).8 

l.G:279 

1. 2359 

l.6u.t9 

l.u532 

l. 7203 

1.5443 

1.5333 ca2 A 1. 8u66 2 . Ou96 2.3230 1..)752 

J . 2694 

0 .3883 

J • ..j.2G9 

0 .6u.q.2 

2. 2645 

2 . 84 74 

3 . 5997 

·~ • .Jl27 

2.2427 

3 .5139 

2. 6652 

2. 8721 

9. 6272 

11. 2498 

12.42v0 

14-1755 

12.u699 

l2.u252 
·--·-----··------f--------------------------- -----

K ~ 
0( 

K ~ 
\ 
( 

K2~ 

( 

IS~ 

C<:..l A 1 .1684 1.5286 1.0722 1.6373 0 . 9742 

Ca2 A 1.5064 1. 7616 1.1545 1.8914 

Ca1 A 1.6928 2.6LYJ4 l. 75.23 1.8539 

Ca2 A 2.0929 2.7855 1.7729 2.9442 

Ca1 A 1.2973 1.8241 1.3868 1.6715 

Ca2 A 2.5623 3.0147 1.8137 

Ca1 A 1.3137 1.5814 1.0560 

Ca2 A 1.9330 2.8v76 1.6333 

2.0262 

1.3860 

2.4432 

1.2290 

1.6025 

1.8196 

1.1370 

l.6eo8 

0.6575 

1.5631 

v .4 722 

0.5033 

0.6726 

0.4217 

0.635S 

0. 2890 

2 •'+ 7r.J5 

2 . 7748 

3.1345 

4 .2698 

3.2464 

3.1841 

1.4833 

3-5494 

:;) . 2512 

10.7899 

13.1397 

lb -3575 

10.9848 

14.9176 

7-7669 

14.3832 



T 1 

T 17 

T 2 

T 18 

T 3 

T 19 

T 4 

T 20 

T 5 

T 21 

T 6 

T 22 

T 7 

T 23 

T 8 

T 24 

T 9 

T 25 

T 10 

T 26 

T 11 

T 27 

T 12 

T 28 

T 13 

T 29 

T14 

T 30 

T 15 

T 31 

T 16 

m 7,., 

Tli.BLE 8 Contd. 

Lry Wej_ght expressed in p; r;:::...-r.~. :8'.<:<' 1-:: F.:. 

Treatment Dry Wt • of Dry Wt • of 
Lower Leaves Mid Leaves 

( Ca1 B 0.5116 0.9825 0.7271 0.5~90 0.5183 0.?.?40 1.8133 5-3458 
Ko( 

( Ca2 B 0.8735 1.2223 0.7735 1.3172 0.7701 0.2820 2.4653 7.7039 

( Ca1 B 1.0614 1.9295 1.1683 2.0714 1.4253 0-4439 2.9249 11.0247 

lS_~ ca2 B 1.3149 1.3166 1.0662 1.6913 0.8571 0.3286 2.4812 9.0559 

( ca1 B 0.8051 1.1{)1.4 0.8783 1.5574 0.8963 0.3582 2.684 7 8.2844 

JS~ ca
2 

B 0.8315 1.1646 0.9948 1.0774 0. 7632 0.4098 2.8C62 8.0475 

( ca
1 

B 1.0008 1.649£ ~-4971 1 2652 0.8880 0.2018 2.3335 7.8368 

JS ~ ca2 B 1.2267 1.9813 1.5016 1.6793 1.4404 0 .5301 3.4642 11.8236 
-------------------~------------------------------------------------~--------------------~----------~----

l Cal B 0.7969 1.0279 0.7043 1.0353 0.6402 0.2459 1.8908 6.3413 
Ko ca2 B 0.8590 1.4070 0.9042 1.1168 0.8775 0.3012 2.3094 7.7751 

Ca1 B 0.9001 0.9328 0.5799 1.0754 0.5059 0.2002 1.8561 

Ca2 B 1.1793 1.44 75 1.1370 1.5141 0.9733 

Ca1 1. 2025 1. 2197 0. 7726 

Ca B 
2 . 

Ce.lB 

Ca
2 

B 

Ca
1 

B 

Ca
2 

B 

Ca
1 

B 

Ca 2 B 

Ca B 1 

Ca
2 

B 

0.9152 

1.1834 

1.4688 

o. 9743 

0.9903 

1.2009 

o. 7333 

1.2174 

1.0593 

1.2790 0.9241 

0. 9801 

1.4229 

1.3088 

1.3672 

1.4028 

1.5827 

1.2269 

1.0215 

0.8463 

0.7781 

0.6392 

0.944 7 

0.9624 

1.1204 

1.0015 

0.8150 

1.4397 

1.1408 

0.9928 

1.8062 

1.3032 

1.2611 

1. 7077 

l.OJ7l 

1.5686 

1.004 7 

0.7261 

0.6166 

0.4 735 

0.8178 

o. 7821 

0. 9456 

0.9772 

1. 04)0 

0. 7317 

0.6224 

Ca1 B 0.9705 1.3165 1.3548 0.9619 0.9014 

Ca2 B 1·4643 1.9989 1.6568 2.0828 1. ·1777 

0.4094 

o. 2401 

0.2569 

0.254 7 

0.2616 

0.2135 

0.3591 

0.3173 

0.3879 

0.2875 

0.2544 

0 .3645 

0.5010 

2. 7505 

3.1065 

1. '9700 
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TABLE 9 

Log. Total Dry Weights 

Treatment Block A Block B 
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large number of lateral shoots were produced in the axils of the 

lower leaves, compensating for the tissue that had died. No relation­

ship between the occurrence of this disorder and the experimental 

treatments supplied could be establish ed and its caus( remained 

unknown. 

Root s 

The heal tr'" and the condition of the roots of the experimental 

lemon seedlings appeared . eound irrespective of the treatments they 

rccei ved. 

Height 

The lemon seedlings gro~~ in nutrient solutions with the 

higher l evels of calcium were found to be largEr plants than those 

receiving the lower level of calcium suppl y, see Figs . 17 and 18. 

Increasing the concentrations of sodium and potassium in the nutri ent 

supply appeared to have little or no effect on the height of the 

seedlings, except at the higher concentrat i ons of both these ions, 

when a slight increase in size was produced, see Table 7• 

Dry Weights 

The dry weights were deterrtined as described in Chapter II 

and the results are found in Table 8. 

It appear ed from the figures obtained for the dry weights of 

the experimental material, that the increase in weight brought abcut 

as a result of experimental treatments, was not a straightfor.-.c.rd 

addition to the pre-treatment weight, but rather of a proportiore.l 

type of increase. Further upon statistically examining the dry 

weights it was found that the ratio, Standard Error (natural variation 

of plants) : Mean, in the t wo blocks appeared to be co~istent, i.e . 

Standard Error had not been independent of treatment. A log scale 

was therefore used, and found to be appropriate for estimating the 

effects of the different treatments, see Tabl e 9. 

Increasing the sodium level in the nutrient suppl y , for the 

experimental period, produced no apparent effect upon the weight of 

the plant . However , raising the potassium l evel in the external 

medium, produced an inareasc in the> total weight of the plants, 
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Nutrient ~elutions, expressed us a percentage of the total dry 
v:e ight. 

Trebtment , 0odium 
·---·--·· r--···- ---------+--· ·--
T 1 

1
·! . ( ca

1 
. .J . u.3 

! K ~ ( : 
T 17 11 u( ca

2 
· u .u2 

T 2 

T 16 

T 10 

T 26 

Tll 

I T 27 

T 12 

T 213 

T 13 

T 29 

T 14 

T ,30 

T 15 

T 31 

T 16 

T 32 

Na 
3 

Cn. 
l 

Ca 
J. 

0.U3 

0.02 

0.03 

u.J5 

J . U6 

u.Ju 

u.v6 

J.07 

j-Potassiumj Calci~ ! ivLa~esi~J 
-.) .16 u.ll J.u4 

u.l4 

u.25 

0.'t1 

,)._31 

;.) • .3 G 

0.1(; 

0.12 

0.21 

u.24 

0.35 

0.2,3 

u.31 

U.54 

u.13 

0 . 16 

J . l9 

0 .39 

0.38 

0.53 

0 .12 

,).16 

0.07 

0 . 15 

u • .)v 

u.J7 

J . l7 

u.13 

u. l .J 

J . 30 

J.ll 

u.07 

0.22 

0.07 

u.lO 

U.ll 

U.26 

u.72 

0.19 

u.~ 

u.u6 

0 .03 

U.04 

,). u5 

J . J:t 

.J. J3 

0.12 

0.u5 

u.uo 

0.06 

L) .\)4 

U.02 

;) . UJ 

0 . 01 

0.U5 

0. 04 

u.o6 

0.03 

O.i)4 

0.02 

ca
1 

Ca2 

ca
1 

ca
2 

· - ·-·~-------------=~--------------------------------~ 



significant at t·he 0.1% level, see Table 13. 

Table 13 

Statistical Analysis of Log Dry Weight 

D.F Sum of Mean Sum 
Squares of Squares F Value 

I 
1Blocks 1 0.32691 0.32691 54-035 .. ~H~~ .. 

Na Trea trent 3 0.02888 0.00963 1.592 n .s 

K Treatment 3 0.13239 o.c 13 7.294 4H~:~ 

Ca Treatment 1 0.16764 0.16764 27.709 ,, 't.H .. 
·"-''" 

rra X K Treatments 9 0.04514 0.00502 0.830 n. s 

K x Ca Treatments 3 0.00929 0.00310 0.512 n.s 

Na x Ca Treatments 3 0.02444 0.00815 1.347 n.s 

Na X Kx Ca Treatmentsj 
I 

9 0.02742 0.00305 0.504 n.s 

Residue I 31 0.18761 0.00605 

Total 0.94972 
~HH~ significant at 0.17.- level, n.s not significant 

It can be seen from Fig. 19 that the plant weight ~as increased by 

raising the external supply of potass:ium up to 117.0 p .p.m. but 

beyond this level no fUrther increase in plant weight was brought 

about. 

Increasing the external supply of calcium from 180.0 p.p.m. to 

360.0 p.p.m. produced an increase in plant dry weight, significant 

at the 0.1~~ level. 

The difference in weight between plants in Block A and plants 

in Block B, significant at 0.11'~ l evel, was d1.1e to the selection of 

experimental mat ~rial for each Block, on a basis of size. 

Chemical Composition of the Plant Mat erial 

In the analysis of the plant mat erial, the concentration of 

each element was found to vary considerably between the different 

plant organs • In ihe cases of stems and leaves, variation in the 

concentration of the elements was found to exist with distance from 

the root. 

Sodium was found to have its hir;h:Jst concentration in t he 

roots, and lower concentrations in the stems and leaves. Potassium 
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had its greatest concentration in the leaves, the stem and roots 

containing about a quarter of that found in the leaves. Similarly 

the loaves contained higher concentrations of calcium and magnesium 

than either stems or roots. 

The analysis of the roots showed the presence of a higher con-

centration of sodium, than of calcium, potassium or magnesium. However 

:Ln the leaves the concentration of potassium was five times that of 

sodilli~, and ten times that of magnesium. Similarly in the stem, 

the concentration of potassium was the highest, being three times as 

great as that of sodium or calcium, and nine times as great as that 

of mac;ncsium. 

Leaf Chemical Composition 

The chemical composition of the leav:..s of soedlir11:;s receiving 

various treatments can be found in Table 10. 

(a) Sodium 

The sodium leaf content ranged between 0.02 and 0.96%. 

Increasing the sodium level in the nutrient modi~, resulted in an 

increa~e in the percentage sodium concentration of the loaf, see 

Table 14, 

Table 14 

Statistical Analysis of Treatment Effect on Sodium Leaf Ccpt ,~t 
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;Position x K x Ca Treatments 

INa x K x Ca Treatments 
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Sum of Mean Sum 
Squares of fipares 

I 

2! 0.025253: 0.012626 
I 

3! 2.597568 0.865856 

31 0,0689621 0.022987 
l 1 0,005386 0.005386 

6 

6 

2 

9 

3 

3 

18 
6 

6 

9 

0.424652 0.070775 

0.060617 

0.161879 

0.130264 

0.167255 

0.026435 

0.119189 

0.040242 
0.012821 

0.087531 

0.010103 

0.080940 

0.014474 

0.055752 

0.008812 
0,006622 

0.006707 

0.00213 7 

0.009726 

F Value 

1.945 

133.065 

3-533 
0.828 

10.874 

1.553 

12 ·439 
2.224 

8.568 

1.354 
1.018 

1.031 

0.328 

1.495 

!Res i due 

>.HH~ significant at 0.1% level, ~H~ significant at Lc¢ l ev el, 
·i~ significant at 5-ofo level, n.s. not significant. 
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From t h e results obtained in the present investigation, an a lmost 

linear relationship was found between the leaf sodium content and the 

sodium concentration in the nutrient solution, see Fig. 20. Further, 

th~ l eaf position on the central axis influenJ~~ t he effect of sodium 

t r eatment on the leaf sodium concentration. The lemon seedlings 

receiving no sodium in the treatment were found to accumulate higher 

sodium concentration~'> in the lower leaves than in the upper leaves , 

whereas plants receivjng 505.0 p.p.m. ::odium accumulated high sodium 

cone entre..t ior1.-:: j_;'l tr.G c.rj cal l '. t..vcs, ·,-nic.l':. decreased towards the basal 

leaves. 

The effect of t he level of cala:i.um supply in the external media 

on the sodtum leaf concent ration was related to the position of the 

leaf on the central axis . The lemon seedlir~s r~ceiving 180 p.p .m. 

calcium were f o und to have their greatest sodium concentration in t he 

apical l eaves, with t he sodium conc01tration decreasing progressively 

in the lower leaves. The plants r eceiving the higher l evel of calcium 

supply, 360 p.p.m., were found to have t h eir highest concentration of 

sodium in the lower leaves, rri th a slight decrease in concentration in 

the middle leaves , and a proportionally larger decrease in the sodium 

concentration of the uppermost leaves. The sodium concentration in the 

lower l eaves of plants receivir~ the higher calcium lGvel was greater 

than that found in corresponding leaves of lemon seedlings receiving 

the l ower calcium supply. 

Increasing the potassium concentr ation in the ~xternal nutrient 

supply had only a very slight effect on the leaf sodium concentration, 

significant at t he 5% l evel. The general t endency was for the leaf 

sodium concentration to decrease slightly with an increase in the 

potassium supply to the nutri ent solution. 

(b) Potassium 

The l eaf potas sium concentration varied bet·:·E!Cn 0.22 - 3-35%. 

The concentration of pota~mium pr..:sent in the leaf ~raried with the 

position of t he leaf on the central a~js, t~e apical leave~ having a 

higher cancer. tr'3.t ion th a.rA tl:e basal luw :G . Incr8a8e in potassium 

concr;n·i~l·:-.t icr. in th<' l o~.vca from tllP. b::t.scl to thP. apical position 

occurr~d irrespective o:f the caJ ~iu..~1 lev:::l of supply. However, the 

' 0 

ran~ in potassium concentratio~ between the two extreme l eaf positions 
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on the main axis 7!as not as great in plants r eceiving 360.0 p.p.m. 

calcium, as in plants rece i ving 180 . 0 p.p.m. calcium, see Fig. 23. 

Increas inG tha sodium level in the nutrient solutions decreased 

the leaf potassium content, signif i cant at the 0.1% level, see Tabl e 15. 

