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STELLINGEN 

Voor het vervaardigen vanmakro-autoradiogrammen van planten of van 
plantendelen moet van snel, onder druk gedroogd, materiaal worden 
uitgegaan. 

II 

De in de plant aanwezige metaalionen worden niet alle even gemakke-
lijk tegen overeenkomstige nieuwopgenomen metaalionen omgewisseld. 

Ill 

Het valt te betwijfelen.of uit experimenten met afgesneden wortels 
een juist beeId van de ionenopname verkregen kan worden. 

IV 

De.opneembaarheid van de voedingsionen moet gezien worden tegen de 
achtergrond van de dynamische processen in een bodemprofiel. 

Zowel de bodem- als de landklassifikatie houden nog te weinig reke-
ning met de kultuurtoestand van de grond. 

VI 

Voor een goede vruchtzetting bij Arachis hypogaea is het noodzake-
lijk,dat de gynofoor het benodigde calcium rechtstreeks uit de bo
dem opneemt, maar dit houdt geenszins in, dat dit eveneens het ge-
val moet zijn met fosfor en kalium. 

VII 

Het is niet waarschijnlijk.dat de verhoogde latexproductie bij He-
vea braziIiensis,tengevolge van de aanwending van stimulantia,ver-
oorzaakt wordt door een uitbreiding van het bij de vloei betrokken 
bastareaal, maar deze moet vermoedelijk verklaard worden door een 
wijziging in het vermogen om assimilaten te mobiliseren. 

VIII 

Het optreden van gen mutaties en van breuken in de chromosomen moet 
meer worden toegeschreven aan de indirekte-,dan aan de direkte wer-
king van de gebruikte ionizerende straling. 

IX 

De opvatting, dat natriumionen door de grassen moeilijk worden op-
genomen, is in het algemeen niet juist. 
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PREFACE (VOORWOORD) 

Het verschijnen vandit proefschrift biedtmij de gelegenheid raijn 
dank te betuigen aan alien, die tot mijn wetenschappelijke vorming 
hebben bijgedragen. 

Dit geldt in het bijzonder U, Hooggeleerde SCHUPPELEN, Hoogge-
achte promotor. Voor het feit, dat U het mij raogelijk hebt gemaakt 
te promoveren op een onderwerp, dat onder Uw leiding, maar niet 
op Uw laboratorium werd bewerkt, ben ik U zeer erkentelijk. Uw 
hulp bij het stellen van de problemen,Uw kritische zin bij het be-
oordelen van de resultaten en Uw onvermoeibare toewijding hebben 
zeer veel bijgedragen tot het totstandkomen van dit proefschrift. 
Met dankbare herinnering denk ik terug aan deprettige samenwerking 
en de persoonlijke gesprekken. 

Hooggeleerde HUDIG, gaarne breng ik U mijn dank voor Uw onverge-
telijke colleges en exkursies, die voor mij van blijvende waarde 
zijn gebleken. 

Hooggeleerde VAN DER STOK.Uw kritische beschouwing bij de behan-
deling van de teelt der tropische gewassen heeft mij bij de bestu-
dering van deze materie steeds voor ogen gestaan. 

Hooggeleerde REINDERS, het onder Uw leiding verworven inzicht in 
de ongelooflijke verscheidenheid in de bouw der planten heeft mij 
met grote bewondering voor de schepping vervuld. 

Hooggeleerde C00LHAAS*alhoewel ik niet tot Uw leerlingen behoor, 
mocht ik steeds vrijelijk een beroep doen op Uw rijke ervaring, 
hetgeen ik ten zeerste op prijs heb gesteld. 

Hooggeleerde EDELMAN, UW bezielende colleges hebben bij mij een 
blijvende belangstelling gewekt voor de opbouw en de struktuur van 
het bodemprofiel. De bij U verkregen praktijkervaringen zijn van 
blijvende praktische betekenis. 

Hooggeleerde PRAKKEN. Uw inspirerend entousiasme voor het weten-
schappelijk onderzoek, heeft een diepe indruk op mij gemaakt. De 
lessen van Uw voorganger,mijn leermeester, Professor HONING, blij-
ven voor mij van grote waarde. 

Hooggeleerde DANKMEIJER-,, de door U geboden gastvrijheid en de 
wijze waarop U mij in staat hebt gesteld kennis tenemen van de bij 
U op het laboratorium gebruikte metode voor het vervaardigen van 
mikro-autoradiogramraen, zijn boven alle lof verheven. 

Zeergeleerde LEHR, door Uw conscientieus onderzoek werd de grond-
slag gelegd voor de thans verschenen studie. U hebt; mij in staat 
gesteld dit onderzoek op het onder Uw leiding staancle laboratorium, 
in volledige vrijheid en geheel naar eigen inzichten, uit te voe-
ren. De prettige sfeer, Uw belangstelling voor het onderhavige on
derwerp, de opbouwende kritiek en het delen in de verantwoordelijk-
heid voor de gang van zaken, waren voor mij van bijzondere waarde. 
Voor Uw medewerking ben ik U zeer erkentelijk. 

Waarde IR ROSANOW, voor je vaardige hulp bij het oplossen van 
taal-technische problemen, mijn hartelijke dank. 

Waarde VAN WESEMAEL, gaarne spreek ik mijn waardering uit voor de 
hulp en de leiding, die jij gegeven hebt, bij al de voor mij uitgevoer-
de analyses. Onze samenwerking had voor mij altijd een eigen bekoring. 
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Waarde BUSSINK, je grote praktische landbouwkundige kennis en je 
diepe belangstelling voor het wetenschappelijk onderzoek gaf aan 
onze samenwerking wel een zeer bijzonder aspekt. 

Dear MR.SELWAY, your great care and trouble to execute the huge 
task of translating the present are beyond all praise,For the con
scientiousness and persistency with which you did this, I want to 
express my great gratitude and thankfulness. 

Voor de toewijding en de zeer gewaardeerde hulpvaardigheid„ bij 
het verlenen van technische assistentie door onderscheiden leden 
van het huidige en vroegere personeel van het Laboratoriura voor Be-
mestingsonderzoek, kan ik niet dankbaar genoeg zijn. 
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CHAPTER I 

INTRODUCTION 

In the middle of the last century it was demonstrated that it is 
possible to apply inorganic substances to the nutrition of plants. 
The theory of the mineral nutrition of plants evolved by L I E B I G was 
rapidly introduced into practice. 

About 1880, physiological investigations showed the elements 
carbon, hydrogen, oxygen, nitrogen, sulphur, phosphorus, calcium, 
magnesium, potassium and iron to be indispensable for the proper 
nutrition of the plant. In practical fertilization use was especially 
made of nitrogen, phosphorus and potassium, and these elements 
became so widely applied that about 1950 the world consimiption of 
N, P2O5 and K2Q for fertilizer purposes was 4,000,000, 5,600,000 
and 4,000,000 tons respectively per anntrni (221). It later appeared 
that a number of other elements were also necessary for the proper 
development of crops, namely, copper, manganese, zinc, boron and 
molybdenimi. These have come to be known as the trace elements. 

Apart from the elements in the two groups mentioned above, there 
are a.nimber of others which, while stimulating growth, have not. yet 
been definitely established as being essential for plant development. 
To these CI" probably belongs, BROYER et al.(46) having demonstrated 
that deficiency symptoms appear in plants to which this element is 
not available. 

Na* should also be considered as belonging to this class. It is 
known that this element is always present in crops and further that 
certain of these show improved development when sufficient sodiiin 
is made available to them. This effect of the sodium ion is often 
attributed to the fact that it is able to replace, in part, the 
potassium in the plant. This may be the reason for the fact that 
the bean (a crop which takes up little sodium) could be cultivated 
by fertilization with sodium nitrate without the appearance of 
potassium deficiency symptoms, whereas such symptoms did, in fact, 
appear when calcium nitrate was the fertilizer used (see plates Ns. 
1 and 2). 

The phenomenon of potassium replacement is however less evident 
in beet, a crop which shows great preference for sodium. Deficiency 
symptoms did not appear with high potash fertilization plus sodium 
nitrate or even without potash fertilization, but they were present 
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when calcium nitrate was the fertilizer used (see plates Nos, 3, 4 
and 5). Here sodium obviously produces an independent effect. 

Deficiency symptoms manifest themselves in cases of serious short
age. However, long before such symptoms become apparent it is clear 
that something is wrong in the plant. We found that, when leaves of 
apparently equally healthy fodder beet seedlings, some of which had 
been fertilized with sodium nitrate and some with calcium nitrate, 
were placed in 70% alcohol, a blackish discoloration developed in 
those which had been treated with calcium nitrate. 

Relatively little scientific investigation into the importance 
of sodium for the plant has been carried out. Although numerous 
trials have established that the sodium ion is capable of increasing 
the yields of certain crops, very little is yet known about the 
functions fulfilled by this element in the plant. In the past a 
great deal of research has been carried out at the Plant Nutrition 
Research Laboratory, Wageningen (The Netherlands), into the prac
tical and physiological effect of sodium upon plant life. The pur
pose of this research was to obtain information about the sodium 
requirements of various crops and to ascertain to which crops sod
ium fertilization could, with advantage, be applied. 

Despite the fact that a certain degree of insight into the physio
logical significance of sodium was gained from the numerous observa
tions made in the course of this research, the need was felt for 
a more fundamental investigation - physiological and biochemical -
which could contribute still further to the knowledge of the role 
played by this element in the plant. To this end it was decided to 
apply the technique involving tracer elements. In the physiological 
investigation - which has been carried out under the sponsorship of 
Professor A. C. Schuffelen - described in the following pages, an at
tempt has been made to extend the knowledge of the importance of 
the sodium ion in the life of the plant.With the aid of radioactive 
sodium, a study has been carried out of the uptake, outgo, trans
location and distribution of the sodium ion in oats. 



SODIUM AS A PARTIAL SUBSTITUTE FOR POTASSIUM 

FRENCH BEAN LEAVES PROM AN EXPERIMENTAL FIELD 
WITH A LOW POTASSIUM LEVEL 

Plate 1. Treatment:. Chilean nitrate of 
soda without potash. Healthy leaves 
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INDEPENDENT EFFECT OF SODIUM ON PLANTS 

FODDER BEET LEAVES PROM AN EXPERIMENTAL FIELD 
WITH A NORMAL POTASSIUM LEVEL 
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INDEPENDENT EFFECT OF SODIUM ON PLANTS 

FODDER BEET LEAVES PROM AN EXPERIMENTAL FIELD 
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CHAPTER I I 

THE IMPORTANCE OP THE SODIUM ION 
IN PLANT NUTRITION 

I. INTRODUCTION 

As early as the beginning of the 18th century D U H A M E L D E MONCEAU 
(67) named sodium as a component of certain plants growing along 
seashores, but it was not for another hundred years or more that 
the first investigations into the importance of sodium for the de
velopment of plants were carried out, after LIEBIG had put forward 
the theory that such elements as sodium, magnesium, potassium and 
calcium fulfilled functions in the life of the plant. About this 
time also BOUSSINGAULT (33) observed: "On ne saurait douter de 
1*efficacite de la potasse et de la soude sur la vegetation". 

About 1860, the first fertilization experiments with sodium salts 
were commenced in Germany (27, 295); in England, the well-known 
fertilization experiments were laid down at Rothamsted in 1852, and 
in 1882 the now classic experiments with Qiilean nitrate were start
ed by the American experimental station, Rhode Island (290). Then 
followed a relatively large number of incidental investigations 
carried out at the end of the 19th and the beginning of the 20th 
century until, about 1940, the attention of investigators was being 
drawn to an ever increasing extent to sodium as a plant nutrient 
(26, 159, 243). 

In the early stages of this "sodium- investigation" serious dif
ficulties were encountered with regard to methods of chemical ana
lysis for the determination of sodium and, indeed, for a long time, 
such determinations were made in an indirect way. The indirect 
method was too inaccurate, however, to enable the quantitative de
termination of minute amounts of sodium in plants. Later, by means 
of the uranyl acetate method IBERTRAND and co-workers (21, 22, 23,24, 
25) succeeded in studying the sodium contents of numerous different 
plants and parts of plants. Sodium is found, without exception, in 
all plants; in the different species, however, the sodium contents 
range widely from a few milligrams to 2 to 3 grams per 100 grams dry 
matter. Similarly, a considerable number of wild and cultivated 
plants were examined for their sodium content by American investi
gators (281), with the aid of the flame photometer. They discovered 
that the sodium content in the dry matter ranged from 0.00 to 3%. In 
view of the fact that this method has an accuracy of about 0.001 
gram sodium per 10 grains dry matter and the available sampling 
material was often even less than 10 grams, it cannot be concluded 
from their investigations that sodium was completely absent. 

BIRTRAND*s conclusion that all plants contain sodium would there
fore appear to be correct. 

By far the larger part of investigations with sodium salts has 
been directed towards the establishment of the agricultural impor
tance of the sodium ion. To date, little attention has been given to 
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physiological investigation for the purpose of ascertaining the in
fluence of sodium ions upon the plant's vital processes. In general, 
the agricultural investigation may be divided in three loosely de
fined parts, which may be characterized by the following questions: 

1. what influence is exercised by the sodium ion upon soil? 
2. What influence is exercised by the sodium ion upon the uptake 

of nutrient substances by the plant? 
3. To what extent does the sodium ion influence the development 

of the plant? 

The scope of the present work is not wide enough to allow all the 
various aspects of the sodium investigations to be discussed. We 
must be content therefore with summing up certain of the problems 
connected with sodium fertilization. 

II. THE INFLUENCE OP THE APPLICATION-OP SODIUM-CONTAINING 
FERTILIZERS UPON THE AVAILABILITY OP POTASSIUM IONS 

Immediately following the fertilization of a soil with sodium, the 
ions of this element bring about a change in the ion equilibrium 
of the soil. Part of the sodium becomes adsorbed by the soil colloid 
and other ions are simultaneously exchanged. Another part remains 
in the soil solution. The more strongly an ion becomes adsorbed by 
a certain soil colloid, the less easily is it exchanged by other 
ions. The strength of the adsorptive bond with the soil colloid is 
dependent upon the kind of ion (37, 86, 212), the type of colloid 
(212) and the position taken up by the ion in the colloid (185). 
The order of affinity of the cations varies according to the type 
of soil and is dependent upon the type of clay mineral. It has been 
found that the order of strength of adsorptive bond for certain clay 
minerals is: 

Beidellite Li< Na< K < Mg< Ca< H (86) 
Montmorillonite L i < N a < K < H <Mg<Ca'\ 
Kaolinite L i < N a < K < M g - Ca S (212) 
Muscovite Li< Na< Mg< C a < K < H J 

With the exception of Li, the sodium ion has the least affinity; 
thus adsorbed K, Ca, Mg and H ions are not easily exchanged by so
dium. On the principle of the complementary ion effect (as developed 
by J E N N Y and A Y E R S (121), according to whom the exchangeability and 
and hence the availability of an ion is greater, the greater the 
strength of adsorption of the other complementary ions) it follows 
that when the complementary ion is calcium the exchangeability of 
potassium is greater than when the more weakly adsorbed sodium is 
the complementary ion (120, 121). It may therefore be accepted that; 
in comparison with other ions, sodium ions applied in the fertilizer 
can play only a secondary role in making potassium ions available 
(78, 224, 225). For this reason, as has been stressed many times in 
the past (170, 188, 195, 217, 248), the favourable influence of 
sodium ions upon the development of various plants cannot be ascrib
ed without further proof solely to an increase in the availability 
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of potassium ions. Were this the case, plants such as buckwheat and 
corn (102) which react strongly to potassium fertilization would 
react noticeably to the application of sodium when insufficient 
potassium is available. This, however, has not been established 
(35). 

Prom the point of view of ion exchange and ion activity it might 
even be expected that sodium as complementary ion would strongly 
suppress the availability of other exchangeable ions. However, be
cause of the considerable variation in the ability^ of different 
plants to absorb sodium under identical conditions of cultivation 
(35, 52, 100), the complementary ion effect is nullified (15). Al
though, in general, sodium tends to reduce rather than to increase 
potassium uptake (99, 103, 116, 206), circumstances can arise to 
cause sodium to stimulate the absorption of potassium (53, 100, 103, 
157, 281). 

The effect of a certain ion upon the absorption of another is, 
however, a matter in which the specific properties of the root play 
a very important role. It has been found (189, 272) that when the 
concentration of sodium is high in comparison with that of potas
sium, or when the potassiwn concentration is high and the ratio of 
calcium to potassium is low, calcium is able to increase the-potas
sium absorption. In such a case, the influence of sodium is dependent 
upon the calcium concentration. But there is still another reason 
in terms of which the increase in potassium content under the in
fluence of sodium fertilization can be explained. It appears that 
plants fertilized with sodium sometimes develop very extended root 
systems (53) which thus enable more potassium to be taken up (220). 
This phenomenon is observed in crops, such as alfalfa, which take 
up little sodium (53, 132, 282, 297). 

The effect of the sodium dosage upon the potassien content appears 
to be dependent upon the type of plant concerned, upon the avail
able amounts of sodium and potassium and upon the ratio of calcium 
to potassium in the soil. 

III. THE INFLUENCE OP SODIUM IONS UPON THE AVAILABILITY 
OP PHOSPHATE 

Among the numerous publications dealing with the solubility of 
phosphate in the soil and its availability to the plant (168, 287, 
289, 293) various investigations will be found in which the sodiim 
ion has played its part. The somewhat inconsistent and even contra
dictory experimental results obtained necessitate the arrangement 
of these investigations in accordance with the way in which the 
solubility and availability of the phosphate was measured. In cer
tain cases the mobility of the phosphate was determined from the 
reaction of the plant including such factors as the development, the 
phosphate extraction and the phosphate contents of the plant. GRA-
S A N I N (89), who carried out pot experiments with rye in soils of 
various degrees of acidity but all poor in water-soluble phosphate, 
found that the uptake of phosphate was increased by sodium nitrate. 
COLBY (51), using French Prune trees in water cultures, established 
that a large phosphate absorption was characteristic for trees which 
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were liberally treated with sodium salts. 
Similarly, METZGER (165) found that a more complete utilization 

of phosphate by alfalfa occurred when both sodium nitrate and super
phosphate were applied than when only superphosphate was applied. 
Prom the extensive pot and field experiments carried out by T HUN 

(258) it appeared that the effect of sodium nitrate fertilization 
upon the development of various crops in various soils and under 
different conditions was not, in all cases, identical. The influence 
of sodium nitrate, as compared with that of calcium nitrate, was 
most pronounced when no phosphate fertilization was given. 

It was found by T H O R N E (256, 257) that the phosphate content of 
the plant increased with increasing sodium level of the clay minerals. 
In the case of mangolds (284) it appeared that phosphate fertiliza
tion was more effective when sodium was also present. The same 
observations were made by SEMERGEI (236) who used cotton as the 
experimental crop. On the other hand it was found by HARMER and 
BENNE (99) using celery and sugar beet, and by S C H A R R E R and SCHROPP 
(215) using maize, winter rape and soya beans, that the application 
of sodium chloride had only a small effect upon the phosphate con
tent. Prom the experiments of SCHARRER and SCHREIBER (213) it was 
found that sodium chloride applied to moderately light and heavy 
soils suppressed the phosphate uptake. VOLK (273) found that, in 
the case of oats and soya bean, the uptake of phosphate was scarcely 
influenced by sodium nitrate. 

In pot experiments with winter oats (117a) it was found that in 
acid soils better results were obtained with ammonium sulphate and 
superphosphate than with sodium nitrate and superphosphate. The 
favourable effect of ammonium sulphate and superphosphate has been 
established in pot experiments on various occasions (62, 194, 244), 
but this effect has not been confirmed by field experiments (244). 
Only a very slight increase in yield was obtained in field experi
ments in which sugar beet was given sodium nitrate with no phosphate 
dressing. Using phosphate dressing in the form of phosphorite to
gether with sodium nitrate a very much greater increase was obtain
ed than with ammonium sulphate and phosphorite. In field experi
ments the combination of sodium nitrate and basic slag or super
phosphate gave better results than ammonium sulphate with basic slag 
or superphosphate. 

It appears from the above that the effect of sodium on the avail
ability of phosphate is variable. This is, however, not surprising 
in view of the great difference between the experimental condi
tions, the application of various sodium salts and the fact that 
plants were used whose reactions to the sodiwn ion differ widely. 

The measurement of the availability of phosphate from the plant 
itself raises the question whether sodium chiefly influences the 
physiological availability (the ability of the plant to assimilate 
soluble phosphates) or whether it increases the solubility of the 
soil phosphate. In this respect, the results of the investigation 
by PARKER and THORNE (187) are extremely interesting. They studied 
the mobility of water-soluble phosphate from suspensions of sodium 
and calcium bentonite clay and the permeability of the roots of 
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bean and tomato plants to phosphate throughout a pH range from 4 to 
9. They discovered that the physiological availability of phosphate 
is a function of the pH. This is in agreement with the theory of 
VAN DEN HONERT (117) who suggested that only the primary phosphate 
ion was taken up by the plant. The permeability of the root to 
phosphate underwent no change in the pH range from 4 to 7, but on 
raising the pH to 8 a small reduction in permeability was brought 
about. Above a pH value of 8, the permeability of the root to phos
phate was found to fall sharply. Por the physiological availability 
of phosphate only the alkaline pH range is of importance, especially 
that between 8 and 9. Prom this it may be concluded that changes in 
the physiological availability of phosphate are of no importance in 
the majority of culture soils. The influence of sodium ions is, 
therefore, greater upon the uptake of the phosphate ions than upon 
their possible physiological effect. 

In other investigations, the measurement of the solubility of the 
phosphate is carried out using water or acids of various strengths 
as extraction agent. 

SCHULOW (223) states that ammonium sulphate exercises a stronger 
dissolving influence upon phosphorite than sodium nitrate does. In 
percolation experiments with these salts in a weakly acid subsoil 
BROWN (45) found that practically no increase in the penetration of 
the phosphate occurs. According to SEMUSHKIN (237) sodium carbonate 
increases the solubility of phosphates more than does calcium car
bonate. Sodium chloride, sodium nitrate and ammonium salts caused 
the water solubility of calcium phosphate to increase (146). 

It was observed by MlDGLEY (167) that in a weakly acid silt loam 
the penetration of superphosphate is strongly suppressed by calciiro 
hydroxide and lightly suppressed by potassium sulphate .and ammonium 
sulphate but increases considerably in the presence of sodium ni
trate. DYER (68) found that the penetration of superphosphate was 
favoured by potassium sulphate and sodium sulphate. 

The nature of the anion also appears to influence the solubility 
of phosphate. The solubility of rock and soil phosphate was found 
to be increased more by NaN03 and K 2 S0 4 than by KC1 and NaCl (90). 

Another investigation (288),: however, gave indications that the 
effect of sulphates is less pronounced than that of chlorides and 
nitrates. The solubility of the phosphates appears to be much high
er in soils where sodium predominates than in those where calcium 
holds sway (82, 160, 187, 197, 247, 256, 294). RAVIKOVITCH (198) 
found the following order for the effect of cations upon the avail
ability of adsorbed phosphate: 

Na > K > NH4 > H > Mg > Ca. 

This phenomenon is also described by L E H R and VAN W E S E M A E L (140). 
They demonstrated that the points of difference which are to be found 
in the literature in connection with the influence of neutral salts 
upon phosphate availability in soils are attributable to the fact 
that the behaviour of phosphates varies according to whether or not 
soil is included in the system. In a system containing no soil,neu
tral salts of univalent cations generally promote phosphate solu-
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bility. On the other hand, in a system containing soil, reduction 
in phosphate solubility is practically always caused by salts of 
both univalent and bivalent cations, the degree of reduction in
creasing in the order of the lyotropic series. They attribute this 
influence, in the case of soils of the temperate zones, to the li
beration of calcium ions from the adsorption complex.Sulphate,how
ever, has a stabilizing effect upon phosphate solubility and this 
is held to be due to the suppression of the concentration of calcium 
ions on account of transgression of the solubility product of CaSO^. 
The experiments of L E W I S (145) indicated that the availability of 
soil and fertilizer phosphate was increased by application of so
dium ions, whilst administration of calciim ions caused a stronger 
phosphate fixation to occur. In laboratory experiments HEBERT (109) 
found that both in calcium-rich and calcium-poor soils more phos
phate was liberated by sodium nitrate than by calcium nitrate. 

After discussing the extensive long-term experiments carried out 
by various American experimental stations, FRANKLIN (79) comes to 
the conclusion that sodium ions promote the solubility of phosphate. 
In his opinion this is brought about by a reduction in the degree 
of acidity of the soil and also by the direct influence of the so
dium ion itself. 

The fact that, apart from an increase of pH caused by sodium 
salts, the sodium sometimes exercises a direct influence upon the 
availability of phosphate was also demonstrated by PARKER andTHORNE 
(187) and by RAVIKOVITCH (198). 

Prom the foregoing it is clear that many investigators have found 
that the sodium ion favourably influences the solubility of phos
phate. 

In view of the numerous factors which can influence the avail
ability of phosphate (168, 293) and the widely differing .experimen
tal conditions used in the various investigations, it is scarcely 
surprising that the results relative to the degree to which sodium 
can affect the solubility of phosphate also differ greatly. In gen
eral, it; can be said that, of the neutral salts, those of sodium 
least suppress the solubility of phosphate (140, 162, 163, 288). 
Moreover, apart from the phosphate-dissolving effect brought about 
in certain cases by sodium salts through the increase in pH, the 
sodium ion itself exercises a favourable influence upon the avail
ability of phosphate (78, 79, 187, 198). As a result, not only the 
solubility but also the mobility and thus the availability of the 
phosphate will increase. The effects peculiar to the sodium ion 
itself may be regarded as a phosphate-dissolving influence which is 
dependent upon the pH (187), and an ability to mobilize phosphate 
through the agency of the sodium humate which forms in the soil (78). 
A third possibility was voiced by ANDREWS (6). In the purification 
of water, tricalciim phosphate is used to precipitate fluorine 
(147), causing the formation of calciim fluorphosphate. With the 
aid of a dilute soda solution it is possible to separate out the 
fluorine again from the calcium fluorphosphate. As practically all 
soils contain fluor (168), ANDREWS considers it possible that the 
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sodium of the nitrate of soda in the fertilizer zone can prevent 
the formation of fluorphosphate. 

IV. THE IMPORTANCE OP SODIUM IONS FOR TOE STRUCTURE AND HABIT 
OP THE PLANT 

Prom investigations into the cause of the lodging of cereals and 
into the factors which influence the structure of fibre crops (20, 
141, 172, 182, 263), it has been clearly established that mineral 
nutrient substances affect the structure of the plant. The effect 
of the nutrient ion is dependent not only upon the type of plant 
and upon the nature of the ion itself but also, and to as great an 
extent, upon the rate, chemical form, time and method in which 
application of the element is made (148), Moreover, studies of the 
ontogeny of plants have also shewn that mineral nutrition has an 
effect. In sunmarizing this, LOEHWING (148) states that "although 
mineral nutrients are not the initial and primary causes of tissue 
differentiation or inception of reproductive processes, they are 
often controlling in the implementation of the plants' developmental 
potentialities''. 

The element potassinn has been used in many investigations in 
connection with the sturdiness of the stalk and the formation of 
fibres (1,2,5,169, 218, 254, 261, 262,268, 292).. Potassium appears 
to promote the rigidity of the stalk and the formation of fibres. 
The influence of sodium in this respect has been the subject of 
very few investigations, but here and there in the literature refer
ence is found to a few experiments designed to investigate the 
effect of this element upon plant structure. Moreover, other refer
ences are found to investigations into the structural influence of 
potassium in which sodium has been applied with the dressing. 

In this laboratory* LEHR' s observation (134) has established on 
many occasions that the influence of sodium finds expression in the 
habit of the plant. Thus with sugar and fodder beet, for instance, 
it is possible to differentiate between a "calcium type is and a 
"sodium type" (134. 139). 'The calcium type is "thick-set" in appear
ance and has stiff, upright leaf-stalks ami more slender leaves, 
whereas the leaves of-the sodium type are luxuriant, pliable and 
drooping. In general, plants dressed with sodium salts have bigger, 
broader and darker green leaves (49, 59). 

In the case of flax a positive influence attributable to sodium 
was established, which was reflected in an improvement in quality 
and yield of the fibre (41). 

NESZLER (176) found that by the application of sodium chloride to 
hemp a better, tougher and more pliable bark was obtained. 

VERONA and TREGGI (271) andTREGGI (265) investigated the influence 
of sodium upon the anatomy of wheat and lupin. In these plants so
dium was found to affect the formation of vascular and supporting 
tissues. H A Y W A R D and LONG (105) found, in the case of tomato, that 
with increasing concentrations of sodium chloride or sodium sulphate 
in the nutrient solutions, thicker cell walls of the mechanical 
tissues resulted. 
* Plait Nutrition Laboratory, Wageningen, The Netherlands. 
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A deficiency of potassium results in the citrus fruits developing 
thick skins (71), and this appears also to be the case when these 
fruits are dressed with ammonium sulphate. Dressing with sodium 
nitrate, on the other hand, produced thin-skinned fruit (164). This 
difference is attributed by VAN DER MERWE (164) - not without some 
justification, presumably - to the difference in chemical form of 
the applied nitrogen. However, in view of the fact that sodium is 
known to influence the structure and habit of the plant and affects 
the development of citrus fruits (94), it is very probable -especially 
since sodium acts in the same way as potassium - that sodium con
tributed to the formation of thin-skinned fruits in the investigation 
of VAN DER MERWE. In earlier investigations with fibrous crops, in 
which much sodium was applied simultaneously with the potash dressing 
in the form of kainit, the influence of the potash dressing was 
unjustly ascribed entirely to the potassinn ion (see compilation 
by LEHR and WYBENGA, 141). 

From the results of investigations it may be generally concluded 
that sodium promotes development of the supporting tissues. The 
relationships of the mineral nutrients with photosynthesis, enzyme 
effect and other functions vital to the regulation of the growth 
and development cycle of the plant appear to be less intimate than 
that of the inorganic ions with the action of the phytohormones and 
other specifically morphogenetic compounds (144, 148). Since the 
minerals do not directly affect the reproductive processes but 
exercise their influence through the metabolism, they must neces
sarily take part in the metabolic process if they are to have an 
effect upon the tissue formation. In this way, sodium will also 
play a role in the metabolism of the plant. 

V. THE INFLUENCE OF SODIUM IONS UPON THE WATER ECONOMY OF THE PLANT 

The amount of water required by the plant is greater than that of 
other necessary nutrients. The majority of this water, however, is 
again taken from the plant by evaporation. The water balance of the 
plant is governed by the factors which control the water uptake 
through the roots, the water-holding capacity of the plant and the 
transpiration. The difference between the suction tension of the 
roots and of the soil which is partly determined by the salt con
centration in the soil solution is of great importance for the water 
uptake. 

As can be concluded from many investigations (69, 105, 106, 107, 
149,154,177, 207)the availability of water is strongly influenced by 
the osmotic forces, even in cases of low osmotic values of neutral 
salt solutions. An increase of the osmotic pressure of the soil 
solution goes hand-in-hand with a decrease in the physiological 
availability of water to the plant. 

In conformity with this many investigators (83, 84, 153, 155, 177, 
276, 277) attribute the toxicity of saits largely to osmotic effects. 

'It appears from various investigations, including that of EATON 
(69) who used corn and tomato plants as experimental crops, that, if 
the water uptake is dependent solely upon the osmotic pressure of 
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the salt solution, the composition of isotonic salt solution could 
have practically no influence upon the water uptake. 

On the other hand,it has appeared from other investigations (36, 
63, 70, 108, 124, 177, 275) that, apart from osmotic pressure, the 
nature of the salt has, in fact, some influence upon the regulation 
of the water uptake. Dependent upon the concentration and the propor
tion of cations and anions in the nutrient solution, histological 
and physiological changes may occur in the plant (126,132,216,265, 
271). Dependent upon the nature of the plant,a given salt is able to 
influence the water and ion uptake more strongly than the osmotic 
pressure of the nutrient solution, as affected by that salt. 

In this way, also, the influence of sodium upon the water uptake 
is explained by the changes which have taken place in the plant as 
a result of sodium absorption (49, 59, 144, 265, 271), But neither 
the effects of different sodium salts nor the effect of a specific 
sodium salt are identical for all plants (126). 

The extensibility and the permeability of the protoplasm are in
fluenced by sodium.By comparing various nitrates SEIPRIZ and PLOWE 
(235) found, in the case of epidermal cells of the onion (Allium 
cepa),.that the various cations were able to cause structural chan
ges which altered the properties of the plasma. (Ca + + > Sr + + pro
moted the elongation and Na +> Li +> K + decreased it). 

1).The influence of sodium ions upon the permeability of the plant 
cell 

The permeability of the plant cell varies with the age and posi
tion of the cell (43, 44, 191, 208,} 209, 269) and is, moreover, in
fluenced by various chemical and physical factors (123), namely, 
the pH (92, 234), temperature (92, 233), salts (114,125, 217, 232, 
233) and changes in metabolic activity. 

It was found by SEEMAN (234),that the presence of salts results, 
in general, in an increase in permeability. The supposition that 
sodium and potassium change the permeability of the cell was con
firmed by the investigations of GUTTENBERG and BEYTHEIN (91). Uni
valent cations such as Na + and K + pass the cytoplasmic membranes 
more easily than the hivalent and trivalent cations do. 

The investigations with Laminaria carried out by « OSTERHOUT (183) 
indicate that the ions Li +> Na +> K +> NH4 +> Cs +> Rtfall promote 
permeability whilst Ca ++, Ba++ , Si ++, Mg ++, Pe++, La ++ , Fe+++ 
and Al + + +,in combination with the univalent anions,first suppress 
permeability and later increase it. 

Similar effects upon the permeability of the cytoplasm of epider
mal cells of onion bulb scales to water were found by DE HAAN (93). 