Table 1.'2 

Statistical Analysis of Treatment Effect on Potassium Leaf Content 

Sum of Mean sum 
D.F. squares of SJuares F Value 

i 
.. ,\1\1 

bositiun 2 5.66824 2.83412 26. 273 .. ,\"i~i' 

a Treatment 3 3.09272 1.03091 9.557 ~HH~ 

K Treatment 3 17.6125 5.87083 54 -425 " " \~ .. ,\""i~l' 

lea Treatment l 0.57528 o. 57528 5.333 -~~ 

~a x K Treatmeni<l 9 1.10052 0.12228 1.134 n .s 

K x Ca Treatments 3 0.59377 0 .19792 1.835 n.s 

~a x Ca Treatment s 3 0.21546 I 0 .07182 0.666 n.s 

~osition x Na Treatment 6 1.41643 o. 23607 2.188 n.s 

Position x K Treatment 6 0.20957 0.03493 0.324 n.s 

osition x Ca Treatment 2 1.97338 0.98669 9.14 7 'C .. H. "h n 

osition x Na x K Treatmen~ 18 l. 99298 0.11072 1.026 n.s 

osition x K x Ca Treatments 6 0.86592 0.14432 1.338 n.s 

osition x Na x Ca Treatments 6 3 . 47935 0.57989 5·376 ~H~ 

\fa X K X Ca Tr eatments 9 0.72002 0.08000 o. 742 n.s 

residue 
I 

18 i 1 . 94174 0.10787 

~otal 
I I 
I I 
; 95 ! 41.45788 

'--
_j. __ ! _ __ 

->HH~ significant at 0.1% level, -:H~ significant at 1.0/S level, 
->~ significant at 5.o;.; level and n.s not significant. 

Concentrations of sodium in the nutrient solution up to 

50. 0 p.p.m. had very little effect upon the potassium leaf conc ~ntra-

tions, but concentrations above this lvvel brought about a decrease in 

the concentration of the leaf potassium. 

Incr easing the pota ssium supply in the nu+.ri cnt media, resulted in 

.. higher pot'3.ssium le~.f l '3vel , sigrd.ficaVJ.t at t he 0 . 1% level, 

s ee Table 15. 
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An almost linear relationship was found to exist between the 

increase in the leaf potassium concentration and t he increase in the 

external potaflsium concentration, see Fig. 21. 

Increasing t he calcium level in the nutrient supply from 180 p.p.~ 

to 360 p.p.m. produced a slight decrease in the potassium concentra-

tion in the leaf, sie;nifico.nt at tho 5 .(Y/u level. 

(c) Calcium 

Th~ c11.lc ·i.1~m ccn~0n·~ ..:-D+.tcn in t~1e leaves of the lemon seedlings 

Tho calcium concentration vari ed 

v.ri 1.h po~=:i tion on the main axis , see T.1b1e 16, the lower leaves having 

the highest concentration and the apical leaves having the lowest. 

The variation in concentration from the lower to the apical leaves, 

was as pronounced for the seedlings r vcciving 180.0 p.p.n. calcium 

as for those receiving 360.0 p.p.m. calcium in the nutrient media, even 

though their respective irrt ernal calcium concentration differed, 

see Fig. 24. 

Table lh 

Statistical Analysis of Trea.tment3 on Calcium Le~ntent 

D F • . 
Sum of Mean sum 
s ouares of &lueres F Value 

:Position 

Na Treatment 

K Treatner:t 

I ;Ca Treatment 

Na x K Treatments 

K x Ca Treatments 

Ca x Na Treatments 

Position x Na TreatmGnt 

Position x K Treatment 

Pes it ion x Ca Treatment 

Position x Na x K'Treatrnent 

Position x K x Ca Treatment 

Position x Na x Ca Treatm~n 

Na x K x C Tr8atmonts 

Residu P. 

, otal 
I 

: 

! 
I 

! 
' 
I 
i 

I 
' 
I 
I 

s 

s 

ts 

I 
I 

"'<..l' • • f . t t 0 ,r~ 1 l ~'""'" s~gn~ ~can a o.l.j ~ eve. ' 
s.c% and n.s. not significant. 

2 I 52.88051 : 26.44026 I 245.819 ~~~-;'{ .. 
i 

0.62375 I 0.20792 

I 

' I 

3 
I 

1.933 l I n.s 
I I 3 
I 

0.14351 0.04 784 0.445 I n.s 

I 
! 

1 5.36671 5.36671 
i 

48.895 ~HH~ 

9 0.4074 7 0.04527 0.421 n.s 

3 0.04259 0.01420 0.132 

I 
n.s 

3 0.31263 0.10421 0.969 I n.s 

6 o. 50748 0.08458 o. 786 n.s 

6 0.64691 0.10782 1.002 n.s 

2 1.73052 0.86526 8.044 ~H~ .. 

18 0.60412 0.03356 0.312 n.s 

6 0.09702 0.01617 0.150 n.s 

6 0.5 574 7 0.09291 0.864 n.s 

9 0.37876 0.04208 0.391 n.s 

lf-l J. • C7:6()g 0.107'56 

95 I I 66.23554 

-lH~ at 1 . o;' level , -l<- significant at 
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Increasing the calcium supply in the external nutrient solution 

brwght abrut a corresponding increase in the calcium leaf concentration 

significant at the O.l1level. The increase in the calcium leaf 

concentration was almost of the s~e order as the increase in calcium 

concentration in the nutrient media. 

(d) Magnesium . 

The leo£ magnes ium cone entration varied between 0. 04 - O. 25%. 

The leaf position on thn ccnt.:re..J. ro~is influenr :i the magnesium leaf 

composition, see To..ble 17. The highest concentration of magnesium 

being found in the basal leaves and decreasing progressively towards 

the apical leaves. The concentration in the lower leaves was twice 

as great as that in the upper 1 eaves. 

Table 17 

Statistical Analysis of Treatments on Magnesium Leaf Content 

Sum of Mean sum 
D.F. squares of sauares 

!Position 2 0.037244 0.018622 68.970 ~HH:-

INa Treatment 3 0.063200 0.021067 78.026 ~H~A-

K Treatment 3 0,025585 0.008528 31.585 ·}~--1~ 

pa Treatment 

I 
1 

I 0.000595 0.000595 2.204 n.s 

Na x K Treatments 9 0.007504 0.000834 3.089 -ll-
' 

K x Ca Treatnents I 3 0.005466 0.001822 6. 748 ''" 

I 
-;i"";\ 

Na x Ca T~eatments 3 0>001428 0.0004 76 1. 763 I n.s 
I 

Position x Ua Treatment I 6 0.001543 0,000257 0.952 n.s 
I 

Position x K Treatment I 6 0.007759 0.001294 4·793 ~..;~ 

Position x Ca Treatment I 2 0.002634 0.001317 4.878 ~~A-

Position x Na x K Trectments 
1
18 0.009166 0.000526 1.948 n.s 

I 6 Position x K x Ca Treatments 0.001517 0.000253 0.937 n.s 

Position x Na x Ca Treatments 6 o.00114h 0.000191 0.517 n.s 

INa x K x Ca Treatments 9 0,013807 0.001534 5.681 ~~-;..uA-

R_esidue 18 0.004f"'~ 0.000~70 

Tota l ' 95 0.183749 ! ! ; ,,,,, _,_ .- ~ " ., -,c-,.--.1- Sl[l1lfl~mH at O.J.~. l0ve.~.., -.. -,,· :n::-;1nflccnt c.t LOp level, 
-::- sigrtifi0Fu."lt at 5. D-1 level and n . s not sigr.ific<"..nt. 
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The leaf magnesium concentration decreased as the sodium 

concentration in the external media was raised. Concentrations of 

sodium up to 50.0 p.p.m. in the nutrient solution had little or no 

effect on the magnesium leaf concentration, but at higher sodium levels 

a decrease in leaf magnesium was found, see Fig. 25. Increasing the 

potassium concentration in the nutrient supply reduced the leaf 

magnesium concentration but had less influence on the leaf m~onesium 

concentration than corresp onding sodium levels of supply, see Fig. 26. 

Stem Chemical Composition 

A summary of the chemical composition of the stems from 

seedlings receiving experimental treatment can be found in Table 11. 

(a) Sodium 

The sodium concentration in the ste~ varied between 0.01-

'11he position of the stem on the main axis influencEd the 

sodium concentration, higher concentrations being found in the apical 

and middle portions of the stem than in the lower portions, see 

Table JEI. 

Increas ing the concentration of sodium in the external supply 

raised the sodium concentration in the stem, significant at 0.1/ 

level, see Table 1'!'. The level of calcium present in the external 

supply was found to affect the degree to which the sodium in the stem 

tissue incr eased , with raising the concentration of sodium in the 

external supply . Increasing the external supply of sodium to lemon 

seedlings receiving 180.0 p .p.m. calcium produced proportionally 

large increases in the internal stem sodium content, wher eas plants 

r eceiving 360.0 p.p.m, calcium showed only very slight changes in 

internal stem sodium content, sec Fig. 27. 
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Table ::. J 

Statistical Analysis of Treatmento on Sodium Sten: Content 

D.P . 
Sum of Mean Sum 
squares of squares F Value 

IPos it ion 
i I 

2 0.0584381' 0.0292191 21.024 
I 

0.1456647! 0.0485549 34·937 INa Trec~tmcnt 3 

0. 0074270 ! 0. 00 24 757 
I 
!K Tr~'-:ttm ent 3 1. 781 

lea Treatment 
I 

1 0 .0021822 1 0.0021822 1.570 

INa x K Treatments 9 0.0215818 0.0023980 1.725 

3 o. (X) 36193 0.0012061 0.868 rK X Ca Treatments 
I 
INa x Ca Treatments 3 0.1551698 0.0517233 37.216 

Position x N'a Treatment 6 0.1292696 0.0215449 115.502 

Position x K Treatment 6 0.0076858 0.0012810 0.922 

Pas it ion x Ca Treatment 2 0.0085150 0.0042575 3.063 
I 

0.0547820 1 0.0030434 Position x Na x K Treatm~nts 118 2.190 

l 6 
i 

2.075 Position x K x Ca Treatments I o.o173002 I o.oo2ss34 

I i 
Position x Na x Ca Treatments 6 0 .1001129 0.0166855 12.006 

Na x K x Ca Treatnonts 9 0.0350458 0.0038940 2.802 
I 
I 

Residue 18 0.02_501~0 10 .001_28_2_8 

: Total 
i 95 o. 7718110 l 
~HH~ significant at 0 .17'· level, -lH~ significant at 1.0/ level 
-l!- significant at 5.~-{ lC:Nel, n.s. not significant . 

The arbitrary throe stem positions differed in their r Jsponses 

to an increase in the external sodium supply. The upper and lower 

stem portions followed similar trends, in having increased internal 

sodium concentrations with increas;:;d external supply, but the middle 

portion's sodium conte nt s l ightly decreased with increases of sodium 

level in the nutrient supply, see Fic:,-. 28. 

(b) Potassium 

The potassium concentrations in tho stem varied bet ween 0.10 -

"'"~j 
.. ~~~~: 

n.s 

n.s 

n.s 

n.s 

'~'" ~ .. 1\""i\ 

''"" "',\"";~~ 

n.sl 
1 

n.sl 

n.s 

n.s 

,,.,,,, 
...,~~t\ 

~} 

The stem potassium cont ent was found to vary with the position 

on the central axis, the upper stem portions having greater potassium 

conc entrations than the lower portions. 
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Increases in the concentration of potassium in the external 

medium raised th e stem potassium content , si{Jlificant at t he 0 .1~; 

level, see Table J ·l . 

Table l j 

Statistical Analysis of Treatmonts on Pot assi um Stem Content 

D.F. Sum of Mean Sum 
Sauare of Sauare F. Value 

iPosition 2 0 .383961 0.191981 5.269 ~{-
i 

; I 

I 
I I 

K Treatment 3 2.156657 i 0.718886 jl9.730 
.. ,J 
"'t~l\ 

' I 

Na Treatment 3 0.249955 0 . 083318 
I 

2.287 I n.s 
' I 

0.765855 o. 765855 : 21.019 
I 

Ca Treatment 1 

"'"1 
·,~,,,, 

I 

:Na x K Treatment 0.550517 0.061169 
I 

1.679 9 I n.s 
I 

K x Ca Tr eatment 3 0.198532 0. 066178 1 .816 n.s 

Na x Ca Treatment 3 0.033324 0.011108 0 . 305 n.s 

Posit ion x Na Treatment 6 1.148799 0.191467 5 .255 ~~~ I 
i 

Position x K Treatment 6 0 .213254 0.0) 5542 0.975 n.sj 

Position x Ca Treatment 2 0,305250 0.152625 4 .189 ~~ 

Position x Na x K Tr eatffients 18 0. 458541 0. 025476 0.699 n.s 

Position x K x Ca Tr eatment s 6 0.149258 0.024876 0.683 n.s 

Position x Na x Ca Treatncnts 6 1.191866 0 .1 98644 5.452 ~!~~ I 
I 

Na x K x Ca Treatments 9 0.)07202 0 . 034134 0 . 937 
I 
I n.s : 
i 

\Residue i 18 

~otal ! 95 8.768871 

-lEF.:- significant a.t 0 . 11~· l evel , ·~H~ significant at 1.0;:' level, 
-l~ significant at 5.0;i h.ve l, n.s. not s i.gnifican t 

The level of calcimm in the external solution influenced the stem 

potassium conccntrat ion . The lemon seedlings r eceiving the higher 

level of calcium supply had larger stem potassium concentrations than 

the plants receiving the lower levels of calci um supply . 

The effect of incr easing the sodium level in the nutri ent solu-

tion upon the stem potassium concentration varied with sampl ing 

position on the stem, Tho potassium concentration in the u pper stem 

portions decreased with increases in the sodium supply, the potassium 

in the lower stem portions however increased only slightly, while 
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the middle portions of the stem showed cons iderable incr<lnso i:o. 

potasoium concentration. 

(c) Calcium 

The ster!l r::alcium valv. es van. ed between 0.03 - 0.29)-:. Consider-

able difference wr..s found in the stetr: calcium concontration with 

sampling position on thr· s tem, the greatest concentration being in the 

lower portions, with a decrease towards the apex, significan~ at 0.1~ 

level 9 see Table 20. 

A fourfold increase in the internal calcium concentration r .esult-

cd from raising the calcium supply in the external me eli a from 180. 

p.p.n. to 360.0 p.p.m. Raising the calcium concentration in the 

external supply increased the calcium concentration of the lower stem 

portions to a slightly larger degree , than the middle ani upper stem 

portions, see Table 20. 

Table 20 

Statistical AnsJ.:ysi::, of Effect of Treatments on Calcium Stem Content 

Sum of Il'iean Sum F Value D.F squares of squares 

!Position 
I 
i 

IK Treatment 

: ~ ia Treatment 
! 
I 
1
ca Treatment 

I 
;Na x K Treatments 
i 
!K x Ca Treatments 
I 

Na x Ca Treatments 

Position x Na Treatment 

IPooition x K Treatment 

IPosi tion x Ca Trcatm ent 
I 
jPosition x Na x I:. Treatments 
I 
j 

rosition X K X Cc. 'l'::''.?c.tm0nts 

:Position x Na x Ca Treat::: c~nts 

I 
JNa x K x Ca Treatments 
! 

iResidue 
t 
·Total 

3 

1 

9 

3 

0.0535631 i 0.0267816 i 61.638 

0.0021065 ! 0.0007022 1.616 
I 

0.0014264 I o.oo04755: 1.094 
I I 

0.41507981 0.41507981955.304 

o .o274821 I o.oo305361 1.028 

0.0053354 0.00177851 4.093 

I 3 0, 0013085 0.000436 2 I 1.004 . 
i I I 

I 6 I 0,0270440 I 0,0045073 i 10.374 

I 6 I 0.00221031 0,00036841 0.848 

! 2 I 0.0086508 I 0.0043254 . 9.955 

\18 ! 0.0099424 0.0005524 1.271 

: 6 1 0.0025430 . 0.00042391 0.975 

1 6 i o.o219297 o.oo36550 8.412 

9 I 0.0297611 0.0033068 I 7 .6ll 
I 

18 I 0,0078206 0.0004345 

'95 ; 0.6162037 

-:HH~ significant at 0.11: l ev els 
~*" significant at 5.0'f., levcl, 

~H*- significant at LOJ~ l evel, 
n.s not significant . 
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Incre~sinc the potassium in the external supply increasad 

the stem calcium concentration, with the exception of the lemon 

seedlings recoi ving 505.0 p . p . m. sodium. At the highest level 

of sodium thcrc-: "ra...; a dccre~.H;; in the stem calcium content upon 

thJ addition of pot c ~ ~iur.t to the cxtern.:~l medium, see .Fi.:;. 29. 

The effect of incr3asing the sodium concentration in the 

exterr~l media on the st8m calcium concentr a tion varied with the 

position on the main axi. s. Tho calcium concentrations in the 

upper and middle portions of the stem were found to de;crGase 

r·ith an increase in external sodium. In the lower stem 

portion however the calcium concentration rose with increased 

sodium supply, see Fig. 30. 

(d) i••agnesium 

The magnesium concentration of some of the upper stem 

portions w0r:.- not determined due to an insufficiency of plant 

material for cD~~ical analysis. The ma~nesium concentration 

in the stern portion v:::· ~ found to v:;..ry between 0. 01 - 0. 061. 

Increasing the solium concentration in the nutri ent 

media increased the stem magn"sium concentration, see Fig. 31. 

A d0crease in stem mar~~sium concGntration was produced when 

the calcium concentration in the external media was raised 

from 180.0 p.p.m. to 360.0 p.p.m., s ignificant at 0. 1,' level, 

see Table 21. 
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Table 21 

Statistical Analysis of the Effect of Treatments on 

Magnesium Stem Content 

Sum of 
D.F squares 

Mean Sum 
of squares F Value 

I I I 

IPosi tion l : 0.00011396 i 0.00011396 3.213 

INa Treatment 
I I 

3! 0.00175901 : 0.00058634 16.531 
I I 

K Treatment 3 i 0.00094687 ! 0.00031562 8.898 
I • i I I 

Ca Treatment 1 1 o.o0356409! 0.00356409 !100.482 
I i 

Na x K Treatments 9 o.ooo80316 1 o.oooo8924 2.516 I 

! 

3 I o.o0045882 I o.ooo{5294 ! K x Ca Treatments 4.312 ' 

3 I 0.00013943 I 0.00004648 I Na x Ca Treatments 1.310 

Na x K x Ca Treatments 9 1 0.00091034 1 0.00010115 2. 852 
• I 

Position x Na Treatment 3 !0.00066117 10.00022039 6.213 

Position x K Treatment 3 ! 0.00048080 0.00016027 4.518 
I 

o.ooo04726 I o.ooo04726 Position x Ca Treatment 1 1.322 

K Treatments \ io .ooo36747 \o.oooo4053 Position x Na x 9 1.143 
I 

Ca Treatments! IPos it ion x Na x 3 !0.00034124 10.00011375 3.207 

I Position x K x Cr. Trcatm,;nts I 3 lo.oooo9911 'o.oooo3304 0.093 
' ! 
i 

lo.ooo 1 1 Residue ! 
!Total 
'-

163 ! 0.01101192 

~H~*" significant at 0.17 l evel, ~R*" significant at 1.0 . level, 
~l- significant at 5.CJ/, level, n.s not significant. 

Root Chemical Composition 

Th~ ".,_(';.ical composition of the roots receiving the various 

treatments can b e found in Table 12. 

(a) Sodium 

Tho sodium conc entration in the root varied betwee n 0.12 -

~ 

I n.st 
I 

""'j 'i\.t~~ .. 

"'I ·,~,{" 1 

-, ''"""'" 'H"1 
I 
I n.s1 
i 
I 

" 1 ;\" 

! 
' I 

n.sj 

I n.s . 

~~ 

~i-

I 
I 

n.s : 
i 

I n . s : 
' 

n.s ; 

I!l. s 

1.08/. Increases in the sodium concentration in the exter nal media 

rai s ed t he sodium concentrat ion i n the root s , s ee Tab l e 22. 
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T0.ble 22 

_Statisti_cal An~.olysi s of Treatment Effect on Sodium 

Root Content 

Sum of Mean Sum 
D.:£;' squares of squares F Va lue 

I 

0.680 !Blocks 1 0.0153 0.0153 n.s 
I 
I 

0.6682 29.680 ;Na Treatment 3 2.0046 ~HH{-

I 

0 .836 IK Treatment 3 0.0565 0.0188 n.s 
! 
jC~ Treatment 1 0.3271 0. 3271 14.538 ~wu<. 

"'"'"'''' 
I 

;na x K Treatm ent 9 0. 2742 0.0305 1.356 n.s 
I 

I 

iK x Ca Treatment 3 0.1179 0.0393 1. 74 7 n.s 

INa x Ca Treatru :.:nt :1: 0.0033 0.0011 0.049 n.s 
I 

./ 

~ra X K X Ca 'I'rc~ tmEmt () 
./ 0.1407 0.0156 0.693 n . s 

I 
I 

Residue 1 0.6 0.022 

Total ! 63 3.6369 

~<--::-:~ significant at 0.1; l evel , n. s . not cignificant 

'J.'he sodium cone mtra tion in the rooL of the l emon seedlings was 

lower ed Then the calcium concentration in t he external me dia was 

increased from 180.0 p. p .m. to 360.0 p.p.m., siL~ific~nt at 0.1~ l evGl. 

(b) Potassi urn 

Tho potas:::ium conc entra tion of thL. r oo t s varied between 0.1 2 -

Incrcusin~ the conccn tration of potassium in the external 

nu tri E:nt supply, r "'"!s ul t( d i~ t hif h 8r co nc-.n t~ations of potass ium in 

tho l emon s eedli ng r oots , s~J Tcble 23. 

The experimental pl ant s r eceiving 360.0 p .p.m. calcium in 

t he <.,xt.srn?.l nutri..:nt s olution had a sliGhtly higher r et. ponse t o 

increa sec L~ t he p otassium external suppl y , than the seedlings 

r ocd vi ng 180.0 p . p .m. calcium9 see Fig. 32. 
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Table 23 

Statistical Analysis of Treat~ent Effect on Potassium 

!Blocks 
! 

:Na Tree.tment 
I 

I 

Root Content 

D.F 

1 

3 

Sum of 
squares 

0.023378 

0.026812 

Mean Sum of 
squares 

0.023378 

0.008937 

F Value 

8.157 ''" ""1\-t\ 

3.116 " "h'" 

!K Treatment 3 0.641794 0.213931 74.592 '''~'I "'t\i' ,, I 

i 
ica Treatment 1 0.041769 0.041769 14.5364 ~~:~~ i 

lNa x K Tr eatments 3 0. 067982 
I 

0.022661 7.901 -~~H~ j 

' 
INa x Ca Treatm ~nts 7i 0.080671 0.026890 9-376 ...... I ... ,(¥,~' 

-' 

jNa x K x Ca Treatments 9 0.039725 0.004414 1.539 
! 
!Residue 31 0.088901 0.002868 
I 

iTo tal ! 63 1.070719 

~HH~ significant at O.li-,; level, -lH!- sibrnificant at 1.0/ level. 
-l~ significant at 5 .Of l eve l. 

! 
" "'\" I 

I 
I 
I 
I 

The effect of raisinc the sodium concentration in the ext ernal 

media on the potassium r oo t conce ntration varied wi th th e leve l of 

calcium in the external solution. The potassium cone en trat ion of 

tho l emon seedlirlj!S r €ceiving 180.0 p.p.m. calci um decreased slightly 

with incrcasinc sodium supply, whereas the s eedlings receiving 

360.0 p . p.m. calcium increas ed their potassium conc entra tion with 

increased sothur.l supply, s c.- Fie. 33. 

(c) Cal cium 

Tho calcium concentration of th e roots of the cxperimontal 

s eedlingfJ varied between 0 • .14 - 0 .54j·. 

The effect of increasing t he sod:i.um concentration in th" 

external supply on the root calcium content var ied wit h the l ~vel cf 

calcium supply, se0 Table 23. The cc.l cium concontration of tht3 

seedlings rece i ving 180.0 p.p.m. calcium, dJcreased slightly with an 

increase in sodium supply. 

p.p.n. calcium i n t he nutrient media, incre2s ed their root calciuo 

cont .... nt \•:hen the sofium supply ~as raised to 195 .0 p .p.m. At a still 

hie·he r l evel of sodiur. suppl ;,.- , tho calcium con~ont clccreased consider-

ably, see Fi;~ . }t · 
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Similarly the effect of increasing the pot assiu.m concentration 

in the external media , upon the internal root calcium content, varied 

with the l eve1. of calcium supply . Increasing the potassium 

concentration, at t he lower level of cal cium supply in the external 

media had very little effect upon the inter nal calcium concent ration 

of t he root. At t he higher l evel of calcj_um supply , there '.vas a 

trend towards an increased calci um concentration, with incr ease in 

potassium suppl y , see Fig. 35 . 

Table 24 

Sto.ti::;ti~~l Anal ysi:; of Tr eatment Effect on Calcium 

E:.oo t C ont ent 

Sum of Mean Sum of 
D.F squares squares F Value 

i ! 

jBlocks l 0.000050 o.oooo5o 1 0.052 n.s I j I 

iNa Treatment 3 0.431688 0.143896 i 150.834 -:P.H<- I 
I I 
!K Treatment 3 0.133731 0.044577 i 46.22 7 ~HH:- i 

lea Treatment 1.635713 11,714-584 
! 

1 1.635713 ''" '(.. l .. ,\"',-;-'4~ 

I ! 
9 0.516553 0.057395 60.162· '''''C. tNa x K Trea tments -,~,~h 

I 

K x Ca Treatments 3 0.130820 0 .043607 45 .710 ~~Ht-

1
Na x Ca Treatments 3 0.340536 0.113512 118.983. \(\1\l "i,,,,, 

I 
I 56.36 ""'' .Na x K x Ca Treatments 9 0.488850 0.054317 i\n"'"i\' 

I I I 

' 
0.0009541 ~esidue ! 21 0.022260 

!Total 
I 
: 63 3.707501 ! 

--:~:& significant at 0.1% l evel, --::--~- significant at 1.0% level, 
--:~significant at 5 .~ level , n.s. not significant. 

Increasil'¥5 the level of calcium in the ext ernal nutrient 

solution had a marked effect on the internal calcium concentration. 

The calcium r oot content was increased by more t han four times its 

original concentration by doubling the calcium external supply from 

180.0 p .p.m. to 360.0 p . p.m . 

(d) Magnes i'um 

The magnesium conc entration of the r oots varied between 0.02 -

O.lq.. The effect of increasing the sodium concentration in the 
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external media on the root magnesium concentration varied with the 

level of calcium supply. The root magnesium concentration of the 

lemon seedlings receiving 360.0 p.p.m. calcium in the external media 

decreased with increase in the sodium treatment. However there was 

an increase in the :root mJ.gnesium concentration in the lemon 

seedlings receivinc.: }_80 .o 'il · p.m. upon increasing the sodium 

concentr ation in the external media, see Fig. 36. 

Table 25 . 
Statistical Analysis of Treatment Effect on Root Nagnesium 

Content 

Sum of 
D .F squares 

Mean Sum of · 
squares F Value 

------~----------~ 

Blocks 
I 

!Na Treatment 

i 
;K Treatment 
I 

: 
ica Treatment 
I 

jNa x K Treatment 

!K x Ca TreatmE' nt 

!Na x Ca Treatnent 

!Na x K x Ca Treatment 
' i 

~esidue 

1 

3 

3 

1 

9 

9 

0.000648 

0.004574 

0.006441 

0.002543 

0.003119 

0.000705 

0.003051 

0.004491 

0.003174 

0.028751 

0.000648 

0.001525 

0.002147 

0.002543 

0.000346 

0.000235 

0.001017 

0.000499 

0.000102 

.;:-;:-;~ s ignificant at 0.11\ ->H~ significant at l.oj;, 
-::-significant at 5.~ lev.el, n.s. not significant 