In the investigation of RABER (196) on the influence of the anion 
upon permeability, various sodium salts all gave indications -
though not in the same degree - of increased permeability.Dependent, 
upon the anion, equimolar concentrations of various sodium salts . 
stimulated the permeability in accordance with the lyotropic series, 
citrate > P04 > tartrate > S04 and acetate > CI > W 3 > Br > I. The 
polyvalent anions had more effect upon the permeability than the 
univalent anions had. 
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to the role of sodium in the nutrition of the plant. The present 
trend of development dates from about 1860 when sodium was described 
as a non-essential element but was recognized at the same time as 
being able to function in the place of potassium to some extent. 
In more recent times much material has been collected-and in this, 
the Plant Nutrition Research Laboratory, Wageningen, The Netherlands, 
has also made its contribution - from which it has appeared that 
the role of sod.u^ is not confined solely to its ability to sub
stitute for potassium but may, in fact, be regarded as independent 
and partly specific in nature. The development of ideas on this 
subject has been sketched by LEHR in a series of three lectures 
(138a), in which he traces the gradually increasing appreciation 
of sodium throughout its various stages. We are shown how, from the 
earliest conception of sodium as a 'make-weight' or ballast sub
stance, then as a substituting element and, still later, as a sti
mulating element,the trend has moved steadily towards its recogni
tion as an essential plant nutrient. Although this latter stage 
has not yet been reached, still more new facts have been revealed 
in recent years which strengthen the likelihood of sodium ultimate
ly being recognized as having a specific function in plant life. 
In agricultural investigations, much consideration has been given 
to the possibility of potassium and sodium ions being mutually 
exchangeable in the plant. 

In itself, there is nothing exceptional about the interchange-
ability of ions in living organisms. 

It occurs also with the elements calcium and strontium (17), mag
nesium and beryllium (252), potassium and rubidium (202, 203). 

In cases of potassium deficiency, three elements, namely, rubi
dium, sodium and lithium, appear to be capable of fulfilling the 
functions in the plant normally fulfilled by potassium. The accu
mulation of amino acids and amides, for instance, is prevented by 
these three elements in the same way as by a sufficiency of potas
sium (204). In plant nutrition sodium, however, plays a role dif
ferent from that of rubidium or strontium. 

In oats cultured in nutrient solutions containing equivalent 
amounts of potassium and sodium,the absorbed amounts of these ele
ments are in the ratio of 20 : 1. When the sodium concentration is 
reduced 400 times,the amount of absorbed sodium is found to be re
duced by only 33 times. With rubidium in the presence of potassium 
and with strontium in the presence of calcium, a reduction of the 
concentration of rubidium or strontium in the nutrient solution re
sults in a proportionate reduction in the absorption of these ele
ments (52). Prom this it appears that, in contrast with rubidium and 
strontium, sodium is selectively absorbed and therefore it has ap
parently still a physiological function other than that performed 
by potassium. This phenomenon has also been observed by other in
vestigators (100, 184). 

In all probability, one of the reasons why so much stress has 
been laid upon the interchangeability of potassium and sodium is 
the fact that, in their chemical properties, these elements are 
very similar. 
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Another logical reason is that it has appeared from many observa
tions that a saving in potash fertilization can be achieved by the 
application of sodium-containing products (143). On the basis of 
results from investigations into the interchangeability of potassium 
and sodium, attempts have been made to classify crops in accordance 
with their reaction to sodium as influenced by the potassium supply 
(101, 132). In this connection reference is also made to the ten
tative scheme of classification of crops according to potassium-
replacing power of sodium (138). 

HARMER et al. specified four groups which enable crops to be clas
sified as follows: 

1). Little or no reaction to sodium in the case of insufficient 
potash supply. These crops include : buckwheat, corn, potato, 
spinach, white bean (101), tomato (178). 

2). Slight to medium reaction to sodium in the case of insuffi
cient potash supply. These crops include: alfalfa, asparagus, 
carrot, oats, tomato (101), cotton (130). 

3). Slight to medium reaction to sodium in the case of ample po
tash supply. These crops include : cabbage, celeriac, pea, 
wheat (101), potato (138), cotton (54, 55, 158), oats (136, 
137, 286), flax (132, 141),barley, Westerwolds ryegrass (136) 
and tomato (174). 

4). Large reaction to sodium in the case of ample potash supply. 
These crops include : celery, mangold, sugar-beet, turnip 
(101), spinach (135). 

Because the findings of different investigators are not always 
in agreement, the above classification has only limited significance. 
Differences in results may be attributed in part to differences 
in the external conditions under which the experiments were con
ducted and in part to the fact that considerable varietal differ
ences in sensitivity to sodium can occur within a plant species 
(136).On comparison of the classification of plants grouped accord
ing to their sensitivity to sodium (101) with the classification 
according to their sensitivity to potassium as given by HARTWELL 
(102), it will be found that plants which react strongly and less 
markedly to sodium are placed in plant-groups which react strong
ly, moderately and slightly to potassium. Favourable effects from 
both potassium and sodium do not, therefore, necessarily go to
gether. This means that the reaction to sodium cannot always be 
considered as being dependent on the reaction to potassium: this 
can be seen most clearly with plants which display a slight reaction 
to potassium and a marked reaction to sodium (e.g., oats). It is 
therefore very probable that the sodium ion exercises an influence 
of its own which is independent of the potassium-rep lacing effect. 
The similarity existing between these two ions has, most probably, 
led to the conception of the replacement of potassium by sodium 
and this has, in turn, led to the differences between them being lost 
sight of. 
- In this way it was too readily accepted that agreement also exists 

between the functions which each element fulfils in the plant and 



30 

between the way in which they combine - temporarily or permanently 
with the substances present in the plant cell. 

TABLE 1 

K + 

Na+ 

Radius 
hydrated Ion 

AO 

1.98 
2.56 

Radius 
crystal 

AO 

1.33 
0.96 

Molar 
refraction 

2.25 
0.47 

Ionic 
potential 

charge/radius 

0.75 
1.00 

Dissociation 
constant 

polyphosphate 

0.50 
0.05 

Prom the above table - based upon data given by STEINBACH (249)-
it can clearly be seen that considerable differences exist between 
the sodium ion and the potassium ion. In respect of rate of dif
fusion, the measurement of the hydrated ion is, of course, impor
tant and the sodium ion will diffuse less rapidly than the potas
sium ion. The tendency to form tight complexes with large anionic 
material is dependent upon the ionic potential, being increased as 
this potential increases (74). Since the ionic potential of sodium 
is greater than that of potassium the former element forms com
plexes better than the latter. This can also be deduced from the 
differences between the dissociation constants of polyphosphate 
complexes of sodium and potassium (74, 285). 

The conclusions which certain investigators (175, 280, 296) have 
drawn from their experiments relative to the replaceability of po
tassium by sodium have not, in all cases, been correct. For in
stance, MULLISON and MULLISON (175) interpreted the results of their 
investigation with barley as follows : 'Sodium itself is utilized 
in place of the potassium when the latter is present in insufficient 
amounts' . The experimental results, however, did not justify this 
conclusion. In their investigations, nutrient solutions were used 
containing ascending amounts of potassium (from 0 to 180 p.p.m.) 
and descending amounts of sodium (from 180 to 0 p.p.m.), in such a 
way that a total of 180 p.p.m. sodium plus potassium was present in 
each nutrient solution. 

Thus, the actual amount of sodium present was greater in the lower 
potash levels than in the higher potash levels. The highest yields 
were obtained from potassium concentrations of 20 to 60 p. p.m. with 
sodium concentrations of 160 to 120 p.p.m. while, when no sodium 
was present (the experiment was also carried out with the same 
potash levels but with no addition of sodium), the yields were 
lower at all potash levels. There appears to be no justification, 
therefore, to assume that, in the case in question, sodium acts 
solely as a • potash replacer* . On the contrary, it might be assum
ed much more readily that the sodium, as such, played an active 
role in increasing the yields. WOLFF (296) is of the opinion that 
an equivalent replacement of sodium by potassium in the plant can-
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not be considered a possibility, but he observed from his experi
ments (which cannot be regarded as very reliable) that equivalent, 
part-exchange of potassium by sodium in the nutrient solution had 
a favourable, rather than unfavourable, influence upon the deve
lopment of the plants. This was also found in experiments with to
matoes in sand cultures carried out by WALL (280), who based his 
investigation upon the conclusion of NIGHTINGALE et al.(178),that, 
in the case of tomato plants, sodium is unable to replace potas
sium. 

Accordingly, in the discussion of the experimental results, this 
possibility was left entirely out of account. But considering the 
fact that the ash contents of the various groups of plants (tests 
were made on four groups of plants cultured in nutrient solutions 
containing sodium and potassium in ratios of 0 : 351; 104 : 176; 
181 : 44 and 207 : 0 p.p.m. respectively) were practically identi
cal, the replacement of potassium by sodium is actually mentioned 
as the possible cause. Plants cultured in a nutrient solution 
containing concentrations of 181 p.p.m. sodium and 44 p.p.m. potas
sium -Aiiibited the best vegetative development. It would certain
ly not be misplaced here to assume that a replacement of potassium 
by sodium had occurred and even that the sodium had exercised an 
influence of its own. 

The above-mentioned arguments strongly indicate that the sodium 
ion has a specific action, but give' no answer to the question 
whether the sodium ion is essential for the plant. 

The criteria which an element must satisfy in order to be regard
ed as essential for the plant have been formulated by ARNON and 
S T O U T (13) as follows: 

1) A deficiency of it makes it impossible for the plant to com
plete the vegetative or reproductive stage of its life cycle. 

2) Such deficiency is specific to the element in question and 
can be prevented or corrected only by supplying this element. 

3) The element is directly involved in the nutrition of the 
plant quite apart from its possible effects in correcting some 
unfavourable microbiological or chemical condition of the soil 
or other culture medium. 

According to PIRSON (190) the first criterion embraces not only 
the appearance of visually observable deficiency symptoms to which 
the lack of the essential element gives rise, but also requires, 
especially when none of these outward deficiency symptoms occur, 
that all biochemical and enzymological processes in the living sub
ject, which are functions of this essential element, should be 
checked. The latter requirement is difficult to meet in the case 
of elements such as sodium, where the biochemical functions for 
which they are responsible are not known. 

In order to create the specific deficiency symptoms it is advi
sable to start with a culture which is practically free from the 
element which it is desired to study in relation to its indispen-
sability for the plant. It is desirable to chose as the experimen
tal plant one which is known to have a relatively high requirement 
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of the element concerned. When an experiment designed in this way 
gives no positive results, it is still essential to be extremely 
careful in the interpretation of the result since,despite all pre
cautions, it is never quite certain that the element in question 
was completely absent (13). 

Especially in the case of elements such as sodium, which is 
present almost everywhere, not only is the preparation of a so
dium-free nutrient solution far, from simple, but great difficulties 
are also encountered in keeping such a solution, once prepared, 
free from sodium. It may be readily accepted that the possibility 
of the prepared solution still containing a relatively large amount 
of sodium - despite all efforts - is far from excluded. In addi
tion, uptake of sodium from the air must be prevented in these ex
periments and that is also far from simple. That this latter is 
not a difficulty to be underrated came to light from the experiment 
with sugar-beet in water cultures carried out by VAN SCHREVEN (220), 
which was designed to study the replacement of potassium by sodium. 
It appeared later that the supposedly sodium-free experimental 
plants and cultures contained, in fact, considerable amounts of 
sodium. In this connection, it is interesting to note the remark 
by STEINBERG (251) to the effect that an element may not be con
sidered as non-essential if it is present in the nutrient solution 
in concentrations greater than one part per thousand million. 

It will be appreciated from the foregoing that to produce evidence 
that sodium is an essential element for the plant, it is, if not 
practically impossible, at least insuperably difficult to proceed 
in this way with the present-day technique. Moreover, the diffi
culties of proving sodium to be an essential element are increased 
by the possibility of partial interchanging of the elements sodium, 
potassium, calcium (122), rubidium and littuum. Chemical analysis 
of plant material has definitely established that sodium is always 
present in fairly large amounts in the organs of plants, and rela
tively large quantities are found in the roots even of those plants 
which appear to contain little sodium in their aerial parts when 
supplied with a sufficiency of the element (95,163a). However, the 
fact that sodiun (as also manganese (133)) in contrast with potassium, 
is found in sucn widely different amounts in different plants, is 
evidence that the essential requirement of the element can differ 
greatly between one plant and another. Although sodium has not 
been tested sufficiently (if at all) against the three criteria 
given above, the available data support the opinions of various in
vestigators that sodium must, in fact, be considered as an essen
tial element for the plant.On the one hand, plants receiving an 
amply supply of potash have been found to develop better when so
dium is added to the substrate (11, 87, 99, 100, 116, 118, 134, 
175, 211, 214, 220, 240, 253, 266, 279, 291) and on these grounds 
or in the li^it of the fact that sodium has no influence upon the 

Personal communications: Institute for Rational Sugar Production, 
Bergen op Zoom, The Netherlands. 
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movement of potassium within the plant (121), a function of its 
own is attributed to sodium. 

On the other hand, a few investigators have observed sodium de
ficiency symptoms in beet which had received a sufficient supply 
of potash (95, 138, 205, 283). 

This was described by WALLACE (283) as follows: 'Where sodium is 
in short supply for these plants (sugar-beet, mangolds and turnips) 
the leaves are dark green, rather dull,wilt rapidly in drought and 
may tend to grow out horizontally from crown of plant. Some margi
nal brown scorch may develop.' 

With this observation the second criterion of ARNON and STOUT (13) 
is met. In connection with the third criterion laid down by these 
workers, it should be mentioned that it has not yet been demonstrat
ed that the disappearance of deficiency symptoms has not been 
brought about by the correction of any unfavourable conditions 
whicH may have been present in the culture medium. 

The problem of determining whether or not an element is essential 
can be approached from two directions. The direct way is based upon 
the ability or non-ability of the plant to develop without it; the 
other approach is to determine whether or not the element in question 
forms part of an essential component of the plant cell or is involv
ed in a crucial biochemical reaction (13). Using the latter route, 
it then becomes necessary to establish a vital and irreplaceable 
function of the element and if this is successful that element may 
be said to be essential. If the element does, in fact, form part 
of an essential component of the cell, it must be.present in the 
cell in a bound form. The conception that ion accumulation,select
ive absorption and ion translocation must be connected with specific 
bindings to cell substances has been put forward on various occasions 
(8, 9, 150, 151, 152, 184). 

It is, in fact, known that certain cations are present in the 
cell in bound form. It was found with Chlorella pyrenoidosa, for 
instance, that the part of the magnesium which was present in 
strongly bound form in the cells was greater than that which was 
present in the chlorophyll (227).Calcium and pectic acid form cal
cium pectate in the middle lamella of the cell wall. 

Prom investigations with radioactive isotopes it has appeared 
that, in contrast with the generally accepted ideas, potassium and 
sodium are also able to combine with cell substances. Which sub
stances in the cell are actually involved is not known, however; 
research into this question is still rather limited. 

In Chlorella pyrenoidosa, potassium is so strongly bound that it 
cannot be washed out with distilled water or with the chlorides of 
sodium, potassium or magnesium (227). OLSON (180, 181) found that 
in beech leaves, 30% of the total amount of potassium could be 
present in bound form and suggested that this potassium might be 
combined with proteins. 

Prom investigations with Escherichia coli (56, 206) it was deduced 
that substances exist which have high affinity for potassium and 
low affinity for sodium. The potassium uptake of Bacterium lactis 
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aerogenes was considered by EDDY et al. (72) as a specific binding 
by active centres which are necessary for growth. 

In research with animals (see the summaries of STEINBACH (249, 
250)),, selective bindings of potassium and sodium with cell sub
stances are repeatedly being established. If potassium in bound 
state occurs in the plant it is justifiable to assume that sodium 
may also occur in this form (see Table 1). Moreover, in inorganic 
literature, at least one compound is known (empirical formula K2Na 
(P03)3) which selectively and preferentially combines with sodium 
rather than potassium (129, 156). This compound is undoubtedly re
lated to the polyphosphates important in biology. The observations 
on Ulva lactuca to test the applicability of the postulated role 
of glycolysis in cation regulation reflect a largely ionized cellu
lar potassium and a partially bound sodium (228, 229). 

It was found by CARR and T0P0L (50) that, under alkaline condi
tions, casein is able to bind considerable amounts of sodium. In 
studies in connection with the source of energy necessary for the 
contraction of muscles, FLECKENSTEIN (76, 77) observed that sodium 
is usually bound in an outer envelope. HOLM-JENSEN et al. (115) 
found that sodium was strongly adsorbed in the cell wall. Prom in
vestigations with air-dried plant tissues of alfalfa,,McGEORGE (161) 
found that part of the sodium was soluble in water. According to 
BROOKS (42) it appears that potassium, sodium and other salts of 
alkaline metals act on some intermediates or enzymes by momentary 
or more lasting combination with them. 

It is known from the investigations of SCHWEIGART (226) that so
dium is able to reactivate amylases. Furthermore, REED and HAAS 
(200) found that the percentage of water-soluble sodium and phos
phate in citrus leaves decreases as the leaves age. It appears 
therefore that, on several occasions, sodium compounds which are 
not soluble in water have been discovered. It was demonstrated by 
ALLEN and ARN0N (4) that sodium is essential for the blue-green 
alga Anabaena cylindrica and that its sodium requirement is speci
fic. 

Prom the present author' s investigations with radioactive sodium 
and oats, which are described in the following pages (Chapter VI), 
it also appeared that sodium in bound form is present in the plant 
and that this sodium is bound partly selectively and partly spe
cifically. The latter cannot readily be replaced by other sodium 
ions. This signifies that sodium plays a role of its own in the 
plant. Whether this function of sodium is of great importance for 
the higher orders of plant life has not yet been demonstrated. It 
is to be expected, however, that when a certain element has a spe
cific function in the living organism, that element is also of im
portance for the existence of higher organisms. There is,therefore, 
every reason to subject the role played by sodium in the existence 
of higher orders of plant life to further research. 

Prom this review of the literature relevant to sodium, the fol
lowing conclusions may be drawn: 

1) Sodium is selectively absorbed by the plant; 
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2) Specific sodium deficiency symptoms are observable in the 
plant; 

3) Given optimal potash supply and insufficient sodium, certain 
plants develop less satisfactorily than when sufficient sodium 
is available; 

4) Sodium is present in the plant partly in bound form. 
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CHAPTER I I I 

T H E M E T H O D OP I N V E S T I G A T I O N 

I. INTRODUCTION 

Fbr the experiments described in the following pages, use was 
made both of water cultures (Chapters V and VI) and of dusarite-
silica sand mixtures (Chapter VII). 

The water cultures were employed for experiments of relatively 
short duration (ca. 4 weeks) and the dusarite-silica sand mixtures 
as culture media for the experiments of longer duration. 

II. WATER CULTURES 
The plant material used for the water-culture experiments was ob

tained as follows: 
Oat seed was sown in a seed box filled with silica sand which 
had been previously washed clean with tap-water, and the seed was 
then covered with a thin layer (<2 cm.) of the same material. As 
soon as the plants had attained a height of 9 cm. (after ca. 12 days) 
they were lifted from the sand and the roots were rinsed with ex
treme thoroughness, first with tap-water and then with demineralized 
water (conductivity <6 x 104 m.h.o.).They were then transferred in 
the manner described below to enamelled cultivation trays (46 x 36 
cm.) each of which contained 4 litres nutrient solution prepared 
in accordance with the formula of K O A G L A N D and B ROYER (113). 
Before transfer to the cultivation trays, the seedlings were 
first graded according to height development; this made it pos
sible to employ experimental plants which were,as nearly as pos
sible, all equally developed. 

Flat, paraffin-waxed corks (diameter 4.5 cm.) each bored with 
seven holes (diameter 0.9 cm.) were taken. Into each of these corks, 
six seedlings were transplanted and fixed with cotton in the usual 
manner. (The purpose of the seventh,centrally placed hole was to 
take the capillary tube by which the nutrient solution was aerated. 
During the three weeks' cultural period the nutrient solution 
was not aerated and, in order to obtain low-salt plants, it was 
also not renewed). The corks containing the seedlings were then 
placed in the culture trays containing the nutrient solution, 
24 corks (144 seedlings) to a tray, and the cultural period com
menced. 

After the cultural period the corks, together with the plants, 
were transferred to 200 c c . experimental pots (diameter 5.5cm.), 

(KN03. 0.0025 M; Ca(N03)2. 0.0025 M; MgS04, 0.001 M; KH2P04, 
0,0005 M). The iron tartrate used by Hoagland and Broyer was re
placed by a single application of 7 p.p.m. ferric potassium ethylene 
diamine tetra-acetate (119) per litre nutrient solution.The advan
tage attaching to the use of this iron compound is that the iron 
remains in solution in the nutrient solution oVer a wide pH range. 
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the roots having first been thoroughly rinsed with demineralized 
water. The plants from the remaining corks were harvested. 

Dependent upon the experiment,the experimental pots were filled 
with 150 c. c. of a nutrient solution containing 0.1, 2 or 4 m. e. 
Na in the form of sodium sulphate, and 0.05 m. e. CaSO^ per litre. 
These solutions were aerated by means of a capillary tube 10 cm. 
in length and 0.1 mm. in internal diameter. The air, at 0.5 atmos
phere overpressure, was passed through a reservoir containing wa
ter and glass-wool and thence distributed over the pots. The rate 
of aeration was approximately 12 cu„ ft. per day for each pot. 

After the experimental period the plants were taken from the 
corks, pot by pot, and the roots were thoroughly rinsed with de-
mineralized water, squeezed out and dried for a few seconds between 
filter paper. 

The culms*were separated from the roots, and the fresh and dry 
weights of the parts were determined. 

I I I . DUSARITE-SILICA SAND CULTURES 
For these experiments, use was made of glass cylinders (diameter 

12.5 cm.; height 25 cm.; volume 2.5 1. (222)), filled with a mix
ture of 2. 4 kg. silica sand and 100 g. dusarite.** 

To these dusarite-silica sand mixtures the phosphate in dry form, 
and the other fertilizers in solution, were added whilst continual
ly mixing with the hand. Finally an amount of demineralized water 
was added, such that, together with the water of the fertilizer 
solution, the mixtures were at 40% of their water-holding capacity. 
The cylinders were filled with these substrates, which were then 
covered with a 3 cm. thick germination layer of damp pure silica 
sand (moisture content equivalent to 40% of the water-holding ca
pacity) . 

In this germination layer 18 oat seeds were embedded uniformly 
over the surface area. After germination and when the seedlings 
had attained a height of about 9 cm., they were thinned out to 
leave 12 per cylinder.By gradually adding demineralized water, the 
media were brought up to 60% of their water-holding capacity. To 
reduce evaporation from the culture medium, the germination layer 
was covered to a depth of 1 cm. (ca. 200g.) with silex (French quartz). 
To compensate for evaporation as determined by weighing, the cylin
ders were replenished with demineralized water twice a day. To 
compensate for the increasing weight of the plants increases in the 
rate of water supply were made three times during the experiment. 
Water was added to the pots by means of a glass tube (diameter 37 
mm.) with 5 outlet vents at its lower end which was placed in the 

* The terra culm denotes stem plus leaves 
*• Dusarite is an activated char coal, which is used as cation, .ex
changer. It has an adsorption capacity of ca. 2 m. e. per g. at a 
pH of. 6.5. The 100 g. dusarite was added to the sand as Ca, K, Mg 
and Na dusarite in amounts which were dependent upon the experi
mental design. The dusarite mixtures were brought to a pH of 6. 2 
with hydrogen dusarite. 
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centre of the cylinder 8 cm. below the surface of the substrate. 
The tube was filled to a height of 8 cm. (i.e., to the level of 
the surface of the substrate) with silica sand (222).The cylinders 
were borne on trollies which normally stood in the open air during 
the day but could easily be pushed into the greenhouse at night and 
during rainy weather. The position of the cylinders was changed 
daily in accordance with a constant rotation system. At the end of 
the cultural period the fresh and dry weights of the plants were 
determined. 

IV. THE APPLICATION OP RADIOACTIVE SODIUM 
The radioactive sodium, Na2 2, was obtained through Philips Roxane 

from the Instituut voor Kernphysisch Onderzoek, Amsterdam, in the 
form of a solution of sodium nitrate. The amount required for each 
experiment was calculated and weighed out with a small known excess 
in a small weighing bottle. 

The contents of the weighing bottle were then transferred to a 
flask. Before use with water cultures the radioactive sodium nit
rate solution was diluted from 5/xc.** perlc. c. to 1/40/xc. per 1 c. c. 
The amounts of radioactive sodium required for the pot experiments 
were pipetted from this diluted solution. After the nutrient salts 
had been pipetted into the pots, the contents of the latter were 
brought up to 150 c.c. with distilled water. A similar method of 
applying the radioactive sodium was also followed in the case of 
the dusarite-sand cultures. The radioactive sodium (1. 5/ic. per 
pot) was given as top-dressing together with nitrogen. 

In order to determine the radioactivity of the solution used, 1 
c.c. is pipetted into a small aluminium dish (diameter 2.7 cm,; 
thickness of aluminium 0.01 cm.),and evaporated to dryness at room 
temperature. The radioactivity of the residue is then measured. The 
standard so obtained is used in the measuring of the radioactivity 
of the samples. 

V. THE PREPARATION AND MEASUREMENT OP THE HARVESTED PLANT MATERIAL 
After drying, the plant material was finely crushed in a mortar 

and then ashed in the muffle furnace for 2 hours at 500°C. Part of 
the ash was used for the flame-photometrical determination of so
dium, the remainder for the determination of radioactivity. 

i. The chemical determination 
Hie sodium was determined in accordance with the method normally 

employed in this laboratory, using the Lange flame photometer: 
2c. c. 2NHC1 was added toaspecific amount of ash and the mass was 
then evaporated to dryness on a water bath. A few drops of 

* Institute of .Nuclear Physics. 

** l/i£j. is that amount of a radioactive element which disinteg
rates at the rate of 3.7 x 104 atoms per second. The radiation 
from 1.839 x 10-10 g. Na 22 is equivalent to 1/ic, 
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concentrated HC1 were then added and the ash was again evaporated 
to dryness on the water bath. This last-mentioned treatment was 
repeated once. Subsequently lc.c. 0.1/VHC1 was added and the mass 
was quantitatively transferred to a 50 c.c. flask which was then 
filled with distilled water and shaken. The whole was then fil
tered through coarse filter-paper into a 100 c. c. Erlenmeyer flask 
and 20 c.c. of the filtrate pipetted into a centrifuge tube. To 
the solution in the tube 200 c.c.of a2% ammonium oxalate solution 
was added. 
After being allowed to stand for 30 minutes this solution was 
centrifuged. After the calcium oxalate had been centrifuged off, 
the top liquid was poured into a flame-photometer tube and the 
sodium determined. 

2. The physical determination 
Ftor the physical determination of the radioactivity of the ash, 

the method used was as follows: 
20 mg.of the ash was weighed out and placed on a small aluminium 
dish (diameter 2.7 cm.; depth 0.2 cm.; thickness of aluminium 0.01 
cm.). In order to prevent loss from scattering by air currents the 
ash was moistened with a drop of distilled water as soon as it had 
been weighed off. When a certain series had been thus treated, 1 c. c. 
distilled water was added to each dish. Using a needle, the con
tents of the dishes were carefully stirred in order to give the 
sodium the opportunity to dissolve in the water. 
The solutions were then evaporated to dryness at room temperature. 
In this way, an even distribution of the ash over the bottoms of 
the dishes was obtained, while the sodium which was dissolved in 
the water settled on top of the ash during evaporation. 
The advantage of commencing with equal amounts of ash is that 

the counts obtained can immediately be compared with each other. 
If the thickness of the layer of ash is increased by using any 
amount from 5 to 20 mg. ,no reduction in the number of counts per mg. 
ash occurs. Within this range of ash thicknesses, therefore, no ab
sorption in the ash takes place and no correction factor need be used. 

The samples made in this way were counted by means of the Philips 
G.M. 4810 three-decade electronic counter in conjunction with the 
P.W. 4020 high-voltage unit. The G.M. 18514 tube had a window (mi
ca) thickness of 3. 5 - 4. 5 mg./cm. 2, an effective area of 6 cm.2, 
a dead time of 240 /isec. and a background of 40 imp. /min. (shielded). 

The counting tube was enclosed by a 3-cm.-thick lead castle, 
which was also fitted out as sample carrier. 

The distance between the bottom of the aluminium dish and the 
window was ca. 4 mm. Before making counts of the plant ash, the 
characteristic of the counting tube was determined with the aid of 
a matured U3O3 sample* . Prom this it appeared that, having regard 

* This sample is obtained by the ashing of uranyl nitrate. 200 mg. 
U 0 is placed in an aluminium dish and covered with liquid plastic 
as protection against moisture adsorption. 
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to the plateau of this characteristic, the most suitable operating 
voltage was 750 V. Since the results of the counts will be influenced 
by various factors connected with the apparatus and with the pre-
treatment and arrangement of the sample, the possible influence of 
these factors upon the number of counts must first be ascertained. 
The main factors which can influence the results of the counts are 
as follows: 

(1) Variations in the voltage of the tube, 
(2) Background, 
(3) Dead-time and recovery time of the tube and the resolving time 

of the counter, 
(4) Varying efficiency of the counting tube, 
(5) Thickness of the window, 
(6) Area of the window, 
(7) Temperature, 
(8) Material of the sample carrier, 
(9) Absorption losses in the sample, 

(10) Sample geometry, 
(11) Time at which measurements are made, 
(12) Statistical errors. 
In view of the facts that a constant arrangement and the middle 

voltage of the plateau was used, that all measurements were made 
with the same tube at room temperature, that the aluminium dishes 
used as sample carreers were identical and, finally, that a constant 
amount of ash, pre-treated as described above, was measured, the 
influence of factors (2), (3), (4), (11) and (12) only need be 
further considered: 

(2) Background 
As a result of cosmic radiation the counter registers a certain 

number of counts even when no radioactive material is deliberately 
brought into the vicinity.' The count obtained from a sample in
cludes this background count. Since the background is not constant 
but varies with the prevailing conditions from 35 to 45 c.p.m. * , 
its value is determined after each measurement and subtracted from 
the total count, to obtain the true value for the sample. 

(3) Dead-time and recovery time of the tube and resolving time of 
the counter 

Upon penetrating the sensitive volume of the tube, the kinetic 
energy of an electron is increased as a result of the potential be
tween the anode and cathode of the tube. After each collision with 
the gas molecules, part of the electron' s energy is expended. When 
the electron approaches the wire (anode) stretched tautly through 
the centre of the tube, it enters a zone having a greater field 
strength and, as a result,its kinetic energy increases in the pe
riod between two consecutive collisions. At a critical distance from 
the anode,the electron, in the period between two consecutive col-

* c.p.m.: counts per minute. 
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lisions, acquires,for the first time, sufficient kinetic energy to 
cause the ionization of the gas atom with which it collides, this 
ionization resulting from the splitting off of an electron from the 
gas atom. Further collisions between these two electrons and gas 
atoms occur and give rise to still more electrons which all tend to 
move towards the anode, until the repetition of this process finally 
gives rise to an avalanche of electrons. At the same time,however, 
since each collision liberates a positive ion, the anode becomes 
surrounded by a mantle of positive ions. The space-charge of this 
mantle reduces the field strength toavalue less than that required 
to give a new electron coming into the tube sufficient kinetic energy 
to cause ionization. Prom the moment the positive ion mantle is form
ed, the tube becomes insensitive for the new electrons which enter. 
T̂ he time which is necessary for the positive ions to diffuse suffi
ciently towards the cathode so that the voltage gradient at the anode 
is restored to the minimal value necessary for resumed ionization 
is a period during which no registration of electrons entering the 
tube can take place. 

This is known as the dead-time. Additionally, a certain time is ne
cessary for the voltage gradient to recover fully. This is the re
covery time. Electrons entering the tube during the recovery time 
do,in fact, cause ionization but the impulse is weaker than normal. 
When the sensitivity of the apparatus is great enough and the time 
required by the amplifier to resolve an impulse - known as the re
solving time - is short enough, impulses occurring during the recovery 
time are registered. 

Since no registration of the electrons entering the tube during 
the dead-time took place and the radiation sources measured were of 
various,strengths a correction for the dead time had to be made. 
The dead-time of the tube used in this investigation was 240 ̂ sec. 
whilst the resolving time could be regulated from 50 to 500 jusec. 
For the relevant counts, an insensitive period of 300 Msec, was em
ployed. Under 1,000 c.p.m., the correction factor is small enough 
to be neglected.For the determination of the correction factor,the 
following formula is applicable: 

Ng 
N d 1-TNg 

in which T is the dead-time and Ng the number of c.p.m. measured. 

(h) Varying efficiency of the counting tube 
By the efficiency of the counter is understood the ratio of the 

number of registered particles - corrected for the dead time - to 
the number of particles actually entering the tube. The efficiency 
of a good tube is approximately 100%, but after long and continual 
use efficiency may fall. In order to test the efficiency of the count
ing tube after measuring three samples, the uranium oxide (U308) 
standard was measured. The variation in efficiency of the tube was 
found to range from 0 to 4%. The counts were, therefore, also cor
rected for this variation. 
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N 
Ng 

d 1-TNg 
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(h) Varying efficiency of the counting tube 
By the efficiency of the counter is understood the ratio of the 

number of registered particles - corrected for the dead time - to 
the number of particles actually entering the tube. The efficiency 
of a good tube is approximately 100^, but after long and continual 
use efficiency may fall. In order to test the efficiency of thecount-
ing tube after measuring three samples, the uranium oxide (U308) 
standard was measured. The variation in efficiency of the tube was 
found to range from 0 to 455. The counts were, therefore, also cor
rected for this variation. 
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(11) Time at which measurements are made 
Because of the disintegration of the isotope.it i s essential that 

the results of a l l measurements made at various times should be re
calculated to values applicable to a single specific date. As cor
rection factor for th is drop in radioactivity, the following well-
known equation may be used: x 

Nt = N 0 ( 1 - e ^ ) , 
in which, 

Nt is the number of atoms remaining from the original number NQ, 
after a period t; X is the disintegration constant of the isotope; 
e is the basis of the Napierian logarithm. 
It is, however, simpler to make the corrections with the aid of the 

measurements made with the standard sample of the relevant isotope. 
The radioactivity of this standard is repeatedly determined after 
the measurement of three samples. The interim periods between these 
measurements may, in view of the half-life of the Na 2 2 used (3 years), 
be coni>letely disregarded. Using these measurements,the recalcula
tion of the counts to the date on which the experiment was conmenced 
incorporates the correction for the efficiency of the tube. 

(12) Statistical errorss 
The fluctuations in the radioactive decay (a random process) fol

low Poisson' s law of distribution. 
The probability (Pn) that, per unit of time,n counts are actually 

made, while the average number of counts is n, is given by the equa
tion: 

Pn = (n) e "n n! 

In measurements of radioactivity it is usual to relate the statis
tical fluctuations to the standard deviation of a single observation. 

In the case of strong radioactive samples the standard deviation 
can be computed by taking the square root of the number of counts. 
This method is, however,too inaccurate in the case of weak samples, 
since the weaker the radioactivity,the greater is the influence of 
the background upon the statistical error.With such samples,there
fore, the combined error is taken as the square root of the sums of 
the squares of the individual errors. 

In order to increase the precision of the counting date each sample 
is measured three times. For strong samples the period of observation 
was invariably 10 minutes, while weak samples were counted for 30 
or 60 minutes. The standard deviation of the mean, including the 
background, is calculated from the formula: 

- 2 
T = 2 n (^ " x) 

n (n - 1) 
in which, x^ is the individual count, x the arithmetic mean and n 
the number of times that the sample is counted.The deviation of the 
background (T0) is determined in the same way. The deviation of the 
average counting date of the sample is then found as T 2 + T2

0. 
The maximal deviation of the counts thus obtained was 3%. 

http://isotope.it
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VI. THE TECHNIQUE FOR THE PREPARATION OP AUTORADIOGRAPHS 
By an autoradiograph is understood the image which is formed by 

radioactive objects on a photographic plate. Autoradiography is ba
sed upon the phenomenon, known since 1896 (Becquerel), whereby ra
dioactive radiation produces a blackening upon a photographic plate 
(242).The radioactive plant is laid upon a sensitized plate, a cer
tain exposure time is allowed and the plate is then developed. An 
image is thus obtained which shows the distribution of radioactive 
substance in the tissues of the plant. With the aid of autoradiographs 
of plants, parts of plants or even tissue sections, it is possible 
to carry out both qualitative and quantitative determinations. The 
quantitative determination is based,in principle,upon the measure
ment of the blackening on the photographic plate, this blackening 
being dependent upon the radioactivity and upon the thickness of the 
tissue. This method was evolved by ODEBLAD (179) but in its execution 
various difficulties are, apparently, encountered. In the present 
investigations quantitative determinations from autoradiographs were 
not carried out; quantitative distribution of sodium throughout the 
experimental plants was determined by the method described above. 
The autoradiographs were made for the purpose of ascertaining the 
differences in the distribution of sodium in the various plants, to 
which end the qualitative comparison of corresponding tissues is 
eminently suitable. 

The quality of autoradiographs is influenced by various factors: 

i. The properties of the radioactive isotope employed 
The sensitivity of the photographic plate to the various types of 

radiation which the radioactive isotopes are able to emit is not con
stant. For the localized ionization of the emulsion of the photo
graphic .plate, a-particles are 10,000 and /^-particles 100 times as 
effective as y-radiation. The Na22 used in this investigation ra
diates both yS-particles and y-radiation. 

The ̂ radiation is chiefly responsible for the effect obtained. 
The better a /J-particle is localized in the emulsion, the sharper 
is the image obtained. • Should the intensity of the radiation from 
the tissue be too strong, this can be reduced by the insertion of 
a thin aluminium plate (0.1 mm. thick) between the object and the 
photographic plate. 

2. The properties of the photographic plate 
It will be seen from the foregoing that far higher requirements 

in connection with the density and reaction speed of the emulsion 
will need to be set for gamma radiation than for beta and alpha 
radiation. Of the various sorts of photographic plates which were 
tested during the investigation, the Kodak X-ray plate was found 
to be the most suitable for the /Eradiation involved. This plate has 
an emulsion layer on both sides. 

3. The exposure 
The time during which it is necessary for the radioactive plant 
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to be in contact with the photographic plate, in order to obtain a 
satisfactory image, is dependent upon the radioactive isotope being 
employed and the amount of radioactive material present in the plant. 
Since one plant takes up sodium more readily and satisfactorily than 
another plant it is not possible to decide in advance what length 
of exposure will be required. Too short an exposure results in a weak, 
vague image while too long an exposure gives a diffused, poorly de
fined picture of the tissue. The exposure must be determined at the 
commencement empirically, making several autoradiographsof the same 
object with different exposures.The method by which the radioactive 
plant is placed between two photographic plates has been very success
ful. The one plate is developed after a few days and, dependent on the 
quality of the image obtained, the other plate is left exposed for a 
longer period. Prom previously empirically determined exposures and from 
counts made from the plants or plant parts, it is possible, after suf
ficient experience, to make very reasonable extimates of the exposure 
required even when armed only with the available knowledge of the so
dium (or other element) uptake of a given plant. After exposure, the 
plates were developed with Kodak Rapid X-ray Developer at 21°C., 
fixed for 20 minutes with Rapid Fixer U II and washed for 30 minutes. 

4. The thickness of the plant part and the state in which it is auto-
radiographed 

When a rather abrupt transition in thickness occurs between two 
organically connected plant parts,it is extremely difficult to make 
a true autoradiograph of an intact plant as contact of the plant 
with the plate at the point of transition leaves much to be desired. 
In such cases, it is advisable to sever the plant at the transition 
point and to autoradiograph the parts side by side or, where the dif
ference in thickness is very pronounced, separately. 

In order to achieve close and uniform contact between the plant 
and the plate the following procedure was used: 

A strong,rectangular cardboard box,having a bottom equal in area 
to the size of the photographic plate, was taken. The bottom of 
"the box was covered with a piece of hardboard and on top or this 
foam-rubber sheet covered with tissue-paper was laid. The photograph
ic plate was thenplaced in the box.The plant parts to be autoradio-
graphed were placed between two sheets of tissue-paper and laid 
on the plate, after which the whole was covered first with another 
foam-rubber sheet and finally with hardboard.Hie box was closed, 
sealed in an envelope and set aside for 4 to 8 days under a pres
sure of 40g./cm2. The tissue-paper prevented the plant from adhering 
to the photographic plate or the foam-rubber. 

It is possible for a thick plant part to contain more sodium than 
a thin part,even though the sodium concentration in each is equal. 
It is necessary, therefore, to compare only similar tissues with 
each other.With oats,for instance, a sodium concentration was found 
in the nodes.As these parts are thicker than the rest of the culm, 
nodes and adjacent parts of the culm were checked for their radioac
tivity with the Geiger counter. 
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TABLE 2 

RADIOACTIVITY IN THE VARIOUS PARTS OP A FULL-GROWN OAT STEM 

per 100 mg. dry matter 

Part of the Plant Radioactivity 
(Prom the base to the tip) (c.p.m.) 

Stem (base) 1,096 ± 10.4 
Node 1,220 ± 11.0 
Stem 1,094 ± 10.4 
Node 1,585 ± 12.6 
Stem 627 ± 7.8 

Prom the table it will be seen that more sodium per 100 mg. dry 
matter is, in fact, accumulated in the nodes than in the adjacent 
parts of the stem. 

In the preparation of the first autoradiographs the plant was 
brought into contact with the plate in the fresh state and between 
sheets of pliofilm.When making an autoradiograph of spinach in this 
way a peculiar phenomenon was revealed,namely, that the sodium was 
distributed throughout the plant in localized patches (XXVI)*. 

Since the amount of calcium present in spinach is sufficient to 
neutralize only one third of the oxalic-acid (61),it was considered 
possible that,in the circumstances, the sodium in this plant might 
be present in the form of asodium oxalate orasodium potassium oxa
late. In order to ascertain whether or not this is so,the autoradio-
graphed plant was immersed in water for one week, the water being 
renewed every day. It was then rapidly dried and again autoradio-
graphed.lt was found that the water treatment had considerably re
duced the illumination but had not caused it to disappear entirely. 
From' this test it may be supposed that sodium is present in spinach 
in the form of sodium oxalate, sodium bioxalate or a sodium potas
sium oxalate. 

It is, however, also possible that sodium was present as an im
purity in the calcium oxalate crystals. To test this,calcium chlo
ride was added,in excess,to a radioactive sodium nitrate solution, 
whereby calcium with ammonium oxalate was precipitated. After centri-
fuging, the precipitate was washed with a dilute ammonium oxalate 
solution and again centrifuged.This treatment was repeated six times 
in all, after which the precipitate was dried. In order to measure 
its radioactivity the precipitate was placed in a small aluminium 
dish. The 26 mg.calcium oxalate gave an average of 52 ± 1.5 c.p.m., 
the background being 4 5 + 2 . 6 c.p.m.Thus it appeared that the cal
cium oxalate was in fact polluted with a little sodium. The ques
tion remained, however, whether or not this pollution was great enough 
to cause the effect found on the autoradiograph of the spinach plant 
(XXVI). This problem was investigated as follows: 

The precipitate was spread over a piece of tissue-paper and placed 

* Roman numerals refer to the autoradiographs in Chapter IV. 

http://graphed.lt
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on the X-ray plate.Even after an exposure of three weeks the cal
cium oxalate polluted with radioactive sodium did not cause a 
blackening on the photographic plate, despite the fact that the 
radioactivity of the medium in which it was precipitated had been 
so chosen that it exceeded the radioactivity of the plant. 
Prom the results of tftese various tests it was considered highly 

probable that the presence of sodium and sodium potassium oxalate 
crystals in the plant was responsible for the above-mentioned, 
peculiar radiographic image. It is, however, still difficult to 
suppose that sodium occurs in spinach as sodium oxalate, distribu
ted in localized patches. Since the plant was brought into contact 
witn the plate in the fresh state and therefore died during the pe
riod of exposure, it is possible that, as the semi-permeability of 
the cell walls gradually diminished,the sodium and the oxalic acid 
obtained greater mobility. Simultaneously,however, the plant dried 
out causing an increase in concentrations in the plant and giving 
rise to a situation which, at a certain moment, is favourable for 
the formation of sodium oxalate nuclei. It was logical to suppose 
that, if this line of reasoning was correct, a rapidly dried spin
ach plant would give a different image. This was, indeed,, found 
to be the case. Rapid fixation of an identical plant was achieved 
by drying it with an electric iron and when it was autoradiographed 
an entirely different picture was obtained (XXVII). 

The spinach plant representedin XIV was also autoradiographed after 
rapid drying. Prom these two autoradiographs it will be seen that 
the strongly localized radiation had disappeared and that the so
dium is much more uniformly distributed than in the plant auto-
radiographed.in the fresh state (XXVI). From then on during the investi
gation, all plants were autoradiographed in the fresh and the dry 
state for the purposes of comparison but in no case was such a mark
ed difference apparent as with spinach. 

Certain plants (see Chapter IV) were autoradiographed after they 
had been cultured in nutrient solutions containing various amounts 
of calcium and potassium for the purpose of studying the sodium dis
tribution under conditions of abundant calcium or potassium. One such 
plant was mustard (XX is of a plant in the fresh state and XVII of 
a plant rapidly dried). In the two autoradiographs . the distribu
tion of sodium is identical; the image of the fresh plant is,however, 
weaker than that of the dried plant.The reason for this phenomenon 
must be sought in the higher moisture content of the fresh plant 
whereby part of the radiation becomes absorbed. 

A similar phenomenon was also observed with fresh and rapidly 
dried plants cultured in nutrient solutions with higher potas
sium or calcium levels. In the case of the fresh plants tne radiation of 
the sodium appeared to be more strongly suppressed by potassium than 
by calcium; in the case of the rapidly dried plantstthe images showed 
the situation to be exactly reversed,that is, the radiation of the 
sodium was more strongly suppressed by calcium than by potassium. 
Here again the higher moisture content of the fresh plants liberal
ly supplied with potassium(XXH) caused stronger radiation absorp
tion tnan that which occurred in the drier fresh plants given an 
excess of calcium (XII). 
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In general, it may be concluded that in order to obtain trust
worthy autoradiographs rapidly dried material should be used in 
preference to fresh material as, on the one hand, the moisture con
tent influences the quality of the image unfavourably and, on the 
other, in plants autoradiographed in the fresh but slowly dying 
state, an element such as sodium appears to be able to shift its 
position. For this reason, all plant material to be autoradiographed 
in this investigation was rapidly dried by placing it between filter-
paper and "pressing" it with an electric iron. 
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CHAPTER IV 

THE DISTRIBUTION OP SODIUM IONS THROUGHOUT THE PLANT 
AS ESTABLISHED PROM AUTORADIOGRAPHS 

I. INTRODUCTION 
During research designed to ascertain the influence of a nutrient 

upon the living organism the important question of the distribution 
of that nutrient between the various organs of the plant in question 
must inevitably arise.In this respect the literature is not partic
ularly informative about sodium as a nutrient element. While it 
tells us that,with plants like oats, the sodium content in the leaf 
decreases from the base to the tip, it is silent on the question 
whether this phenomenon is common to all types of plants. Yet the 
matter is of considerable importance; from a knowledge of the way 
in which sodium is distributed throughout the plant it is not impos
sible that conclusions can be drawn in respect of the function ful
filled by the element in that plant. 

In order, therefore, to form an idea of the distribution of so
dium between the organs of various types of plants the technique 
described in Chapter III for the preparation of autoradiographs was 
developed and applied. This method was chosen in preference to the 
more usual analytical method not only because less time and labour 
is involved but also because it can be carried out with whole, un-
dissected plants. 

To avoid confusion it is pointed out that the nutrient solution 
- prepared in accordance with Hoagland (Chapter III) - with which 
the plants were cultured, contained no sodium. The radioactive so
dium taken up by the plants originated from a nutrient solution con
taining only 0.1 m. e. Na and 1.5/ic. Na22 per litre solution. This 
low concentration was expressly chosen in order to eliminate the 
possibility of the sodium taking up specific positions in the plant 
by reason of its quantitative superiority over calcium and potassium. 

For a proper study of the autoradiographs it is necessary to bear 
in mind that tissues of different thicknesses, such as mesophyll 
and leaf-veins, may be compared only for the qualitative, distri
bution of sodium. Quantitative comparison is only possible when 
the autoradiographs relate to plants (or the same plant parts) 
of the same age,which received the same amount of radioactive so
dium and were in contact with the substrate for the same length of 
time. 

More than 120 autoradiographs were prepared from the plants, or 
plant-parts,of barley (Hordeum vulgare), wheat (Triticum vulgare), 
oats (Avena sativa), rye (Secale cereale), perennial ryegrass(LoIir 
urn perenne), bean (Phaseolus vulgaris), pea (Pisum sativum), lupin 
(Lupinus luteus), spinach (Spinacia oleracea), beet (Beta vulgaris 
var. rubra), orach (Atriplex hor tens is), chicory (dehor ium intybus), 

/ 
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celery (Apium graveolens), tomato (Solarium lycopersicum), flax (Li-
num us it at is simum), mustard (Sinapis alba), savory (Satureja horten-
sis), carrot (Daucus carota), cotton (Gossypium hirsutum), tobacco 
(Nicotiana tabacum), maize (Zea mays), jute (Corchorus capsularis), 
roselle (Hibiscus sabdariffa), aster (Aster sinensis) and red pep
per (Capsicum annuum). From these autoradiographs a choice was made 
in such a way as to obtain a clear idea of the differences in so
dium translocation and distribution in different species of plants. 

II. TRANSLOCATION OP SODIUM IN VARIOUS SPECIES OP PLANTS 
There were found to be considerable differences in the degree to 

which sodium is translocated from the roots to the aerial parts of 
the different plants.In this respect clear distinction can be made 
between three groups, namely: 

Group A 
Plants in which, despite the fact that the roots appear to have 

taken up considerable sodium,the sodium is translocated reluctant
ly and sluggishly to the stems and leaves. 

To this group belong,for example, jute, aster, red pepper, maize 
(I)* and bean (II and III). 

The reason for this sluggish translocation is not known.According 
to the carrier theory,which attributes active translocation to cy-
toplasmatic carriers (7), the carrier responsible for conveying 
sodium to the xylem in the root becomes so obstructed that the move
ment of sodium practically ceases. 

In the case of phosphate it has been found that certain substances 
such as potassium cyanide and iodo-acetate have a restraining in
fluence on translocation (8). It cannot, however, be accepted as 
likely that these substances - which are known to be enzyme inhibi
tors - occur in'greater quantities in this group than in plants in 
which considerable translocation of sodium appears to take place. 

Another possibility is that these plants produce certain substances 
- either entirely absent or else present in smaller amounts in plants 
of the other groups - which control translocation and perhaps affect 
or inactivate the sodium carrier. If this is the case the effect 
upon the translocation of sodium would almost certainly be similar 
to .the influence exercised by the growth regulator 2-fliethyl-4-chloro-
phenoxyacetic acid.d (M.C.P. A.) (201) upon the distribution of po
tassium. When this compound is added to the culture medium the trans
location of potassium to the shoots or its redistribution between 
roots and shoots is influenced.The potassium content of the aerial 
parts decreases, that of the roots increases and there is a consider
able decline in the total potassium content of the plant. That something 
similar occurs in respect of the translocation of sodium within the 
plants of this group should certainly be recognized as a possibility. 

Despite the fact that sodium translocation in these plants is very 
poor a certain amount of the element does eventually find its way 

* Roman figures refer to the autoradiographs. 
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into the aerial parts where it accumulates - in the case of the bean, 
in the pod-wall and the pericarp. 

Group B , 
Plants in which sodium is translocated in considerable amounts to 

the stems and leaves. 
To this group belong plants such as winter wheat,winter rye,win

ter barley,oats (IV),carrot (V),pea (VI), tobacco (VII), perennial 
ryegrass (VIII),tomato (IX),mustard (XVII,XVIII,XIX), flax (XXIII, 
XXIV, XXV), roselle and lupin. 

From the point of view of their capacity for the translocation of 
sodium the Gramineae are certainly not identical.' Sodium is much 
more easily translocated ill winter barley, oats and perennial rye
grass, for instance,than in winter wheat or winter rye. In the rest 
of the plants named above,the differences in capacity for the trans
location of sodium are very small. 

Group C 
Plants in which large quantities of sodium are translocated to the 

stems and leaves and in which the amount accumulated in the mesophyll 
is large in comparison with that accumulated in the leaf-veins. 

^mong the plants belonging to this group, in which, as a result 
of strong translocation, the amount of sodium which accumulates in 
the* mesophyll is large in comparison with the amount accumulating 
in the leaf-veins, are: beet (X),cotton (XL), orach (XII),chicory 
(XIII) and spinach(XXVI, XXVII, XIV). 

Relationship between translocation and reaction to sodium 
The classification of the various types of plants according to 

their ability to convey sodium,as drawn up from the relevant auto-
radiographs, is in complete agreement with the classification based 
upon these plants'reactions to sodium fertilization as deduced from 
the results of pot and field experiments (101, 132). It thus appears 
that the relationship which exists between the plants' ability to 
translocate sodium and their reaction to sodium fertilization may 
be expressed as follows: 

Ability to translocate Reaction to sodium 
sodium fertilization 

Group A - poor Little or none 
Group B - good Moderate to good 
Group C - veiy good Very good 

It may be concluded from these results that the use of radioactive 
sodium is an excellent means of determining the reaction to sodium 
fertilization to be expected of any given crop. ^>art from»its re
liability the method is considerably less costly than methods used 
hitherto and is, moreover, quickly carried out. 

III. DISTRIBUTION OP SODIUM IN VARIOUS SPECIES OP PLANTS 
In nearly all plants it was found tnat,irrespective of their re-
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action to sodium, the amounts of sodium in the different parts de-4 

creased in the order: roots, stems, leaf-veins and mesophyll. 

1. Distribution in the aerial parts 
In connection with the distribution of sodium, plants may be rough

ly divided into two groups, viz. 
(1) Those in which the sodium is distributed uniformly throughout 

the stem and leaf. This group comprises the plants which react 
very strongly to sodium,such as beet (X),cotton (XI), chicory 
(XIII), spinach (XIV) and celery.-

(2) Those in which the sodium is unevenly distributed throughout 
the stem and leaf. This group comprises the plants which react 
moderately strongly to strongly to sodium, such as oats (IV), 
peas (VI), tobacco (VII), perennial ryegrass (VIII), tomato 
(IX), flax (XXIII, XXIV, XXV), mustard (XVII, XVIII, XIX); 
and those which react only slightly or not at all. 

To summarize, it appears in general that: 
(1) In plants which react very well to sodium, accumulation with 

uniform distribution occurs in the leaves,e.g., beet (X) and 
cotton (XI). 

(2) In plants which react well to sodium, considerable translo
cation takes place but distribution throughout the plant is 
irregular, e.g., oats (IV) and tomato (IX). 

(3) In plants which react moderately to sodium,moderate translo
cation takes place and distribution throughout the plant is 
irregular, e. g., lupin and winter rye. 

(4) In plants which react only slightly or not at all to sodium, 
very little translocation takes place and distribution through
out the plant is irregular. 

The irregularity of the distribution reveals itself in aprogres
sive decrease in the amount of sodium from the base of the leaf to
wards its tip, and in accumulations at specific points in the plant. 
In plants such as oats, pea, perennial ryegrass, chicory and flax 
(IV,VI, VIII, XIII and XXIII respectively), sodium accumulations are 
found in the merismatic parts such as the nodes, the junctions of 
leaf-blade and leaf-sheath and the junctions of stem and petiole. 
In plants such as tobacco (VII), sodium is able to accumulate in the 
margins of young leaves. 

In older tobacco leaves, it is uniformly distributed. In general, 
sodium accumulation occurs at the growing points. 

2. Distribution in the roots 
The distribution of sodium in the roots is also irregular. In one 

and the same plant sodium accumulation can occur at the tip of one 
root and towards the base of another.lt would appear that the pla
ces in the root which are suitable for sodium uptake are not all 
equally active at any given moment and an autoradiagraph only records 
the sodium disposition obtaining at one moment. 

In all plants, however, sodium accumulations occur at the junctions 
of side roots with the main root (XIV). 

http://another.lt
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Autoradiographs were made of longitudinal and transverse sections 
of a red table beet (XV) which had been cultivated in a sandy soil 
fertilized with nitrogen in the form of a solution of Chilean nitrate 
containing 3/JC. radioactive sodium as sodium nitrate per 6kg. 
potsoil.From this autoradiograph it appears that sodium is accumu
lated in the red beet in concentric bands, the positions of which 
coincide with the phloem. The largest amount of sodium is,however, 
contained in the root-wall. 

This investigation gave rise to the question how, when a seed ger
minates, the sodium in the seed becomes distributed between the root 
and shoot. In order to ascertain this, seed was obtained from oat 
plants cultured inadusarite-silicasand medium (see Chapter III) 
dressed with a nitrogen fertilizer to which radioactive sodium had 
been added. The seed was allowed to germinate on moist filter-paper 
in Petri dishes and as soon as a shoot and leaf had developed, an 
autoradiograph was made (XVI). Prom this it could be seen that, on 
germination of the plant,the sodium contained in the seed is prac
tically all translocated to the roots. 

3. Distribution at highand low calcium and potassium concentrations 
in the plant 

As has previously been remarked, the amount of sodium made available 
to the plants from which autoradiographs were made, was very small 
in comparison with the amounts of calcium and potassium supplied. 
Despite this, doubt arises whether the excesses of Ca and K (the nor
mal concentrations were 5 and 3. 5 m. e. * respectively) in the nutrient 
solution containingO.l m.e. Na (from which the sodium accumulation 
originated) were sufficiently large to prevent the sodium from tak
ing up specific positions in the plant. 

It was for this reason that the translocation and distribution 
of sodium in spinach,mustard, flax and oat plants was investigated 
using both normal calcium and potassium concentrations (Hoagland's 
nutrient solution) and high calcium and potassium concentrations. 

The concentration of each of the two elements was trebled, the 
plants in question being cultured in nutrient solutions in all of 
which the sodium concentration was held constant at 0.1 m.e., but 
which contained three different ratios of calcium and potassium, 
namely, 5 : 3, 15 : 3 and 5 : 9, expressed in m.e. 

In general, it appeared that the sodium uptake of plants with high
er calcium or potassium levels is less than that of plants with low
er levejs. 

The high calcium concentration was found to suppress the sodium 
uptake to a greater extent than the high potassium concentration did 
(XVII, XVIII, XIX). 

It was further observed that the different species of plants de
veloped better in the nutrient solution containing the high concen-

* 0.5 m.e.K originates from the KH2PO4. which amount is not trebled 
in the nutrient solution containingCa andK in the ratio of 5 : 9 m. e. 
per litre. 
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tration of calcium, namely, the 15 Ca : 3 K solution than in the 
5 Ca : 3 K solution, and that this was especially true of flax. 
Thus the reason why the flax plants cultured in the 5 Ca : 3 K so
lution took up less sodium than did those in the other solutions 
must apparently be sought in the fact that they were rather poorly 
developed compared with those in the other solutions (XXIII, XXIV 
and XXV). 

Despite the effect of the calcium and potassium upon the sodium 
uptake, the presence of higher concentrations of these elements in 
the nutrient solution exercised no influence upon the distribution 
of the sodium in the plant. Irrespective of whether the concentrations" 
of calcium and potassium in the plants were high or low the plants 
were found to have accumulated sodium in precisely the same places. 
This indicates that any given type of plant has its own specific 
distribution system for sodium. Such a distribution system is dif
ficult to explain except by regarding it as functional and there
fore connected with the functions (known and unknown) which sodium 
fulfils in the plant. 

The results 'obtained from the studyof the autoradiographs may be 
summarized as follows: 
(1) The autoradiographic technique provides a rapid, inexpensive 

method for the determination of the influence of sodium upon 
the development of the plant. 

(2) With regard to the translocation of sodium, plants may be clas
sified in the following three groups: 
(a) Plants which react only slightly or not at all to sodium. 
(b) Plants which react moderately strongly to strongly to sodium. 
(c) Plants which react very strongly to sodium. 

(3) Sodium accumulates in the plant at those places where great 
cell activity prevails,viz. growing points, root-walls (beet), 
nodules (pea) and leaf margins (tobacco). 

(4) The calcium and potassium levelsof the plant have no influence 
upon the distribution of sodium. 

IV. AUTORADIOGRAPHS 

As already stated, a l l solutions contained 0. 1 m. e. Na and 1. 5 
/ic.Na22 per l i t r e . The normal concentrations of Ca and K were 5 and 
3 m. e. per l i t r e respectively. In the case of spinach, mustard, flax 
and oats only, solutions with Ca and K concentrations of 15 and 3 
m. e. respectively and 5 and 9 m.e. respectively were also used. 

A description of the autoradiographs, with particular reference 
to the translocation and distribution of sodium, i s as follows: 

I . Maize (Zea mays) - roots 
After an uptake period of one week, the translocation of sodium 

to the stem and leaf of the 5-week-old plant was so s l ight that 
no autoradiograph of the aerial parts was obtained after an exposure 
of 10 days. Distribution in the root i s irregular. Accumulation 
occurs in the t ips of the roots and at the points of origin of side 
roots. 
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II. Bean (Phaseolus vulgaris) - roots 
The distribution of sodium in the roots\is irregular. In the main 

root accumulation occurs in those places where many side roots have 
their origin; in the side roots it occurs at the points of origin, 
in the middles tod at the tips. 

Accumulation occurs at the base of the stem at the origin of a 
side root. Translocation from the root to the stem does not occur 
readily (see also III). 

III. Bean (Phaseolus vulgaris) - stern and leaves 
Stem and leaves excised from the root shown in autoradiograph II. 

Insufficient radioactive sodium was present in the leaves to enable 
registration upon the photographic plate. During an uptake period 
of one week, translocation from the root to the stem and leaves 
was extremely slight. This plant was treated in precisely the same 
way as the pea shown in VI and the two plants are therefore com
parable in all respects. 

IV. Oats (Avena sativa) 
The d i s t r i bu t ion of sodium in the leaf of the 8-week-old plant i s 

i r r egu l a r , t h e amount decreasing from the base to the t i p . Accumula
t ions takes place in the stem, the nodes and the junct ions of leaf-
sheath and leaf-blade. 

V. Carrot (Daucus carota) 
Accumulation of sodium takes place in the root at the base of the 

stem, and at the junction of the petiole with the stem. Good trans
location to the stem and leaf occurs. 

VI. Pea (Pisum sativum) 
The translocation of sodium to the stem and leaf can be said to 

be very good. Distribution in the mesophyll is uniform . Accumula
tion in the nodules is a noteworthy phenomenon. 

VII. Tobacco (Nicotiana tabacum) 
Sodium appea^ to accumulate in the margins of the leaves of the 

youn'g tobacco plant. 

VIII. Perennial ryegrass (Lolium perenne) 
Very considerable translocation of sodium from the root to the 

stem occurs in plants of a few weeks old. The element accumulates 
in the nodes. 

IX. Tomato (Solanum lycopersicum) 
In the young plant translocation to the stem is very good but it 

is less good to the leaves in which distribution is irregular, the 
amount decreasing from the base to the tip. 

X. Red table beet (Beta vulgaris var. rubra) - leaves and cotyledon 
Leaf of red table beet some month old cultivated inasandy soil. 
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The accumulation of the evenly distributed sodium in the mesophyll 
is quite considerable as compared with that in the leaf-vein. 
Strong accumulation occurs in the cotyledon. 

XI. Cotton (Gossypium hirsutum) 
Leaf of a young plant. Translocation from the stem to the leaf is 

very good. The sodium is uniformly distributed in the mesophyll. 

XII. Spreading orach (Atriplex hortensis) 
Very good translocation to the leaf occurs in young orach. Sodium 

accumulates especially in the young leaf and at the growing point. 

XIII. Chicory (dehorium intybus) 
In young plants translocation to the stem and the leaf is good. 

The sodium accumulates at the growing point and in the mesophyll. 

XIV. Spinach (Spinacia oleracea) 
Spinach seedlings cultured in a nutrient solution with a calcium/ 

potassium ratio of 15 : 3. Accumulation in the mesophyll is good in 
comparison with that in the leaf-vein. The distribution in the leaf 
is uniform. Accumulation occurs at the junction of the side roots 
with the main root. 

XV. Red table beet (Beta vulgaris var. rubra) 
Longitudinal and transverse sections. The beets from which the 

exposures were made were some months old and were cultivated in sandy 
soil. The sodium accumulation in the root occurs in the root-wall 
and the phloem. 

XVI. Oats (Avena sativa) 
Seedling from radioactive seed. Seeds from radioactive oat plants 

were placed in Petri dishes to germinate. After germination it ap
peared that practically all the sodium had been utilized for the 
development of the root. 

XVII. Mustard (Sinapis alba) 
Mustard seedlings cultured i nanu t r i en t solution with a calcium/ 

potassium r a t i o of 5 : 3 and autoradiographed in the dry s t a t e . 
Otherwise, the plants are in a l l respects comparable with those of 
XVIII and XIX. Very considerable uptake and t ranslocat ion to the 
leaf took place and d is t r ibut ion in the leaf i s f a i r ly uniform. Ac
cumulation occurs in the l eaf - t ips . 

XVIII. Mustard (Sinapis alba) 
Mustard seedlings cultured in a nutrient solution with a calcium/ 

potassium ratio of 15 : 3 and autoradiographed in the dry state. 
Moderate uptake and translocation of sod ium took place. The amount taken 
up is less than with the calcium/potassium ratio>of 5 : 3 (XVII) or 
of 5 : 9 (XIX). Accumulation and distribution are the same as in XVII. 
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XIX. Mustard (Sinapis alba) 
Mustard seedlings cultured ina nutrient solution with a calcium/ 

potassium r a t i o of 5 : 9 and autoradiographed in the dry s t a t e . 
Very considerable uptake and t ranslocat ion of sodium took place. 
The amount taken up is less than with the calcium/potassium r a t io 
of 5 : 3 (XVII) but greater than with the r a t i o of 15 : 3 (XVIII). 
Accumulation and d is t r ibut ion are the same as in XVII and XVIII. 

XX.. Mustard (Sinapis alba) 
The seedlings were cultured ina nutrient solution witha calcium/ 

potassium r a t i o of 5 : 3 and are in a l l respects comparable with 
those of XVII. They were autoradiographed in the fresh s t a t e , in 
contrast with the plants described under XVII. The d is t r ibut ion of 
sodium is the same as in XVII, but the amount taken up is apparent
ly considerably l e ss . The apparent difference in sodium accumula
t ion r e su l t s from the radiation-absorbent effect of the water in 
the fresh p lant . For the same reason the accumulation of sodium in 
fresh p lants from a high-potassium solution (XXII) appeared to be 
less than that in plants from a high-calcium solution (XXI),where
as i t was in fact greater (XIX and XVIII respectively). 

XXI. Mustard (Sinapis alba) 
The seedlings were cultured ina nutrient solution witha calcium/ 

potassium ratio of 15 : 3 and were autoradiographed in the fresh 
state. They are in all respects comparable with the plants autoradio -
graphed in the dry state (XVIII). The distribution of sodium is 
identical with that in the plants of XX and XVIII. Accumulation is 
somewhat greater in the plants autoradiographed in fresh state. 

XXII. Mustard (Sinapis alba) 
The seedlings were cultured in a nutrient solution witha calcium/ 

potassium ratio of 5, : 9 and were autoradiographed in the fresh 
state. They are in all respects conparable with the plants autora
diographed in the dry state (XIX). 

The distribution of sodium is identical with that in the plants of 
XIX. Accumulation is, however, considerably less than in the dried 
plants (XIX). 

XXIII. Flax (Linum usitatissimum) 
Flax plants cultured ina nutrient solution with a calcium/potas

sium ratio of 5 : 3. Sodium is accumulated at the junction of the 
leaf and stem and at the growing point. The plants are less well 
developed than those in the nutrient solution with a calcium/po
tassium ratio of 15 : 3 (XXIV). 

XXIV. Flax (Linum usitatissimum.) 
Flax plants cultured ina nutrient solution with a calcium/potas

sium ratio of 15 : 3. Sodium uptake is better than with a calciunv^ 
potassium ratio of 5 : 3 (XXIII) and less good than with a ratio 
of 5 : 9 (XXV). Distribution is the same as in XXIII. 
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XXV. Flax (Linum usitatissimum) 
Flax plants cultured ina nutrient solution with a calciunj/potas-

sium ratio of 5 : 9. Uptake and translocation of sodium are better 
than with a calcium/potassium ratio of 5 : 3 or 15 : 3. Distribu
tion is the same as with a calcium/potassium ratio of 5 : 3 (XXIII) 
and of 15 : 3 (XXIV). 

XXVI. Spinach (Spinacia oleracea) 
Spinach seedlings autoradiographed in the fresh s t a t e . The pe

cul iar accumulation of sodium in the leaf ,pet iole and stem i s very 
probably caused by the formation of sodium oxalate c rys ta l s . 

XXVII. Spinach (Spinacia oleracea) 
The seedlings are i n a l l respects comparable with those of XXVI but 

they were autoradiographed a f te r having been dr ied rapid ly , by 
which means the pos i t ion of the sodium in the p lant i s fixed. No 
large crystals of sodium oxalate could have formed. 
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I . MAIZE (Zea ways) - r oo ts 
Sodium distribution irregular. Accumulation in root t ips 

and at points of origin of side roots. 