6.331 

14.891 

20.966 

24.841 

3.384 

2.298 

9-934 

4-874 

\J\1\I 

~~~~' 

n.s 

Generally increasing the potassium external supply resulted 

in an increase in the root magnesium concentration, see Table 25. 

This effect was found to vary VTith the level of sodium supply, 

the largest increase being obtained when the sodium cone entration 

i n the nutrient suppl y 'Vas 50.0 :iJ . ·iJ .m. 

1 

Increacing tho caJ.dum level in the nutrient solution resulted 

in a decrease in the root magn8sium concentration. 
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CHA.PrER IV 

Discussion and Conclusions 

It has been well established by numerous workers that the 

level of nutritional supply markedly influences the visual appearance 

of plants. Under the condi tionu of the present experiment, similar 

observations '.rere m::td e. 

The l eav0:.. of pl.an:.s receiving the lower calcium treatment 

showed leaf patte1,1s vThicl: corresponded with the calcium deficiency 

symptoms described by Camp, Chapman and Parker (1949), "a fading of 

the chlorophyll along the margins of the leaf and between the main 

veins, and in the case of lemon leaves the faded areas developed 

into larger burned areas 11
• 

A possible explanation for the presence of symptomo of calcium 

deficiency in plants grown in a nutrient media containing at least 

180.0 p.p.m. calcium, is that the amrr1onia nitrogen present in the 

nutrient solution depressed the uptake of calcium. It has been 

shown by Jacobson and Swanback (1933), Night ingale (1937), McEvery 

(1946) and Hewitt (194 7) that in the presence of 8)1l!O~J.inm nitrogen the 

uptake of calcium Rnd ma:3'nesium was decreased. 

The restrict::..:n" of tho leaf burn to the leaves of the apical· 

region may be r elated to the calcium, sodium and potassium leaf 

content as sug~ested from the leaf analysis data. This leaf injury 

did not occur in l eaves with a calcium content greater than 0.08 per 

cent. However in leaves with a calcium level below 0.08 per cent 

leaf burn did not occur if both the sodium and potassium leaf 

contents :1ere low. Increasing the sodium, potassium or sodium + 

potassium leaf content above 1.80 per cent produced l eaf burn in the 

apical lec,ves. The above observationo suegest that the l eaf injury 

may be attributed to a deficiency of calcium, together with high 

l evels of sodium or potassium, or both ions together. The high 

sodium and potassium l eaf contentc ":ere the result of high l evels of 

supply of the:.,r~ ion3 to th . nutrient solutions . 
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It was obst.rvE•d that if intermediate levels of sodium 

(50.0 p.p.m.) vrere supplii:!d together with high potA.ssium levels in 

the nutrient supJly, l eaf burn did not occur, suggesting that 

intermediate levels of sodium may assist in preventing injurious 

effects produced by high concentrations of potassium. The leaf 

analysis data show that this may well be the case, as an increase 

in the level of supply of sodium was found to produce a decrease 

in the leaf potassium content . Likewise there was no occurrence of 

leaf burn in plants treated with 195.0 p.p.m. sodium, together lfith 

an intermediate level (117 .0 p . p.m.) of potassium. The effects of 

potassium on high sodium treatments was not as marked as that of 

sodium on pl~~ts r eceiving high potassium treatment s as leaf burn was 

produced on plant:: :rccei vins· sodium concentrations higher than 

195 .0 p.p.m. irrespective of the leve l of potass ium supplied . 

The restriction of leaf burn to the apical region alone, 

further suggested that the leaf injury was associated with low 

calcium content, together with high levels of sodium or potassium. 

It has been well established by Hoffer (1938), Skinner and Purvis 

(1949), Johem (1955) and numerous other workers that the basal leaves 

have a higher calcium content than the l eaves of the apical region, 

whereas the sodium and potassium concentrations are hi.gher in the 

api0al leaves than in the lower leaves. The above phenomenon is 

ascribed to t he va.r~ring mobilities of these element s within the plant. 

Further it is probable that the occurrence of l eaf burn was 

accentuat ed by the high temperat ures reached in the greenhouse during 

the week prior to so.mplin,:;;- as Ahi and Power (1938) and Magisted, Ayers, 

Wadleigh and Gauch (1943) have conclusively shown that high t empera­

tures and rapid transpiration increase scorching and salt toxicity in 

plants. 

Leaves of plants receiving no potassium treatment showed no 

definite or specific leaf patterns, which may characterize a deficiency 

of this element, this being possibly due to the plants still having 

suffici ent potassium from the pre-experimental treatrrh.mt. It is 

probabl e that i f the experiment had continued under tho same conditions 

for a longer period the trees would have shown signs of a lack of 
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potassium, as potassium deficiency symptoms have been reported by 

Haas (1948 a, 1948 b) and Camp, Chapman and Parker (1949). Likewise 

lack of sodium · ras found not to have any eff cct on t he appearance of 

the l eaves. 

The level of calcium treatment was shown to markedly influence 

the development of the seedlings. Tho seedlings r eceiving the higher 

calcium supply ~-.' :)TO b:>ttGr c'.tvdoped than the plants receiving 

correspondin;_:; treat;%l1i.::: r:i th ·che lower calcium supply. This is well 

illustrated by th e- ~1oight and >,eight results . The level of potassium 

supply only slightly influenced the development of the lemon seedlings, 

a small increase in dry weight resulting from an increase in the level 

of potassium supply. There did not appear to be any relationship 

between the level of potassium supplied and the increase in dry weight. 

Increase in the sodium supply appeared to have no influence on the 

gro~~h of the seedlings, this bein~ in agreement with the findings of 

Martin, Hardy and Murphy (1953). 

Each of the elements studied in this investigation was found to 

vary in concentration between the differeht plant organs and with the 

position of the l eaf stern samples on the main axis. Concentration 

variations in plant!:> 7 similar to the above, have been shown by Pierre 

and Bower (1943) and numerous other workers, to be dependent upon 

(a) the mobility of the ion and (b) the presence of other ions which 

may interfere with its uptake and its mobility within the plant and 

(c) the plant species. 

The lemon seedlings in this experiment had their highest 

sodium concentration in the r oots, with lo~er concentrations in the 

stem and leaves. Potassium was shown to have its highest concentra­

tion in the leaves 7 while the stem and roots contained about a 

quarter of that found in the leaves. Similarly the loaves contained 

higher concentrations of calcium and magnesium than either the stem 

or roots. Considerable variation in concentration was found between 

the different el ements within a plant organ. It was shown in the 

l eaf analysis r .)~ults that the concentration of potassium WL S ten 

times that of ma0nes ium, five times that of sodium, and a third that 

of calcium. Similarly in the stem tissue the potassium 
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concentration was the highest, being nine tires as grea ... as 

macnesium and three times as high ~s calcium or sodium. In thE; 

root tissue sodium 1·1as present in much higher concentrat ions than 

calcium, potassium or magnesium. 

It was shown that the effect of the sodium treatment on the 

l eaf sodium contGnt varied ·-ith the position of the l eaf on the 

central axis. L m•)n seedlinfo_...; receiving no sodium treatment were 

found to have lr~r,;·3I' Bodium concentrations in the lower leaves than 

in the upper leaves, whereas plants receiving 505.0 p.p.m. sodium 

accumulated mos t of their sodium in the upper leaves and prq~ressi­

vely less in the lower leaves. The above results suggest that the 

mobility of sodium in the leaves is dependent upon the external 

concentration of the clement. Th0 concentration of sodium in the 

stem tissue was found to vary with posi tion on the central axis, 

the higher concentrations being found in the apical and middle 

portions and the lo•;-er concentrations in thG basal portions. 

However, the distribution of sodium in the stem ~as found not to vary 

with the &xternal concentration as was found to be the case in the 

leaf tic sue. 

The leaf anal;)·L:i.G r·='.to, showed the potassium concentration 

varied with the poci tion of the leaf on the ma.in axis. From the 

distribution of tha potassium concentration l evels in the leaves it 

would appear that potassium is mobile within the plant as a hi~her 

concentration of potassium was present in the apical leaves than in 

the lorrer leaves. Calcium on the other hand, appcari'ld to be a 

comparatively non-mobile clem~nt, as the highe st concentration of 

the el ement was pres ent in the basal l eo.vos ar:d only . a low ccncentra-

tion in the apical l eav es . The variation i n concentrat ion from 

the apical leaves to the lower leaves was as pronounced for the 

seedlings recoiv-ing 180.0 p.p.m. calcium as for those r eceiving 

360.0 p. p . ~. calcium in the nutri~nt supply, even -though their 

r espective int 8 r-n:'l r;,ll<'iU!:l C~ OUC8ntrat ions differed. 

Similarly tha concent ration of mac nesium in th..., leaves was 

shown to vary with the position of' tho l eaf em the cEmtral axis . 

Magnesium, l i ke cal cium, had its great est concentration in the basal 
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leaves, and was found in progressively smaller quantities in the 

apical leaves, the concentration in the lower leaves being twice 

as great as that in the upper leaves. 

The distribution of sodium suggests this element to be 

mobile in the lemon stem tissue, higher concentrations being found 

in the apical and middle portions of the stem, than in the lower 

portions. The level of sodium supplied did not appear to alter 

the sodium distribution in the stem as it had done in the leaf 

tissue. The potassium and calcium contents of the stem tissue 

had a simil ar distribution pattern to that shown by the foliage. 

As mentioned earlier, it has been well established that the 

amount of a given element taken up by the plant from the external 

source is influencedby (l) the concentration of the element in the 

.external medium and (2) the concentration of other elements present 

in the nutrient medium. In the present investigation the chemical 

content of the see dlings was found to be influenced by the level of 

sodium in the nutrient supply . The sodium content of all the plant 

organs increased with a rise in the sod:illm level in the experimental 

treatments . A greater response was shown by the roots than either 

the stem or leaves to an increase in the sodium level in the solu­

tion . This trer,1 is similar t o the Jbservat ions -of James ? Pearson 

Parker and Huberty (1952) Who used citrus. 

In the present investigation leaf, st em and root analyses were 

all found to be satisfactory indices of the sodium supply. Analysis 

of the leaves showed an almost linear relati onship between sodium 

l eaf content and supply of sodium . Haas (1952) and James, Pearson, 

Parker and Huberty (1952) found leaf analysis unsatisfactory as an 

index of sodium toxicity. From t h e results obtained in the present 

investigation root anal ysis appeared to give no fUrther information 

t han that obtained from the analysis of the leaves. 

The effect of increasing the sodium supply on the potassium 

content of the plant was shown to vary with the plant organ. The 

l eaf potassium content decreased as the sodium l evel in the nutrient 

media was raised. These observations are not in agreement with the 
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findings of Chapman and Brown (1942), James 1 Pearson, Parker and 

Huberty (1952), and Martin, Hardy and Murphy (1953), who showed that 

an effect of fertilising mature orange with sodium nitrate was to 

increase the leaf potassium content. 

In the roots the effect of increasing the sodium supply on the 

potassium content v;as found to vary with the level of calcium supplied. 

Plants receiving 180.0 p .p.m. calcium had their root potassium content 

slightly decnasc>d by raisin,q the sodium level, whereas seedlings 

receiving 360.0 :J ·!' ,JT;. calcium had the :ir potassium content increased 

upon being supplied with higher levels of sodium. 

The potassium content of the upper stem portions was found to 

decrease as the sodium treatment was increased. The lowE::ring of the 

potassium content could be associated with the lor· calcium content 

of the upper stem portions, as both the middle and lower stem portions 

with a higher calcium content, had their potassium content increased 

by supplying additional amounts of sodium. 

The results of the stem and root analysis suggest that the 

level of calcium present in the tissue may determine whether addition­

a~ supplies of sodium increase or decrease the potassium content of 

the plant. Tho difference between the observations of Chapman and 

Brown (1942), J<.tmns , Pearso~, Parker and Huberty (lQ52) and Martin, 

Hardy and Murphy (195)), and those in the present investigation may 

be due to the level of calcium in the leaves, as the foliage of the 

orange trees investigated by James, Pearson, Parker and Hub8rty (1952) 

contained at least twice the percentage of calcium present in the 

folia~ of the lemon seedlings in the present study. 

The sodium treatment was shown not to affect the l eaf calcium 

content, irrespective of the l evel of supply. However with the 

stem t issue, the effect of increasing the sodium supply on the ealcium 

content was found to vary with the position on the main axis. The 

calcium content of the upper and middle stem portions decreased with 

an increase in tho level of sodium supply, whereas in the lower stem 

portions the calGium content increased with increased sodium supply. 

In the root tissue? t"l.: , :J:'f Jet of the sodium treat ment on the calcium 
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content varied with the level of calcium supplied. The seedlings 

receiving 180. 0 p.p.m. calcium were found to have their calcium root 