1% 
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VI. PEA (Pisum sativum) 
Sodium translocation to stem and leaf very good. Striking 
accumulation in the nodules. Distribution in mesophyll 

is uniform. 
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XIV. SPINACH (Spinacia oleracea) 
Seedlings cultured in a nutrient solution with a Ca/K ratio of 15: 3. 
Sodium accumulation in mesophyll i s uniform and good in comparison 

with that in the leaf vein. Accumulation at junction of side roots. 
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CHAPTER V. 

THE INFLUENCE OP CONCENTRATION OP RADIOACTIVE SODIUM AND OP 
DURATION OP UPTAKE UPON DRY-MATTER PRODUCTION AND UPON 
UPTAKE AND DISTRIBUTION OP SODIUM IN THE LEAP-, STEM 
AND ROOT OP THE OAT PLANT (Avena sativa var.Marne) 

I. INTRODUCTION 

The determination of the uptake* and outgo** of sodium ions 
by the roots of a plant during a given period of development is 
possible only when use is made of radioactive sodium. The question 
is, however, whether it is possible to obtain real values for the 
uptake by the application of this technique. 

The opinions of investigators differ concerning the positive or 
negative effects of small quantities of radioisotopes upon plants. 

Radiation effects can be caused by either external or internal 
irradiation (264). As a result of these, genetic and biochemical 
changes can take place in the plant cell.Any effect to which inter
nal irradiation may give rise will influence the cell activities in 
the meristematic parts of the plant -in which phosphate and sodium 
accumulate- to a greater extent than in any other part. However, 
whether or not radioactive radiation is able to influence the plant 
in any way,a possible effect is dependent upon the amount of radio
active material which is present in the plant and, therefore, upon 
the ratio of non-radioactive to radioactive element in the substrate 
and upon the capacity of the plant to accumulate the element in 
question. Moreover, the type of radiation emitted by the element 
is of importance. It appears from the relevant literature (3, 16, 
19, 29, 30, 31, 32, 41, 57, 58, 60, 64, 65, 66, 73, 75, 80, 81, 85, 
110, 111, 112, 123, 131, 142, 173, 176a, 186, 230, 231, 238, 245, 
264) that radioactive isotopes have a neglible effect when they are 
applied to the culture medium in small amounts in the presence of 
a large excess of the non-radioactive isotopes. Because practically 
nothing is known about the effect of radioactive sodium upon plant 
development it was necessary first to conduct an exploratory ex
periment to ascertain whether plant development is in fact influenced 
by radioactive sodium and to obtain some information on the way 
in which radioactive material should be employed and on what could 
be discovered about sodium uptake and outgo. 

In this experiment it was ascertained: 
(1) Whether development of the plant had been influenced by the 

radioactive isotope, 
(2) Whether the total amount of sodium present in the plant after 

the experiment had been influenced by the radioactive isotope, 

* Uptake : the amount of sodium taken up through the root of the 
plant during the uptake period. 
** Outgo : the amount of sodium returned to the nutrient solution 
through the root during the uptake period. 
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(3) Whether it was in fact possible to measure the uptake of sodium 
by means of Na2 2, 

(4) How the total amount of sodium and the radioactive sodium 
taken up was distributed in the root, stem and leaf, 

(5) What concentration of Na2 2 in the nutrient solution and what 
period of uptake could best be used for the definitive experi
ment. 

II. THE DESIGN AND EXECUTION OF THE EXPERIMENT 

Since the possible effect upon the plant of radiation from a radio
active isotope is a function of the isotope concentration in 
the substrate and of the irradiation period (i.e., of the 
duration of uptake), these two factors were varied in the ex
periment. In this way it was possible to establish the minimal amount 
of radioactive sodium which must be applied to give a measurable 
radioactivity in the plant ash. 

The experiment was carried out in 1953 without replication. Oat 
plants were cultured for 3 weeks as described in Chapter III in a 
nutrient solution prepared according to the formula of H0AGLAND and 
BROYER (113). They were then transferred to experimental pots con
taining nutrient solutions which included 4 m.e. Na as Na2S04, 0.1 
m.e. Ca as CaS04 and either 0,1/3, 1, 3, 9 or 27//c. Na 2 2 per two 
litres. 

After accumulation* periods of 1/3, 1, 3, 9, 27 or 81 hours, 
six plants from each of the various nutrient solutions, which dif
fered only in their contents of radioactive sodium, were harvested 
and the roots were separated from the shoots. In the case of the 
plants allowed an accumulation period of 27 hours, root, leaf and 
stem were divided into two halves on harvesting. Information about 
the experimental design and method is given in greater detail in 
Appendix 1. 

III. THE EXPERIMENTAL RESULTS 

The influence of the radioactive isotope upon the plant was ascer
tained from the fresh weights, dry-matter yields, dry-matter per
centages, total contents and percentages of total-sodium and of 
uptake-sodium of culm and root resulting from the various isotope 
concentrations in the nutrient solutions and the various accumula
tion periods. In this unreplicated experiment one of the two variables 
must be regarded as the replication. In view of the fact that the 
differences in the figures per uptake period between treatments with 
various amounts Na2 2 were very small and irregular, while greater 
differences were found between the various uptake periods,the former 
variable was taken as the replication. 

Every effort was made to select plant material which was uniform. 
For the series with 27 and 0 fjc. Na22, however, insufficient iden-

* Accumulation = the uptake minus the outgo= the amount of sodium 
present in the plant after the experiment less the amount of sodium 
present in the plant prior to the experiment. 
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tical plant material was available and it was therefore necessary 
to use plants that were better (series 27 /JC. ) or less well (series 
0 (JC. ) developed than those used in the other series. The fact that 
the average fresh weights and dry-matter yields of these two series 
differ somewhat from those of the other series (Tables 3 and 4) is 
attributable to the- use of plant material which differed slightly 
in its degree of development. 
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1. The influence of the concentration of the radioactive isotope 
and of the duration of uptake upon the production capacity of 
the plants 

In Tables 3 and 4, hereunder,the fresh weights, dry-matter yields 
and dry-matter percentages of culm and root are recorded. 

TABLE 3 
FRESH WEIGHTS. DRY-MATTER YIELDS AND DRY-MATTER PERCENTAGES OP THE CULM 

FRESH WEIGHTS (in g.) 

No./ic.Na22 

per 2 1. nut
rient solution 
Uptake period 
in hours 

1/3 
1 
3 
9 

27 
81 

Average 

0 

4.12 
3.40 
3.27 
3.46 
4.91 
7.49 
4.44 

1/3 

4.65 
5.23 
4.77 
5.45 
3.78 
5.82 
4.95 

1 

5.61 
5.80 
4.14 
3.74 
4.96 
5.18 
4.91 

3 

4.--
4.51 
4.74 
5.14 
4.53 
5.13 
4.68 

9 

4.80 
6.12 
5.96 
5.17 
5.04 
4.82 
5.32 

27 

5.17 
5.58 
5.12 
6.56 
5.65 
6.16 
5.7? 

DRY-MATTER YIELDS ( i n g. ) 

No./ic.Na22 
per 2 1. nut
rient solution 
Uptake period 
in hours 

1/3 
1 
3 
9 

27 
81 

Average 

0 

0.54 
0.50 
0.48 
0.51 
0.63 
0.89 
0.59 

1/3 

0.56 
0.68 
0.62 
0.65 
0.50 
0.67 
0.61 

1 

0.70 
0.72 
0.59 
0.54 
0.68 
0.64 
0.65 

3 

0.57 
0.56 
0.62 
0.70 
0.58 
0.59 
0.60 

9 

0.60 
0.75 
0.81 
0.68 
0.53 
0.55 
0,̂ 5 

27 

0.66 
0.68 
0.69 
0.89 
0.69 
0.71 
0.72 

DRY-MATTER PERCENTAGES 
No./ic.Na22 

per 2 1. nut
rient solution 
Uptake period 
in hours 

1/3 
1 
3 
9 

27 
81 

0 

13.-
12.5 
14.6 
14.7 
12.9 
11.9 

1/3 

12.-
13.-
13.2 
13.-
13.2 
11.4 

1 

12.6 
12.5 
14.2 
14.5 
13.8 
12.3 

3 

13.-
12.5 
13.2 
13.5 
12.8 
11.6 

9 

12.4 
12.4 
13.6 
13.1 
10.5 
11.5 

27 

12.9 
12.1 
13.6 
13.6 
12.3 
•*••»•• Q 
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TABLE 4 

FRESH WEIGHTS, DRY-MATTER YIELDS AND DRY-MATTER PERCENTAGES OP THE ROOT 

FRESH WEIGHTS (in g. ) 

No.^/c.Na22 

per 2 1. nut
rient solution 
Uptake period 
in hours 

1/3 
1 
3 
9 

27 
81 

Average 

0 

1.87 
1.59 
1.61 
1.35 
2.40 
3.08 
1.98 

1/3 

1.83 
1.51 
2.13 
2.96 . 
1.49 
2.72 
2.11 

1 

2.32 
2.51 
1.65 
1.66 
2.13 
2.09 
2.06 

3 

1.72 
2.19 
1.94 
2.36 
1.94 
2.54 
2.12 

9 

2.46 
2.07 
2.47 
2.39 
1.89 
2.19 
2,24 

27 

2.10 
2.12 
2.88 
3.27 
2.37 
2.64 
2. 56 

DRY-MATTER YIELDS ( in g.) 

No./ic.Na22 

per 2 1. nut
rient solution 
Uptake period 
in hours 

1/3 
1 
3 
9 

27 
81 

Average 

0 

0.23 
0.21 
0.21 
0.20 
0.25 
0.28 
0.23 

1/3 

0.22 
0.26 
0.22 
0.28 
0.21 
0.25 
0.24 

1 

0.26 
0.28 
0.24 
0.21 
0.25 
0.22 

0,34 

3 

0.22 
0.24 
0.22 
0.27 
0.22 
0.24 
0.24 

9 

0.24 
0.29 
0.26 
0.24 
0.25 
0.21 

27 

0.22 
0.25 
0.31 
0.30 
0.28 
0.25 
0.27 

No./iC.Na22 

per 2 1. nut
rient solution 
Uptake period 
in hours 

1/3 
1 
3 
9 

27 
1 81 

DRY-MATTER PERCENTAGES 

0 

12.4 
12.9 
13.1 
14.5 
10.5 
9.-

1/3 

11.8 
17.3 
10.3 
9.5 

14.1 
y • m 

. 1 

11.-
10.9 
14.5 
12.4 
11.9 
10.4 

• 

3 

12.6 
10.7 
11.5 
11.2 
11.5 
9.4 

9 

9.6 
13.8 
10.9 
10.2 
13.2 

y • • 

27 

10.6 
11.8 
10.6 
9.3 

11.6 
9.6 
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The analyses of these tables are given in the Appendix 2 (Tables 
I to VIII). 

No important differences are observable either between the fresh 
weights or between the dry-matter yields with the various concen
trations of radioactive sodium or with the various uptake periods 
(Appendix 2 : Tables I to IV). 

The radioactivity of the nutrient solution had no important effect 
upon the dry-matter percentages of root or culm. The influence of 
the uptake period was far greater, however (Appendix 2: Tables V 
and VII). The differences between the dry-matter percentages of the 
culm after uptake periods of 3 and 9 hours and those after uptake 
periods of 1/3,27,1 and 81 hours may be regarded as very consider
able (Appendix 2: Tables VI and VIII). 

The influence of the uptake period upon the dry-matter percentages 
was much less in the root than in the culm. The highest dry-matter 
percentages from culm and root were found after an uptake period 
of 81 hours (Appendix 2: Tables VI and VIII). 

It cannot be deduced from the data on fresh weights, dry-matter 
yields and dry-matter percentages of culm or root that a stimulating 
or suppressing influence was exerted by the radiation emitted by the 
various amounts of radioactive sodium made available to the plants 
through the nutrient solutions. 



64. 

2. The influence of the concentration of the radioactive isotope 
and the duration of uptake upon the percentages and the total 
contents of sodium in culm and root 

In Tables 5 and 6 respectively, the sodium contents per 100 g. 
ash and the total contents of sodium in culm and root are recorded. 

The analyses of these data are given in Tables IX to XVI of Ap
pendix 2. 

TABLE 5 

SODIUM PERCENTAGES (in mg.perlGO mg. ash) 

uc. Na22 per 
2 1. nutrient 
solution 

Uptake period 
in hours 

1/3 
1 
3 
9 

27 
81 

Culm 

0 

1.5 
1.1 
1.5 
1.7 
1.8 
2.-

1/3 

1.3 
1.3 
0.8 
1.4 
2.6 
2.3 

1 

1.5 
1.3 
1.1 
2.1 
1.7 
2.5 

3 

1.6 
1.5 
1.3 
1.1 
2.1 
2.2 

9 

1.3 
1.5 
1.4 
2.-
2.-
2.3 

27 

1.6 
1.2 
1.4 
1.4 
1.9 
2.2 

Root 

0 

2.9 
2.4 
3.0 
3.9 
4.3 
5.1 

1/3 

1.1 
3.4 
0.9 
3.1 
4.4 
6.-

1 

3.2 
2.3 
3.2 
3.6 
4.6 
5.-

3 

2.8 
3.2 
2.5 
2.1 
5.4 
7.1 

9 

3.1 
2.-
2.3 
4.-
4.2 
4.6 

27 

2.8 
2.6 
2.8 
4.3 
4.5 
6.1 

TABLE 6 

LZC. Na22 per 
2 1. nutrient 
solution 

Jptake period 
in hours 

1/3 
1 
3 
9 

27 
1 81 

TOTAL CONTENTS OF SODIUM (in mg.) 

Culm 

0 

1.11 
0.83 
0.94 
1.12 
2.07 
2.56 

1/3 

1.09 
1.49 
0.71 
1.32 
2.16 
2.57 

1 

1.54 
1.51 
0.82 
1.47 
1.47 
2.40 

3 

1.18 
1.21 
1.02 
0.95 
1.82 
1.95 

9 

1.24 
1.75 
1.51 
1.80 
1.76 
1.96 

27 

1.53 
1.15 
1.28 
1.71 
2.21 
2.29 

Root 

0 

0.96 
0.81 
1.01 
0.95 
1.75 
1.96 

1/3 

1.05 
1.71 
1.01 
1.20 
1.44 
2.24 

1 

1.25 
1.13 
1.11 
0.95 
1.79 
2.— 

3 

1.00 
1.12 
1.01 
0.86 
1.68 
1.99 

9 

1.16 
0.96 
1.05 
1.07 
1.72 
1.43 

27 

1.06 
1.18 
1.42 
1.65 
1.64 
2.34 
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The percentages and total contents of sodium per unit of time did 
not appear to be correlated systematically with the concentration 
of radioactive sodium. On the other hand, they did appear to be 
correlated with duration of uptake, though the relationship only 
became noticeable with the longer uptake periods of 9, 27 and 81 
hours. 

The percentages and total contents of sodium in culm and root 
did not appear to be influenced appreciably by the concentration 
of radioactive sodium (Appendix 2: Tables IX, XI, XIII and XV) but 
they were influenced appreciably by the duration of uptake, as is 
clearly seen from the differences in the aggregate percentages and 
total contents (Appendix 2: Tables X, XII, XIV and XVI). 

During the first three hours of uptake,the percentages and total 
contents of sodium in culm and root decrease somewhat. In view of 
the fact that before the experiment the plants were cultured in 
a nutrient solution which contained no sodium, and that during the 
experimental period their nutrient solution contained only 2 m.e. 
sodium and 0.05 m.e. calcium, it is reasonable to suppose that the 
decreases in the percentages and total contents of sodium were due 
to the time which must necessarily elapse before the plant adapts 
itself to the changed situation. 

During the first 9 hours of uptaker however, the total content 
of sodium in the root fluctuates irregularly* In the case of both 
culm and root,the greatest increase per unit of time in the sodium 
percentage occurs in the period between the 3rd and 9th hour of 
uptake and it is also during this period that the greatest increase 
in the total content of sodium in the culm takes place. In the case 
of the root,however, the greatest increase per unit of time in the 
total content of sodium occurs between the 9th and the 27th hour of 
the uptake period, that is, after the 3rd to 9th hour during which 
the greatest amount of sodium per unit of time is translocated via 
the root to the culm. 

The differences between the percentages and total contents of 
sodium in culm and root found after uptake periods of 81 or 27 hours 
and those found after shorter periods of uptake are very consider
able. 

To summarize,it may be concluded that the accumulation of sodium 
in culm and root is not influenced by concentrations of radioactive 
sodium of 0 to' 27 /ic.per two litres nutrient solution with 2 m.e. 
sodium and 0.5m.e. calcium per litre and that these concentrations 
have no appreciable influence upon the development and production 
capacity of the plant. 
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3. The influence of the concentration of the radioactive isotope 
and of the duration of uptake upon the sodium taken up by culm 
and root during the experimental period 

By means of the known radioactivity of the 2 m. e. sodium in the 
nutrient solution the uptake-sodium (i.e., the sodium taken up during 
the experimental period) is calculated from the counts obtained 
from 20 mg. ash (see Chapter III), corrected and reduced to total 
ash of culm and root. The question is, however, whether the actual 
sodium uptake can, in fact, be determined from the radioactivity 
of the plant as,apart from the effect of the active isotope uptake, 
the radioactivity of the plant may have been increased by isotope 
exchange. 

The variations in the amounts of sodium taken up in uptake periods 
of 1/3,1, 3, 9, 27 and 81 hours from nutrient solutions containing 
1/3, 1, 3, 9 or 27 /JC. radioactive sodium per litre were not sys
tematic. 

These variations are,to some extent,ascribable to the experimen
tal error. When measuring the radioactivity of weaker radioactive 
material (i.e., material obtained when short uptake periods are 
combined with low concentrations of radioactive sodium in the nu
trient solution) the background influences the results to a rela
tively greater extent than when stronger radioactive material is 
measured.For this reason,the uptake values found for weaker radio
active material are less reliable and subject to greater variations 
than those for stronger radioactive material. 

TABLE 7 

SODIUM UPTAKE BY CULM AND ROOT (in mg.) 

uc. Na22 per 
2 1. nutrient 
solution 

Uptake period 
in hours 

1/3 
1 
3 
9 

27 
8J 

Culm 

1/3 

0.08 
0.15 
0.14 
0.59 
1.04 

1 

0.07 
0.13 
0.18 
0.47 
0.93 
1.46 

3 

0.03 
0.08 
0.16 
0.44 
0.83 
1.47 

9, 

. 

0.02 
0.11 
0.18 
0.48 
1.02 
1.37 

• 

27 

0.02 
0.09 
0.14 
0.51 
1.07 
X . Tt X 

Root 

1/3 

0.40 
0.61 
0.65 
1.— 
0.79 
1.51 

1 

0.44 
0.73 
0.64 
0.56 
0.82 
X. 40 

3 

0.41 
0.59 
0.71 
0.76 
0.80 
1.41 

9 

0.44 
0.59 
0.80 
0.69 
1.02 
1.40 

27 

0.31 
0.47 
0.87 
1.02 
1.18 
1.50 

It will be seen from Table 7 that the uptake increases with the 
duration of uptake. As previously mentioned, however, since no sys
tematic correlation appears to exist between uptake values and 
concentrations of radioactive sodium,the treatments with different 
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concentrations of radioactive sodium and constant period of uptake 
were regarded as replications in analysing the results. 

In the case of both culm and root only the duration of uptake 
appreciably influenced the uptake (Appendix 2: Tables XVII and XIX). 

The differences between uptake of culm and of root, totalled for 
the various aggregate amounts of radioactive sodium, increase with 
the duration of uptake (Appendix 2: Tables XVIII and XX). In the 
first 27 hours of uptake, the root receives a larger share of the 
uptake-sodium than the culm. After this period, however, the root 
and culm share equally in the uptake (Pig. l).That is to say, after 

mg. 
Na 

8 

7 

3 

2 i 

1 

&1 3 27 
Accumulation period (hours). 

81 

Fig.1. Uptake-sodium in culms and roots totalled for the replica-
t ions 

Uptake-sodium in the culms Uptake-sodium in the roots 
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mg. 
Ha 

3 

1 

Total-sodium 

Uptake-sodium 

%\ 3 27 
Accumulation period (hours). 

81 

Fig.2.Average contents of total-sodium and uptake-sodium in plants 

27 hours,considerable translocation of uptake-sodium from the root 
to the culm occurs and, at the same time, the uptake-sodium in the 
root not only maintains its level but actually increases in amount. 

The fact that the culm receives less uptake-sodium than the root 
in the initial stages of uptake indicates that before considerable 
translocation of uptake-sodium to the culm can occur, part of the 
sodium which was present in the root before the commencement of the 
experimental period must first be transferred to the culm. This 
conception is supported by the fact that the content of total-sodium 
-that is,uptake-sodium plus original sodium-is consistently higher 
in the culm (except after an uptake period of 1/3 hour) than in the 
root (Appendix 2: Tables XIV and XVI) while, although the amount 
of uptake-sodium entering the culm during the first 27 hours of up
take is appreciable, it is considerably less than the amount retained 
by the root (Fig.1). 

It is possible, however, that, as a result of isotope exchange, 
the uptake values found were too high. 

If. the total-sodium in culm and root is equated with the accu
mulation, it follows that in all plants of these treatments the 
actual, accumulation has increased by the same amount of sodium. If 
the uptake values were in fact correct, the outgo values must also 
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have been increased by the same amount,since accumulation is equal 
to uptake minus outgo. 

The trend of the outgo curve will therefore remain unchanged during 
the uptake period of 81 hours.Since it has been experimentally found 
that accumulation and uptake exhibit the same trend in that both 
diminish as duration of uptake lengthens (Pig. 2), and in view of 
the relationship between uptake and outgo, this same trend must 
also apply to outgo. It appears, therefore, that during the uptake 
period,the uptake and outgo have the sajne trend as the sodium accu
mulations determined by flame photometer. 

This'allows of the conclusion that the sodium uptake during the 
experimental period can, in fact, be measured by means of radio
active sodium and that the isotope-exchange process has therefore 
very little influence upon the uptake. It has, moreover, previously 
been demonstrated (Appendix 2: Table XVII and XIX), that the con
centration of radioactive sodium in the nutrient solution has no 
appreciable influence upon the sodium uptake. Thus the values found 
for the uptake may be accepted as true. In this type of experiment, 
in which low-salt plants are used, the isotope-exchange process 
plays a very unimportant role in comparison with that of ion uptake. 
Hence it may be concluded that the determination of the uptake by 
means of physical measurements is justifiable. 
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4. The distribution of the content of total-sodium and of the sodium 
taken up during the experimental period (uptake-sodium) in leaf, 
stem and root after an accumulation period of 27 hours 

After an accumulation period of 27 hours the plants of this series 
were grouped in accordance with the concentration of radioactive 
sodium (i.e., 0, 1/3, 1, 3, 9, 27 /JC.) in the nutrient solution 
and harvested. The leaves, stems and roots were divided into upper 
and lower halves for analysis purposes while the rhizomes which 
were over-developed owing to the seed having been planted too deep
ly, were analysed separately. 

TABLE 8 

DISTRIBUTION OP TOTAL-SODIUM IN THE PLANT AFTER AN ACCUMULATION 
PERIOD OP 27 HOURS (in mg.) 

/JC. Na 2 2 

per 2 1. nu
tr ient s o 
lution 

Part of the 
plant 
Upper half 
of leaf-
blade 

Lower half 
of leaf-
blade 

Upper half 
of stem 

Lower half 
of stem 

Rhizome 

Upper half 
of root 

Lower half 
of root 

a 

Per t o ta l ash of plant part 

0 

0.23 

0.50 

0.32 

1.03 

0.33 

0.91 

b.35 

1/3 

0.16 

0.45 

0.50 

1.06 

0.45 

0.50 

0.43 

1 

0.20 

0.42 

0.25 

0.60 

0.52 

0.80 

0.34 

3 

0.25 

0.40 

0.40 

0.77 

0.54 

0.51 

0.42 

9 

0 .32 

0.33 

0.30 

0 .80 

0.52 

0.73 

0.33 

27 

0 .42 

0.49 

0.50 

0.82 

0.41 

0.91 

0.32 

5 
CO 
•-< 

p 
era 
CO 

0.26 

0.43 

0.38 

0.85 

0.46 

0.73 

0.37 

b 

Per 100 mg. ash 

0 

1.1 

1.7 

1.5 

3 .7 

4 .2 

3 .5 

5 .2 

1/3 

1.1 

1.8 

2 .3 

5 .1 

4 .7 

2 .8 

6 .6 

1 

1.1 

1.5 

1.6 

2.5 

5 .1 

3 .6 

5 .0 

3 

1.2 

1.7 

2 . -

3.6 

6.5 

3 .1 

6.6 

9 

1.3 

1.5 

2 .1 

3.1 

4 .8 

3 . 1 

4 .8 

27 

1.4 

1.5 

2.5 

3 .2 

4.6 

4 .5 

4 .3 

5 
CD 

(SO. 
CO 

1.2 

1.6 

2 . -

3.5 

5 . -

3.4 

5.4 
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TABLE 9 

DISTRIBUTION OF UPTAKE-SODIUM IN THE PLANT AFTER AN ACCUMULATION 
PERIOD OF 27 HOURS (in mg.) 

uc.Na22 

per 2 1. 
nutrient 
solution 

Part of 
the plant 
Upper 
half of 
leaf-
blade 

Lower 
half of 
leaf-
blade 

Upper 
half of 
stem 

Lower 
half of 
stem 

Rhizome 

Upper 
half of 
root 

Lower 
half of 
root 

a 

Per total ash of plant part 

1/3 

0.057 

0.175 

0.303 

0.549 

0.137 

0.413 

0.239 

1 

0.058 

0.179 

0.199 

0.467 

0.155 

0.521 

0.120 

3 

• 

0.047 

0.143 

0.263 

0.392 

0.203 

0.409 

0.188 

9 

0.092 

0.165 

0.269 

0.459 

0.203 

0.601 

0.222 

27 

0.157 

0.208 

0.311 

0.400 

0.252 

0.714 

0.204 

> 
< 
CD 
•-* 
P 
CD 

0.082 

0. 174 

• 

0.269 

0.453 
-

0.190 

0.532 

0.195 

b 

Per 100 mg. ash 

1/3 

0.38 

0.71 

1.41 

2.64 

1.43 

2.49 

3.68 

1 

0.31 

0.64 

1.25 

1.96 

1.53 

2.81 

3.11 

3 

0.23 

0.61 

1.30 

1.84 

2.44 

2.48 

2.99 

9 

0.37 

0.73 

1.89 

1.78 

1.89 

2.57 

3.27 

27 

0.53 

0.64 

1.57 

1.47 

2.81 

3.55 

2.76 

> 
< 

P 
Ct> 

0.36 

0.67 

1.48 

1.96 

2.02 

2.78 

3.16 

It appears from the tables that the amounts of total-sodium (Table 
8a; Fig. 3) and of uptake-sodium (Table 9a; Fig. 4) differ in the 
various parts of the plant. 

Total-sodium and uptake-sodium are present in greatest quantity 
in the lower half of the stem and the upper half of the root. In 
leaf, stem and root they become progressively less in amount with 
advance from the base towards the tip.The percentages of total - so
dium and uptake-sodium of the upper and lower halves of stems and 
leaves exhibit trends similar to those of the contents of total-
sodium and uptake-sodium. 
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No 

^-*v 

e 
Part of plant 

fig. 3. Average contents of total-sodium in the various parts of 
the plant 

Contents of total-sodium per 100 mg. ash 
- - - Contents of total-sodium per part of plant 

a. Upper half of leaf-blade 
b. Lower half of leaf-blade 
c. Upper half of stem 
d. Lower half of stem 
e. Rhizome 
f. Upper half of root 
g. Lower half of root 
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mg. 
Na 

c 7 
Part of plant 

Fig. 4. Average contents of up take-sodium in the various parts of 
the plant 

Uptake-sodium per 20 mg. ash 
- - - Uptake-sodium per part of plant 

a. Upper half of leaf-blade 
b. Lower half of leaf-blade 
c. Upper half of stem 
d. Lower half of stem 
e. Rhizome 
f. Upper half of root 
g. Lower half of root 
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In the rhizome and in the lower half of the root,only very small 
amounts of total-sodium and uptake-sodium are found (Tables 8a, 9a; 
Pigs.3 and 4). These parts, however, appear to possess the highest 
percentages of total-sodium, (Table 8b;Fig. 3). They are the parts 
which grow most quickly and in which great cell activity has occur
red. 

This is in excellent agreement with the findings in Chapter III 
and IV,namely,that in parts in which great cell activity prevails, 
proportionally great amounts of scdium are accumulated. 

Since, in contrast with the lower half of the root, the rapid de
velopment of the rhizome had already ceased before the commencement 
of the experimental period,and in view of the relationship between 
sodium accumulation and cell activity,it is to be expected that the 
percentages of uptake-sodium in the rhizome and in the stem will 
differ little and that the percentage of uptake-sodium in the lower 
half of the root will be greater than that in the upper half where, 
during the experimental period, less growth takes place. This as
sumption/based upon the difference in cell activity between rhizome 
and the lower half of the root,was,in fact, confirmed by the results 
(Table 9b; Pig. 4). Moreover, the data for uptake-sodium support 
the results presented in Chapter III and IV,from which it appeared 
that sodium is accumulated in tissues in which division of cells 
occurs. 

The analyses of Tables 8 and 9 are to be found in Appendix 2: 
Tables XXI to XXIV. Prom these, it is apparent that the total con
tents and percentages of total-sodium and uptake-sodium present in 
a given plant part depend chiefly upon the plant part in question. 
It is further apparent that the concentration of radioactive sodium 
in the nutrient solution has no important influence upon the distri
bution of the sodium in the plant. 

The differences between the contents of total-sodium and of uptake-
sodium in the-leaf, stem, and root are considerable (Appendix 2: 
Tables XXV and XXVII). The contents of total-sodium and uptake-
sodium in the lower half of the stem and in the upper half of the 
root are considerably greater than in the other parts of the plant. 

The differences in the percentages of total-sodium and of uptake-
sodium between the two halves of the different parts of the plant 
are, in general,considerable (Appendix 2: Tables XXVI and XXVIII). 
Only the difference in percentage of total-sodium between the lower 
and upper half of the leaf is unimportant. In general, it appears 
that the lower halves of stems and leaves have higher contents and 
higher percentages of total-sodium and uptake-sodium than do the 
upper halves. In the roots, the contents of total-sodium and uptake-
sodium are higher in the upper halves and the percentages are higher 
in the lower halves. 

IV. CONCLUSIONS 

(1) The concentration of radioactive sodium in the nutrient solu
tions wasfound to have exercised no important influence upon either 
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the fresh weights, the dry-matter yields,the dry-matter percen
tages or the contents, the percentages and the distribution of 
total-sodium in the different parts of the plant. Otherwise es-
pressed, no stimulating or suppressing effect from external or 
internal irradiation from radioactive sodium concentrations of 
0 to 27 fJC per two litres of nutrient solution were observed 
during optake periods ranging from 1/3 to 81 hours, 

(2) The duration of the uptake period was found to have a consider
able influence on the dry-matter percentages and the contents 
and percentages of total-sodium and uptake-sodium of the culm 
and root. Important differences were found between the contents 
and percentages of total-sodium and uptake-sodium of the various 
parts of the plant. 
In general, the contents and percentages of total-sodium increase 
with the duration of uptake. The increase per unit of time is 
reduced as the uptake period is lengthened. The lower halves 
of the leaves or stems have greater contents and higher percen
tages of total-sodium and uptake-sodium than the upper halves. 
In case of the root more sodium and a lower sodium percentage 
being found in its upper half, 

(3) Sodium is accumulated in tissues where great cell activity prevails. 
(4) Sodium taken up by the root is translocated to the stem in an 

appreciable degree only after sodium which was already present 
in the root has entered the stem. 

(5) In the case of low-salt plants, ion exchange plays a secondary 
role in the ion uptake and this enables the amount of sodium 
taken up during the experiment to be calculated directly from 
measurements of the radioactivity of the plant. 

Although it appeared from this exploratory experiment that rela
tively large amounts of radioactive sodium in the nutrient solutions 
have no influence.upon the development,production capacity or sodium 
uptake of the plant, it is advisable, in order to preclude every 
possibility of a stimulating or suppressing effect, to use no more 
radioactive sodium than is absolutely necessary.As the radioactivity 
of 20 mg. ash must be readily measurable (at least 100 c.p.m.) and 
as the uptake of Na22 is dependent upon the ratio of the radioactive 
to non-radioactive sodium in the nutrient solution,upon the ability 
of the plant to accumulate sodium and upon the duration of the uptake 
period, the concentration of radioactive sodium employed must,how
ever, be large enough to meet these requirements. For these reasons 
a concentration of radioactive sodium of 3 /JC. per two litres of 
nutrient solution was chosen in the experiment with oats described 
in Chapter VI. Since an increase in the uptake period results in 
greater radioactivity of the plant ash and since, moreover, the 
sodium accumulation per unit of time decreases as the uptake period 
is lengthened,(causing progressive flattening of the uptake curve) 
the uptake period chosen for the experiment described in the fol -
lowing chapter was extended from 81 to 144 hours. 
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CHAPTER VI 

THE UPTAKE AND OUTGO OF SODIUM IONS IN OATS 

(Avena sativa var. Marne) 

I. INTRODUCTION 

The degree to which a certain element is accumulated by a plant 
is measured by the difference between the amounts of the element 
contained in the plant before and after the period during which 
accumulation occurs. The accumulation, the extent of which is de
pendent upon the activity of the living organism, is the resultant 
of the uptake and of the outgo of the element or the nutrient ion* 

Normal chemical methods cannot be used to determine the uptake 
and outgo, because no differentiation can be made chemically be
tween the ions of an element present in the plant before the experi
ment and the ions of that same element taken up by the plant dur 
ing the experiment. Nor can a chemical method of determination 
differentiate between the ions of the same element originally pre
sent in the nutrient solution and those which were transferred to 
the nutrient solution from the plant during the experiment. For 
these reasons, Na 2 2 was used in this research on sodium. 

II THE DESIGN AND EXECUTION OF THE EXPERIMENT 

1. The design of the experiment 
A member of the Gramineae known to be a moderate accumulator of 

sodium was chosen as the experimental plant, namely, oats (Avena 
sativa variety Marne). 

, The culture of the plants before the experiment and the general 
conditions of the experiment were described in Chapter III. This 
section is,therefore,limited as far as possible to details of the 
circumstances under which the experiment was carried out. 

The experiment may be divided into three periods as follows: 
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GERMINATION PERIOD 

Germination 
tray 

Germination in silica sand, 
for a period of about three 

weeks. 

CULTURAL PERIOD. 

Nutrient solution: 3m.e,K; 5m.e.Ca; 2m.e.Mg; and 0.1,2 or4m.e.Na 
period: 3 weeks. 

\Q.lm«Ho" 

plants plants plants 
EXPERIMENTAL PERIOD 

m.e-Na 

0.1 

2 

4 

Hi 

in 

•#i 
Hi 
III 

Uptake Na 

j 
ill 
ill 
Hi 

plants 

550 
555 

plants 

i 
555 
555 

555555 

plants 

j 
555 
555 
555 

Outgo Na * 

Experimental pots of 150cc nutrient solution: O.I, 2 o r 4 m . e . Na' 0 5 m.eCa. 
period: 6 days. 

Fig. 5. Experimental design 
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(1) The germination period 
The oats were sown in silica sand on 21st April 1953.The seedlings 

appeared above the ground on 1st May. 

(2) The cultural period 
On 7th May the plants, all 8 cm. in height and visually assessed 

as being in all respects comparable, were placed in corks and made 
secure with cotton-wool, six to a cork. The corks were then trans
ferred to twelve culture trays, which were each filled with 1.050 
cc. of a nutrient solution, the composition of which is given in 

22 
Chapter III, In six of the trays 1.5 Ate, N a " as NaN03 was added 
per litre nutrient solution,In this way the nutrient solutions were 
divided into a radioactive group and a non-radioactive group. Each 
group was further divided into three sodium levels by the addition 
of 0. 1, 2 or 4 m.e. Na23 as Na2S04 per litre nutrient solution. 
Thus there were two culture trays per sodium level per group. Each 
tray contained 7 corks. 

The plants in the non-radioactive group were used for the inves
tigation on the uptake and those in the radioactive group for the 
investigation on the outgo of sodium. To ensure that plants with 
low salt content were obtained,the nutrient solutions were not re
newed during the culture period and no aeration was given. 

(3) The experimental period 
After a cultural period of three weeks the experimental units, 

each consisting of one cork with six plants 28-30 cm. in height, 
were transferred to the experimental pots. These pots had a volume 
of approximately 200 ac. and contained 150 c.c. of a nutrient so
lution which consisted of 0.05 ra. e. CaSO^ 2 H20 and 0.1, 2 or 4 m. e. 
Na2S04 P e r litre. 

The two experiments, the one relating to the uptake and the other 
to the outgo, which will be referred to hereafter as Experiment A 
and Experiment B respectively, were both carried out in triplicate. 
(See Figure 5 - Experimental design.) 

The non-radioactive plants for Experiment A were transferred to 
the experimental pots containing the radioactive nutrient solutions 
with 1.5 /JC, N a 2 2 per litre; the radioactive plants for Experiment 
B were transferred to the experimental pots containing the non
radioactive nutrient solutions. 

The plants were distributed among the pots in such a way that 
some from each sodium level of cultural solution were placed in 
each sodium level of experimental solution, namely 0.1, 2 and 4 m. e. 
per litre. 

When all the pots were duly planted the remaining plant material 
was harvested. The roots were rinsed off with an excess of de-
mineralized water, rinsed again with distilled water and squeezed 
out. These plants were divided into culm and root, the parts then 
being analysed for sodium. 

The pots were regularly aerated with air filtered through cotton
wool and glass-wool in the manner described in Chapter III. 
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After an experimental period of six days the plants were harvest
ed. Their roots were treated in the same way as were those of the 
plants previously harvested. Subsequently the culms were separated 
from the roots. 

2. The treatment and analysis of the plant material 
The fresh and dry weights of both the roots and culms were deter

mined in groups of six. The material was then ashed and the ash 
content determined. The sodium content of the ash was measured by 
flame photometer. In determining the radioactivity of the plant ma
terial 20 mg. ash was consistently used. The radioactivity of the 
nutrient solutions was determined before and after the experiment. 
The methods employed for the determination of the radioactivity and 
for the analysis are described in Chapter III. The working-up of 
the values obtained was carried out in the manner described in Ap
pendix 3, 

Attention is here drawn to the fact that when reference is made 
to the plant, root or culm, an experimental unit of six plants is 
concerned. 

III. THE EXPERIMENTAL RESULTS 

The analytical results which, as has already been stated, were 
based partly on chemical and partly on physical determinations, were 
grouped as follows: 

(1) The results of the chemical analysis of the plants of Experi
ments A and B. 

(2) The results of the physical determinations carried out on the 
plants of Experiments A and B. 

(3) The outgo of the sodium ions taken up during the germination 
and cultural periods (Experiment B). 

(4) The vice-versa effect. 
(5) The distribution of the sodium ions between the culms and roots 

of the plants after the cultural period. 
(6) The distribution of the sodium ions between the culms and roots 

of the plants after Experiment A. 
(7) The distribution between the culms and roots of the plants of 

the sodium ions taken up during the experimental period and 
of those present in the plants before the experiment. 

(8) The influence of the experimental conditions upon the distri
bution and translocation of the sodium ions taken up during 
the cultural period. 

I. The results of the chemical analysis of the plants of Experiments 
A and B 

(1) Sodium contents of the plants before the experiments 
Only very minute amounts of radioactive material were used. In 

the experiment described in Chapter V it was found that, even in 
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the presence of higher radiation intensity, the absorption of so
dium was in no way influenced by radiation. In view of this, it may 
be assumed that in Experiments A and B radiation had no effect upon 
the amounts of sodium accumulated. 

TABLE 10 

AVERAGE-RADIOACTIVE AND NON-RADIOACTIVE SODIUM CONTENTS OP 
THE PLANTS AFTER THE CULTURAL PERIOD 

Sodium contents 
of cultural 
nutrient solutions 
(in m. e. per litre) 

0x1 

Radio- Non-radio
active active 

fTon-
Radio- radio
active active 

Non-
Radio- radio
active active 

Sodium contents 
of the plants 
after the cul
tural period 
(in mg.) 1.21 1.22 4.93 4.99 7.53 7.03 

From the average amounts of sodium determined in the plants cul
tured in radioactive and non-radioactive nutrient solutions (Table 
10), it appears that this assumption is completely justified. Thus 
the average amount of sodium present in the plants before the experi
ment can be taken as the average of the amounts which were pre
sent in all plants in both the radioactive and the non-radioactive 
groups at that time.The averages for the plants cultured in the nu
trient solutions containing 0.1, 2 and 4 m. e. sodium were 1.22 ± 
0.02, 4.96 ±0.08, and 7.28 ±0.50 mg. sodium respectively. These 
amounts correspond with sodium concentrations of 191.5, 779.8 and 
1090. 1 mg. respectively per litre moisture in the fresh material. 
Prom this it appears that the sodium levels of the nutrient so
lutions considerably influenced the amounts of sodium taken up by 
the plants. The average amounts taken up by the plants cultured 
in the nutrient solutions containing 2 and 4 m. e. sodium are 306. 5% 
and 496.7% respectively more than those taken up by the plants in 
the 0.1. m. e. solution. 

2. Changes in the sodium contents of the plants during the ex
perimental period 

The amounts of sodium present in the plants of corresponding 
treatments in Experiment A and Experiment B (Table 11) differ by 
only a few per cent. 
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TABLE 11 

AVERAGE SODIUM CONTENTS OP THE PLANTS AFTER 
EXPERIMENTS A AND B 

Sodium 
contents 
of cultural 
nutrient 
solutions 
(in m.e. per 

. litre) 

0.1 
0.1 
2 
2 
A 

.L. 

A 
*± 

Average 

Experiment 

A 
B 
A 
B 
A 
B 

Sodium contents (inmg.) of 
the plants after treatment 
with experimental nutrient 
solutions having sodium 
contents (in m. e. per 

litre) of 
0.1 2 4 

1.07 2.41 2.79) 
1. 10 2. 34 2.84) 
4.69 6.78 6.90) 
4.90 6.80 6.95) 
7. 15 8. 19 9. 27) 
7. 18 8. 20 9. 17) 

4. 35 5. 79 6. 32 

Average 
sodium 
contents 
after 
Experiments 
A and B 
(in mg.) 

2.09 

6.17 

8.19 

These figures appear further to confirm the assumption that the 
accumulation of sodium was in no way influenced by the different 
conditions under which Experiments A and B were carried out. 

TABLE 12 

AVERAGE SODIUM ACCUMULATION DURING THE EXPERIMENTS IN 
PLANTS WITH DIFFERENT INITIAL SODIUM CONTENTS 

Sodium contents 
of cultural 
nutrient solution 
(in m.e. per 
litre) 

0.1 
2 
4 

Sodium contents of the plants 
(in mg.) 

Average 
before the 
experiments 

1.22 
4.96 
7.28 

Average 
after the 
experiments 

2.09 
6.17 
8. 19 

Average 
accumu
lation 
(in mg.) 

0.87 
1.26 
0.91 
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TABLE 13 

AVERAGE SODIUM ACCUMULATION DURING THE EXPERIMENTS IN 
PLANTS TREATED WITH DIFFERENT EXPERIMENTAL 

NUTRIENT SOLUTIONS 

Sodium contents 
of experimental 
nutrient solutions 
(in m. e. per 
litre) 

Sodium contents of the plants 

(*n Ffr) 
Average 
before the 
experiments 

Average 
after the 
experiments 

Average 
accumu
lation 
(in mg.) 

0.1 
2 
4 

4.49 
4.49 
4.49 

4.35 
5.79 
6.32 

- 0.14 
1.30 
1*83 

From comparison of the average accumulation by plants with differ
ent sodium contents (Table 12), it appears that those plants with 
the higher initial contents took up more sodium during the experi
ment than those with lower initial contents. Comparison of the ave
rage sodium accumulation by plants in the different experimental 
nutrient solutions (Table 13) shows that the sodium level of the ex
perimental nutrient solution had a great effect upon the average 
accumulation of sodium. The average accumulation by the plants in 
the experimental nutrient solution containing 0.1 m. e. sodium is 
negative, that is to say, the uptake is less than the outgo. 

The differential increases in the sodium contents of the plants 
during the experiment (Table 14) clearly demonstrate the influence 
of the sodium contents of the plants at the beginning of the experi
mental period and of the experimental nutrient solutions upon so
dium accumulation. 
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TABLE 14 

SODIUM CONTENTS AFTER EXPERIMENTS A ANDBOP PLANTS TREATED 
WITH EXPERIMENTAL NUTRIENT SOLUTIONS CONTAINING 2 AND 4 

M.E. SODIUM IN RELATION TO THAT OP PLANTS TREATED WITH 
AN EXPERIMENTAL NUTRIENT SOLUTION CONTAINING 0.1 M.E. 

SODIUM PER LITRE 

Sodium contents (in m. e. 
per litre) of 

the 
cultural 
nutrient 
solutions 

0.1 
0.1 
2 
2 
4 
4 

the experi
mental 
nutrient 
solutions 

2 
4 
2 
4 
2 
4 

Excess of sodium contents over 
those of plants treated with an 
experimental nutrient solution 

containing 0.1-m. e. sodium 

Experiment A 
(non-radioactive 

cultural 
solutions) 

mg. 

1.34 
1.72 
2.09 
2.21 
1.04 
2.12 

% 

125 
161 
45 
47 

' 14.5 
29.7 

Experiment B 
(radioactive 

cultural 
solutions) 

mg. 

1.14 
1.74 
1.90 
2.05 
1.02 
1.96 

% 

104 
158 
39 
42 
14.2 
27.3 

As the sodium content of the cultural nutrient solution increas
es,, so* the sodium contents of the plants of all treatments of both 
Experiment A and B increase. Expressed as a percentage, the sodium 
content rises most sharply for the plants cultured in the nutrient 
solution with 0.1 m. e. sodium. The sodium contents of plants treat-
edd with experimental nutrient solutions containing 2 and 4 m. e. 
sodium per litre were 125 and 161% respectively greater in Experi
ment A and 104 and 158% respectively greater in Experiment B than 
those of plants treated with an experimental nutrient solution con
taining 0.1 m. e. sodium. 

In the case of plants cultured in a nutrient solution contain
ing 2 m.e. sodium per litre, the sodium contents of those treated 
with experimental nutrient solutions containing 2 and 4 m. e. sodium 
were 45 and 47% respectively greater in Experiment A and 39 and 
42% respectively greater in Experiment B than the sodium con
tents of those treated with an experimental nutrient solution con
taining 0.1 m.e. sodium. The corresponding figures for plants cul
tured in a nutrient solution containing 4 m. e. sodium per litre 
were 14.5 and 29.7% in Experiment A and 14.2 and 27.3% in Experi
ment B. 



84 

The size of this increase appears to be dependent upon the sodium 
content of the experimental material and is thus dependent upon 
the amount of sodium available to the plant during the cultural pe
riod. In the experimental nutrient solution containing 4 m. e. so
dium, the size of the sodium increases in the plants cultured in the 
nutrient solutions with 2 and 4 m. e. sodium are of the same order 
and as much greater than in the case of the plants cultured in the 
nutrient solution containing 0.1 m. e. sodium. In the experimental 
nutrient solution with 2 m. e. sodium, the increase in the amount 
of sodium is clearly dependent upon the sodium content of the plant. 
The connection between the size of the sodium increase occuring du
ring the experiment and the original sodium content of the experi
mental plants is such that, above a certain minimum content of so
dium in the experimental plant, the increase in sodium during the 
experimental period is independent of the sodium level of the experi
mental plant, always provided that sufficient sodium is supplied 
in the nutrient solution. When insufficient sodium is supplied 
(Table 14) the ratio of the concentration Na plant : Na nutrient 
solution becomes decisive for the size of the accumulation. Exam
ples of this in Table 14 are the weight increases of only 1.04 mg. 
(14.5%) in Experiment A and 1.02 mg. (14.2%) in Experiment B shown 
when plants cultured in a nutrient solution containing 4 m. e. so
dium per litre were supplied with only* 2 m.e. sodium per litre in 
the experimental nutrient solution. 

TABLE 15 

SODIUM ACCUMULATION DURING EXPERIMENTS A AND B OP PLANTS 
GIVEN DIFFERENT CULTURAL AND EXPERIMENTAL TREATMENTS 

Sodium contents (in 
m. e. per litre) of 

the 
cultural 
nutrient 
solutions 

0.1 
0.1 
0.1 
2 
2 
2 
4 
4 
4 

the exper-
mental 
nutrient 
solutions 

0.1 
2 
4 
0.1 

• 2 
4 
0.1 
2 
4 

Sodium accumulation (in mg.) in 

Experiment A 

Treat-
ment 

a 
b 
c 
d 
e 
f 
g 
h 
i 

Accumulation 

1.07-1.22—0.15 
2.41-1.22=+1.19 
2.79-1. 22=+l. 57 
4. 69-4. 96=-0. 27 
6.78-4.96=+1.82 
6.90-4.96=+!. 94 
7.15-7. 28=-0.13 
8.19-7. 28=+0.91 
9. 27-7. 28=+!. 99 

Experiment B 

Treat
ment 

* 

J 
k 
1 
m 
n 
0 

P 
Q 
r 

Accumulation 

1.10-1.22=-0.12 
2.34-1.22=+l. 12 
2.84-1.22=+1.64 
4.90-4.96=-0.06 
6.80-4. 96=+1.84 
6.95-4.96=+1.99 
7.18-7. 28=-0.10 
8. 20-7.28=+0.92 
9.14-7.28=+!. 86 
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TABLE 16 

SODIUM ACCUMULATION DURING EXPERIMENTS A AND B IN RELATION 
TO THE SODIUM CONTENTS OP THE PLANTS BEFORE THE EXPERI

MENTS AND TO THOSE OP THE EXPERIMENTAL NUTRIENT 
SOLUTIONS 

Sodium contents (in 
m. e. per 

._ 

j « 

the 
cultural 
nutrient 
solutions 

4 
2 
0.1 
4 
2 
4 
2 
0.1 
0.1 

litre) of 

• * 

the exper
imental 
nutrient 
solutions 

0.1 
0.1 
0.1 
2 
2 
4 
4 
2 
4 

Sodium accumulation (in mg.) in 
the plants during the experiment 
in relation to the ratio of the 
sodium contents of the plants be
fore the experiment and the sodium 
contents of experimental nutrient 
solutions 

Experiment A 

Treat
ment 

g 
d 
a 
h 
e 
• 

l 
f 
b 
c 

Accumu
lation 

- 0.13 
- 0.27 
- 0.15 
+ 0.91 
+ 1.82 
+ 1.99 
+ 1.94 
+ 1.19 
+ 1.57 

Experiment B 

Treat
ment 

P 
m 
• 

J 
Q 
n 
r 
0 
k 
1 

Accumu
lation 

- 0.10 
- 0.06 
- 0.12 
+ 0.92 
+ 1.84 
+ 1.86 
+ 1.99 
+ 1.12 
+ 1.62 

Plant 
sodium: 
solution 
sodium 
ratio 
before 
the 
experiment 

496.5 
339.1 
83.3 
23.5 
17.0 
11.7 
8.5 
4.16 
2.08 

Prom Table 16 it appears that the ratio of the sodium content of 
the plant to that of the experimental nutrient solution determines 
whether the accumulation is positive or negative. With higher ra
tios the accumulation is negative. With a ratio lying somewhere be
tween 83.3 and 23.5 it becomes positive. With ratios of 83.3 and 
progressively less, it increases at first, then remains virtually 
constant until a ratio of between 8.5 and 4. 16 is reached, and fi
nally decreases at still lower ratios. 

This signifies that, provided sufficient sodium is supplied, 
plants with a high sodium level accumulate sodium more easily than 
plants with a low sodium level. It appears therefore that, by fol
lowing a specifically directed cultivation method, it is possible 
deliberately to increase the sodium requirement of the plant. 

In short,the plant's absorptive powers for sodium are not lessen
ed but rather increased by its initially high sodium content. This 
is clearly shown in the present experiments by the fact that plants 
cultured in nutrient solutions containing 2 and 4 m. e. sodium con
tained much more sodium after the experiments than did those cul
tured in a nutrient solution containing 0. 1 m. e. sodium per litre 
(Table 17). 
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TABLE 17 

SODIUM ACCUMULATION DURING EXPERIMENTS A AND B IN PLANTS 
TREATED WITH EXPERIMENTAL NUTRIENT SOLUTIONS CONTAINING 

2 AND 4 M.E. SODIUM IN RELATION TO THOSE OF PLANTS TREATED 
WITH AN EXPERIMENTAL NUTRIENT SOLUTION CONTAINING 0.1 M.E. 

SODIUM PER LITRE 

Sodium contents (in 
m. e. per ! 

the 
cultural 
nutrient 
solutions 

0.1 
0.1 
2 
2 
4 
4 

Litre) of 

the exper
imental 
nutrient 
solutions 

2 
4 
2 
4 
2 
4 

Increases ; (in mg.) of sodium contents ol 
plants 

Experiment A 

After 
the 
cultural 
period 

0 
0 
3.74 
3.74 
6.06 
6.06 

After 
the 
experi
mental 
period 

1.34 
1.72 
2.09 
2.21 
1.04 
2.12 

Total 

1.34 
1.72 
5.83 
5.95 
7.10 
8.18 

Experiment B 

After 
the 
cultural 
period 

0 
0 
3.74 
3.74 
6.06 
6.06 

After 
the 
experi
mental 
period 

1.14 
1.74 
1.90 
2.05 
1.02 
1.96 

f 

Total 

1.14 
1.74 
5.64 
5.79 
7.08 
8.02 

On consideration of the facts that: 

(a) the plant is growing during the experimental period so that 
more room becomes available for the ions taken up, but only 
sodium and 0.05 m.e. Ca are supplied in the nutrient solu
tion, and 

(b) in spite of (a) above, the sodium accumulates less readily in 
plants with a low sodium content than in plants with a high 
sodium content 

the thought naturally occurs that when a cell with a definite ion-
constellation divides, daughter cells try to maintain this same 
ion-constellation, by reason of the fact that their vital functions 
have adapted themselves before the division to a certain environ
ment. In these circumstances, the factors which determine the en
vironment of the cell apparently exercise an influence similar to 
that which,in genetics, is responsible for the habit of the plant. 
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2. The results of the physical determinations carried out on 
the plants of Experiments A and B 

From the radioact iv i t ies of the plant material and the nutr ient 
solutions before and after the experiment,it i s possible to de ter
mine the sodium uptake in Experiment A and the outgo in Experiment 
Bin the manner described in Appendix 3f Uptake and outgo determined 
in t h i s way cannot possibly be completely accurate as the method 
does not allow for the vice-versa effect (see p. 96). 

However, i t will be seenlater that the influence of the vice-versa 
effect i s negligible under the experimental conditions. 

TABLE 18 

MINIMUM UPTAKE AND OUTGO OP SODIUM IN EXPERIMENTS A AND B 
(in mg.) 

Sodium fcontents ( in 
m. e. per l i t r e ) of 

the 
cultural 
nutrient 
solutions 

0.1 
0.1 
0.1 
2 
2 
2 
4 
4 
4 

the exper
imental 
nutrient 
solutions 

0.1 
2 
4 
0 .1 
2 
4 
0 .1 
2 
4 

Experiment A 

-P 
a 
CD 

E 
- P 
03 
CD 
U 
H 

a 
b 
c 
d 
e 
f 
g 
h 
• 
l 

CD 
1 t-A 

& G X 
E O W 
P «H 03 
O - P <D 
O cd E 

< « t—4 >*• 

CD 
^ • 

CD P 
oo 03 
•P <D 
CX E 

0) 
-P 
03 

1—1 

o.g 
5 s 
O N-^ 

-0.15=0.33 - 0.47 
+1.19=2.17 - 0.98 
+1.57=2.54 - 0.97 
-0.27=0.33 - 0.60 
+1.82=2.35 - 0.53 
+1.94=2.95 - 1.01 
-0.13=0.30 - 0.43 
+0.91=2.20 - 1.29 
+1.99=2.82 - 0.83 

Experiment B 

•P 
c o 
E 

- P 
03 
CD 

• 
J 
k 
1 
m 
n 
o 
P 
q 
r 

T3 
. - CD 
I * - « 

P C P 
E O W 
P -H 03 
O - P <D 
O 03 E 

<£ rH N^-

T3 
CD 

- P 
03 

CD p 

•3 ° 
03 rH 
•^ 03 a o 

T3 
CD 
IH 
P o w 

W) 03 
- P CD 
P E 
O >^ 

-0.12=-0.10 - 0.02 
+1.12= 1.44 - Q.32 
+1.62= 1.96 - 0.34 
-O.06=-0.04 - 0.02 
+1.84= 2.41 - 0.57 
+1.99= 3.00 - 1.01 
-0.10=-0.03 - 0.07 
+0.92= 1.96 - 1.04 
+1.86= 2.99 - i: 13 

The uptake and outgo values determined are minimum values since 
they do not take the vice-versa effect into account. They are not 
always equal for the corresponding treatments of the two experi
ments, those for Experiment B being lower in part than those for 
Experiment A (Table 18). 

It will be seen that the greatest differences between the results 
of Experiments A and B occur between plants cultured in a nutrient 
solution containing only 0.1 m. e. sodium and between those supplied 
with an experimental nutrient solution containing only 0.1 m. e. so
dium per litre. The major differences thus relate either to a low 
sodium level in the plant material used in the experiment or to a 
low sodium level of the experimental nutrient solution. 
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Given equal accumulation as is the case in these two experiments, 
it is not acceptable that the uptake and outgo occurring in plants 
in corresponding treatments can be appreciably different. As such 
differences were established,however, it is clear that the results 
obtained from one or from both of the experiments were erroneous. 

In explanation of the observed differences, the following three 
possibilities present themselves: 

(1) The values calculated from Experiment A are too high. This 
would be the case if the radioactivity of the plant after the ex
periment is greater than can be reconciled with the ratio Na*:Na in 
the nutrient solution. 

(2) The values calculated from Experiment B are too low. This 
would be the case if the radioactivity of the nutrient solution af
ter the experiment is lower than can be reconciled with the ratio 
Na*:Na in the plant. 

(3) The values calculated from both experiments are incorrect. 

If the values calculated from Experiment A are too high, it may 
be inferred that: 

(1) The plant is able to choose selectively between the Na* and 
Na in the nutrient solution and shows a definite preference for Na* 

(2) After the uptake the plant fixes the Na* to a greater degree 
than the Na. 

In view of the fact that Na* and Na are chemically identical, no 
convincing argument can be advanced as to why such a selective ac
tion should occur. This line of thought leads to the supposition 
that the values calculated from Experiment B do not reflect the 
trtfe uptake and outgo. 

The cause of the appreciable differences between the values as 
calculated from Experiments A and B must therefore be sought in 
differences in the design of the two experiments. 

Through the medium of the experimental nutrient solutions, Na* 
and Na were supplied in a specific proportion to the non-radio
active plants used in Experiment A. Before the beginning of the ex
periment, the nutrient solution was well stirred to ensure a uni
form distribution of the Na*. 

The plants used in Experiment B took up Na* and Na in specific 
proportions from the radioactive nutrient solutions in which they 
were cultured. The specific activity** of this mixture was, how
ever, reduced by the non-radioactive sodium which the plants al-

* radioactive 
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ready contained and which they had taken up during the germination 
period. 

The greater the extent to which the sodium originally present in 
the plant i s added to and replaced by the sodium mixture taken up du
ring the cultural period, the greater the specific act ivi ty of the 
sodium in the plant becomes. 

The amount of non-radioactive sodium or ig ina l ly present in the 
plants - the germination-sodium - i s considerably reduced by the 
time that the p lants enter the experimental period as a r esu l t of 
their uptake of Ca, K, Mg and the mixture of Na* and Na ions during 
the three weeks' cultural period. 

The reduction may have been so complete that the p lants enter the 
period entirely devoid of their original non-radioactive sodium con
tent. In t h i s case a complete exchange and replenishment of the non
radioactive sodium has been effected by the radioactive sodium mix
ture, which will then be regularly distr ibuted throughout the plant 
in a way dependent upon the nature of the plant t issue. 

In a l l cases in which the original non-radioactive sodium has not 
been en t i re ly exchanged and replenished, the d i s t r ibu t ion of the 
radioactive mixture throughout the plant will probably be more or 
less i rregular. The poss ib i l i ty that the mixture i s regularly d i s 
tributed throughout apar t of the plant i s not excluded. With a r e 
gular d is tr ibution throughout the whole plant, the specific a c t i v i 
ty of the plant will decrease during the experimental period as a 
r esul t of the uptake of non-radioactive sodium from the nu t r ien t 
solution. 

With an i r regular distr ibution of the radioactive sodium mixture, 
the specific ac t iv i ty of the plant may increase, decrease or remain 
the same during the experimental period. The change which i t under
goes i s dependent upon the amount of sodium taken up during the ex
perimental period and the amount of germination-sodium which i s 
s t i l l present in the p lant . 

If i t i s the case that germination-sodium i s s t i l l present during 
the experimental period in the plants from a l l the different sodium 
treatments of the cultural period, i t follows that some germination-
sodium must s t i l l be present at the end of the cu l tura l period, 
whatever the relationship between the outgo (z) during the cultural 
period and the amount of sodium present in the plant at the end of 
the germination period (x).The relationship can be e i ther x<z, x = 
z or x>z. 

* radioact ive 
** specific a c t i v i t y - the r ad ioac t iv i ty per mg. sodium. 
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If the outgo, during the cultural period is less in amount than 
the contents of germination-sodium, some germination-sodium must 
still be present at the end of the period and the sodium taken up 
during the period will not necessarily have been involved in the 
outgo. If, on the other hand, the outgo during the cultural period 
is greater in amount than the contents of germination-sodium, the 
sodium taken up during the period must be involved in the outgo, 
if some of the germination-sodium is to remain in the plant at the 
end of the three weeks' cultural period in a nutrient solution con
taining 3 m. e. K, 5 m. e. Ca, 2 m, e. Mg and either 0.1, 2 or 4 m.e. 
Na (see Tables 19 and 20). 

TABLE 20 

RADIOACTIVITIES AND SPECIFIC RADIOACTIVITIES BEFORE AND AFTER 
EXPERIMENTS A AND B ( i n C .p .m. ) 

* total activity ** specific activity 

Treat
ment 

a 

b 

c 

• d 

e 

f 

g 

h 

• 

l 

EXPERIMENT A 
Total and specific activity 

of the 

plant 
after 
the 
experi
ment 

77,517* 
72,445** 

26,283 
10,906 

14,671 
5,258 

72,933 
15,551 

26,260 
3,873 

17,618 
2,553 

66.100 
9,244 

25,040 
3,186 

16,050 
1,739 

nutrient solution 
before 
the 
experi
ment 

81,060 
234,957 

84,300 
12,112 

80,400 
5,776 

77,700 
225,217 

77,700 
11,164 

83,100 
5,970 

75,850 
219,855 

79,200 
11,379 

79,270 
5,695 1 

after 
the 
experi
ment 

3,340 
6,747 

57t500 
9,965 

64,700 
55,240 

4,770 
7,694 

51,870 
10,091 

65,482 
5,512 

9,750 
20,547 

54,260 
8,969 

63,220 
5,299 | 

EXPERIMENT B 
Total and specific activity 

of the 

Treat
ment 

• 

J 

k 

1 

m 

n 

0 

P 

Q 

r 

Dlant 
before 
the 
experi
ment 

73,040 
59,869 

64,800 
53,114 

75,160 
61,606 

64,840 
13,072 

63,677 
12,838 

68,950 
13,901 

37,120 
5,099 

47,600 
6,538 

48,590 
6,674 

after 
the 
experi
ment 

71,600 
65,090 

48,050 
20,534 

54,430 
19,165 

64,600 
13,084 

56,400 
8,294 

54,950 
7,906 

36,770 
5,120 

40,800 
4,976 

41,050 
4,491 

solution 
alter 
the ex
peri
ment 

1,440 
3,200 

16,750 
2,868 

20,730 
1,685 

240 
593 

7,277 
1,421 

14,000 
1,173 

350 
786 

6,800 
1,126 

7,535 
625 
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- Prom the data shown in Table 19, it appears that in the case of 
treatment s, germination-sodium has certainly remained behind in the 
plant. The values obtained from treatments t and u,however, do not 
allow for any certainty in this respect. The differences between 
the values for x and z in treatments t and u are in the range of 
10% or less. Bearing the experimental error in mind, the possibi
lity that the z value is in reality equal to or somewhat greater 
than the x value cannot be dismissed. 

The possible influence of the germination-sodium will be most pro
nounced in those treatments of Experiment B in which the plants 
were cultured in the nutrient solutions with 0.1 m. e. sodium and 
also in those treatments in which 0.1 m. e. sodium was supplied du
ring the experimental period, this being due, in the former case, 
to the fact that more germination-sodium has remained behind in the 
plants (Table 19) and in the latter case to the fact that only mi
nute amounts of sodium were supplied during the experiment. The 
maximum amounts of germination-sodium which remained behind in the 
plants at the end of the cultural period were 0.949, 0.55 and 0.43 
mg. respectively for the plants cultured in nutrient solutions 
with 0.1, 2 and 4 m.e. sodium per litre. 

When the theoretical conclusions drawn from the hypothesis that 
germination-sodium is present during the experimental period in 
the plants from all the different cultural nutrient solutions were 
checked against the radioactivities and specific activities found 
applicable to Experiment B, further confirmation was obtained that 
germination-sodium must indeed have been present during the experi
mental period. 

When the plant material cultured in nutrient solutions with 0.1, 
2 and 4 m.e. sodium was placed in nutrient solutions containing 
0.1 m.e. sodium during the experimental period (treatments j, m, 
p, Table 20), the specific activity either rose or remained the 
same. According to the foregoing consideration, this indicates that 
germination-sodium was present in these plants during the experimen
tal period. In view of the fact that the same plantmaterial was 
used for the treatments with higher sodium concentrations in the nu
trient solutions, that which has been found applicable to treatments 
j„ m and p must necessarily apply also to the other treatments. That 
this influence did not make itself apparent in the outgo from plant 
material from the cultural nutrient solutions with 2 and 4 m.e. 
sodium which was placed in nutrient solutions with 2 and 4 m.e. so
dium during the experimental period may be attributed to the fact 
that in these plants only very little non radioactive germination-
sodium is present and also to the fact that they took up con
siderable amounts of non-radioactive sodium during the experiment
al period. 
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It has thus been shown that the participation of the germination-
sodium, wholly or in part, in the outgo must be held responsible 
for the low outgo values found in Experiment B. Prom this and the 
fact that no basic objections can be raised to the results obtained 
from Experiment A, it is evident that the third possibility,namely 
that the results of both Experiment A and Experiment B are incor
rect, becomes void and the results from Experiment A should be gi
ven preference to those of Experiment B. 

It may be assumed that the following occurred in Experiment B. 
During the experimental period part of the germination-sodium left 
the plant and this resulted in an increase in the specific activi
ty. But at the same time part of the culture-sodium also left the 
plant in the outgo and this resulted in a decrease in the specific 
activity, as did also the uptake of non-radioactive sodium. The 
final specific activity of the plant is entirely dependent upon 
the amounts of sodium taken up and lost in the outgo. 

It is surprising to establishes one must from these experiments, 
that sodium, which is supposed to be an extremely mobile element 
and which has not yet been accorded general recognition in plant 
nutrition, was not completely exchanged or expelled by the cations 
during the three weeks that the plants were in the cultural nutrient 
solutions containing 3 m. e. K, 5 m. e. Ca, 2 m. e. Mg and 0.1 m. e. , 
2 m.e. or 4 m.e. sodium and that no isotope balance was reached du
ring this period. 

It appears from these results (Table 19) that the sodium in the 
Plant is more easily exchanged by other sodium ions than by Ca, K 
or Mg. This strengthens the opinion that sodium can fulfil a speci
fic function in the plant as it leads to the supposition that so
dium is able to take up various positions in the plant and that it 
is present in stronger or weaker combinations with other substan
ces. This is a property which sodium shares with other nutrient 
ions. 

3. The outgo of the sodium ions taken up during the germination 
and cultural periods of Experiment B. 

(1) Introduction 

It cannot be assumed that all the sodium taken up during the ger
mination period and present in the plants of the various treatments 
at the beginning of the experiment, is embraced by the sodium outgo. 
It is therefore pertinent to ask to what extent the germination-so
dium participates under various conditions in the exchange and con
version reactions during the experimental period and to what extent 
the sodium outgo is provided by the culture-sodium. For plants cul-



04 

turedinthe nutrient solutions containing 0.1, 2 and 4 m. e. sodium, 
the maximum amounts of germination-sodium which were able to parti
cipate in these reactions were 0.949, 0.55 and 0.45 mg. respective
ly (Table 19). 