content decreased when the level of sodium treatment was raised, 

whereas the plants receiving 360.0 p.p.m. calcium in the nutrient 

media increased their root calcium content when the external level was 

raised to 195.0 p.p.m. At a still higher level of sodium supply 1 the 

calcium content decreased considerably. The above observations are 

in agreement with the find.ings of Cooper, Paden and Phillipe (1953) 

and Johem (1955) . 

The results of both the stem and root analysis suggest that a 

depression of calcium by sodium occurs when the calcium : sodium 

ratio in the tissue is low, but an increase in calcium is brought 

about by sodium when the above ratio is high. It is of interest to 

note that a different ion relationship appears to exist in the 

leaves to that found in the stem and roots, and this suggests that 

the base reciprocation in the leaves may be of an entirely different 

character both quantatively and qualitatively from that of other parts 

of the plant • Studies of ion relC:Ltionships in plants by Smith, 

Reuther, Specht and Hrncair (1954) emphasize that leaf analysis alone 

may give the wronc impression of reciprocation in other plant parts, 

and they sug~est t he.t this type of situation makes it desirable to 

consider the distribution of elements in various parts of the plant 

before conclusions are drawn in regard to nutrient availability 1 

absorption behaviour, and the location of antagonist ic reactions. 

The sodium treatment was found to influence the magnesium 

content of the roots, stems and leaves differently. Low l evels of 

sodium supply were shown not to influence the magnesium content of 

the leaves, but levels of sodium above 50.0 p.p.m. slightly decreased 

t he magn esium content of the foliage. These results are in agreement 

with the findings of Cooper, Paden and Phillipe (1953) and Larson 

and Pierre (1953). The magnesium content of the stem portions 

showed an increase when the l evel of sodium supply was raised. The 

influence of the sodium treatment on the root magnes ium concentration 

was found to vary l.ith the l evel of calcium supplied. The magnesium 

content of root:· r eceiving the higher cC:Llcium treatment, decreased 

with increased sodium supply, whereas in the plants receiving the 
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lower calcium supply, there was an increase in the root magnesium 

concentration when the sodium concentration in the nutrient solution 

was rai sed • 

Increasing the potassium concentration in the nutrient supply 

raised the potassium content of the leaves, stem and roots of the 

lemon seedlings. A similar response to fertilizing with potassium 

has been obtained by numerous workers on fruit nutrition, Chapman, 

Brown and Rayner (1947), Cain (1948) and McColloch, Bingham and 

Aldrich (1957). It was observed that the increase in the potassium 

content of the stem and leaf tissues was approximately five times 

as great as that of the root tissue. 

The level of calcium was shown to influence the degree to 

which an increase in the potassium supply raised the potassium root 

cont ent. The roots of plants receiving the higher calcium treatment 

showed slie;htly greater responses to increases in potassium supply 

than plants receivj~~ th3 lower calcium treatment. The above effect 

may be due to the higher calcium level reducing the sodium uptake 

snd thus allowing a larger uptake of potassium, since, as has been 

reported earlier in this chapter, sodium was found to reduce the 

potassium root content. 

The leaf sodium content was only slightly altered by raising 

the external potassium supply. The t endency was for the leaf 

sodium to decrease slightly with increase in the level of potassium 

supplied. Potassium appears not to interact with sodium in the 

stem and root tissues, as in both these tissues the sodium content 

was found not to be influenced by increases in the external 

potassium supply . 

The influence of the potassium treatments on the tissue 

calcium content was shown to vexy with the plant organ. The calcium 

content of the foliage was not affected by increases in the level of 

potassium supplied. The stem portions were shown to increase their 

calcium concentrations when the supply l evel of potassium was raised 

except in the case of the lemon seedlings r eceiving 505.0 p.p.m. 

sodium where the increased potassium level brought about a decrease 

in the stem calcium content. 
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In the root tissue th6 effect on the calcium content of 

increasing th e level of potassium supply was similar to the effect 

obtained by rai.sir;: the sodium supply level - the effect varying 

vr.i th the calci.1.::.r.1 tHw.tment :rocei Yed. Increasing the potassium supply 

at the low levol o:c c::lc:i.1.u,i trcatmont had little or no influence on 

the i nt erno l root calci urn concentration. However at the higher 

calcium level there was a tr~nd towards an increased internal calcium 

concentration When the potassium supply was increased. 

The magnesium contents of the leaf, stem and root tissues were 

shown to be affected by the level of potassium supplied. Increasing 

the external potassium concentration was found to induce a decrease 

in the magnesium content of t he leaves. Similar observations have 

been found in citrus by Camp, Chapman and Parker (1949), Chapman and 

Brown (1953) and McColloch, Bingham and Aldrich (1957). The effect 

of potassium treatments on the magnes ium content of the foliage was 

sh~1n to be less severe than for the corresponding levels of sodium 

treatment . 

The magnesium content of the stem tissue also decreased with 

increase in the potassium supply, but to a lesser degree than found 

in the foliag e. In the root tissue the reciprocation between sodium 

and magnesium appeared to be of a different nature to that found in 

the leaf and stem tissu e . The general trend was for the root 

magnesium content to increase ~hen the potassium level was raised. 

The results from the plant analysis data show that the l evel 

of the external calcium influenced the calcium cont ent of the plant 

t issues . The degree to which the calcium content of the tissues 

increased when the calcium supply was raised was shown to vary with 

the plant organ. In the root and stem tissues approximately a 

four-fold incroas8 jn the calcium contr,mt -ras found when the ext ernal 

supply of calcium v.:r. -_ doublC:d from 180.0 p.p.m. to 360 .0 p .p.m., 

whereas in the loaf tissue the incrcas e was only of the same order a s 

the increase in tho concentration of the nutrient media. Si milar 

observations were nade by Chapmn (195 2) using orange trees . However 

Haas (1952) growing Lisbon lemon tr~es in water culture found a none 

too striking tendency for calci~~ to increase in the leaves as the 
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observation was reported for root bark t issue by Raas (1952 b) 

l'lCI; V\rr. T.~a 'h.-"'-' "'[..,...ll'ft..J"'\._ ,... __ .:L1..:. --..... ---- .:..- - - -'--- _ _ , ...... ___ _ 1----'-

concentr·ation of calcium '.!as increased. 

It was observed by James, Pearson, Parker and Huberty (1952) 

that citrus trees receiving sodium in the form of sodium nitrate 

shmved a marked reduction in sodium concentration in the tissues after 

calcium had been supplied in the form of gypsum. A similar observa-

tion was made on the root tissue in tho present work, where the sodium 

content v.as shown to decrease when the calcium supply level was raised 

from 180.0 p.p.m. t o 360.0 p.p.m. It was shown that when the calcium 

was supplied at the higher level, it mitigated the influence 

previously mentioned, of the sodium l evel i n the external suppl y on 

the stem sodi um conc entration. 

The dis+.ribution of leaf sodium was observed to be markedly 

influenced by t,he :;_ ,,y-->}. of calcium supply. Seedlings receiving the 

180.0 p.p.m. calcium treatment were shown upon chemical analysis to 

have their maximum l oaf sodium content in the apical l eaves, and the 

concentration decre ased progressively towards the basal l eaves. The 

plants receiving the 360.0p.p.m. calcium treatment were found to have 

their greatest concentration of sodium in the basal leav es, with a 

slightly lower concentration in the middle leaves, and an even larger 

decrease in the sodium concentration in the apical leaves. The above 

r esults further indicate the complexity of ion accumulati on in 

plant organs. 

The calcium le-vel in the external supply has been shown by 

numerous workers on the nutrition of citrus , to influence the 

potassium content of the diff erent pl ant organs. Chapman (195 2) 

showed low potassiun i n t~1e leaf analysis of plants grown with 

excess calcium and Camp, Chapman aYJ.d Parker (1949) frund. an unusually 

large int ake of potassium by citrus trees grown on low calcium, acid 

soils in Florida. It was shown in the present i nvestigation that a 

slight decrease in the l eaf potassium r esulted from raising the 

external level of calcium, which is in agreement with thG fi.ndinRS 

of the above workers. 

The stem and root tissues r esponded in a different ffianner to 

t he 1 eaf tissue. The potassium content of the former two tissues 

incroa.scd when the Gxternal calcium supply was raised. A similar 
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concentration of calcium ·;· ~s increased. 

It was observed by James, Pearson, Parker and Huberty (1952) 

that citrus trees recaiving sodium in the form of sodium nitrate 

showed a marked reduction in sodium concentration in the tissues after 

calcium had been supplied in the form of gypsum. A similar observa-

tion was made on the root tissue in the present work, where the sodium 

content was shown to decrease when the calcium supply level was raised 

from 180.0 p.p.m. to 360.0 p.p.m. It was shown that when the calcium 

was supplied at the higher l evel, it mitigated the influence 

previously mentioned, of the sodium level in the external supply on 

the stem s odiuu cone entration. 

The di.stribut-ion of leaf sodium was observed to be markedly 

influenced by +.he ~ r·v'"'l of t::alcium supply. Seedlings receiving the 

180.0 p.p.m. calcium treatment were shown upon chemical analysis to 

have their maximum l0af sodium content in the apical leaves , and the 

concentration decreased progressively towards the basal leaves. The 

plants receiving the 360.0p.p.m. calcium treatment were found to have 

their greatest concentration of sodium in the basal leaves, with a 

slightly lower concentration in the middle leaves, and an even larger 

decrease in the sodium concentration in the apical leaves. The above 

results further indicate the complexity of ion accumulation in 

plant organs. 

The calcium l eve l in the external supply has been shown by 

numerous workers on the nutrition of citrus, to influence the 

potassium content of th'3 different plant organs. Chapman (195 2) 

showed low potassium in t he leaf analysis of plants grown with 

excess calcium and Camp, Chapman a11d Parker (1949) found an unusual ly 

large intake of potassium by citrus trees grown on low calcium, acid 

soils in Florida. It was shown in the present investigation that a 

slight decrease in the leaf potassium r8sulted from raising the 

external level of calcium, which is in agreement with thG f'i nil. j nRS 

of the above workers. 

The stem aYJ.d root ti ssu ~s responded in a different manner to 

t he l eaf tissue. The potassium content of the former two tissues 

increased when the external calcium supply was raised. A similar 
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By observing the sodium-potassium interaction in the roots, 

it can be seen how r esults of interactions may be misleading f no 

observation was reported for root bark ti5sue by Haas (1952 b) 

using Lisbon Lemon seedlings grown in 1:ater culture, and Viets (1944) 

sho-.7ed an increased migration rate of potassium into roots when 

sodium was supplied in addition to potassium in the external medium. 

The calcium treatment had no apparent influence on the rragnesium 

content of the foliage. However in the stE)m and root tissues a 

decrease in the magnesium content resulted when the calcium supply 

was increased. 

In the past it has been the general tendency to draw conclusions 

concerning the ion interrelationships of the whole plant from chemical 

analysis of one type of tissue only, usually the leaves. The 

unsoundness of this procedure has been well exposed in the current 

investigation. Results obtained in the present studies shov; that 

in order to obtain the overall picture of ion interrelationships 

within the plant, analysis of stem and root tissue, in addition, are 

required., since these relationships from the leaf, stern and root of 

the same plant vary con~iderably. It is suggested that the ion 

interrelationships between these three tissues in particular require 

further detailed comparison. 

In the present study it has been shown that consideration of 

leaf analysis only may not give the true impression of ion reciproca­

tion for all the plant parts. This is well illustrated by the 

calcium-potassium interaction in the plants. In the leaves, 

increased calcium m1ppl y ~"as shown to reduce the potassium leaf con­

tent, whereas, in the stem and root tissues, when the calcium supply 

was increased the potassium content rose. 

Another aspect requiring further investigation is the effect of 

the external concentration of sodium on the distribution of sodium 

in the foliage. As reported earlier, sodium appears to differ from 

th e other elem0nts studied, in having a different distribution in 

the l eaves for a high and low external supply. This would sug·gest 

that the distribut i on of this element in the plant is not dependent 

only on its mobility in the tissues. 
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~ observing the sodium-potassium interaction in the roots, 

it can be seen how results of interactions may be misleading f no 

consideration is taken of the l~;vels of elements other than the two 

being specially studied. In the : xampl c cited, it was sho\vn how 

the potassium content of the tissue was depressed by sodium when 

the supply of ca.lcium was low, and the potassium uptake was accelera­

ted by sodium when there was a hi~h level of calcium present. Thus 

gr eat caution should be exercised in interpreting interactions 

between two ions from chemical analys is data without due considera­

tion of the action complementary ions may be having. 
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Part II 

CHAPrER I 

Experimental Methods 

"' Disks of storage tissue have been found to be convenient 

material for studies of salt accum~lation, and were used by 

Nathanson (1904), Stiles and Jorgensen (1915), Steward (1937), 

Robertson (1941), and Sutcliffe (1957) for their investigations on 

ion absorption. When suitably prepared they are capable of 

absorbing ions rapidly in a r eproduceable manner over a considerable 

period of time against an activity gradient. IJ.1he ir ameniab il i ty 

to experimental manipulation and their relatively simple morphology 

are other attractive features. An additional advantage of using 

storae:e tis::;n e in prefer.:mce to whole plants, is the effect that 

tho transport of materials away from the absorbing region is redueed, 

further, there is a greater uni formity of cells in the tissue. 

In t his work, as in the previous section, every precaution was 

ta..l<:en to ensu .. e that the containers were clean and that there was 

minimum external contamination. 

Water Purification 

All the 1-·ater used in the preparation of solutions was 

purified either by r edistillation, or by using an ion exchange 

column as deseribed in Part 1. 

Glassware 

"Pyrex " and ''Hysil '' glassr:ar o wer e used throughout the present 

work as a precaution against contamination likely to occur f rom 

' so~ter ' grades of glass. The glassware was cleaned and purified 

as previously describ ed in Part 1. 

Containers 

The containers used for the present study were 500 ml narrow 

mouth conical flasks. The fl~sks were stoppered ~ith corks Which 

had been previously impregnated with paraffin wax. Each cork had 
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a hole ~" in diameter in its centre to allow the passage of the 

aeration glass tube. 

Polythene bottles of 50 ml capacity were used for storing the 

experimental solutions prior to chemical analysis. 

Chemical Analysis 

The chemical reagents used throughout this investigation were 

British Drug Houses "Analar" grude reagents. 

Experimental Lethodi§. 

:Both potato tuber and carrot root tissue were used in the 

present investigation. Carrot tissue ryas found to have a number of 

advantages over potato tuber tis~ue as experimental material, the 

chief being that carrot tissue ·--ould remain heal thy for longer 

periods in aerated solutions. 

A core of tissue 1.25 ems. in diameter was bored using a cork 

borer, and then disks of tissue 0.18 ems . in thickness were cut by 

m0ans of a h~nd microtome, the average weight of each disk being 

approximately 0.24 g. The disks were then washed in running tap 

water for t\·:enty four hours to remove any damaged cell debris. 

At the end of this period ba tches of sixty disks ·:·ere threaded on 

to fuse wire , €ach disk bein~ separated from its neighbours by 

means of a porcelain bead, to enabl8 the complete disk to be bathed 

in the experimental solution, see Fig. 36. 

The strings of tissue disks ·:;ere then bathed in aerated 

purified water for a further ninety six hours, the purified water 

being renewed every three hours during the first twelve hours, and 

thereafter every six hours. The Ylashing of the disks was performed 

primar ily to 3tarve the tissue, and also to remove any absorption 

inhibitors that were present, as it has been conclusively shown 

by Rees and Skelding (1950), Skolding and Rees (1952) and Dale and 

Sutcliffe (1956) that tissue extract s inhibit the absorption of 

salts by tissues. The disks during the washing period were aerated 

continuously by a rapid air stream bubbling through the liquid, and 

under these conditior..::; they usually showed no signs of bacterial 

contamination, such as loss of turgidity. After the disks had 
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been washed in the above manner, the strings of sixty disks wer e 

taken and placed in 300 ml of their respective solutions, in 500 ml 

conical f lasks. Each flask ;ras then closed with a wax cork. The 

solutions and disks were continuously aerated by an air stream 

bubbling through the solutions. The disks were kept at 25°C through­

out the experiment by partial immersion of the flasks in a temperature 

controlled wEtter bJ.th, see Fie. 37 o 

In ord~r to follc~ the u~tako of the salts by the tissue, the 

external sob.tion virs chemically analyse d at intervals dur.ing t he 

course of the oxperims nt. 20 ml samples were taken of the experi-

mental soluti.on .::.),t the comrn<:'nc,"')merrt, a.."ld then after 1, 2~ 8, 24, 48, 

72 and 96 hours o To ens"!.lre that the same volume rat io of t issue/ 

medium \.as maintained after each sample was removed, five disks of 

ti rsuc wer . .:; removed from the string at each sampling. Each experiment 

was r eplicated on separate samples of material on one or more occasions 

and the results r.ere usually found to be in agreement with one 

another o 

Experiment o.l Solu.ti,Q£§. 

Sodium, poto.ss :ium, calcium and magnesium ~~ere the only four 

cations present in the experimental s olutions . The potassium was 

added as the dipotassium hydrogen phosphate, and the nitrate salts . 

Similarly calcium v.as added as the nitrate salt. Sodium \;as added 

as the ch loride salt, and magnes ium as the sulphde salt . Molar 

stock solutions of all the above salts were made , and used in t he 

preparation of t he exper imental solutions. 

pH ValUf r, 

Durin~ th< course of the experiment the pH values of the 

solut ions w-:::re found to increas8 slightl y . Initially, the sol utions 

had a pH 6.5, which m1ri1~ the course of the ninety-six hour 

experimental p:~riod rose to pH 7 . 8o The pB of the experimental 

solutions \':as controlled largely by the addition of dipot assium 

hydrogen phosphat e . 

- 60 -



Chemical Analysi~ 

The salt uptake mc&surements ":ere r.1ade by means of chemical 

analysis of the external medium. In the analysis of these 

solutions, 5 rnl aliquots of solution were diluted with purified 

water to 100 ml, a'1d in instances ';'/here further dilution was 

required each 5 ml aliquot ·;m.::; diluted to 200 ml. Sodium, 

potassium and ca.lcj_,.1m r- er~ <::::t~rwirv~d by flame photometry, following 

tho same procddure aR outli·aed. in -;;he :provious s (·ction. 
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Chapter II 

Results . 

Sutcliffe (1957) reported that beet storace tissue would 

absorb either sodium or potassium at a comf~rable rate from 

equimolar solutiol"l.S of single salts. However when the two ions 

were supplied t 03'e ther in the same medium unequal uptake was shown 

to occur. In the present investi~ation , the latter phenomenon was 

further investigated in six experiments, each experiment being 

designed to determine the extent of competition bet;-:een sodium and 

potassium for their uptake by storage tissue. 

Experim:::nt 1 

Potato tuber disks were used as the experimental material in 

the first experiment and carrot root tissue for all the remaining 

experiments. The tissue disks were pre-treated by ·,-·.:.shing for five 

days as previously described and then plac€d into their r~spective 

experimental solutions. Each experimntal solution had a potassium 

cone entrat ion of 74.0 p.p.m. and sodium '!:as supplied at six different 

levels ranging from 2.8 p.p.m. - 185.0 p.p.m. Calcium was supplied 

at 200.0 p.p.m. and magnesium at 50.0 p.p.m. The uptake of sodium 

and potassium by the storage tissue ·. as f ollowed over a ninety-six 

hour period by making analyses of samples from the media at the 

commencement of the experiment, and then after 1,2,8, 24, 48, and 96 

hours, see Table 25. 

The absorption of potassium by the potato di sks during the 

course of the expo r iment can be seen in Fig. 38 • In each experimental 

treatment the tiss ue disks showed an initi<:.l rapid uptake of potassium 

during the first two hours, follm,ed by a much slower rate of uptake 

of the cation. The observat ion of the initial rapid uptake of the 

cation is in agreement with the findings of St evrard and Harrison 

(1939) using potato tuber tissue, Hanson and Bonner (1954) using 

J erusalem artichoke tube r tissue, and Sutcliffe (1957) using beet 

stora~ thsue. The above workers suggest that the initial salt 

uptake is influenced by two processes, the one being physical and 
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Table 25 

Sodium and potassium concentrations (parts per million) external medium during 96 hour experimental period 

l Time of sampling 

At co:IJ1ffiencemant 

11.fter l hour 

Solution l 

Na K 

2.8 73.8 

r---------...,~------- ----
After 2 hours 2.1 

After 8 hours 2.0 

Solution 2 

Na K 

Solution 3 

Na K 

Solution 4 

Na K 

7-4 73.8 28.1 74.4 I 50.1 73.8 

I 
I 
i 

Solution 5 

Na K 

73.8 

Solution 6 

Na K 

185.7 74.3 I 

l
. I ,, 

- ___ 7 __ ·4 ____ 7_3_. ~-- -2-6 _· 0--~-9 ·-7-·-1-~-6 ._2 _ ___ 6_9_._ 7--+----7_5_. 9----6~-· 7---+ ~ 76 0 4 __ 69 0 ~ ! 

::: :::: :::: :::: : :::: :::: :::: :::: t~~-~>i 
Aft-er ___ 2_4_h __ o_u.r_s---+--2-.8---6-5-.9·--+-r--6-. 7----5-7-.9--+-2-6-.-2--5-5-.-4---t---4-'6-.-4--- 54o3 76o6 53o3 ~~06 61.;1 

~-------------+---------------r---------------+---------------+------~-------r-----------+--------------1 

After 48 hours I 2.3 58.4 I 8.4 57.9 27.4 57.9 48.0 57.4 78.5 52.3 180.1 59.5 ! 
-- -----+----------~~------~-------~------~----------------- -·-· ·- ~ 

l~t-er _ __9~-~~s----'-i __ 2_._6 ___ 6_4 __ 01 I 6 o 7 ____ 6_--1 ~~---'--il _29_._2 ____ 58_·~-~· -~-1. =--~4_._1 ___ ~ __ :_1_. 7 __ ~4 ~--..:... ___ 1_7_8_. 3 _____ ?,~- ~ ~ __ ! 
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frequently termed "passive" uptake, and the other metabolically assisted 

and termed "active 11 uptake. The first process is claimed to be 

primarily respons ible for the large initial uptake, and the metabolie 

or "active" uptake for the salt uptake after the second hour 

(Epstein, 1956) • 

It was shown that when the external sodium concentration was 

increased, ~here wa~ a general trend for the rate of potassium uptake 

to increase for the first · twenty four hours, followed by a period when 

there was a gradual diffusion of potassium au~ of the storage tissue, 

except in the case of the disks bathed in the solutions with the two 

heighest sodium concentrations. 

Like potassium the uptake of sodium was rapid during the first 

two hours, and this uptake was shown to be dependent upon the concentra-

tion of sodium in the external solution. The amount of sodium taken 

up by the tissues increased as the sodium concentration in the solution 

was raised. After t wenty four hours a gradual diffusion of sodium out 

of the tissue was shown to take place, see Fig.39. 

The amount of potassium absorbed by the potato disks was found 

to be approximately twice the sodium uptake when the external solution 

contained approximately equal concentrations ~f both cations. 

Experimental 2 

In this experiment the solutions wer e supplied with potassium 

at a concentration of 54.0 p.p.m. The sodium was supplied at six 

different levels ranging from 1,6 p.p.m. to 180.0 p.p.m., calcium at 

200.0 p.p.m. and magnesium at 50.0 p.p.m. The absorption of sodium 

and potassium was followed over a ninety six hour period, as in the 

previous experiment, see Table 26. 

The course of the potassium uptake by the carrot root niseue 

from the different external solutions is shown in Fig.40. As in the 

previous experiment there was a rapid i nitial uptake, followed by a 

much slower, but s teady rate of potassium uptake. The concentratioh of 

sodium in the external solution was shown to influence the uptake of 

potassium by the tissue . The uptake of potassium by the root was 

shown to be markedly reduced as the sodium level in the external 

solution was raised. 
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T::;.ble 26 

Sodiurr.. and potassium concentrat ions (parts mer mill ion) of extc.r~1al ms-diurr.. during the 96 hour eX'J?erimental period 

bim< of sampling Solution l Solution 2 Solution 3 Solution 4 Solution 5 Solution 6 

Na K Na Y;" 

l Na K ~It.. K Na K 1'Ta K -· 

1.6 I 46.9 54.6 54.6 
I 

.At commencement 52.3 13 . 2 55.4 I 27.3 53.8 78.0 1(;0.1 56 .l i 
I 

I I 
I ! I 

After l hour 2.0 46 .1 15.3 48.2 29 .1 49. 2 48. 0 49 ~2 I 76.1 49.2 176.4 50.2 i I I 
_j j j_ ! 

I 
! i 

1 li.fter 2 hours 1.6 43.6 ll.l 45.6 2·+ . 6 46 .1 45.0 49.2 I 74-9 49.7 171.8 48.2 I 
I I ! 

I 

I 
I I 

l Aft er 8 hours 1.7 34.9 12.8 41.5 24.6 43.6 43-9 43. 1 l 74.1 45.6 171.8 41.1 I 
r-
1 After 24 hours 1.6 18 .5 10.2 32.3 23.:). 37.3 39-9 36.4 71.2 40. 0 169.4 43.1 i 
~ i 

) After 46 hours 1.7 7· 9 10.0 20.0 20 .1 28.5 37.7 30.2 66.8 40.0 166.2 
i 

I 43.0 ! 
I 

lifte:r 96 hours 2 .·3 1.0 8 .8 8.3 20.2 13.1 34 .8 24.6 64.5 39.0 156.9 48.2 : 
I 
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The carrot tissue showed a non-metabolic uptake of sodium during the first 

two hours 9 but this uptake was not as large as that for potassium. The 

sodium absorption was shown to be dependent upon the concentration of the 

cation in the solution9 the higher the sodium concentration the greater 

the uptake of this cation by the tissue 9 see fig. 41. 

The amount of potassium absorbed by the tissue disks was found to be 

approximately double that of sodium, from experimental solution containing 

approximately equal concentrations of both sodium and potassium ions. 

Experiment 3 

In the third experiment the potassi um was supplied at 116.0 p.p.m., 

approximately doubl e the potassium concentration in the previous experiment. 

Sodium was supplied at six different levels, ranging from 2.9 p.p.rn. to 

177.0 p.p.m. 9 calcium at 200.0 p.p.m. 9 and magnesium at 50.0 p.p.m. The 

absorption of sodium and potassium by the tissue disks was followed over 

a ninety six hour period 9 see Table 27. 

The course of the potassium uptake during the experimental period is 

shown in Fig.42. The concentration of sodium present in the external 

solution was shown to markedly influence both the 'active' and 'passive' 

absorption of potassium by the tissue. 

The absorption of potassium by the carrot disks bathed in the solutions 

with the two highest sodium concentrations was shown to be negligible 