At the end of the experiment, the following types of sodium can be 
present in the plants: 

(a) A part of the sodium taken up during the germination period 
(germination-sodium) - Na - non-radioactive sodium; 

(b) A part of the sodium taken up during the cultural period 
(culture-sodium - Nac - a mixture of radioactive and non-
radipactive sodium; 

(c) Sodium taken up during the experimental period (experimental-
sodium) - Nae - non-radioactive sodium. 

In the plants cultured in the nutrient solutions with 0.1 m. e. 
sodium, a(0.271 mg. Na in Table 19) mg. culture-sodium is present 
prior to the experiment. During the experiment the radioactivity of 
the plant (treatment j, Table 20) is reduced by 0c.p.m. (1440 c.p.* 
m.). Before the experiment the radioactivity of the plant, or more 
precisely the radioactivity of the sodium taken up during the cul
tural period, was y c.p. m. (73,040 c.p.m.). During the experimental 
period, this sodium disappeared from the plant to the extent given 
by the following equation: 

f x mg. = 6 mg. (1»440 x 0. 271 mg. Na = 0.005 mg. Na). 
« 73,040 

Hie amount of culture-sodium remaining in the plant after the ex
periment is therefore: 

a - 6 s Nac mg. (0.271 - 0.005 = 0.266 mg. Na). 

The total amount of sodium Na^. present in the plant at the end 
of the experiment is: 

Nac + Nae + Na = Na^. mg. Na (1) 

Reasonably correct values for the uptake of sodium by plants sub
jected to the various treatments of Experiment A, the Na e values, 
are known. The uptake values for treatments n, o, q and r (Table 18) 
of Experiment B, which agree fairly well with the uptake values for 
the corresponding treatments of Experiment A, may also be used for 
the calculation,actual values thus being employed in preference to 
those obtained for the corresponding treatments of Experiment A. 
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Prom (1) it follows that: 

Na^ - Nae - Nac = Na (2) 

From this, the only unknown value, namely, the maximum amount of 
germination-sodium which can be present in the plant at the end of 
the experiment, can be determined. 

The results are given in Tables 21 and 22. 

TABLE 21 

AVERAGE CONTENTS OP DIFFERENT TYPES OF SODIUM IN THE 
PLANTS AFTER THE EXPERIMENTS 

Treat
ment 

J 

k 

1 

m 

n 

0 

P 

q 

r 

Sodium contents (in 

m. e.per litre) of 

the 
cultural 
nutrient 
solutions 

0.1 

0.1 

0.1 
• 

2 

2 

2 

. 4 

4 

4 

the exper
imental 
nutrient 
solutions 

0.1 

2 

4 

0.1 

2 

4 

0.1 

2 

4 

Contents of different 
in the plants 

Total 
sodium 

(mg.) 

(1) 

1.10 

2.34 

2.84 

4.90 

6.80 

6.95 

7.18 

8.20 

9.14 

Culture 

(mg.) 

(2) 

0.27 

0.21 

0.19 

4.41 

3.99 

3.52 

6.84 

5.88 

5.79 

after 

-sodium 

(%) 

(3) 

98.1 

77.1 

69.0 

100.0 

90.6 

79.7 

100.0 

85.9 

84.6 

types of sodium 
the experiments 

Exper
iment 
sodium 

(mg.) 

(4) 

0.33 

2.17 

<u. D*z 

0.33 

2.41 

3.00 

0.30 

x a y o 

2.99 

Germin
ation-

sodium 
(mg.) 

(5) 

0.50 

-0.04 

0.11 

0.16 

0.39 

0.44 

0.04 

0.36 

0.36 

(%) 

(6) 

53.1 

-4.1 

11.9 

30.1 

74:2 

82.1 

y» 0 

84.7 

83.7 
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The outgoes of sodium taken up during the cultural period and the 
germination period are not two separate and independent processes. 
They influence each other and must therefore be considered as being 
interdependent. 

The outgo i s influenced by: 

(a) The amounts of culture-sodium and germination-sodium present 
in the p lants p r ior to the experiment; 

(b) The sodium concentration of the nutrient solution; 

(c) The vice-versa effect (see p.101). 

(2) The outgo from plants cultured in nutrient solutions con
taining 0.1, 2 and 4 m.e. sodium per l i t r e in re lat ion to increas
ing sodium concentrations in the experimental nutrient solutions 

The outgo of culture-sodium and germination-sodium from plants 
cultured in nutr ient solutions with 0 .1 , 2 and 4 m.e. sodium in r e 
lation to increasing sodium concentrations in the experimental nu
t r ient solutions proceeds in accordance with the following general 
scheme: 

Outgo of culture-sodium 
from plants cultured in 
nutrient solution with: 

0.1 m. e. 
2 m. e. 
4 m.e. 

Na: 
Na: 
Na: 

increases 
increases 
increases 

Outgo of germination-sodium 
. from plants cultured in 

nutrient solution with: 

0.1 m.e. Na: increases 
2 m. e. Na: decreases 
4 m.e. Na: decreases 

As the sodium concentrations of the nutrient solutions increase, 
the outgo of culture-sodium increases, irrespective of the sodium 
contents of the plants and of the ratio of culture-sodium to germi
nation-sodium in the plants. It would therefore appear that the 
outgo of culture-sodium is largely dependent upon the sodium con
centration of the experimental nutrient solution. 

With plants cultured in nutrient solutions with 0.1 m.e. sodium 
and thus containing little culture-sodium and much germination-so
dium - plants with relatively low sodium contents - the outgo of 
germination-sodium increases as the sodium concentration of the ex
perimental nutrient solution increases,and it is worthy of mention 
that in these circumstances, .the uptake was twice as great as the 
amount of sodium which was found to be present in the plants before 
the experiment. 
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In the case of plants cultured in nutrient solutions with 2 and 
4 m. e. sodium and thus containing much culture-sodium and little 
germination-sodium - plants with high sodium contents and a high 
ratio of sodium concentration in the plant to sodium concentration 
in the experimental nutrient solution - the outgo of germination-
sodium decreases as the sodium concentrations of the experimental 
nutrient solutions increase.Here the uptake amounts to one-half to 
one-third of the amount of sodium present in the plants before the 
experiment. 

The dependence upon the sodium concentration of the experimental 
nutrient solutions does not apply to the minute amounts of germi
nation-sodium present in the plants cultured in the nutrient solu
tions with 2 and 4 m.e. sodium. 

It may be concluded that,in general, the outgo of culture-sodium 
and germination-sodium is dependent upon the amounts of these types 
of sodium which are present in the plants before the experiment. 
The outgo of culture-sodium and germination-sodium from the plants 
with low sodium levels appears to be dependent upon the concentra
tion of the experimental nutrient solution. In plants with high or 
medium sodium levels,only the outgo of culture-sodium is dependent 
upon the experimental nutrient solution. The outgo of germination-
sodium from such plants is,on the contrary, dependent upon the ex
tent of the uptake in relation to the amount of sodium present in 
the plant before the experiment. As this relative uptake decreases, 
so the outgo of germination-sodium also decreases. In other words, 
with a proportionately large uptake and with the presence in the 
plant of much germination-sodium, the outgo of germination-sodium 
is dependent upon the sodium concentration of the experimental nu
trient solution. With a proportionately small uptake and little ger
mination-sodium present in the plant,the outgo of the germination-
sodium is not dependent upon the sodium concentration of the experi
mental nutrient solution. With a relatively large or small uptake 
in conjunction with much or little culture-sodium present in the 
plant before the experiment, the outgo of culture-sodium is always 
dependent upon the sodium concentration of the experimental nutrient 
solution. 

This indicates that the distribution of all the culture-sodium 
and germination-sodium in the plant is not the same,as the germina
tion-sodium is less ready to leave the plant than is the culture-
sodium. 
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(3) The outgo from plants containing increasing amounts of 
sodium in the experimental nutrient solutions contain
ing 0.1, 2 and 4 m.e. sodium per litre 

The outgo of culture-sodium and germination-sodium from plants 
in relation to increasing sodium content occurs according to the 
following general scheme: 

Outgo of culture-sodium from Outgo of germination-sodium from 
plants with increasing sodium plants with increasing sodium 
levels in experimental nutrient levels in experimental nutrient 
solution containing: solution containing: 

0.1 m. e. Na: decreases 0.1 m. e. Na: decreases 
2 m. e. Na: increases 2 m.e. Na: decreases 
4 m. e. Na: increases 4 m. e. Na: decreases 

The outgo of culture-sodium is dependent upon the sodium concen
tration of the experimental nutrient solution. With high sodium 
concentrations it increases with the amount of culture-sodium pre
sent in the plant before the experiment. With low sodium concentra
tions it is more dependent upon the ratio of germination-sodium to 
culture-sodium in the plant prior to the experiment. 

The outgo of germination-sodium is not dependent upon the concen
tration of the experimental nutrient solution but upon the amount 
of germination-sodium present in the plant prior to the experiment. 
The plants cultured in the nutrient solutions with the highest so
dium contents contain the smallest amounts of germination-sodium. 
Thus the outgo of germination-sodium decreases as the sodium con
tent of the plant increases, irrespective of the sodium concentra
tion of the experimental nutrient solutions. 

With an experimental nutrient solution containing 0.1 m.e. sodium, 
there is,however, a relative increase in the outgo of germination-
sodium as the sodium contents of the plants increase. 

The outgo values for plants cultured in solutions containing 0.1, 
2 and 4 m.e. sodium are 46.9, 69.9,and 90.7% respectively,so that, 
given a uniform uptake,the outgo of germination-sodium is dependent 
upon the sodium concentration of the plant. The fact that the ger
mination-sodium does not entirely leave the plants, even when the 
sodium concentrations in the plants are high, indicates with what 
difficulty it is replaced by sodium from other sources. Even in the 
case in which the outgo is greater than the uptake (treatment p), 
the culture-sodium present in the plant is not able to expel the 
germination-sodium completely. 
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Prom the data (Table 22, columns 7 and 8), it would seem that 
treatments m, n, in p, q and r, the outgo at first contains much germi
nation-sodium* and later an increased amount of culture-sodium. 

In general, it has been observed that: 

(a) The outgo of germination-sodium is dependent upon: 

(i) The amount of germination-sodium in the'plant; 

(ii) The extent of the uptake in relation to the amount 
of sodium present in the plant before the experiment. 

(b) The outgo of culture-sodium is dependent upon: 

(i) The sodium concentration of the nutrient solution; 

(ii) The ratio of germination - sodium to culture-sodium 
in the plant. 

Prom this it appears that, as has previously been stated, the 
behaviour "of the germination-sodium and the culture-sodium dif
fers with regard to the outgo and that it may consequently be assumed 
that a part of the germination-sodium initially taken up by the 
plant,sites itself in a position different from that of the sodium 
taken up later and, furthermore, that it is only with great diffi
culty that the sodium taken up later can expel part of the sodium 
already present in the plant. 

Prom the results of these experiments it is safe to deduce that 
the sodium can be present in the plant in varying circumstances. 
Prom the generally applicable conception that, in given circumstan
ces and within certain limits, cations are mutually exchangeable, 
it appears that sodium can be present in the plant in three differ
ent combination forms, namely: 

(a) That in which it can easily be exchanged by all cations; 

(b) That in which it can easily be exchanged by other Na, but only 
with difficulty by Ca, K and Mg (selective binding, see 
Table 19); 

(c) That in which it can be exchanged only with difficulty by 
other Na (specific binding, see Table 19 and 22). 

This jneans that three different functions must be attributed to 
the sodium. 
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In the three possibilities mentioned above, the bonds by which 
the sodium is combined become stronger in the order in which they 
are given. Prom a functional point of view, the significance which 
must be attributed to the sodium will change from one of a general 
nature to one of an essential nature with the increase in the combin
ation strength. 

The functional significance of the strength by which the sodium 
is combined may be interpreted as follows: 

(a) A general function, e.g., the maintenance of the osmotic 
pressure; 

(b) A specific function, e.g., the control of the hydration of 
the plasma; 

(c) An essential function, e.g., participation in one of the me
tabolic processes. 

4. The vice-versa effect 

(1) The nature of the vice-versa effect 

By vice-versa effect i s understood the re-uptake by the plant of 
an element or compound which owes i t s presence in the nutrient so
lution solely to the outgo. 

During the experiment the composition of the nutrient solution 
undergoes a change due to the influence of two factors, viz. 

(a) The Uptake 

The uptake of a particular element from the nutrient solution 
results in a corresponding impoverishment of the latter in 
respect of the element. 

(b) The Outgo 

The outgo of a particular element from the plant results in 
the enrichment of the nutrient solution in respect of the 
element. 

In theory, the nature of an accumulation of any particular element 
can be either positive, negative or zero. In the investigation un
der discussion, the accumulation was negative in one-third of the 
treatments and positive in tne case of the other two-thirds. 



102 

(2) The theoretical conception of the vice-versa .effect 

(a) The vice-versa effect in the case of a negative accu
mulation 

In the event of a negative accumulation the outgo has exceeded 
the uptake. Thus the nutrient solution finally receives a 
greater amount of sodium from the plant than it has surren
dered to it. 

In the present investigation a negative accumulation is at
tributable to the fact that the sodium concentration of the 
plant is very much higher than that of the nutrient solution 
(see Table 22, column 12). 

In the case of these particular treatments a pronounced "change 
in the concentration of the nutrient solution is possible 
and, as a result, the uptake in Experiment A as calculated 
from the radioactivity and, therefore, the outgo, might lie 
considerably below the actual value. 

(b) The vice-versa effect*in the case of a positive accu
mulation 

In the event of a positive accumulation the uptake exceeds 
the outgo and the sodium concentration is higher in the plant 
than in the nutrient solution. With a positive accumulation 
the sodium concentration in the plant is at the most 23 times 
as high as in the nutrient solution whilst with a negative 
accumulation, it is at the most 469.5 times and at .the least 
83.5 times as high in the plant as in the nutrient solution. 

Thus the differences in concentration between the nutrient 
solution and the plant are appreciably smaller in those treat
ments in which a positive accumulation occurs than in those 
which result in a negative accumulation. It is, however, clear-
that the vice-versa effect will be less pronounced in the case 
of a positive sodium accumulation than in the case of a nega
tive sodium accumulation. However, should the stream of out
going ions only begin to flow strongly after most of the up
take has taken place, the vice-versa effect - i.e., the pol
lution of the nutrient solution - cannot contribute very much 
to the final uptake. 

(c) The extent of the vice-versa effect 

The equation F - Nat - Nac « Nag, in which F » the amount of 
sodium in the plant after the experiment, 
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Nâ . =. the minimum amount of sodium taken up in Experiment A, 

Na = the maximum amount of the minimum uptake of culture-
soaium which has remained behind the plant after the experiment. 

Na = the maximum amount of germination-sodium which has re
mained behind in the plant after the experiment, 

represents the relationship between Na and the sodium of the 
cultural and experimental periods. 

Irrespective of the extent of the pollution, it is certain 
that,when the vice-versa effect occurs, the values found for 
Nâ - and Nac are too low and that, as a result, too high a 
value is found for Nag. 

Theoretically, the treatment in which the vice-versa effect 
must have exercised the greatest influence upon the uptake 
is that in which the plants were cultured with 4 m. e. sodium 
and in which the experimental nutrient solution contained 0.1 
m.e. sodium (treatment p, Table 21). In this case it appears 
that with an uptake of 0.30 mg. sodium the Nag value is 0.04 
mg. It may therefore be concluded with certainty that in no 
case can the vice-versa effect have been greater than 0.04 mg. 
The lowest value that Nag can possibly have is nil. It is 
clear, therefore, that the influence of the vice-versa effect 
upon uptake must be very small and it may safely be assumed 
that, in the case of low-salt plants, the uptake occurs in a 
very short time and is largely completed before the outgo 
reaches its highest value per unit of time. 

Here also the uptake reveals itself as an active process which 
is stimulated by the living plant, whilst the outgo is a pas
sive process resulting from the uptake and limited in magni
tude by the differences in sodium concentration in the plant 
and the nutrient solution. 

5. The distribution of the sodium ions between the culms and the 
roots of the plants 

(1) Introduction 

It is readily acceptable that when uptake of a nutrient element 
- in this particular case sodium - occurs, it begins as soon as 
the root of the plant comes into contact with the nutrient solution. 

Germination-sodium and culture-sodium are carried to the culm sim
ultaneously. Provided that the experimental period is sufficiently 
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long, sodium taken up during this period finds its way into the culm, 
in addition to the germination-sodium and the culture-sodium and, in 
the event of an even longer experimental period, the sodium from these 
three sources will tend to leave the culm and again enter the root. 
As a result the nutrient solution will become enriched by this sodium. 

The amount of originally non-radioactive sodium which is present 
in the culm after the experimental period can, in fact, be composed 
entirely of the sodium from the germination and cultural periods 
which was available in the culm and root before the experiment. As 
there are no means of determining the sources of the sodium found 
in the culm and the root the calculation of the intake* and the 
outgo of the culm and of the uptake, intake and outgo of the root 
from the radioactivity of the culm and root cannot produce true val
ues. To illustrate this point consideration can be given to the 
relationship applicable to the culm, viz. 

accumulation = intake - outgo 

In Experiment A (non-radioactive plants in radioactive experimen
tal nutrient solutions) the intake comprises: 

(a) non-radioactive sodium from the root; 

(b) a mixture of radioactive and non-radioactive sodium taken up 
during the experimental period and conveyed to the culm. 

Only the sodium mentioned under (b) and the total amount of non
radioactive sodium (non-radioactive sodium from the root and non
radioactive sodium which has remained behind in the culm) which is 
present in the culm at the end of the experiment are measurable. 

The question presents itself whether the amounts of non - radio -
active sodium of these two different categories could be determined 
with the aid of data from Experiment B (radioactive plants in non
radioactive nutrient solution). In this connection, however, there 
are various impeding factors, viz. 

(a) in addition to a mixture of radioactive sodium from the cul
tural period and non-radioactive sodium from the experimental 
period.the plants contain non-radioactive sodium from the ger
mination period. 

(b) A possible increase in the radioactivity of the culm during 
the experiment is the resultant of intake and outgo of radio
active sodium; 

* Where a nutrient element is not taken up by the root or culm di
rectly from the nutrient solution, this is known as 'intake'. 
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(c) A possible decrease in the radioactivity of the root during 
the experiment is the resultant of outgo of radioactive sodium 
to the culm and to the nutrient solution and the intake of 
radioactive sodium from the culm. 

It will be seen from consideration of these factors that even if 
use be made of data from both experiments the resultants of the in
teraction between culm and root are the only available factors upon 
which further conclusions can be based. 

As has been mentioned previously, the culms and roots are severed 
at the end of the experiment and analysed separately. The data 
show the distribution between culm and root of the total amount of 
sodium and of the sodium taken up during the experiment. 

(2) The distribution of the sodium ions, between the culms and 
roots of the plants after the cultural period 

The distribution of the total amount of sodium and of the culture-
sodium between the culm and root is not uniform for all treatments, 
being dependent upon the amount of sodium supplied in the nutrient 
solution (see Table 23). 

TABLE 23 

DISTRIBUTION OF SODIUM /BETWEEN THE CULMS AND ROOTS OP THE 
PLANTS AFTER THE CULTURAL PERIOD 

Treat
ment 

s 
t 
u 

Sodium 
contents 
of cu l tu ra l 
nu t r i en t 
so lu t ions 
( in m. e. 
per l i t r e ) 

0 .1 
2 
4 

Total-so( 
contents 
the plan' 
a f t e r th< 
cu l tu ra l 
period 
( in mg.) 
culm 

0.587 
2.73 
4.66 

iium 
of 

t s 
B 

root 

0.633 
2.23 
2>62 

Culture-sodium 
contents of the 
p l an t s a f t e r 
the cu l tu ra l 
period 
( in mg.) 

•• 

culm root 

0.064 0.207 
2.43 1.98 
4.32 2.53 

Germination-
sodium con
t en t s of the 
p l an t s a f t e r 
the cu l t u r a l 
period 
( in mg. ) 
culm root 

0.523 0.426 
0.30 0.25 
0.34 0.09 

Mien only a small amount of sodium i s available the element i s 
accumulated preponderantly in the organ through which uptake occurs, 
namely, the root. When a large amount of sodium is available, how
ever, accumulation occurs mainly in the culm, but only after the 
root has acquired a certain content. In brief, therefore, as the 
amount of available sodium increases, so the main accumulation of 
this element tends to shift from the root to the culm. 
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The culm not only receives a larger share of the sodium taken up 
by the root during the cultural period than does the root itself, 
but also contains the larger portion of the sodium taken up during 
the germination period. If it is accepted that, as a result of the 
larger sodium uptake in plants of treatment u, more germination-so
dium has transferred from the roots to the culms than is the case 
in plants of treatment t it follows that, as the amounts of ger
mination-sodium found in the culms of plants of the two treatments 
were equal, the roots of plants of treatment u have received more 
germination-sodium from the culms than have those of plants of 
treatment t. Nevertheless,the amounts of germination-sodium found 
in the roots of plants of treatment t after the experiment were 
greater than those found in the roots of plants of treatment u. 
Thus,the outgo of germination-sodium from plants of treatment u is 
greater than that from plants of treatment t. Prom this it may be 
concluded that, if the sodium once reaches the channels through 
which outgo occurs, it is readily surrendered to the nutrient so
lution. 

(3) The distribution of the sodium ions between the culms" and 
roots of the plants after Experiment A 

In the plants of Experiment A - non-radioactive plants in radio
active experimental nutrient solutions - it is possible to ascer
tain the distribution between the culm and root, not only of the to
tal amount of sodium present in the plant, but also of the sodium 
taken up during the experiment.' By comparing the amounts of sodium 
found in the culm and in the root before and after the experiment 
and taking the radioactivities and specific activities of these 
parts into account, it is possible to form an approximate estimation 
of the movement of the sodium during the experimental period. 



108 

mg. 
No 

Roots Culms 

0,1 2 4 

me. sodium per litre In the experimental 
nutrient solution. 

TZTZZtt^-E. 

m.e. sodium per litre in the experimental 
nutrient solution. 

Fig.6. Sodium contents of the roots and culms after Experiment A.* 

Sodium contents before the experiment of the roots and culms of 
plants cultured in nutrient solutions containing 

0.1 m.e. Na per litre 

2 m.e. Na per litre 

4 m.e. Na per litre 

— # — • - * — 

- o - O - 0 -

- X - X ~ x -

Sodium contents after the experiment of the roots and culms of 
plants cultured in nutrient solutions containing 

0.1 m.e. Na per litre 

2 m.e. Na per litre 

4 m. e. Na per litre 

Uptake of sodium during 
the ̂ experiment 

* When reference is made to the plant, root or culm in this and sub
sequent figures, ian experimental unit of 6 plants is concerned. 
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Although the absolute contents of sodium in the culms and roots 
change as a result of uptake during the experimental period the 
nature of the differences remains unaltered. 

The sodium contents of the culms and roots of plants grown in the 
cultural nutrient solutions containing the three different sodium 
levels increase with, but not in proportion to, increases in the 
sodium concentration of the experimental nutrient solution (Pig. 6). 

A comparison of the curves representing the sodium contents at the 
end of the experiment of the culms and roots of plants to which dif
ferent concentrations of sodium were supplied shows that a certain 
relationship exists between the accumulations of sodium in the culms 
and roots. In plants initially containing the smallest amount of 
sodium in the culm and root (those cultured in a solution containing 
0.1 m.e. sodium per litre),the amount of sodium accumulating in the 
root during the experimental period increases considerably (curve 
I in Pig.6),not only with increases in the amount of sodium supplied 
during the experimental period,but also in comparison with the ori
ginal sodium level. 

Ttie increase in the amount of sodium accumulating in the culms of 
such plants during the experiment is, on the other hand, very mo
derate (curve IV), the influence of the experimental nutrient so
lution-containing 4 m.e. sodium per litre being virtually no great
er" than that of the solution containing only 2 m.e. 

Once the sodium level of the roots has equalled that found in the 
roots of plants cultured in a nutrient solution containing 2 m.e. 
sodium (treatments c a n d d), it appears that the increase in the 
amount of sodium accumulating in the roots of such plants during 
the experiment is very moderate (curve II), the influence of the 
experimental nutrient solution containing 4 m. e. sodium per litre 
being virtually no greater than that of the solution containing 
only 2 m. e. On the other hand, a considerable amount of sodium has 
accumulated in the culms of these plants (curve V), but in this 
case also the experimental nutrient solution containing 4 m. e. 
sodium has had practically no more effect than that containing 2 m. e. 

Once the sodium level of the roots has equalled that found in the 
roots of plants cultured in a nutrient solution containing 4 m.e. 
sodium (treatments e, f and g) and the culms have also acquired 
a hi^h sodium level, it appears that the root is again capable of 
accumulating a considerable amount of sodium (curve III). Once a-
gain this.strong sodium accumulation in the root is accompanied by 
a moderate sodium accumulation in the culm (curve VI). 
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It is apparent, therefore, that the extent to which sodium is 
accumulated in the root or culm is dependent upon their sodium le
vel at the moment at which uptake begins. The regularity with which 
the preponderance of the accumulation shifts from root to culm and 
then again to root with increase in the sodium level of the nutrient 
solution in which the plant was cultured cannot be denied. The prin
ciple governing this trend is, however, still an open question. 

It appears, moreover, that the sodium contents of the roots of 
the plants cultured in nutrient solutions containing 0.1, 2 and 4 
m.e. sodium are not reduced when these plants are then placed in an 
environment having a sodium concentration of 0.1 m.e. The sodium 
content of the culms of the plants does diminish, however, and the 
roots surrender sodium to the nutrient solution. This signifies 
that when, for one reason or another, the sodium content of the root 
is reduced,the sodium so lost is replenished by sodium from the culm. 

In view of the fact that the amount of sodium thus withdrawn from 
the culms (treatments a, d and gin Pig. 6) is approximately constant 
for the plants cultured at each of the three sodium levels, whilst 
a considerable difference exists between the sodium concentration 
of the experimental nutrient solution (0.1 m.e. Na) and the sodium 
concentration of the roots of these plants in all cases, it is ap
parent that the amounts of sodium withdrawn are almost entirely in
dependent of the sodium level of the root and culm. 

If plants cultured at the same sodium levels are placed in an 
experimental nutrient solution with a higher sodium concentration, 
the accumulation in the culm becomes dependent upon the sodium le
vel of the plant. It follows that only under conditions that give 
rise to a negative sodium accumulation in the culm does the sodium 
level of the plant fail to exercise an influence upon the extent of 
the accumulation. Therefore in those cases in which the outgo from 
the culm is greater than the intake by the culm from the root, the 
difference between intake and outgo is independent of the sodium 
level of the plant. 

If it is assumed that the intake by the culm was not equal for 
all three treatments (a, d and g in Pig.6) - as was the case with 
the uptake-this would signify that with plants of different sodium 
levels the amount of sodium that is able to migrate to the root 
without having been exchanged for other sodium is practically con
stant in all cases, and that any other amount of sodium which mi
grates from the culm to the root is induced to do so only as a.re
sult of its exchange with other sodium. 

Ihis is further evidence that not all the sodium in the plant is 
present there in the same circumstances.Since it has now appeared 
that the accumulation in the root is so extremely dependent upon the 
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Fig.7 Uptake-sodium contents of the roots and culms after 
Experiment A 

Uptake-sodium contents a f ter the experiment of roots and culms 
cultured in nu t r ient solutions containing: 

0.1 m. e. Na per l i t r e 

2 m. e. Na per l i t r e 

4 m. e. Na per l i t r e 
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Fig. 8. Non-radioactive sodium contents of the roots and culms 
after Experiment A 

Sodium contents before the experiment of the roots and culms of 
plants cultured in nutrient solutions containing 

0.1 m.e. Na per litre , _ , _ * - . * . . , 

2 m.e. Na per litre - o - o - o - o -

4 m. e. Na per litre x - x - x - x - x 

Sodium contents after the experiment of the roots and culms of 
lants cultured in nutrient solutions containing 

0.1 m.e. Na per litre 

2 m.e. Na per l i t r e 

4 m.e. Na per l i t r e 

Outgo of non-radioactive soaium from 
the roots (left-hand figure), and i n 
take of non-radioactive sodium by the 
roots from the culm(right-hand figure). 
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sodium level of the rest of the plant, it would be imprudent, to 
say the least, to assess the results of experiments carried out 
with excised roots on their true values on the basis of the values 
for the accumulation found in these roots. 

6. The distribution between the culm and root of the sodium ions 
taken up during the experimental period and of the sodium 
present in the plants before the experiment 

The amounts of sodium taken up during the experimental period and 
found in the roots and culms after the experiment increase with, 
but not in direct proportion to, the sodium concentration of the 
nutrient solutions. 

It is noteworthy that the amount of sodium taken up during the 
experimental period and found in the roots of the plants with dif
ferent initial contents of sodium is practically the same in each 
of the three experimental treatments. (This is further evidence that 
the exchange of isotopes is of negligible importance in this res
pect.) The amount is therefore independent of the sodium level of 
the plant before uptake begins (Fig. 7). 

Since the accumulation in the root (Fig. 6) does exhibit this de
pendence (accumulation=uptake -outgo), the difference between the 
intake of sodium from the culm and the total outgo of sodium from 
the root must depend upon the sodium level of the root and culm. 

The amounts of sodium taken up during the experiment and found in 
the culms of plants with different initial levels of sodium were, 
in contrast with that which was observed in the case of the roots, 
not the same in each of the three experimental treatments (Fig. 7). 

Accepting the undeniably reasonable assumption that the plants 
initially containing the smallest amount of sodium should be found 
to have taken up the greatest amount of sodium during the experi
ment, the actual result is somewhat surprising. The ascending order 
of sodium uptake was: plants cultured with 0.1 m.e., those cultured 
with 4 m.e. and those cultured with 2 m. e. 

If, however, this is related to the previously described differ
ences in sodium accumulation in root and culm by plants with dif
ferent sodium levels (Fig. 6) it then appears that the largest in
take occurs in the culms of plants cultured in a nutrient solution 
containing 2 m. e. sodium. And it is with these plants that the ac
cumulation in the roots is relatively smaller (Fig. 6) when the 
amount of uptake-sodium in their roots is equal to that in the roots 
of plants of the other sodium levels (Fig.7). 
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A similar relationship holds for plants cultured in nutrient so
lutions with the other two sodium levels. Therefore, the reason 
for the above-mentioned order for the amounts of uptake-sodium in 
the culms must be attributed to the alternation in the extent to 
which sodium accumulates in the culm and root, dependent upon the 
original sodium level of the experimental plant. At the.same time 
it appears that that amount of sodium taken up during the experimen
tal period which migrates to the culm is dependent upon the sodium 
level of the root. 

If the sodium level of the root is such that only a very small 
amount of sodium is accumulated in it, a relatively strong enrich
ment of the uptake-sodium in the culm results. If, on the other 
hand, it is such that the accumulation of sodium is considerable, 
relatively little enrichment of the uptake-sodium in the culm oc
curs. 

In comparing the amounts of non-radioactive sodium which are found 
in the culms and roots after the experiment it is essential that 
consideration be given to the facts that: 

(1) The amount of non-radioactive sodium found in the root is the 
resultant of the intake of non-radioactive sodium from the culm 
and the outgo of non-radioactive sodium to the culm and to•> the 
nutrient solution. 

(2) The amount of non-radioactive sodium found in the culm is the 
resultant of the intake of non-radioactive sodium from the root 
and the outgo of non-radioactive sodium from the culm. 

With plants cultured in nutrient solutions containing 0.1 and 4 
m. e. sodium more non-radioactive sodium leaves the culm during the 
experimental period than that which migrates from the root to the 
culm (Fig.8). 

As previously mentioned,in the case of these experimental plants, 
the accumulation of sodium in the culm is minute in comparison with 
that in the root (Pig. 6). The amount of non-radioactive sodium in 
the root is,in the first instance, increased at the expense of the 
non-radioactive sodium in the culm. It is for this reason that, on 
the whole,the roots of plants having one of these two sodium levels 
relinquish little non-radioactive sodium. In the case of plants cul
tured in the nutrient solution containing 2 m. e. sodium more non
radioactive sodium is, generally speaking, conveyed from the root 
to the culm than from the culm -to the root during the experimental 
period. Thus, the total outgo of non-radioactive sodium from the 
root in the latter plants is appreciably greater than in those ori
ginating from the other two sodium levels. 
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The cause of this difference in retention of non-radioactive so
dium by plants with different sodium levels can again be found in 
the previously mentioned phenomenon of the unequal accumulation 
which occurs in the roots and culms of such plants. 

In the experimental treatments employing similar culture material 
(treatments a, b, c, d, e, f, etc.),the amounts of non-radioactive 
sodium found in the roots and the culms of the plants do not differ 
to any appreciable extent. 

In treatments a, b, c, d, g, h and i(Pig. 8), the amounts of non
radioactive sodiumwhich migrate from the roots to the culms are smal
ler than the amounts which migrate from the culms to the roots. In 
these cases, therefore, the culms become poorer in non-radioactive 
sodium as a result of the experimental conditions. The reverse is 
applicable, however, in treatments e and f. No causal connection 
can be found between the enrichment or impoverishment of the culm 
in respect of this sodium, on the one hand, and the sodium concen
tration of the nutrient solution and the uptake, on the other. It 
thus appears that the size of the resultant of the gain and loss by 
the culm of this sodium is dependent solely upon the sodium level 
of the plant. 

In treatments a, c, g and i, the amount of non-radioactive so
dium found in a given root after the experiment is practically 
equal to that which was present in it before the experiment, des
pite the outgo to the culm and to the nutrient solution which has 
meanwhile occurred (Pig.8). In these cases, therefore, the total out
go of non-radioactive sodium from the plants has been balanced by 
the amounts of this type of sodium which have migrated from the 
culm to the root. 

The considerable loss of non-radioactive sodium from the root 
which was found to have occurred in treatments e and f (Pig. 8) is 
attributable to the fact that in these cases the outgo to the culm 
is greater than the intake from the culm. 

With the root, as with the culm, the sodium level of the plant 
thus appears to play a decisive role in the migration of non-radio
active sodium from the root. 

7. The influence of the experimental conditions upon the trans
location and distribution of the sodium ions taken up during 
the cultural period of Experiment B. 

Because of the heterogeneous mixture of radioactive and non-radio
active sodium present in the culture-plants, true values for the 
uptake and the outgo cannot be obtained from Experiment B (radio
active plants in non-radioactive experimental nutrient solution). 
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The changes occurring in the amounts of culture-sodium present in 
the roots and culms as a result of the uptake of non-radioactive 
sodium during the experimental period can, however, be deduced in 
terms of true values from the changes in the radioactivity of the 
roots and culms. For this purpose, however, the radioactivity of 
the plants before and after the experiment must not be related to 
the total amount of sodium present in the roots and culms, but to 
the amount of sodium taken up during the cultural period. 

TABLE 25 

DISTRIBUTION OP CULTURE-SODIUM BETWEEN THE CULMS AND 
ROOTS OP THE PLANTS AFTER EXPERIMENT B 

Sodium 
contents 
of the 
cultural 
nutrient 
solutions 
(in m. e. 
per litre) 

0.1 
0.1 
0.1 
2 
2 
2 
4 
4 
4 

Average amounts 
of sodium taken 
up by the plants 
during the cul
tural period 

(in mg.) 

culm root plant 

0.064 0.207 0.271 
0.064 0.207 0.271 
0.064 0.207 0.271 
2.43 1.98 4.41 
2.43 1.98 4.41 
2.43 1.98 4.41 
4.32 2.53 6.85 
4.32 2.53 6.85 
4.32 2.53 6.85 

Treat
ment 

• 

J 
k 
1 
m 
n 
o 
P 
q 
r 

Sodium 
contents 
of the 
experi
mental 
nutrient 
solutions 
(in m. e. 
per litre) 

0.1 
2 
4 
0.1 
2 
4 
0.1 
2 
4 

Average culture-
sodium contents 
of the plants after 
the experiment 

(in mg.) 

culm root plant 

0.049 0.219 0.268 
0.060 0.149 0.209 
0.051 0.135 0.186 
2.756 1.654 4.410 
2.485 1.507 3.993 
2.015 1.495 3.510 
4.085 2.752 6.837 
3.779 2.098 5.877 
4.007 1.769 5.781 

In comparison with the differences between tne amounts of culture-
sodium present before the experiment in the plants cultured at the 
three sodium levels,the differences between the total outgo of this 
type of sodium from plants of corresponding treatments in the ex
periment (j,m,p; k, n, q; 1, o, r) are not large (Table 25, Fig.9). 
As the amounts of uptake during the experimental period by the 
plants of the corresponding treatments are of the same order, the 
original sodium levels of the experimental plants can exercise only 
a slight influence upon the total outgo of culture-sodium. 
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Fig.9. Culture-sodium contents of the plants after Experiment B 

Sodium contends before the experiment of the plants cultured in 
nutrient solutions containing 

0.1 m. e. Na per litre - * - * - * - * 

2 m. e. Na per litre o - o - o - o -

4 m. e. Na per litre - x - x - x - x 

Culture-sodium contents after the experiment of plants cultured 
in nutrient solutions containing 

0.1 m. e. Na per litre 

2 m. e. Na per litre 

4 m. e. Na per litre _ . - . - . - . . 

Outgo of culture-sodium 
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Fig. 10. Culture-sodium contents of the roots and culms after 
Experiment B. 

Sodium contents before the experiment of roots and culms cultured 
in nutrient solutions containing 

0.1 m.e. Na per litre - * - * -. * -

2 m.e. Na per litre o - o - o - o 

4 m.e. Na per litre - x - x - x -

Culture-sodium contents after the experiment of roots and culms 
cultured in nutrient solutions containing 

0.1 m.e. Na per litre 

2 m.e. Na per litre 

4 m. e, Na per litre - > - . - — 

Intake or outgo of culture-sodium 

\ 
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In the case of the plants cultured in nutrient solutions contain
ing 0,1 and 2 m. e. sodium (treatments j , k , 1; m, n, o), the outgo 
increases approximately in proportion with the sodium concentration 
in the nutrient solution (Fig,9). This proportional increase in 
outgo suggests that part of the culture-sodium i s exchanged by a 
part of the experimental-sodium. The fact that this linear relation
ship i snot found in the case of the plants cultured in the nutrient 
solutions with 4 m. e.; sodium i s attributable to the phenomenon that 
in treatment r (Fig. 10) the difference between the amount of cul
ture-sodium which has migrated from the root to the culm and from 
the culm to the root i s smaller than in treatment q. 

In the case of plants cultured in nutrient solutions with 0.1 and 
2 m. e. • sodium the outgo of culture-sodium from the culms and roots 
i s more or less proportional to the increase in sodium concentration 
of the nutrient solution (Fig .10). 

The outgo from plants with higher i n i t i a l sodium levels (those 
cultured in nutrient solutions with 2 and 4 m. e. sodium) is larger 
than that from plants with the lowest sodium level, whilst the up
take by plants of corresponding treatments during the experimental 
period i s of the same order.; This i s explainable by the fact that 
plants containing less culture-sodium have more germination-sodium. 
Thus, with these plants, more germination-sodium i s exchanged by 
uptake-sodium than i s the case with plants containing much culture-
sodium and l i t t l e germination-sodium. 

In the case of treatments j , k and *1 (Fig. 10) the resultant of 
the migration of culture-sodium i s such that only the roots of the 
plant exhibit an appreciable depletion of this type of sodium. I t 
appears, therefore, that the amounts of sodium migrating from the-
root to the culm and from the culm to the root are equal. That mi
gration from the root to the culm had indeed occurred was deducible 
from measurements of the specific activity of the root made before 
and after the experiment (Table 26). 

The plants of treatments j , k , 1; m, n, o; and p, q, r were cul
tured in nutrient solutions containing 0. 1, 2 and 4 m. e. sodium 
respectively, a l l these solutions containing, in addition, the 
same mnount of radioactive sodium. JTtie ch^ige in specific activity 
exhibited by the culm and the root occurred through the uptake dur
ing the experiment ofnon-radio active sodium from nutrient solutions 
containing 0.1, 2 and 4 m. e. sodium. During this uptake part of the 
sodium which was present in the plant before the experiment has mi
grated from the root to the culm, from the culm to the root and 
from the root to the nutrient solution. In the case of treatment j 
the total specific activity after theexperiment has increased and 
i t i s clear that whilst non-radio active sodiinn has been surrendered 
to the nutrient solution, l i t t l e or no radioactive culture-sodium 
has thus been lost by the plant. In all other cases, however, radio
active culture-sodium has been conveyed to the nutrient solution to 
a greater or lesser degree. 
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TABLE 26 

SPECIFIC ACTIVITY OP GERMINATION-SODIUM AND CULTURE-SODIUM 
IN THE PLANTS ( i n C .p .m. ) 

Sodium contents (in 
m. e. per litre) of 

the 
cultural 
nutrient 
solutions 

0.1 
0.1 
0.1 

2 
2 
2 

4 
4 
4 

the experi
mental 
nutrient 
solutions 

0.1 
2 
4 

0.1 
2 
4 

0.1 
2 
4 

Treat
ment 

• 

J 
k 
1 

m 
n 
0 

P 
q 
r 

Specific activity 

before the 
experiment 

culm 

28,654 
28,654 
28,654 

265,500 
265,500 
265, 500 

212,440 
212,440 
212,440 

root, 

85,545 
85,545 
85,545 

264,140 
264,140 
264,140 

300,600 
300,600 
300,600 

after the 
experiment 

culm' 

66,332 
27,733 
19,473 

265,920 
204,300 
189,040 

207,680 
227,160 
220,920 

root 

64,944 
18, 580 
19,050 

260,700 
125,840 
137,320 

200,720 
162,720 
126,040 

The influence of the various sodium concentrations of the experi
mental nutrient solutions upon the specific activity of the culm 
decreases as the sodium level of the plants themselves increases. 
As regards the root,this relationship is not so clearly indicated, 
this being apparently attributable to the fact that here, apart 
from a certain outgo to and intake from the culm, there is also 
outgo to the nutrient solution. 

It is clearly apparent from these changes in specific activity 
that migration of sodium from the root to the culm and from the culm 
to the root and to the nutrient solution has taken place. However, 
the difficulties attached to measuring the extent to which this mi
gration occurs become obvious when it is considered that, for in
stance, a change in specific activity can be occasioned not only 
by an increase in radioactive sodium but also by the surrender by 
che plant of non-radioactive germination-sodium. 
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In treatments k, 1, m, o and p more radioactive sodium has mi
grated from the culm than has been compensated for by migration of 
this sodium from the root. This radioactive sodium, further in
creased by other radioactive sodium from the root, has migrated 
from the root to the nutrient solution. In treatments m, q and r, 
on the other hand more radioactive sodium has migrated to the culm 
from the root than to the root from the culm. 

Although this last-named factor has also contributed to a reduc
tion in the specific activity of the root the chief cause is the 
outgo of radioactive sodium from the root to the nutrient solution. 
Thus it can be stated that the outgo of culture-sodium to the nu
trient solution is influenced by but not quantitatively correlated 
with the migration of sodium from the root to the culm and from the 
culm to the root. 

IV. CONCLUSIONS 

(1) The radioactivity of the plant and of the nutrient solution 
has no influence upon sodium accumulation. 

(2) Sodium is taken up more readily during the experiment by plants 
having a considerable sodium content before the experiment 
than by plants having a low sodium content. 

(3) The role played by the exchange of isotopes is only of sec
ondary importance. 

(4) The vice-versa effect is of very little importance. 

(5) Uptake reveals itself as an active process, and outgo as a 
passive process. 

(6) The accumulation of sodium ions occurs alternately in root 
and culm. 

(7) The sodium level of the culm does not increase until the 
roots had acquired a certain sodium level. 

(8) During the experimental period the behaviour of the sodium 
taken up during the germination period is different from that 
of the-sodium taken up during the cultural period. 

(9) The outgo and the translocation of the sodium taken up during 
the cultural period are not related quantitatively. 
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(10) The sodium in the plant is more readily exchanged by other 
sodium ions than by ions of Ca, K or Mg, 

(11) Sodium is present in the plant in three different forms of 
binding, namely: 

(a) A form in which it can easily be exchanged by Na, Ca, K 
or Mg ions; 

(b) A form in which it can easily be exchanged by other Na 
ions but only with difficulty by ions of Ca, K or Mg 
(selective binding); 

(c) A form in which it can be exchanged only with difficulty 
by other Na ions (specific binding). 

(12) On the basis of bandc it must be assumed that,apart from its 
general function in the plant (see a) sodium must also fulfil 
a specific and an essential function. Whether or not these 
functions are of vital importance to the plant is still an 
open question. 
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CHAPTER VII 

THE INFLUENCE OF TOP-DRESSING WITH SODIUM 
NITRATE AT DIFFERENT STAGES OF DEVELOPMENT 
UPON THE UPTAKE AND DISTRIBUTION OF SODIUM 

IN OATS (Avena sativa var.Marne) 

I. INTRODUCTION 

Sodium accumulation at different stages of plant development and 
the influence thereon of the time of application of a top-dressing 
of sodium n i t r a t e were inves t iga ted in a pot experiment on oats 
carried out in t r i p l i c a t e in 2 - l i t r e glass cylinders containing a 
mixture of dusar i te and s i l i c a sand. 

The plants were harvested in groups on five different dates, the 
date of harvesting of each*group except the l a s t coinciding with 
the date on which the top-dressing was applied to the next group 
for harvesting. In the case of the final group both sodium accumul
ation and sodium dis t r ibut ion in the plants top-dressed at different 
times were invest igated. In order t ha t the sodium taken up from 
the basal dressing could be differentiated at the end of a develop
ment period from tha t taken up from the top-dressing the l a t t e r 
was applied as sodium n i t r a t e label led with Na22. 

At each harvest ing, p l an t s which had received no top-dressing 
were harvested simultaneously with the p l an t s which had. I t was 
thus possible to determine by means of the Na22 not only the uptake 
of sodium from the top-dressing but also the contr ibution of the 
top-dressing to the t o t a l accumulation of sodium. 

A dusa r i t e - s i l i ca sand mixture was used as the culture medium in 
order to preclude the uptake of sodium from any source other than 
the applied f e r t i l i z e r . 

The harvesting times were chosen in such a way that they coincided 
as nearly as possible with the beginning of the successive stages 
of development of the p lants . 

I I . THE DESIGN AND EXECUTION OP THE EXPERIMENT 

1. Fertilizer dressings 

Full d e t a i l s of the design and execution of the experiment are 
given in Appendix 4. The basal dressing which contained 200 mg. N in 
the form of NaNO was applied in two equal portions, the one half 
when the pots were f i l l e d , the other immediately following the 
thinning out . 

The dates of top-dressing with 100 mg.N as NaM)3 l abel led with 
radioactive sodium and of harvesting the treatments are as follows: 
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J 

Treatment; 

Date of t op -

dressing: 

A. P. J.M.O. 

no t op -

dressing 

B. C. D. E. 

19th May 

G.H.I. 

27 th May 

K.L. 

11th June 

N 

18th 
June 

Treatment: 

Date of 
harvest ing: 

A. 

19 th May 
10 days 
before the 
rapid h e i gh t -

growth s tage 

B.P. 

27th May 

2 days 
before the 
rapid h e i gh t -
growth s tage 

C. G. J . 

11th June 
the 
beginning 

of the 
escape of 
the 
panic le 

D.H.K.M. 

18th June 
panicle 
fully 
developed 

E.I.L.N.O. 

23rd 
Ju ly: 
fully 
ripened 
crop 

Seed from oat plants which had received no sodium fertilization 
was used. This seed contained very little sodium, viz. 0.46 mg. per 
100 g. dry matter. The experimental error was 7. v 

2. Radioactive sodium 

The radioactive sodium used was obtained from 60 M-c Na22 which 
was prepared on 21st May 1952, a year before i t was used in the ex
periment. In ca lcula t ing the amount of Na22 required for the ex
periment (1.5 M>c per top-dressing per pot) i t s reduced radioactiv
i ty was taken in to account. At the time of application i t s r adio
act ivi ty was 79.38% of i cs or iginal strength. 

III. THE DEVELOPMENT OP THE CROP 

i. Height growth 

At the beginning of the experiment the plants of all treatments 

were equally developed. 
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Up to the escape of the panicle and during the ripening, the time 
of applicat ion of the top-dressing had no e f fect on the r a t e of 
height-growth (Table 28).During the development of the panicle, on 
the contrary, growth was somewhat suppressed in cases in which the 
top-dressing had been applied 10 days before the rapid height-growth 
stage or at the beginning of the escape of the panicle. Such arrears 
in height-growth were,however, made good completely af ter the pan
i c l e had developed fully. Top-dressing and i t s time of application 
had, therefore, no effect upon the to ta l growth. 

TABLE 28 

HEIGHTS OP THE PLANTS ( in cm) 

Treat 
ment 

Harvested 
on: 

19 May 

27 May 

11 June 

18 June 

23 July 

Not t op -
dressed 

26 

38 

60 

73 

78 

1 

Top - dressed on 
19 May 

43 

64 

70 

77 

27 May 

64 

73 

77 

11 June 

70 

78 

18 July 

— 

77 

Development 
stage a t time 
of harvest ing 

10 days before 
the rapid 
height-growth 
stage 

2 days before 
the rapid 
hei ght-growth 
stage 

At the begin
ning of the 
escape of the 
panic le 

Panicle fully 
developed 

Fully ripened 
crop 

2. Colour of the leaf 

The difference in colour of the leaf between plants which had 
and had not received nitrogen as top-dressing was clearly observ
able even at the time of the f i r s t harvest (27th May). I t became 
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more pronounced as the plants developed further, A considerable dif
ference in colour was also seen between p lan ts which were top-
dressed a f ter 19th May and those which received no top-dressing. 
The in tens i ty of greenness appeared to be dependent upon the time 
of application of the top-dressing. The e a r l i e r the top-dressing 
with nitrogen was applied, the darker was the green colour of the 
leaves. 

.?. Withering of the culms 

The time at which the leaves began to yellow and wither was in
fluenced by the application or withholding of the top-dressing and 
the time of application. The ear l ie r top-dressing was applied, the 
l a te r yellowing of the leaves occurred. The plants which were top-
dressed a t an early stage of development ( treatment E) withered 
more slowly than those top-dressed at a l a t e r stage. 

IV. THE EXPERIMENTAL RESULTS 

1. The yields obtained at different stages of development as in
fluenced by the time of application of the top-dressing. 

The average fresh weights and dry-matter y ie lds and percentages 
arranged in accordance with date of harvesting and time of appl i 
cation of top-dressing are shown in Table 29. 

The y ie lds increase progressively through the different stages 
of development up to and including that in which complete develop
ment of the panic le occurs (19th May to 18th June) . Thereafter 
(23rd July) the fresh weights decline sharply as a r esu l t of the 
ripening process, the dry-matter percentages increase sharply and 
the dry-matter y ie lds remain pract ical ly unaffected. 

The y ields from the crop are influenced by: 
(1) The stage of development reached a t the time of harvesting; 
(2) The time of application of the top-dressing. 

As the times of harvesting coincided approxyraately with the be
ginning of new stages of development, the average yields of plants 
top-dressed with sodium n i t r a te 10 days before the beginning of the 
rapid height-growth s tage ( treatments 3, C, D, E) and those of 
p lants which received no top-dressing (treatments A, P, J, M, 0) 
ref lect the increases in fresh weight and dry-matter production of 
the plants a t each stage of development. 

Up to and including the stage of the beginning of the escape of 
the panicle (11th June) both the top-dressed and the non-top-dressed 
plants exhibited pronounced yield increases in the order mention-
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ed above. Some increase was also observable during the period of 
the escape of the panicle but i t was appreciably less than in the 
previous stage of development. 

Prom th i s i t appears that the period of optimal dry-matter pro
duction ends with the conclusion of the period of rapid height-
growth. During the ripening period the plant loses considerable 
amounts of moisture. The amounts of dry matter scarcely change dur
ing t h i s period, remaining a t the level found a t the end of the 
panicle development. 

The effect of the extra application of nitrogen also reveals i t 
self in the fresh-weight and dry-matter y ie lds when top-dressing 
i s applied a t the beginning of the rapid height-growth stage ( t rea t 
ments G, H, I) or at the time when the panicle begins to escape 
(treatments K, L). When early application of top-dressing i s made 
10 days before the stage of rapid height-growth i t s effect appears 
to cease at the escape of the panicle. 

The influence of the top-dressing applied on 27th May at the be
ginning of the 'rapid height-growth stage reveals i t se l f during that 
stage and during the stage of the escape of the panicle. Top-dress
ing applied at a s t i l l l a ter stage of development (treatments K, L, 
M) appears to have only a very small effect. 

In the case of plants which received no top-dressing the dry-matter 
production appears to occur uniformly at a l l s tages of develop
ment. 

Top-dressing with sodium n i t r a t e appears to have favoured dry-
matter production at a l l stages of development up to and including 
that in which panicle development was complete. After t h i s stage, 
i t appears from the final harvest that the dry-matter yield was ef
fectively stimulated only by the f i r s t top-dressing (Table 29) giv
en on 19th May, 10 days before the rapid height-growth stage. The 
top-dressings applied on 27th May and 11th June depressed the dry-
matter y ield while that given on 18th June was apparently too la te 
in the development period to influence dry-matter production. 

I t i s apparent from the final harvests that the top-dressings, 
i r r espec t ive of t h e i r date of application, a l l had a depressing 
effect upon the fresh weights. The l a t e r in the development of 
the crop the nitrogen i s applied, the l e ss pronounced i s i t s de
pressing effect. This s ignif ies that the nitrogen dressings given 
during the l a t e r stages of development were unable to assert them
selves to the fu l l . 

The fact that th is trend in fresh weights was observed only with 
fully ripened and not with s t i l l developing plants implies that the 
plants given an early top-dressing of sodium n i t r a te must have had 
a higher moisture content than those plants top-dressed at a l a te r 
stage of development of not at a l l . 

The dry-matter y ield from treatment I i s exceptional because of 
the fact that the dry-matter yield of the grain happened to be low 
in th i s treatment. 

In general, with the exception of that applied very la te in the 
development period (18th June), top-dressing with nitrogen resulted 
in a reduction in the weight of 1000 grains (Table 27, column 9). 
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trig. 
No 

190 

Period during 
which growth in 
height occurred 

Flowering,seed-forming and 
ripening periods 

11 18 
June 

23 
July 

Harvesting dates. 

Fig.11. Total sodium accumulation in oat plants at different stages 
of development as influenced by the date of top-dressing*. 

Top-dressed with sodium n i t r a t e on: 
• - • 19th May (10 days before the rapid height-growth s tage) 
o - o 27th May ( 2 days before the rapid height-growth stage) 
x - x l l t h June (a t the escape of the panicle) 

18th June(ful l panicle development) 
No top-dressing 

* For d e t a i l s of treatments A to 0 in t h i s and subsequent figures 
see Chapter VII, I I Design and Execution of the Experiment. 
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2. The accumulation of sodium ions at different stages of 
development as influenced by the time of application of 
the top-dressing 

The accumulation of sodium in the aer ia l par ts of the plant was 
determined at various stages of development of the crop. Using the 
chemical method,the t o ta l sodium accumulation from the basal d ress
ing and the top-dressing, the sodium accumulation from the basal 
dressing before and af ter the application of the top-dressing and 
the sodium accumulation from the top-dressing were determined. 

Since sodium accumulation from the basal dressing and the top-
dressing can only be determined indirectly by the chemical method, 
determinations were also made by means of the t racer technique. 

(1) Total sodium accumulation 

The t o t a l sodium accumulation from the basal dressing and the 
top-dressing (Table 30, columns 1 and 2) by the plants of the dif
ferent treatments i s dependent upon the time of application of the 
top-dressing and upon the stage of development reached by the crop 
when harvested (Pig. 11). 

The sodium accumulation found in plants, of the treatments which 
received no sodium n i t r a t e top-dressing, viz. treatments A, F, J, 
M, and 0, i s taken as the basis for comparison with the sodium ac
cumulation of top-dressed p lants . 

During the period from 19th to 27th May, top-dressing with 100 
mg. nitrogen in the form of sodium n i t ra te had pract ical ly no stimu
lating effect, upon the sodium uptake as will be seen on comparison 
of treatment B with treatment P. 

(a) Accumulation during the period of height development 

During the rapid height-growth stage from 27th May to 11th June 
and the succeeding stage of the escape of the panicle from 11th to 
18th June,the sodium accumulated per unit of time by the plants of 
the treatments top-dressed on 19th May showed a marked increase. 

If the top-dressing i s applied two days before the beginning of 
the rapid height-growth stage, the sodium accumulated hy the plant 
during t h i s stage of development i s considerably l e s s , while the 
ra te of accumulation during the succeeding stages of development 
(the escape and development of the panicle) i s equal to that found 
in the e a r l i e s t top-dressed p lants . 
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In the plants of treatments B, C, D and E, the ra te of sodium ac
cumulation f i r s t increases at the beginning of the rapid height-
growth stage, t ha t i s to say, a t the time tha t sodium from top-
dressing i s f i r s t made available to the p lants of treatments G, H 
and I . The fact that the p lants of the l a t t e r treatments do not, 
however, exhibit accelerated sodium accumulation un t i l some time 
after the plants of treatments B, C, D and Etmust apparently be a s 
cribed to the circumstance that the i r root systems require a cer
tain period in order to adjust themselves to the sudden change in 
concentration of ions in the nu t r i t i ve medium resu l t ing from the 
top-dressing. 

The top-dressing applied to the p lants at the beginning of the 
escape of the panicle (treatment K) ra ises the ra te of accumulation 
during this, stage of development to p rac t ica l ly the same value as 
that found in plants which were top-dressed 10 days before the r a 
pid height-growth stage (19th May). 

I t therefore appears that , during the whole period of he igh t -
growth, the r a te of accumulation i s only dependent upon the time 
of application of the top-dressing during the s tageof rapid height-
growth. In view of the fact t ha t the r a te of accumulation during 
hei^it-growth ultimately a t ta ins the same value i rrespective of the 
time of application of the top-dressing, the plant would appear to 
aspire under these circumstances to a very definite maximal r a te of 
accumulation(ca.4.5 mg.sodium per day)during the period of height-
growth. In the case of the p lants of treatments which received no 
top-dressing, the accumulation i s considerably less . 

(b) Accumulation during the period of flowering, grain formation 
and ripening 

A depletion of sodium during the l a t e r stages of development was 
observed only in those p lants which were top-dressed 10 days before 
.the beginning of the rapid height-growth stage. I t may be that at 
the beginning of the period - during grain formation - sodium i s 
s t i l l accumulated but that , as soon as the crop begins to wither, 
the amount of accumulated sodium decreases rapidly to the level 
reached by the plants top-dressed on 27th May and 11th June. This 
leads to the supposition that during the ripening and withering pro
cess, provided sufficient sodium i s supplied, there i s room in the 
plant for only a limited amount of sodium - for a def ini te sodium 
l eve l -and that t h i s i s appreciably lower than that which the plant 
can easily acquire during i t s period of height-growth. 

The p lants of t reatments top-dressed af.ter 19th May exhibit a 
s t i l l considerable sodium accumulation during t h i s period. 

This supports the interpretat ion that, after considerable sodium 
has been taken up during the period of height-growth, the plant 
not only a r r ives at a de f in i te sodium level during the r ipening 
stage but, when suff icient sodium i s available, s t r ives to a t ta in 
th i s level even after the period of height-growth i s concluded. 
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In view of the fact t ha t the p l an t s top-dressed on 19th May, 
which clearly exhibited a depletion in sodium during the period of 

grain formation and ripening (Pig. 11), produced the highest y ie lds 
(Table 27),the surplus sodium taken up during the period of height-
growth should certainly not be regarded as a luxury consumption. 

There i s no reason for assuming that a depletion, such as was 
found in plants of treatment E,has not also occurred - even though 
to a l esser extent - in p lants of o ther, corresponding t r e a t 
ments. The strong depletion which occurred in the case of treatment 
E may probably be ascribed in part to the fact that the withering 
process progressed more slowly in these plants than in those of the 
other treatments. 

(2) Percentage sodium contents 

The percentage sodium contents of the plants (Table 30, column 3) 
of the various treatments differ considerably. The observed differen
ces are influenced both by the time of harvesting and the time of 
application of the top-dressing (Pig.12),as was also the case with 
the sodium accumulation (Pig. 11). 

After germination of the seed the percentage sodium content in 
creases rapidly and reaches i t s highest value for the ent ire develop
ment period at the moment when the plant enters the rapid height-
growth stage. During th is period the sodium accumulation predominates 
over the dry-matter production.In the succeeding period of height-
growth, t h i s s ta te of affairs i s reversed; the sodium accumulation, 
which maintains the same value per unit of time, i s then so complete
ly overshadowed by production of dry matter that a sharp decline in 
sodium content i s observable (Pig.12). 

The rate of th is decline i s influenced by the time of application 
of the top-dressing.In the case of early top-dressing on 19th June 
i t i s less pronounced than when top-dressing i s omitted or applied 
l a t e , owing to the strong sodium accumulation during the i n i t i a l 
development. 

At the time of t rans i t ion from the rapid height-growth stage to 
the development of the panicle , the sharp decline in percentage 
sodium content i s checked. At t h i s time,the plants which were top-
dressed on 19th May have already formed 80.4%of the to tal dry mat
ter to be produced (Table 29).During the development of the panicle, 
the ra te of dry-matter production decreases in the plants of these 
treatments whilst the sodium accumulation continues unabated, thus 
causing an increase in percentage sodium content. I t appears from 
this that the sodium accumulation i s dependent,not upon dry-matter 
production, but upon the stage of development in which the plant 
happens to be. 

In the case of plants top-dressed at a l a ter stage the production 
of dry matter i s s t i l l in full swing during the period of panicle 
development. Moreover, because of the application of top-dressing 
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mg. 
Na 

per 100 mg. 
dry matter 

Period during 
which growth in 
height occurred 

Flowering, seed-forming 
and ripening periods 

11 13 
June 

23 Harvesting dates. 
July 

Fig. 12. Sodium contents of the plants at different stages of 
development as influenced by the date of top-dressing. 

Top-dressed with sodium nitrate on: 
. - . 19th May (10 days before the rapid height-growth stage) 

27th May ( 2 days before the rapid height-growth stage) 
11th June (at the escape of the panicle) 
18th June (full panicle development) 
No top-dressing. 

- o - o 
- X - X 



136 

at a more advanced stage of development of the plant, the sodium 
accumulation lags behind that found during the same period of de
velopment in p lants top-dressed on 19th May. As a r e su l t , the de
cline in percentage sodium content i s l ess pronounced than in the 
preceding period but not completely arrested. 

During the period of grain formation and ripening, in which only 
a very s l ight increase in dry matter i s generally found (Table 29), 
an increase occurs in the percentage sodium content of the p lants 
of a l l treatments. The one exception to th is i s formed by the plants 
which were top-dressed on 19th May (Pig.12). This must be ascribed 
to the deplet ion in sodium which has occurred in t h i s instance 
(Fig.11). 

(3) Sodium accumulation from the basal dressing and the t op -
dressing 

The chemical determination of sodium accumulation from the basal 
dressing and the top-dressing by top-dressed plants i s necessarily 
based upon sodium accumulation by non-top-dressed plants . The dif
ference between the amounts of sodium in top-dressed plants and 
non-top-dressed p lants harvested at the same time i s normally r e 
garded as the amount of sodium taken up from the top-dressing and 
thus represents the y ield of top-dressing. 

With the chemical method, however, i t i s not possible to take 
into account the influence which the top-dressing may have had ipon 
the accumulation from the basal dressing, an influence which, in 
theory, can be ei ther posit ive, negative or indifferent, Moreover, 
the chemical method allows of no conclusion in respect of the i n 
fluence of the time of application of the top-dressing upon the 
accumulation from the basal dressing. 

These shortcomings are due to the fact that two dissimilar t r e a t 
ments have to be compared, the determination of the accumulation 
from the basal dressing in top-dressed p lants being based on the 
accumulation from the basal dressing in non-top-dressed plants. 

For the determination of sodium accumulation from the basal d ress
ing by the radioactive method,comparison with treatments which r e 
ceived no top-dressing i s not necessary and the objections raised 
against the chemical method do not apply. By the t racer technique 
the accumulation from the basal dressing and from the top-dressing 
can be determined in one and the same specimen. I t has been found 
that isotope exchange can safely be ignored (see Chapters V and VI). 

In view of the fact that, but for the avai labi l i ty of radioactive 
isotopes,reliance would have to be placed upon the r esul t s obtain
ed with the chemical method of determination, i t i s in teres t ing to 
compare the resul ts and conclusions from the methods (Tables 30 and 
31). 
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TABLE 31 

SODIUM ACCUMULATION PROM THE BASAL DRESSING AND THE 
TOP-DRESSED AFTER THE APPLICATION OF THE TOP-DRESSING 

(in percentages of the dressing) 

1 — 

Treat
ment 

B 
C 
D 
E 
G 
H 
I 
K 
L 
N 

Accumulation from 
basal 

Determined 
by the chemi
cal method 

10.6 
14.5 
15.9 
19.2 
3.9 
5.2 
8.5 
1.4 
4.7 
3.3 

Table 30 (8) 

dressing 

Determined 
by the r ad io 
act ive method 

5.3 
16.8 
23.8 
18.8 
- 0 . 5 
4 .1 
9.5 
5.9 
9.6 
0.2 

Table 30(12)- (2) 

Accumulation from 
top-dressing 

Determined 
by the chemi
cal method 

0.8 
44.5 
68.4 
31.5 
5.7 

28.4 < 
40.2 
18.3 
36.3 
16.3 

Table 30(10) 

Determined 
by the rad io
act ive method 

11.4 
39.7 
52.3 
18.9 
14.5 
30.7 
38.1 

9.2 
26.7 
22.5 

Table 30 (14) 

In two-thirds of the treatments (B, D, G, K, L and N), the dif
ferences between sodium accumulations from top-dressing found by 
the radioact ive and by the chemical method d i f fe r by more than 
twice the mean error * . The values determined by indirect chemical 
means therefore give a false impression of the respective con t r i 
butions made by the basal dressing and the top-dressing to sodium 
accumulation. They differ from those determined by the radioactive 
method sometimes in a posit ive and sometimes in a negative sense. 
I t i s not possible to discern a definite trend in the differences. 
In the chemical method they appear to depend entirely upon the ex
perimental condi t ions- in th is case,upon the stage in the develop
ment of the plant at which top-dressing was applied. Mien the top-
dressing is applied in the i n i t i a l stage of development,it i s p rac
t ica l ly immaterial whether the chemical method or the radioactive 
method i s used for the determination of the accumulation from the 
basal dressing and from the top-dressing at maturity. When the ac
cumulation i s determined before maturity, however, the method em
ployed makes a very defini te difference, even in p lants which r e 
ceived early top-dressing. 

*) In t h i s experiment the e r ror of the analyses was not greater 
than 5%. 
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TABLE 32 

SODIUM ACCUMULATION PROM THE BASAL DRESSING DURING 
DIFFERENT STAGES OF DEVELOPMENT 
(in percentages of.the dressing) 

Development Chemically Radioactively determined 
stage determined Top-dressed on 

19th May 27th May 11th June 18th June Harvested 
on 

Treatment Treatment Treatment Treatment Treatment 

30th April -
19th May: from 
germination to 
10 days before 
rapid h^igfrt-
growth stage A 2.64 19th May 

19th-27th May: 
from 10 days 
to 2 days 
before rapid 
height-growth 
stage B. F 10.6 B 5.32 27th May 

27th May -
11th June: 
from 2 days 
before rapid 
height-gro wtb 
stage to 
escape of 
panicle C.E.J.3.87 C 11.50 G -0.5 11th June 

llth-18th 
June: from 
escape of 
panicle 
to complete 
panicle D.H.K.M. 
development 1.37 D 7.0 H 4.6 K 5.9 18th June 

18th June -
23rd July: 
from complete 
panicle deve
lopment to E. I.L.N, 
maturity 0 3.3 E 5.0 I 5.4 L 3.6 N 0.2 23rd July 
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Fig.13. Sodium accumulation from the basal dressing and the top-
dressing in plants at different stages of development as 
influenced by the date of top-dressing. 

Chemically determined: 

Sodium accumulation from 
the basal dressing 

Sodium accumulation from 
the top-dressing 

Physically determined (radioactive 
measurements): 

Sodium accumulation from 
the basal dressing 
Sodium accumulation from 
the top-dressing 

Measurements of the r a d i o a c t i v i t y of the p l an t s show t h a t the 
sodium accumulation from the basal dressing (and also from the top-
dres.sing) was in no two cases equal . This s i g n i f i e s t h a t , apart 
from a dependence upon the development s tage a t which the p lant i s 
harvested (and t h i s can be found a l so by means of the chemical 
method) accumulation from the basal d ress ing and the top-dressing 
i s also dependent upon the top-dressing and the time a t which t h i s 
i s applied. 