during the first two hours in comparison with the uptake by the storage 

tissue in the experimental solutions with lower sodium concentrations. 

Af'ter the first eight hours the disks bathed in the solutions with the high 

sodium concentrations showed a rapid diffusion of potassium out of the 

carrot tissue into the external solutions. The tissue disks in the lower 

sodium concentrations were found to have their potassium uptake only 

slightly reduced as the level of the sodium concentration was raised. 

The uptake of sodium by the root tissue did not appear to be influenced 

to any appreciable extent by the concentration of sodium in the external 

solution~ see Fig.43. The carrot disks bathed in the higher sodium 

concentrations showed some absorption of sodium during the first twenty 

four hours, but after this period there was a diffusion of the cation out 

of the tissue into the external solution. 
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Table 27 
Sodium and potassium concentrations (parts p er million) of external mediUlil during the 96 hrur 8CpGrimenta l period 

' l I i I 

i I Solution l I Solution 2 Solution 3 Solution 4 ! Solution 5 i Solution 6 Time of sa, ... pling ! j 
,. 

! Na K i Na K Na K Na K I Ha K Na K I i I 
I I 

I 

I 
i I 

I I 
•j 

.A.t commencement 2.8 116.9 18.6 119.9 28.8 116.9 1f9· 9 117.9 I 78.0 114.8 I . 177.3 116.9 I I I 
! . 

! 
I ! 

I I I After l hour I 2.3 116.9 13.0 115.8 27.8 116.9 48.0 114.8 I 76.6 114.8 175 -4 114.8 
I ! I 

I 

I I After 2 hours 1.9 112.8 13.0 110.7 27.8 114.8 48 . 3 113.8 76 .l 113.8 174.0 113.8 
1 ! I 

~ I 
' ! I I . i I I ,<fter 8 hours I 2.8 110.7 I 13.0 107.1 27.6 110.7 I 46.9 no. 7 74.7 113.8 169.0 113.7 

I I 
I 

' 

I I ! I i After 24 h ours i 2.1 99-4 13.0 101.5 25.5 105.6 45-5 109.7 73.8 115.8 170.8 118.9 1 
i ! I 

-
i ! i 
I 

' I ,: ' ' 24.1 100.5 1 
r-----------'----------t---------r------------·· - ·--- · 

.nfter 48 hours 1.9 95.3 12.1 97-4 76.1 129.2 _L__~~··5 ___ 1~~.1 j 
I 

: After 96 hours 2.8 102.5 20.0 94.3 81.7 139-4 I 111. 2 131.21 
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In this experiment there was a larger amount of sodium than potassium 

absorbed by the carrot disks, from a solution containing approximately 

equal concentrations of both cations. 

Experiment 4 

In the fourth experiment the experimental solutions had a potassium 

concentration of 70.0 p.p.m. and sodium was supplied at six different 

levels ranging from 14.0 p.p.m. to 890.0 p.p.m., this being a wider range 

of sodium concentra tj.one than m:.:ed in the three previous experiments. 

Calcium was supplied at 156.0 p.p.rn. 7 togeth:?r with 50.0 p.p.m. magnesium. 

In this and the two following experiments, the absorption of calcium, as 

well as of sodium and potassi~~ by t he root tissue was followed over the 

experimental period, the results being presented in Table 28. 

The course of the absorption of potassium by the carrot tissue is 

presented in Fig.44. The concentration of sodium in the solutions bathing 

the storage tissue was shown to affect the potassium absorption. The 

root tissue disks in the solution containing the lowest concentration of 

sodium? absorbed the largest amount of potassium during the ninety six 

hours. As the concentration of sodium in the experimental solutions was 

increased, so the absorption of potassium was shown to decrease. The 

carrot tissue disks in the solution with the highest sodium concentration 

were found to absorb potassium to a very small exteJt during the initial 

two hours, and after this period there was a diffisuion of potassium 

out of the tissue into the experimental solutions . 

The uptake of sodium was sho\v.n to be dependent upon the concentration 

of this ion in the external solution. The storage tissue disks in the 

solution with the lowest concentration of sodium were shoYm to lose sodium 

by diffusion out of the tissue, and as the sodium concentrations in the 

external media ~ere increased so were both the initial 'passive ' and 

active' uptakes found to increase? see Fig.45. 

The calcium absorption by the disks of tissue was shovm to be small 

in comparison to the uptake of the other tuo ions, the general trend 

being for the calcium uptake to decrease as the sodium concentrations in 

the external solutions were raised see Fig. 46. 
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Table 28 

Sodium, potassium and calcium concentrations (parts per million) in external medium during 96 hour experimental period 

!- -
i I I I I 

I ! ! ! I Solution l Solution 2 ! Solution 3 Solution 4 Solution 5 Solution 6 
I : 

i Na K Ca Na K Ca Na K Ca Na K Ca Na K Ca I Na K Ca 

! 
il.t commencement 14.0 79.6 146.0 44.0 74.0 164 .o 100.0 72.0 160.0 185.0 74.0 165.0 370.0 61.0 173.0 890.0 90.0 176.0 

After 1 hour 15.0 74 .6 140.0 44.0 76.6 154.0 96.0 75.2 154.0 168.0 75.2 161.0 344.0 76.2 163.0 820.0 79.0 175.0 i 

After 2 hours 23.0 70.0 148.0 53.0 75.6 154.0 95.0 76.8 14 7 .o 178.0 76.6 157.0 354.0 78.8 166 .o 965.0 80.0 175 .o 1 

After 4 hours 18.0 71.6 142.0 42.0 69.8 14 7 .o 86.0 73.8 148.0 176 .o 76.8 155 .o 353.0 78.0 156.0 885.0 79.2 170.0 
! 

I 

I After 8 hours 
I 

18.0 64.4 140.0 49.0 62.0 146.0 94.0 72.0 146.0 166 .o 72.6 148.0 336.0 78.6 157.0 840.0 83.2 174.6 
I 

I I 

! After 24 hours 16.0 25.8 143.0 35.0 35.6 146.4 66 .o 48.0 147 .o 147 .o 65.2 155-0 312.5 77-4 160.0 830.0 88 .o 173.0 
I 
I 

! After 48 hours 13.5 7-4 143.0 33.0 19.0 134.0 62.0 24.4 I 144 .o 61.6 146.0 307.0 78.6 147.0 790.0 92.8 166.6 140.0 : 
i I I I 

: I 
1 i:..fter 72 hours 5.5 2.6 149.0 26.0 6.8 138.0 45.0 13.2 146.0 ! 137. 0 61.6 146.0 289.0 75.6 160.0 870.0 95.6 173.0 I l I 
f 

] After 
I I i 

I I 

96 hours 14.0 7-4 152.0 
I 

23.0 5.6 164.0 I 36 .o 8.8 147 .o I 110.0 45.6 145.6 266 .o 72.6 160.0 835.0 101.2 f 187.4 I I 
j I I ; 
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magnesium. The uptake of calcium 1 sodium 1 and potassium by the carrot 

disks from the different experimental solutions is presented in Table 30. 

The amount of potassium absorbed by the storage tissue was shown 

to be markedly depressed when the concentration of sodium in the external 

solutions was increased. High concentrations of sodium were shown to 

affect both the initial 1 passive 1 uptake 1 as well as the 'active' uptake 

of potassium. The d::_sks ba:ched in solutior..8 wi tn a low sodium 

concentration sfl.ov;ed a large initial uptake of potassium 9 whereas the 

disks in a high sodiu;1 c,o;::.:,entr&.tion showed. little or no uptake of 

potassium d.u:ring -t;1e bit.iB.l pe:icd. Diffucicn of potassium out of the 

tissue into t:b..e bz.thinc media "~Nas sho't"m to rosul t fT,ml the presence of a 

high concentration of sodit~ in the solutions, see Fig.50. 

The amount of sodium absorbed by tbe car rot disk~> from tho external 

solution was shown to be dependent upon the concentration of so~ium in 

that solution,an increased uptake occuring when tbe concentration of 

sodium in tho external medium was raised . In most of the solutions there 

was no absorption of sodium by the disks of tissue during the initial 

few hours of the experiment. This differed from the sodium uptake pattern 

of the previous experiments. Only in the solutions wi"th the twc highest 

sodium concentrations was sodiu.m fou...'1d to be absorbed during the initial 

phase. The tissue disks bathed in the solution 1 :ith the highost sodiUI:J. 

concentration were found to b.11ve a rapid uptake of sodium during the first 

twenty four hours, but af·i;er this period sodi1un was sho-,v:1 to diffuse out 

of the carrot disks into the solution, see Fig,5l, 

The amount of calcium absorbed by the carrot root tissue was shown 

to be small in comparison to the uptake of the other two cations st~died. 

There was a general trend for the calcium uptake l);,r tl:e tissue to decrease 

as the sodium concentration in the external s olutic.n incr-e;:,,s.:o;d. In the 

solution with the highes t sodium level there ~as no uptake of calcium at 

all~ and from the very commencement calcium diffused out of the tissue into 

the external solution. 
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Table 30 

Sodium potassium and calcium concentrations (parts per million) in external medium during the 96 hrur experimental pe r iod 

I Time of 

·-
I 

i 
I i I t 

! 
Solution l I Solution 2 Solution 3 Solution 4 Solution 5 Solution 6 

I l' Na K Ca Na K Ca Na K Ca Na K Ca Na K Ca Na K Ca j samp 2 r1 : I 

k t 
i I I 

commencement 

I 
13.0 439.0 160.0 ! 50.0 438.0 160.0 103.0 437.0 165.0 187.0 434.0 l68.0 j 380.0 442.0 166.0 . 9CO.v 440.0 174.0 

l j i 
I ! . 

l 
I 

164 . 0 , 372.0 ~fter l hour 13.0 437 .o 160.0 l 50.0 430.0 160.0 105.0 419.0 160.0 189.0 437.0 442.0 164.0 I 930.0 441.0 178.0 
i 
I 

I 
: . I I 

I 
163.0 ! 

I 

iA.ft er 2 hours 18 . 0 436.0 16o.o I 52 .o 434.0 160.0 !108.0 402 .0 163.0 ! 188.0 423.0 380.0 442.0 160.0 I 885 .o 440.0 182.0 
I I 

I I 

i 

6 ! I 
~fter 8 hours i 21.0 402.0 409.0 160.0 (104.0 395.0 160.0 . 183 .o 402 . 0 161.0 368.0 434.0 166 .o 1075 .o 448.0 180.0 I l o.o j 58.0 

I i i 
! I I 

167 .o 1 ~ft er 24 hours 19.0 398,0 160.0 I 51.0 378.0 160.0 I 93.0 378.0 160.0 : 175 .o 403.0 166 .o 338.0 426.0 835 . 0 457 .o 185 . 0 
L i l I 

~fter 48 hours I ' 

151.0 I 
! 

14.0 363.0 162.0 42.0 345.0 170.0 92.0 362.0 128 .o l 160.0 394.0 318.0 430.0 164.8 I 920.0 488.0 174.01 
I I 

I 
I I 

I 
' 

179.0 1 308.0 
I I I 

173 .o 1 
I Aft.er ! 

I 

96 hours I 20.0 408 . 0 185.0 45 .0 436.0 186.0 95.0 376.0 150.0 i 158.0 478.0 494.0 885.0 630.0 202.0 I 
I I ' i ! I 

' 
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Discussion and Conclusions 

It has been gener ally accepted in the past few years that ion 

absorption by plant material is the sum of two processes namely, (1) 

'Passive', or non-metabolic uptake which may be due to cation exchange 

and diffusion, and, (2) 'Acti ve' transport which is a metabolic process. 

These two absorption processes have been reviewed in detail by 

Epstein (1956). 

In the experiments carried out in the present investigation the 

uptake of the cations, both by the potato tuber tissue, and the carrot 

root tissue showed the two phases of uptake. The first phase being a 

rapid uptake of cations during the initial two hours~ followed by a 

s l ower but more stable absorption lasting many hours. The above cation 

uptake pattern has been attested in investigations by Steward and 

Harrison (1939), Epstein and Leggett (1954), Hanson and Bonner (1954) and 

Sutcliffe (1957), and evidence has suggested the non-metabolic upt ake 

to be due largely to cation exchange. Epstein and Leggett (1954) have 

shown the processes of ion uptake to differ in attributes relating to 

kinetics, reversibility, ion specificity, and energy requirements, and 

thus from their evidence it would appear that the exchange spots are not 

identical with the entities involved in active transport . 

In the experiments carried out in the present study, the potassium 

uptake during the first two hours, was generally found to be unaffected by 

the level of sodium concentration present in the external media, suggesting 

there \vas no competition between the two cations during the non-metabolic 

phase of uptake by the tissue. The extent of sodium uptake during the 

same period ivas shovm to increase as the levels of sodium concentration in 

the external media were raised. The results obtained from the present 

investigation suggest that the cation uptake during the initial phase 

is non-selective, and dependent upon the cation concentration in the 

external media. 

There appears to be wide agreement between the present day workers in 

this field, that active transport requires the operation of "carriers". 

The eSEential features of the functioning "carriers" are the attachment 

of the ions to the c~rrier mol~cules, and the movement of the resulting 
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carrier ion complexes through some barrier intervening betvreen an "outer11 

and 11 inner" phase. 

From the results of the experiment in which potato tuber tissue was 

used it was shown that the active absorption of potassium was stimulated 

as the concentration of sodium was increased. Further when the two 

cations were mixed in approximately equal proportions, the uptake of 

potassium considerably exceeded that of sodium 9 suggesting that the 

transport system in potato tuber tissue exhibits discrimination with a 

preference for potassium when a choice is available. The results of the 

experiments with carrot root tissue, differed from those with potato 

tuber tissue in that the potassium uptake was found to be reduced when the 

level of the sodium concentration in the external media v\Tas increased. 

The sodium uptake was shown to be much reduced .when the potassium 

concentration level was i ncreased in the external solution. These results 

suggest that competition occurs between these cations for absorption. 

The selective uptake of cations by plant tissues may be explained on 

the basis of a carrier hypothesis as suggested by Sutcliffe (1956), in 

one of two ways. Either (a) there are separate types of carrier molecul es 

for each ion or group of ions, when selectivity depends on the relative 

numbers and activities of the different sites, or (b) there is a single 

type of carrier capable of transporting all or a number of ions, but 

exhibiting a distinct preference when choice is available. 

The results of the absorption of sodium by both the potato tuber tissue 

and carrot root tissue, show the amount of sodium absorbed by the tissue 

during the ninety six hours was de~endent. upon the initial concentrat ion 

in the external media. The results from experiments 2, 4, 5~ and 6 present 

evidence to suggest that the rate of absorption during the first twenty 

four hours was also dependent upon the concentration of sodium in the 

external medium. After this time period a s teady rate of uptake appeared 

to fol l ow9 irrespective of the external concentration. The disks of tissue 

bathed in solutions containing high concentrations of sodium and potassium 

showed a leakage of cations out of the tissue, into the external solution 

as a result of plasmolysis . In these inst ances the metabolic absorption 

by the disks was shown to suffer i nterference. 

The results from the experiments in the present investigation 
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substantiate the findings of Sutcliffe (1956) that cation uptake 

by plant tissue is selective and that competition between the 

cations may occur. In the experiments with carrot root tissue 

competition between sodium and potassium~ and sodium and calcium 

has been shown~ this phenomenon may be best explained on the basis 

of the single mechanism hypothesis descxibed above. 
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APPElWIX I 

CHEMICAL CO.MJ>OSITION OF THE EXPEB.IIVJENTAL SOLUTIONS USED 

IN 

PART II 

The following tables give details of the composition of 

the experimental solutions used in Part I . In column I, the 

ions present in each solution are listed, column II, the weight 

of each ion per litre of nutrient solution, column III the salt 

used to supply the required ion, and column rf the amount cf stock 

solution added to 1 litre of water in the preparation of the 

nutrient solution. 
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d;JLUI'ICN 1 Element Wt in Sol per litre Salt Used Quantity 

Cl 0.18 NH , Cl 
4 

5. u r.il 

N 0.07 NH
4

Cl 5 .J rJ.l 

Ca ~1.16 Ca(U.J
3

) 2 
4 .u ;:rJ. 

N u.n Ca(liu3 ~ 2 4 .u ral 

p 0.15 H
3

Po
4 

13.0 ml 

l\~g O.h.J 1iJ.gsv
4 

4.u ml 

s 0.13 lVIgS.J
4 

4.l;Ill 

N 1.u2 NH NU 4 3 
36.5 1!11 

S.JLUTIJN 2 

Cl u.18 NH
4

Cl 5.0 ral 

n 0.07 NH
4
cl 5.J ml 

Ca u .lt) CalNu
3

) 2 
4.0 ml 

N u.ll Ca(:NJ3)2 '+. u r.J. 

K u.12 I\l\10 
3 

3 .u ml 

N" u.Llq. :KN03 3 oU Dl 

}> 0.15 H3J>04 13.0 ffil 

Mg u.l0 MgSO 
4 

4.0 ml 

s 0.13 1\1gSv
4 

4.0 ml 

N G.98 NH
4
rw

3 
35.0 ml 

SJLUTLN 3 

Cl 1).18 NH
4

Cl 5. J r;1l 

N u.u7 ~4c1 5.u w_I 

Ca J.l6 Ca(N J
3

) 2 4.0 ml 

N J . ll Ca(Nu
3

) 2 4 .u ml 

K 0.25 I\Nu .. 6.5 ml 
) 

N 0. J 9 1\Nu 
3 

6.5 ml 

p 0.15 H3PJ4 13 .J ol 

1~ u.lu Mgso
4 

4.0 nl 

('"' 
1.) Uo13. 1igS0

4 4oi.J Dl 

N 0.93 NH Nu 
4 3 

33.2 ml 
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SOLUTION 4 ~1eiaent ·r/t in :::;o1 per 1i tre_ Sa.1t Used Quantity 

C1 0.18 NH
4

Cl ).0 m1 

N 0.07 ~11 C1 :;..0 m1 
4 

Ca 0.16 Ca(No
3

) 2 4.0 m1 

N 0.11 Ca(No
3

) 2 4.0 m1 

K 0.50 I<NO) 13.0 m1 

N 0.18 11N0
3 

13.0 m1 

p 0.15 H3ro4 13.0 ml 

Jvlg 0.10 IVigS0
4 

4.0 m1 

8 0.13 Mgso
4 

4.0 m1 

N 0.84 NH
4
No

3 
30.0 m1 

SOLUTICN 5 

Na 0.05 NaC1 2.2 ml 

Cl 0.08 NaC1 2.2 ml 

C1 0.10 NH
4

c1 2.8 ml 

N 0.04 NH
4

c1 2.8 ml 

Ca 0.16 Ca(No
3

) 2 4.0 m1 

N 0.11 Ca(No
3

) 2 4.0 m1 

p 0.15 H3P~ 13.0 m1 

Il1g 0.10 ~.~so4 4,0 ml 

s 0.13 Mgso
4 

4.0 m1 

N 1.05 NH
4
no

3 
rol 

S0LUTI(N 6 

Na J.J5 NaCl 2.2 m1 

C1 J .OO NaCl 2.2 m1 

C1 0.10 NH4c1 2.8 m1 

N J.04 NH4c1 2.8 m1 

Ca J.lb Ca(No
3

) 2 4.0 m1 

N J.ll Ca(No
3

) 2 4.0 m1 

K 0.12 Kl'f()3 3 .0 m1 

N 0.04 llliu
3 

).0 ml 

p 0.15 H3.P04 13 .u m1 
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Contd. 
SOLUTiill 6 Element -,{t in Sol per litre Salt Used Quantity 

~Jg 0.10 Mgso
4 

4.0 ml 

s 0 . 13 lvlgso
4 

4.d ml 

N 1.01 NH
4

No3 36.0 ml 

SOLuriON 7 

Na 0.05 NaCl 2.2 ml 

Cl 0.08 NaCl 2.2 ml 

Cl 0.10 NH
4
Cl 2.8 ml 

N 0.04 NJI4Cl 2.8 ml 

Ca 0.16 Ca(No
3

) 2 4·0 ml 

N 0.11 Ca(N0
3

) 2 4 .o ml 

K 0.25 l{t'W3 6.5 ml 

N 0.09 KI:W 
3 

6.5 ml 

p 0.15 H
3

Po
4 

13.0 ml 

lvlg 0.10 MgSO 
4 4·0 ml 

s 0.13 Mgso
4 

4.0 ml 

N 0.96 NH
4
No

3 
34 ·3 ml 

SOLUTICN 8 

Na 0.05 NaCl 2.2 m1 

C1 0.08 NaC1 2.2 ml 

C1 0.10 .NH
4

c1 2.8 ml 

N 0.04 NH
4

C1 2.8 ml 

Ca 0.16 Ca(rw
3

) 2 4.0 m1 

N 0.11 Ca(No
3

) 
2 4.0 m1 

K 0 • .5 Im03 13.0 m1 

N 0.18 mo
3 

13.0 m1 

p 0.15 H3ro4 13.0 ml 

Mg 0.10 Ivlgso
4 

4.0 m1 

s 0.13 .MgS0
4 

4.0 ml 

N 0.87 NH
4
No

3 
31.0 ml 
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;:;OLUI'ICN 9 Element Wt in Sol per litr·e Sc...l t Used ggantity 

Na o.n NaCl 5 .o ml 

Cl 0.18 NaCl 5.0 ml 

Na 0.08 NaHO 
3 

3.5 lfil 

N 0.05 NaNO 
.3 

3-5 ml 

Ca u.l6 Ca(lW
3

) 2 4.0 ml 

N 0.11 Ca(No
3) 2 4.0 m1 

p 0.15 H
3

Po
4 

13.0 ml 

IHg 0.10 NJgS0
4 

4.0 ml 

s 0.13 MgS0
4 

4 .o ml 

N 1.04 NH
4
No

3 
37.2 m1 

SOLUTION 10 

Na 0.11 NaC1 5.0 ml 

C1 0.18 NaCl 5.0 m1 

Na 0.08 NaNO 3 
).5 ml 

N 0.05 NaN0
3 

3.5 ml 

Ca 0.16 Ca(No
3

) 2 4 .o ml 

H 0.11 Ca(.i.W.3) 2 4.0 ml 

K 0.12 m~o3 3 .o ml 

N 0 .04 .KNO 
3 

3 .o m1 

p 0.15 n
3
Fo

4 
13.0 ml 

Mg 0.10 MgSO 
4 

4 .v ml 

s 0.13 Mgso
4 

4.0 ml 

N 1.00 NB
4

No
3 

dOLUl' ION 11 

Nc.. o.n NaCl 5.0 ml 

C1 (_: .18 NaC1 5.0 ml 

Na u.oa NalW
3 

3 .5 ml 

N 0.05 NaNO 
3 

3 .) ml 

Ca 0.16 Ca(N0
3

) 2 4.0 ml 

N 0.11 Ca(No
3

) 2 4.0 ml 

K 0.25 1~03 6.5 ml 

N 0.09 ENu 6.5 ml 
3 

p 0.15 H3ro4 13 .0 ml 
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Contd. 
t>OLUTICN 11 Element wt in ::)ol per litre Salt Used Quantity 

~ o.1u l'v1gS0
4 

4.0 ml 

s J.l3 MgSO 
4 

4.0 m1 

N 0.95 NH
4

No
3 34.J m.l 

SOLUTI\.lif 12 

Na 0.11 NaCl 5.0 ml 

C1 0.18 NaC1 5.0 ml 

~a J.os Nauo
3 

3.5 m.l 

N 0.05 NaNO 
3 

3.5 m1 

Ca ...... 16 Ca(No
3

) 2 4·0 m.l 

N 0.11 Ca(N0
3

) 2 4 .o m1 

K 0.51 KN0
3 13 .o L1l 

N 0. J.6 KN0
3 

13.0 m1 

p 0.15 H3P04 13.0 m1 

Mg J .lu lv~gso4 4.0 ml 

s 0.13 Mgso
4 

4.0 m1 

N 0.85 lifH
4
Nu

3 
30.5 m1 

SJLU'.VIUN. 13 

Na 0.11 NaC1 5.0 wl 

C1 u.1s NaC1 5.0 ml 

Na 0.39 NaNv
3 

17.0 ml 

N 0 . 24 NaNv
3 

17.v ml 

Ca. 0.16 Ca(~hJ3 ) 2 4.J m1 

N 0.11 Ca(Nu
3

) 2 4.0 m1 

p J .15 H3P04 13.0 m1 

Mg J.lG 1Vlgsu
4 

4.0 ml 

s 0.13 Mgso
4 

4 .o JjJ.l 

N J.85 NH
4
Nu

3 30·5 rn.l 
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SOLUTICN l4 EleLJ.ent Wt in Sol per litre Salt Used ,tuantity 

Na 0.11 Na.C1 5.0 m1 

01 0.18 NaC1 s.o ml 

Na 0.39 NaNOj 17.u ml 

N 0.24 NaN0
3 17.0 ml 

Ca 0.16 Ca(No
3

) 2 4.0 m1 

N 0.11 Ca(N0
3

) 2 4.0 m1 

K 0.12 KNO 
3 

).u ml 

N 0.04 K!.W 
3 

3.0 m1 

p J.15 H
3

Po
4 

13.vral 

Mg 0.10 Mgsu
4 

4.0 m1 

s J.13 l11gSO 
4 

4.u m1 

N 0.81 NB
4
No

3 
29.0 m1 

S01UI'IJf 15 
Na o.n NaC1 5.0 ml 

01 0.18 Na.Cl 5.0 m1 

Na v.39 Hal.'f0.3 17.0 ml 

N 0.24 Ha.N\)
3 

17.0 ml 

Ca. J .l6 Ca.(Nu
3

) 2 4.0 m1 

N 0.11 Ca(No
3

) 2 4.u m1 

K U.25 I<N03 6.5 ml 

N 0.09 KNu
3 

6.5 ml 

p u.15 H3PJ4 13 .o m1 

'rfJ.g J.10 i.lgso
4 

4.0 m1 

s 0.13 l.igSv
4 4·0 ml 

N 0.76 liffi
4

No
3 

27.2 ml 
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::>011Y.J.1ILJ.J 16 Element V(_t in So± per li~ c Salt Used Quantity ------- --
Na 0.11 NaC1 5.0 ml 

01 0.18 NaC1 5.0 m1 

Na 0.39 NaNO 
3 

17.0 m1 

N 0.24 NaNO 
3 

17 .o ml 

Ca 0.16 Ca(uo
3

) 2 4.0 m1 

N O.ll Ca(No
3

) 2 4.0 m1 

K 0.51 KN0
3 

13.0 ml 

N 0.18 KNO 
3 

13.0 m1 

p 0.15 H PO 
3 4 

13.0 m1 

Mg 0.10 l.igso
4 

4.u ml 

s ().13 1VlgS0
4 

4.0 ru1 

N 0.67 NR
4
No

3 
24 .u m1 

SOL1Jll ICN_ll 

Cl 0. 18 NH
4

Cl 5 .u m1 

N 0.07 NH
4

c1 '1.0 m1 

Ca 0.48 Ca(No
3
) 2 lt .• o m1 

N 0.34 ca(Nv
3

) 2 1a.o m1 

p 0. 15 H3P04 13 .(; ml 

1~1g o.1u MgSO 
4 

4.0 m1 

~ u.13 MgSO 4 4.0 m1 

N 0.80 NH
4

Nv
3 

28.5 m1 

SOLUTIL.ll" 18 

01 u.18 NH
4

c1 s.u ml 

N 0.07 NH C1 
4 

5.0 m1 

Ca 0.48 Ca(No
3

) 2 12.0 ml 

N 0.34 Ca(No
3

) 2 l2.u m1 

K 0.12 I<N03 3 .u ml 

N- 0.04 KIW
3 

3.u m1 

p 0.15 H3ro4 13.0 m1 

Mg 0.10 Mgso
4 

4.0 ml 

s 0.13 Mgso
4 

4 .0 m1 

N 0.76 NH
4
Nu

3 
27.0 m1 
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E9E;}~I~5~--~'2 f~:-!_t,r;O f.:).YJ. t wt in sc.:l per litre :::>alt Used wan.tity ------
Cl u.l8 NH.C1 

l~ 
5.,0 ::!i.l 

N 0.07 NH
4

CL 5.0 m1 

Ca 0~48 Ca(No
3

) 2 
12 .. u r...1 

i~ U.34 Ca(110
3

) 
2 

12.u 1:11 

K 0.25 1<1~03 6.5 m1 

N 0.09 .KND.;: 
J 

6.5 m1 

p 0.15 H3ro4 13.0 ml 

Mg 0.10 Mgsv
4 

4.0 ml 

s 0.13 1vlgS0
4 

4.0 ml 

N 0.71 NH
4

1ifi0
3 

25.2 m1 

SdLUTitlf 20 
I"!!' ' <W •,. 

C1 J.l8 NR,Cl 
If 

5 .0 cl 

N 0.07 NH-).C1 5.0 ml 

Ca U.48 Ca.(IW_) 2 
12.u ml 

N 0.34 Ca.(:N\)3) 2 12.0 m1 

K 0 . 51 KN0.5 13 .u ml 

N 0.18 .KN0
3 13.0 m1 

p 0.15 H3P04 13 . u ml 

Mg 0.10 l'ifg804 4.J m1 

s J.l3 MgSO 
4 

4.0 ml 

N 0.62 Frl
4
1h)

3 22.0 ml 

SOLU'l'ISN 21 

Na -.J.05 NaCl 2.2 ml 

Cl 0.08 Na Cl 2.2 m1 

C1 o.1u NH Cl 
4 

2.8 ml 

N 0 . 04 NH 01 2.8 ml 
4 

Ca 0.48 Ca(N•J
3

) 2 
12.0 ml 

N 0.34 Ca (No
5

) 2 12.0 ml 

? 0.15 H3J\ )4 13.0 ml 

M€ 0.10 Mgso
4 

4. 0 rul 

s 0.13 Mgso
4 4-0 ml 

N 0.83 NH
4
No

3 
29.5 ml 
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s.j.L,Ur::::!;:;;i 22 !·D-::n;ent F._t :'.n So~_pcn· litre Salt Used .fll.!.B!l t H,r ----·--
Na 0.05 NaCl 2.2 Lll 

Cl d.08 NaC:!. 2.2 ml 

Cl J.lJ Nli4Cl 2.3 mJ. 

N J.L4 NH4Cl 2. 8 ~-.u. 

Ca 0.48 Ca(N0)) 2 12.0 ml 

N 0.34 Ca(No
3
) 2 12.u ml 

K 0.12 I<NO 
3 

3.0 ml 

N 0.J4 KNU
3 

3.0 ml 

:P l).l5 H3.FU4 13 .o ml 

Mg O.lU MgSu
4 

4.0 ml 

s 0 .13 IvlgSO 
4 

4.u ml 

N 0.78 NH
4
No

3 
28.0 I:ll 

SOLTJT ~(H 23 

Na 0.05 Na.Cl 2.2 ml 

Cl 0.08 NaCl 2.2 !:11 

Cl 0.10 NH
4
Cl 2.8 ml 

N 0.~ NH
4

Cl 2.8 ml 

Ca 0.48 Ca(N0
3

) 2 12.0 ml 

N 0.34 Ca(1m
3

) 
2 

12.0 ml 

K 0.25 l\N03 6 .~ raJ. 

N 0.09 XNO 
3 

6.5 ml 

:P 0.15 H
3
Po

4 
13 .o 1111 

Ivlg 0.10 Mgso
4 

4.0 m1 

s 0.13 til so g 4 4.0 ml 

N 0.74 NH
4
No

3 
26.3 ml 

- X -



~QI:-2.LJ: ll~L?d. P.le". ~r..t _y;_t..J::!_1~~~2r lit:r e Salt Us'?:i_ 12!~~~;~-~ ~~l ___ .,. __ 
Na 0~05 NaCl 2.2 Lil 

Cl 0.08 NaCl 2.2 rn1 

Cl 0.10 liH ('1 4' 2.8 .l:ll 

N 0.04 NH4C1 2.8 ml 

Ca 0.48 Ca(J1To
3

) 2 12.0 m1 

N 0.34 Ca(N-.>_) 2 12.u ml 

K 0.51 KN0
3 

13 .u ml 

N 0.18 KN0.3 13 .o ml 

}> 0.15 H
3

Po
4 

13 .o ml 

Mg 0.10 M&S·J4- 4.0 uJ. 

s 0.13 1YJgS0
4 4·0 ml 

N 0.66 NH4No.3 23.5 ml 

S0'1Jl1• T·"' T ":2. .J.J - __ \....., '-- ·----·· .. -·-

Ne. 0.11 NaC1 5.0 m1 

C1 0.18 Nc:,,C1 5.0 ml 

Na 0.08 Na.N0
3 3·5 m1 

N 0.05 Na.Nt"1
3 

3.5 ml 

Ca 0.48 ca(Nu:J 2 12.0 nl 
-' 

N 0.34 ca (rro~ ) 2 12.0 m1 

p 0.15 H
3

Po
4 

13 .u ml 

Mg 0.10 1<;Sl)
4 

4 .0 n:1 

s 0.13 1•,.,.S ) 
••j 1.4 4.l.J ml 

N 0.81 :rn-r :Fu . ·. ~ . 3 29.0 m1 

8t)LTJT :[I]'T 26 

Na O.ll NaCl ).U Dll 

Cl 0.18 NaC1 5.u m1 

Na 0.08 NaND 
3 3.5 m1 

N o.v5 N'iNO 
3 

3.5 ml 

Ca 0.48 Ca (No
3

) 2 1.2 .o ml 

N 0.34 C2.(No
3

) 2 12 .u ml 

K 0.12 1®03 3 .0 m1 

N (.l OJ. }~1)3 3 .0 rul 
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SOLU1.ri1~ 

Mg 

, .. 
,.) 

N 

Na 

Cl 

Na 

N 

Ca 

N 

K 

N 

p 

Mg 

s 

N 

Na 

01 

if a 

N 

Ga 

K 

N 

p 

Mg 

s 

N 

0.15 

u.1u 

0 .1) 

0.78 

0.11 

0.18 

0.08 

0.05 

0.48 

0.34 

0.25 

0 $09 

0.15 

u.1o 

0.13 

o. 73 

r).l1 

0.12 

0 .08 

0 .18 

u .15 

0 .10 

0.13 

0.63 

- xii -

H
3

Po
4 

l'i€r<::'Q . ,'-' 4 

111:gSO 
Lj 

l~1141'j J) 

NaC1 

NaC1 

NaNu 
7j 

Nanu..,. 
:> 

ca(No
3

) 2 

Ca(Nc
3

) 2 

KN0_3 

l\NL)3 

H3PD4 

l'vTgso
4 

Meso4_ 

NH~No3 

NaCl 

Na01 

Nal'T0_3 

Nal'T,\ 

C (N,-, \ 
a. "'-yz 

Ca(NO ) ... 3 <'. 

KN' ) 
'"'3 

mro
3 

H
3

Pl)
4 

1tJgS0
4 

l!lgso
4 

rm4N~).3 

4~0 ml 

4 .v ICJJ. 

). 0 m1 

5. 0 Jr.J_ 

)$5 rul 

3.5 ml 

12.0 m1 

12.0 ml 

6 .5 m1 

6.5 m1 

13 .o m1 

4.0 m1 

4 .l) Ll1 

26.0 m1 

5.0 ml 

5 .0 !1Jl 

3 · 5 r:.1 

3·5 ml 

12.0 ml 

12.0 m1 

13.0 m1 

1) .0 ml 

4 .0 ml 

22.5 m1 



2.~~-I~.f-}! __ ~~ EJ 2~, ~.:.1 t W"t -~~:~ -~.£~}.J:.£::_~~!:=:~ SD.J.-~ U .. :~~ .. <£'-1;.;7) +. i ·::y -·---- -.. -· .. .. ... .. .... .._ __ ...,. _ ..... 

N·£. .. ~ ,) • J.J. Nc.CJ. ) .:..l II"!~ 

C1 UtlO NaCl 5.0 ml 

Ua 0.39 Na}T\)3 17.0 ml 

N 0.24 Nruro
3 

17.0 m1 

Ca 0 .48 Ca(Nu
3

) 
2 

12.0 m.l 

N 0.34 Ca(N0.3) 2 
12.0 ml 

p 0.15 H
3

Pu
4 

13 .o Iii. 

Mg u.lo lilgS0
4 

4.0 m1 

s 0.13 MgSO 
4 

4-0 m1 

N 0.62 NH
4
Nv

3 
22.0 ml 

SOLUI'ICN 30 

Na 0.11 NaC1 5.0 ml 

C1 0.18 NaC1 5.0 m1 

Na 0.39 NaNO 
3 

17.0 m1 

N 0.24 NaN07. 17.0 ml 
J 

Ca 0.48 Ca(N0
3

) 2 12.0 ml 

N 0.34 Ca(N0) 2 12.0 ml 

K 0.12 KN0
3 

3.0 ml 

N J.l)4 RN0.3 3 .0 m1 

p u.15 H
3

Po
4 

13.0 r:U. 

1/fg 0.10 MgS0,1 
l " 

4.0 ml 

s 0.13 MgSO, 4.0 m1 
4 

N 0.59 NH4NCJ_:l 21.0 ru 

- xiii -



SOLUTICN 31 :£lement wt in Sol per litre Salt Used ~'1}'1-+,! _;._ v 

Na 0.11 NaCl 5 ~ L) TII1. 

Cl 0.18 J!TaC1 5.0 m1 

Na 0.39 NaN0
3 

17.0 mJ. 

N 0.:?4 Na11T0
3 

17.0 m1 

(j[-. C' . 4 8 Ca (Nc
3

) 2 1?..0 rnl 

N (> .54 Ca(No
3

) 2 
12 .L) rul 

K 0. ?.5 KN0
3 

6.5 ml 

N 0.09 KN0
3 

6o5 ml 

p 0.15 H}ro4 
13.0 r.J.l 

Mg 0.10 Mgso
4 

4.0 ml 

s 0.13 Mgso
4 

4.0 ml 

N 0.53 NH
4

No
3 

19.0 ml 

SOLTJ_;:];~ 3~ 

lJa U. 11 !iaCl 5 . 0 ml 

C1 u.J.a No.C1 s.u m1 

Na 1.)9 NaN0
3 

1(. Ll llll 

N 0.24 Na.l'W 3 
17 ,.0 ml 

Ca 0.48 Ca(No3) 2 12~U Ir11 

N 0.34 Ca (No
3

) 2 12. (j J.J. 

K v.51 KN03 13.0 !:.il 

N 0.18 KN0
3 

13.0 m1 

p 0.15 H3P04 13.0 ru. 

Mg 0.10 Mgso
4 

4.0 m1 

s 0.13 IvlgSO 
4 

4. 0 rr,1 

N l) C ' ~ ~ NH
4
No

3 
16.0 ill 
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APPENDIX II 

STATISTICAL lVIETHODS OF ANALYSIS OF EXPERTI.£NrAL DATA USED 

IN THE FOREGOING WOR<: 

The following is an example of the statistical methods 

emplqyed in the analysis of the experimental data. 
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AP.PENDIX II 

The example below illustrates the method em:ployed in statistically analysing the results in the present work.· 

J 

1 

2 

Lower Middle 

Ca1 1. 9''f!'; 0.43% 

ca2 
2 .26'j~ 0.887; 

ca1 2 ·337c 0.6qo 

ca2 2.2~~ 1. 26'fc 

ca1 2.057~ o. 26'l~ 

Ca2 2.16~<> o.87j~ 

Ca
1 

i 
i 

Upper 

0.117; 

0.557~ 

0.137~ 

0.40% 

l) .CJ5~~ 

0.42 

Upper, :Middle 
and Lower 
leaves. 

2.51 / 
I 

3.69) 

3.08) 
; 

3.92) 

2.36 i 
3.46) 

1.98 \ 
I 

I 

IS ' ; ca2 ! 2.1910 1.19% 0.447·o 3 .8t) . 

6.20 

24.82 

5.82 

5. 79 ' 

1 .. - ·-- ---· --- · -- .. .. - ---·--.. -·----------- -----·- ... -------·-------·---->-· --·--------.. ·---t'" '"'- ---·-- -·--- ·--------------
: Ca1 · 2.4~·c 0.45)--o 0.08'/~ · 2.99 . 

Ko 

Ca 
2 

ca
1 

Ca
2 

ca
1 

Ca2 

2.4 CJfo 

1 . 745-' 

1.2??,, 

l. 95Fl; 

1,. 95~' 

1.80;. 

2.J.4)o 

l. 96>:-

1.94:..:~ 

64 .277a 

l.l&JO 

.. . ·- ··· .. " . - ·- ··· ···· · 
0.29/} 

1.157c 

0.]4~·. 

l.24i 

0.25;·: 

1.20J~ 

o.oa,· .. 

1. 50;.1 

26.06'jc 

o .1crjo 

0.457~ 

o.os;., 

··- - . ..... " " --- 'c).-()59; 

o.l8j-~ 

o. C/5'):. 

0.20i 

o.os~~ 

0.3&1: 

0.07'i~ 

0.26?.: 

7.18',, 

" 

I 

I· 
I 

! 
i 

2.6lj 

2.17) 
~ 

3 ·39) 
I 

2.10.! 
' , 

3. 72) 

2.11) 
t. 

3. 70 : 
I 

97. 5lj: Grand : 

i 

6.65 

6 .)7 

4. 70 \ 

5.82 

5.81 

27.20 

21.89 

) 
,. 

2 
Upper leaves = 2.5573 

·-·-" 2 Middle leaves == 30.0309 

2 
Lower leaves =132.7005 

= (U_pper + lvliddle + Lov~·er) 

318.9862 

'l'otq,l i 
---------------------------------------------------------------·----~~~-------------------------------------------
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