Using the chemical method, i t was found t ha t during the period 
from 19th to 27th May, the p lan ts accumulated p rac t i ca l ly the same 
amount of sodium as in a l l the o ther periods of development put t o 
gether. The p lan t s of the d i f ferent treatments accumulated l e s s so -
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dium during the period embracing the escape and development of the 
panicle than in any other single period of development. That this, 
however, i s applicable only to plants of the treatments which re
ceived no top-dressing can be seen from comparison of the values 
with those obtained by means of the radioactive method (Table 32). 

(4) The course of sodium accumulation from the basal dressing and 
the top-dressing determined by radioactive measurements in 
relation to that determined chemically 

Since the course of accumulation from the basal dressing, deter
mined chemically, i s the same in top-dressed and non-top-dressed, 
plants, the following effects of top-dressing on the course of ac
cumulation from basal dressing can only be ascertained by radio
active determination. (Pig.13): 

(a) Plants top-dressed on 19th May (10 days before the rapid 
height-growth stage; treatments B, C, D, E; Pig. 13a) 

(i) Tbp-dressing promotes the uptake of sodium ions from 
the basal dressing. 

( i i ) In the period of development preceding the rapid height-
growth stage,, top-dressing suppresses accumulation 
from the basal dressing. 

(iii1) In the case of the ripened crop, accumulation from the 
basal dressing i s no longer influenced by the top-
dressing. 

(iv) The rate of accumulation from the top-dressing during 
the rapid height-growth stage i s identical with that 
obtaining during the period of escape and development 
of the panicle, but less rapid than would appear from 
the results of the chemical determinations. 

(v) The depletion of sodium taken up from the basal dressing 
during the periods of grain formation and ripening pro
ceeds less rapidly than does the depletion of sodium 
taken up from the top-dressing during the same periods. 

(vi) According to the chemically determined values, deple
tion proceeds more rapidly than i s , in fact, the case. 

(v i i ) Accumulation from the basal dressing i s generally 
greater than - and only veiy rarely equal to - that 
from the top-dressing. 

( v i i i ) Sodium from the basal dressing i s less readily taken 
up than sodium from the top-dressing. 

(b) Plants top-dressed on 27th May (2 days before the rapid 
height-growth stage; treatments G, H, I; Pig.13b) 

(i) No accumulation of sodium from the basal dressing 
occurs during the rapid height-growth stage. 



141 

( i i ) During the periods of escape and development of the 
panicle, grain formation and ripening, top>-dressing 
stimulates uptake from the basal dressing. 

( i i i ) The influence of the top-dressing upon uptake from the 
basal dressing i s also positive in the case of the ripen
ed crop. 

(iv) The ra te of accumulation from the top-dressing a t ta ins 
i t s highest value during the period of escape and de
velopment of the panicle. 

(v* Accumulation from the basal dressing i s always greater 
than that from the top-dressing. 

(c) Plants top-dressed on 11th June (escape of the panicle; 
treatments K, L; Pig. 13c) 

( i ) The top-dressing promotes accumulation from the basal 
dressing during the period of escape and development of 
the panicle to a much greater extent than during the 
period of grain formation and ripening. 

( i i ) The rate of accumulation from the top-dressing i s greater 
during the period of escape and formation of the panicle 
than during the period of grain formation and ripening, 
but less rapid than would appear from the chemically 
determined values. 

( i i i ) Accumulation from the basal dressing i s always greater 
than that from the top-dressing. 

(d) Plants top-dressed on 18th June (a t the beginning of the 
escape of the panicle; (Pig. 13d) 

( i ) As a resul t of the top-dressing, practically no accumu
lation of sodium from the basal dressing occurs during 
the period of grain formation and ripening. 

( i i ) Sodium accumulated during the period of grain formation 
and ripening originates solely from the top-dressing. 

I t i s reasonable to assume that the more advanced the development 
of the plant when top-dressing i s applied - that i s , the longer the 
plant has had to depend upon the basal dressing as i t s source of 
sodium - the more sodium will be taken up from the basal dressing 
by the plant . This was in fact found to be the case in a l l p lants 
(Table 30) except those of treatment N, which were the l a s t to which 
top-dressing was applied and which did not receive i t un t i l after 
the escape and development of the panicle. In th i s l a s t case i t may 
be accepted that the sodium in the basal dressing was far less ac
cessible to the plant than the sodium in the top-dressing and that , 
as a r esu l t , the plant took up sodium solely from the l a t t e r source 
during the period in question. Moreover, the top-dressing was p re
sumably unable to work sufficiently into the soil in the short time 
available to allow a reasonable amount of i t s sodium to be exchanged. 
Apart from the more or less rapid growth dependent upon the stage 
of development, t h i s exchange i s one reason why the uptake from the 
basal dressing i s stimulated by the top-dressing. 
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3. Total sodium accumulation in the organs of the plant 

Since l e s s exact information i s obtained from the chemical d e t e r 
mination and c onc lu s i on s can be drawn which are a t var iance with 
the truth, the data given below were determined by the r ad ioac t i ve 
method. 

TABLE 33 

DISTRIBUTION OP THE ACCUMULATED SODIUM AMONG THE LEAP, 
THE STEM AND THE FRUIT IN PLANTS TOP-DRESSED 

AT DIFFERENT STAGES OF DEVELOPMENT 

Treat
ment 

Date of 
top-
dressing 

Part Total Accumulation from 

Sodium 
content 
in mg. 
per 100 

of the accumulation m & (jjy basal dressing top-dressing 
plant in mg. in % matter in mg. in % in mg. in % 

(1) (2) (3) (4) (5) (6) (7) 

E 

N 

0 

19th May 

27 th May 

11th June 

* 

18th June 

not top-
dressed 

leaf 
stem 
fruit 

leaf 
stem 
fruit 

» 

leaf 
stem 
fruit 

leaf 
stem 
fruit 

leaf 
stem 
fruit 

29.19 23.7 1.76 20.72 
89.32 72.6 1.03 46.69 
4.87 4.0 0.07 3.35 

39.15 28.4 2.05 24.79 
93.85 68.0 1.25 46.83 
4.60 3.3 0.08 3.35 

24.05 18.4 1.42 19.72 
104.40 77.4 1.41 63.06 

5.89 4.5 0.08 4.75 

16.14 16.5 0.92 13.79 
77.84 79.4 0.97 44.21 
4.44 4.5 0.07 3.31 

14.92 20.7 0.94 
55.07 76.5 0.70 

1.75 2.4 0.03 

29.3 8.47 16.1 
66.0 42.63 81.0 
4.3 1.52 2.9 

33.0 14.36 22.9 
62.5 47.02 75.1 
4.5 1.25 2.0 

22.5 4.33 9.9 
72.0 38.34 87.5 
5.4 1.14 2.6 

22.7 2.17 5.9 
71.9 33.£3 91.1 
5.4 1.13 3.1 

(2) Sodium content expressed as a percentage of that of the total 
dressing. 

(5) Sodium content expressed as a percentage of that of the basal 
dressing. 

(7) Sodium content expressed as a percentage of that of the top-
dressing. 
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(1) Total sodium accumulation 

The total and percentage sodium contents of the experimental seed 
are so small (percentage only 0. 0005 mg. per 100 mg. dry-matter) 
that they can be regarded as zero compared with those of the leaf, 
the stem and the f rui t . I rrespective of the stage of development of 
the plant a t the time i t i s applied, top-dressing with sodium n i t 
ra te increases the sodium accumulation in the leaf, the stem and 
the f r u i t . The greater par t of the t o t a l sodium accumulated i s 
found in the stem (Pig. 14). 

The approximate r a t i o between the amounts of accumulated sodium 
in the leaf, the stem and the f ru i t i s invariably 6?; 181*1, i r r e s 
pective of the time of application of the top-dressing. 

The largest accumulation of sodium in the leaf occurs when top-
dressing i s applied a few days before the p lant reaches the rapid 
height-growth stage. Top-dressing applied at a l a t e r stage in the 
development of the plant has only a very s l ight effect upon sodium 
accumulation in the leaf. 
IrIn the case of the stem and f ru i t the l a rges t accumulations of 
sodium occur when top-dressing i s applied a t the beginning of the 
escape of the panicle. 

I t appears from the foregoing that the size of the sodium accumu
lation i s dependent upon the stage of development reached by the 
leaf, the stem and the panicle at the time of application of the 
top-dressing. 

(2) Percentage sodium contents 

The sodium percentages of leaf and stem form a quite d i f ferent 
picture from that seen in (1) above. Those of the leaf are e i ther 
higher than or equal to those of the stems (Pig. 15). 

The leaf possesses a higher percentage of sodium than does the 
stem when top-dressing i s not applied and when i t i s applied before 
the escape of the panicle (11th June). 

Prom the beginning of the escape of the panicle onwards, the ac
cumulation of sodium per unit of dry-matter in the leaf i s p r a c t i 
cally identical with that occurring in the stem. 

During the rapid height-growth stage, the leaf i s more sensit ive 
and therefore quicker to react to the sodium supplied, than i s the 
stan. 

Sodium i s most readily accumulated in the stem in the period be
fore the escape of the panicle - that i s , in the period in which 
a l l leaves are fully grown and the inflorescence i s in the process 
of developing. 

As the p lant ages, reduction in the sodium accumulation occurs 
ea r l ie r in the leaf than in the stem. 

The sodium percentages of the f r u i t of p lan ts of top-dressed 
treatments exhibit differences up to ca. 14%, and are low compared 
with those in the leaf and stem. 
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The highest sodium percentages of the f rui t are obtained when top-
dressing i s applied to the p lants during the rapid height-growth 
stage or at the beginning of the escape of the panicle. 

Cbmparison of the sodium percentage of the seed from which the 
plants were cultivated (0.0005 mg.per 100 mg.dry matter) with that 
of the f rui t after top-dressing the plants with sodium n i t r a t e (0.07 
mg.per 100 mg.dry matter) leads immediately to the conclusion that 
the composition of the nitrogenous f e r t i l i z e r has a considerable i n 
fluence on the mineral composition of the f ru i t (Tables 33 and 36). 

4. Sodium accumulation in the organs of the plant from the 
basal dressing and the top-dressing 

With regard to t he i r respective accumulations of sodium, the var
ious par ts of the plant such as the leaf, the stem and the f ru i t 
which, together with the root, form an organic ent i ty , may be d i s 
tinguished between but not separated from each other. 

Since twice as much sodium was given with the basal dressing as 
with the top-dressing.and, moreover, the p lants of a l l treatments 
were able to p ro f i t from the former for a longer period than from 
the l a t t e r , i t i s permissible to assume that the accumulation from 
the basal dressing will be more than twice as great as that from 
the top-dressing. 

(1) Accumulation in the leaf 

In the leaf (Table 33), the accumulation from the basal dressing 
i s consistently more than twice as great as that from the top-dress
ing, the one exception being in the case of p lants of treatment I 
which were top-dressed at the beginning of the rapid height-growth 
stage. The l a t e r the top-dressing i s applied, the greater i s the 
degree to which accumulation from the basal dressing exceeds that 
from the top-dressing. 

Moreover,the l a te r in the development of the plant the top-dress
ing i s applied the l ess i s the accumulation from the basal d ress
ing and the top-dressing. I t i s evident that l i t t l e accumulation 
occurs in the leaf from the top-dressing when i t i s applied at an 
advanced stage of development at which the period of leaf formation 
and development can be regarded as concluded (treatments L and N). 
Tn th is connection, the fact that accumulation from the basal dress
ing shows a decrease corresponding to that from a l a te top-dressing 
strongly suggests that accumulation from the basal dressing i s s t i 
mulated by the top-dressing. 

In contras t with t h i s general tendency, when top-dressing i s 
given two days before the beginning of the rapid height-growth 
stage (treatment I ) , the p lants accumulate more sodium from the 
basal dressing and the top-dressing than do the plants top-dressed 
eight days previously (treatment E). Furthermore,the amount of so-
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dium taken up from the top-dressing i s more than half the amount 
taken up from the basal dressing. The accumulation in treatment I 
d iffers from those in the other treatments in t h i s respect also. 
The reason for t h i s different behaviour of the plants of treatment 
I can l i e only in the par t icular time at which they were toi>-dressed. 
Iiranediately following the application of top-dressing, the p lants 
reach the stages (the rapid height-growth stage and the succeeding 
stage of the escape of the panicle) in which the greatest sodium 
accumulation per uni t of time occurs (Pig.11). The strong sodium 
accumulation from the top-dressing can be a t t r ibuted to the c i r 
cumstances which allowed of rapid uptake immediately following the 
application of the top-dressing together with the fact that the so
dium contained in the top-dressing had p rac t ica l ly no opportunity 
to exchange with the sodium in the basal dressing. 

As a resul t of the considerable sodium accumulation from the top-
dressing, more sodium from the basal dressing, which was already 
contained in the root and the stem, was transported to the leaf 
which thus also acquired a greater accumulation of sodium from the 
basal dressing. The plants of treatment E, which were top-dressed 
10 days* before the rapid height-growth stage, should have accumula
ted more sodium than the plants of treatment I in view of the very 
rapid sodium accumulation during the period of height-growth (Pig. 
11).Due to a strong depletion of sodium in the plants of treatment 
E during the period of grain formation and ripening, the amounts 
of sodium actually accumulated were smaller than might have been 
expected from the amount of sodium accumulated before the period 
of grain formation. 

(2) Accumulation in the stem and the f ru i t 

The greater par t of the t o ta l sodium accumulated from the basal 
dressing and the top-dressing i s found in the stem (Fig. 14). As 
was also the case with the leaf, the shor ter the period during 
which the sodium in the top-dressing has been avai lable to the 
plant, the l e s s i s the accumulation from the top-dressing in the 
stem and the f ru i t . 

The amount of sodium from the basal dressing accumulated in the 
stem and the f ru i t of p lants of the different treatments i s sur
pr is ingly constant . The p l an t s of treatment L, which were t op -
dressed at the beginning of the escape of the panicle, were able 
to accumulate considerably more sodium from the basal dressing in 
the i r stem and f ru i t than were the plants of the other treatments 
(Table 33). 

Hie conveyance of sodium from the basal dressing to the stem in 
plants of treatment L i s greater than that in p lants of treatment 
I due to the. fact t ha t , a t the time of application of the top-dress
ing, the former contained more sodium from the basal dressing than 
did the l a t t e r when they were top-dressed.Moreover, when top-dress
ing was applied to the plants of treatment L,the period of maximal 
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leaf growth was past while the stem and panicle were still develop
ing. It is, therefore, acceptable that the leaf of the plants of 
treatment L was able to take up less sodium while, as a result of 
the exchange in the root of sodium from the basal dressing by so
dium freshly taken up, the stem and the fruit were provided with 
sodium from the basal dressing. 

5. The distribution of sodium among the leaves, the stem and 
the fruit 

In order to determine the distribution of sodium among successive 
leaves along the stem and in the stem and the fruit, the different 
parts of the plant were subdivided as follows: 

(a) The leaves 
Subdivided into: 

(i) The leaf arising at the first or lowest node; 
(ii) The leaf arising at the second node; 
(lii) The leaves arising at the third and fourth nodes. 

(b) The stem 
Subdivided into sections of 15 cm. to give: 

(iv) The f i r s t or lowest section; 
(v) . The second section; 
(vi) The third section; 
(vii) The top of the stem (peduncle of the inflorescence); 
(viii) The stalks of the flower clusters. 

(c) The fruit 
Subdivided into: 

(ix) The chaff of grain and flower clusters; 
(x) The pericarp; 
(ki) The endosperm and germ. 

The total content, the percentage content and the amounts of so
dium taken up from the basal dressing and the top-dressing were/de
termined in the above-mentioned parts of the plants of treatments 
E, I , L, N and 0. 

(1) The distribution of sodium among successive leaves along the 
stem 

* 

(a) Percentage sodium contents 

In general, the higher the point of origin of a leaf on the stem 
the lower the sodium percentage of that leaf. An exception to this 
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i s found in the percentages of the leaves of plants which were top-
dressed a t the beginning of the escape of the panicle (Table 34; 
treatment L). The reason for th i s difference must be sought in the 
fact that the plants of treatment L were top-dressed at a time when 
the lowest leaf had already attained the physiological age at which 
i t was no longer able to accumulate any further appreciable amount 
of sodium. Thus i t i s found that the sodium percentage of t h i s leaf 
i s only s l ight ly higher than that of the corresponding leaf in plants 
of treatment 0,which received no top-dressing, and i s considerably 
lower than those of the corresponding leaf of plants of treatments 
E and I . 

The influence of the top-dressing upon the sodium percentages of 
the leaves i s re la ted to the posit ion of the leaves on the stems 
and to the stage of development* reached by the plants at the time 
of application of the top-dressing (Pig.16). Expressed as percen
tages, th i s influence varies from -16 to +81% for the lowest leaf, 
from -8 to +121% for the leaf a r is ing at the second node and from 
+34 to +180% for the leaves ar ising at the third and fourth nodes. 
The negative influence upon the sodium percentage i s found to apply 
in cases where the top-dressing was given at a l a t e s tage, a f ter 
the development of the panicle (treatment N). In th i s case, i t i s 
seen that the sodium percentages of the leaves ar is ing at the f i r s t 
and second nodes are lower than those of the corresponding leaves 
of the plants of treatment 0 in which no top-dressing was applied. 
The total amounts of sodium accumulated hy the corresponding leaves 
of plants of treatments 0 and N are, however, equal; the differences 
in the sodium percentage are due to the differences in production 
of dry matter. The f i r s t - and second-node leaves of the l a t e top-
dressed plants of treatment N produced more dry matter as a r e su l t 
of the top-dressing although their sodium accumulation did not i n 
crease. The highest sodium percentages are found in the leaves of 
plants of treatment I which were top-dressed two days before the 
rapid height-growth s tage. 

Despite the fact that the p lants of treatment I had no more so 
dium at the i r disposal after the application of top-dressing than 
had the p lants of treatment E, which were top-dressed eight days 
ear l ie r , more sodium was accumulated by the former plants than by 
the l a t t e r . 

*) The top-dressing exercises r e l a t ive ly the greatest influence 
upon the sodium percentage of the youngest leaf. 
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Fig.16. Percentage sodium contents of successive leaves at maturi 
ty as influenced by the date of top-dressing 

Top-dressed with sodium n i t r a t e on: 
- : 19th May (10 days before the rapid height-growth stage) 
-o -o- 27th May ( 2 days before the rapid height-growth stage) 
-x-x- 11th June (at the escape of the panicle) 
-+-+- 18th June (full panicle development) 

No top-dressing 

a. leaf arising at f i r s t or lowest node 
b. leaf arising at second node 
c. leaves arising at third and fourth node 
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TABLE 34 

DISTRIBUTION OP THE ACCUMULATED SODIUM AMONG THE LEAVES 
OP PLANTS TOP-DRESSED AT DIFFERENT STAGES OP DEVELOPMENT 

Treat
ment 

E 

I 

L 

N 

0 

Date of 
top-
dressing 

19th May 

27th May 

11th June 

18th June 

not 
top

-dressed 

Part 
of the 
plant 

a 
b 
c 

a 
b 
c 

a 
b 
c 

a 
b 
c 

a 
b 
c 

Total 

in mg. 
(1) 

10.14 
14.53 
4.53 

14.89 
16.31 
-7.90 

7.33 
12.59 
4.13 

6.65 
5.62 
3.86 

6.60 
5.58 
2.75 

sodium 

in % 
(2) 

2.06 
2.95 
0.92 

3.02 
3.30 
1.10 

1.49 
2.55 
0.84 

1.35 
1.14 
0.78 

1.34 
1.13 
0.56 

Sodium per 
100 mg. dry 

matter 

in mg. 
(3) 

2.65 
2.08 
0.78 

2.92 
2.19 
1.23 

1.68 
1.82 
0.74 

1.36 
0.92 
0.59 

1.61 
0.99 
0.44 

-in % 
(4) 

165 
210 
177 

181 
221 
280 

104 
184 
168 

84 
93 

134 

100 
100 
100 

Sod ium 
accumulation from 

basal 
dressing 

in mg. 
(5) 

6.34 
11.13 
3.25 

11.52 
9.46 
4.76 

6.43 
10.27 
3.02 

6.37 
4.90 
2.69 

— 

-

— 

in % 
(6) 

1.93 
3.38 
0.99 

3.50 
2.88 
1.45 

1.95 
3.12 
0.92 

1.94 
1.49 
0.82 

— 

— 

— 

top-
dressing 

in mg. 
(7) 

3.80 
3.40 
1.28 

3.37 
6.85 
3.14 

0.90 
2.32 
1.11 

0.28 
0.72 
1.17 

— 

— 

— 

in % 
(8) 

2.32 
2.07 
0.78 

2.05 
4.18 
1.91 

0.55 
1.41 
0.68 

0.17 
0.44 
0.71 

— 

— 

— 

a) Leaf a r i s ing a t f i r s t or lowest node 
b) Leaf a r i s ing at second node 
c) Leaves a r i s ing a t t h i rd and fourth nodes 

(2) Sodium content expressed as a percentage of t h a t of the t o t a l 
d ress ing 

(4) Sodium content expressed as a percentage of t h a t of the non-
top-dressed p l an t s 

(6) Sodium content expressed as a percentage of t h a t of the basal 
dressing 

(8) Sodium content expressed as a percentage of t h a t of the t op -
dress ing 

Since the p lan t s of the s e r i e s to which treatment E belongs (Fig. 
11) had accumulated j u s t as much sodium as the p l an t s of t ha t to 
which t reatment I belongs a t the time when the l a t t e r were t op -
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dressed the fact that the f inal sodium percentage of the leaf of 
plants of treatment I i s higher than that of the leaf of p lants of 
treatment E must be a t tr ibuted to the depletion of sodium which oc
curred in treatment E. 

(b) Total sodium accumulation 

A top-dressing applied to plants in an early stage of development 
stimulates sodium accumulation by the leaf to a considerable extent 
(Fig .17) . 

In the case of the plants of treatment 0, which received no top-
dressing, and of treatment N,which received the l a t e s t top-dressing, 

No 

2CH 

18 

16 

14 

12 

10 

8 

4 

2 

c Part of plant. 

Fig.17. Total sodium accumulation in successive leaves at maturity 
as influenced by the date of top-dressing 

Top-dressed with sodium n i t r a t e on: 
- . - . - 19th May (10 days before the rapid height-growth stage) 

27th May ( 2 days before the rapid height-growth stage) 
11th June (at the escape of the panicle) 
18th June (full panicle development) 
No top-dressing 

•o-o-
-x-x-

a. Leaf arising at first of lowest node 
b. Leaf arising at second node 
c. Leaves arising at third and fourth node 
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2? 

xm 
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a b c 
E 

7A 

a b c 
I 

2 ^ 
a b c 
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N 
a b c 

O 
Part of plant. 
Treatment. 

Fig.18. Sodium accumulation from the basal dressing and the top-
dressing in successive leaves at maturity as influenced 
by the date of top-dressing 

Sodium accumulation from the top-dressing (physically de ter 
mined) 
Sodium accumulation from the basal dressing 

a. Leaf ar ising at f i r s t or lowest node 
b. Leaf arising at second node 
c. Leaves arising at third and fourth node. 

the smaller the to ta l amount of sodium in the leaves, the higher 
their point of origin (Table 34).When,however, the plants are top-
dressed at an ea r l i e r stage of their development, the accumulation 
in the leaf i s considerably greater than that which obtains in the 
p lants of treatment N and, moreover, a regular decrease in the 
amounts of sodium in successive leaves i s no longer found and the 
accumulation in the leaf at the second node far exceeds the accumula
tions in the other leaves (Pig. 18). 

Prom the values for the to ta l accumulation, i t appears that the 
leaves of the plants of treatment I accumulated the greatest amounts 
of sodium and that the accumulation by the older leaves was less 
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when top-dressing was applied to plants in an advanced stage of de
velopment. This i s further support for the view that the degree to 
which sodium can accumulate i s dependent upon the age of the leaf. 

(c) Accumulation from the basal dressing and the top-dressing 

The accumulation from the basal dressing and the top-dressing de
creases when the l a t t e r i s applied at a l a t e stage of development 
of the p lant . 

When top-dressing i s given before the plant reaches the stage of 
the escape and development of the panicle, i t greatly promotes so
dium accumulation from the basal dressing (Fig.18). In the cases 
mentioned above,namely, in the oldest leaf of plants of treatments 
E, L and N, and also in the successive leaves of p lants of t r e a t 
ment N, accumulation from the basal dressing i s not stimulated by 
the top-dressing. 

With the exception of the plants of treatment E in which a deple
tion of sodium occurs during ripening, these are the very cases in 
which sodium accumulation i s very small because of the age of the 
leaf at the time of top-dressing. The leaf has in fact taken up so
dium from the basal dressing (Pig. 18; treatment L, leaf ' a ' ; N, 
leaf 'a' and 'b ' ) but not to the same extent to which uptake from 
th i s source had occurred in other leaves. 

This i nd ica tes tha t , as a r e su l t of the physico-chemical and 
s t ructural changes which occur as the leaf ages the flow of sodium 
ions to the leaf largely stops. The fact that the to tal sodium ac
cumulation i s greater in these cases than the t o t a l accumulation 
in the corresponding leaf of the non-top-dressed treatment i s due 
to the supplementary contribution from the top-dressing. 

This supplementary contribution i s very sma l l - a further indicat
ion that i t i s not so much that the affinity of the older leaf for 
sodium decreases, as that the uptake of nu t r ien t ions stops to a 
greater or l e sser degree. 

On the basis of the course of the accumulation in the plants of 
treatment E (Pig. 11) i t must be accepted that the o ldest leaf of 
the p lants of t h i s treatment had also accumulated a considerable 
amount of sodium during the period of development.Since i t may 
also be regarded as certain (compare treatment I) that a depletion 
in the sodium contents of leaf 'a' and 'c ' of the plants of t r e a t 
ment E has occurred during the ripening period, i t may be deduced 
that leaf 'b' had to relinquish sodium during t h i s period. As has 
been remarked e a r l i e r . i t i s also probable that a certain depletion 
occurred in the plants of the other corresponding treatments. 

The deplet ion occurring in the p l an t s of t reatment E assumed 
greater proportions than that in the p lants of the corresponding 
treatments I, Land N, because the withering process proceeded more 
slowly in the former p lants . . This fact wi l l /a lso explain why leaf 
'a' of the plants of treatment E possesses a considerable amount of 
sodium from the top-dressing but only a re lat ively small amount from 
the basal dressing. 

http://earlier.it
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ptrlOOmg, 
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0.7 
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g h Part of plarrt 

Fig*19. Percentage sodium contents of successive sections of the 
stem at maturity as influenced by the date of top-dressing 

Top-dressed with sodium n i t r a t e on: 
19th May (10 days before the rapid height-growth stage) 

-o -o- 27th May ( 2 days before the rapid height-growth stage) 
-x-x- 11th June (a t the escape of the panicle) 
-+-+- 18th June ( ful l panicle development) 

No top-dressing 

d) lowest section of stem ( 0-15 cm.) 
e) second section of stem (15-30 cm.) 
f ) third section of stem (30-45 cm) 
g) peduncle of panicle 
h ) s ta lks of flower c lus ters 
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When top-dressing i s given during the period of rapid growth 
(treatment I and L) the leaf ar ising at the second node reacts the 
most readily. When top-dressing i s applied a t a l a t e r stage after 
the escape and development of the panicle, i t i s the youngest leaf 
that takes up the greatest amount of sodium from the top-dressing. 

The main course of accumulation from the top-dressing changes 
l a te r when sodium contained in the top-dressing becomes available 
to the younger leaf. In the majority of cases, accumulation from 
the basal dressing i s stimulated by the top-dressing. Generally, 
i t appears that sodium tends to col lect in those par ts of the plant 
where the greatest ce l l activity prevails . 

(2) The d is t r ibut ion of the sodium among the different sections 
of the stem 

(a) Percentage sodium contents 

As was the case with the leaves, the sodium percentages are highest 
in the lower sections of the stem (Table 35; Fig. 19) and generally 
decrease rapidly from the base to the top. The peduncle of the pa -̂
nicle - the apex of the stem - has the lowest sodium percentage. I t 
i s noteworthy, however, that the s ta lks of the flower c lus ters of 
plants of a l l treatments have re la t ively high sodium percentages. 

Top-dressing has a definite influence upon the course of the so
dium percentages. Not only are those of the sections of the stem 
of top-dressed p l an t s higher than those of the non-top-dressed 
p lants but there also ex is t considerable va r ia t ions between the 
treatments in the percentages of corresponding sec t ions of the 
stem. 

The time of application of the top-dressing, therefore, had also 
a very rea l influence upon the sodium percentages. The stems of 
plants which were top-dressed 10 and 2 days before the rapid height-
growth stage (treatments E and I) exhibit a pronounced decrease in 
sodium percentage from the bases towards the tops. In the p lants 
of treatment L, uhich were top-dressed at the beginning of the es 
cape of the panicle , the sodium percentage in the second 15-cm. 
section of stem shows a pronounced decrease compared with the low
est; in the upper sections, th i s decrease i s much less pronounced. 
The sodium percentages in the sect ions of the stem of p lan t s of 
treatment N, which were top-dressed af ter the development of the 
panicle, and of treatment 0, which received no top-dressing, ex
h ib i t an ent irely different course.In these plants the sodium per
centage of the second section i s higher than that of the f i r s t or 
lowest section. In the third section, the sodium percentage again 
f a l l s whilst the percentages of the peduncle of the inflorescence 
in treatments N and 0 show a s l ight increase and a s l ight decrease 
respectively. The course of the sodium percentages of treatment L 
occupies an intermediate position between that of treatments E and 
I top-dressed at an early stage and that of treatments N and 0 top-
dressed at a l a te stage or not at a l l . 
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TABLE 35 

DISTRIBUTION OP THE ACCUMULATED SODIUM IN THE STEM OP PLANTS 
TOP-DRESSED AT DIFFERENT STAGES OF DEVELOPMENT 

Treat
ment 

E 

I 

L 

N • 

0 

Date of 
top-
dressing 

19th May 

27th May 
• 

11th June 

18th June 

-\ 

not 
top-
dressed 

Part 
of 
the 
plant 

d 

e 
f 
g 
h 

d 
e 
f 

g 
h 

d 
e 
f 

o 

h 

d 
e 
f 

g 
h 

d 
" 

f 

g 
h 

Total 
sodium 

in mg. 

(1) 

36.17 

25.72 
16.00 
6.70 
4.73 

36.41 
31.58 
17.37 
6.16 
2.32 

51.03 
21.63 
15.43 
10.18 
3.13 

24.26 
36.21 

8.80 
6.16 
2.40 

14.14 
28.52 

6.93 
3.95 
1.54 

in %. 

(2)# 

7.34 

5.22 
3.25 
1.36 
0.96 

7.39 
6.41 
3.52 
1.25 
0.47 

10.35 
4.39 
3.13 
2.07 
0.65 

4.92 
7.34 
1.78 
1.25 
0.49 

4.30 
8.67 
2.11 
1.20 
0.47 

Sodium per 
100 mg. 
dry matter 
in mg. 

(3) 

1.48 

1.28 
0.77 
0.40 
1.11 

1.72 
1.42 
1.07 
0.47 
0.99 

2.26 
1.17 
0.99 
0.86 
0.90 

1.15 
1.47 
0.47 
0.49 
0.84 

0.69 
1.18 
0.40 
0.27 
0.59 

in % 

(4)# 

215 

109 
192 
148 
188 

249 
124 
268 
175 
168 

332 
99 

248 
319 
153 

167 
125 
118 
182 
142 

100 
100 
100 
100 
100 

Sodium accumulation 
from 

basal 
dressing 
in mg. 

(5) 

19.47 

13.56 
7.69 
3.63 
2.35 

20.25 
15.12 
8.31 
1.91 
1.24 

35.67 
10.49 
10.30 
5.00j 
1.62 

13.86 
23.37 

3.53 
2.51 
0.93 

-

-

«* 

•• 

-

in % 
(6)# 

5.92 

4.12 
2.34 
1.10 
0.71 

6.16 
4.60 
2.53 
0.58 
0.38 

10.84 
3.19 
3.13 
1.52 
0.49 

4.21 
7.10 
1.07 
0.76 
0.28 

-

% 

-

-

top-
dressing 
in mg. 

(7) 

16.70 

12.16 
8.31 
3.07 
2.38 

16.16 
16.46 
9.06 
4.25 
1.08 

15.36 
11.14 
5.13 
5.18 
1.51 

10.40 
12.84 

5.27 
3.65 
1.47 

-

-

-

-

-

in % 
(8)* 

10.18 

7.41 
5.07 
1.87 
1.45 

9.85 
10.04 

5.52 
2.59 
0.66 

9.37 
6.79 
3.13 
3.16 
0.92 

6.34 
7.83 
3.21 
2.23 
0.90 

-

-

-

-

-

d First or lowest 15-cm. section of stem 
e Second 15-cm. section 
f Third 15-cm. section 
g Peduncle of the inflorescence 
h Stalks of the flower clusters. 

*(2) Sodium content expressed as a percentage of that of the total dressing 
(4) Sodium content expressed as a percentage of that of the non-top- dressed 

plants 
(6) Sodium content expressed as a percentage of that of the basal dressing. 
(8) Sodium content expressed as a percentage of that of the top-dressing 
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mg. 
Ha 

50 

48 

46 

44 

42 

40 

38 

36 

34 

32 

30 
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26 

24 

22 

20j 
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6 
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2 

L. 

h Port of plant. 

Fig. 20. Total sodium accumulation in successive sections of the 
stemat maturity as influenced by the date of top-dressing 

Top-dressed with sodium nitrate on: 

-o-o-
x-x-x 

19th May (10 days before the rapid height-growth stage) 
27th May ( 2 days before the rapid height-growth stage) 
11th June (at the escape of the panicle) 
18th June (full panicle development) 
No top-dressirg 

d. lowest section of stem (0 -
e. second section of stem (15 
f. third section of stem (30 -
g. peduncle of panicle 
h. stalks of flower clusters 

15 cm,) 
- 30 cm.) 
45 cm.) 
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Fig. 21. Sodium accumulation from the basal dressing and the top-
dressing in successive sections of the stem at maturity 
as influenced by the date of top-dressing 

i i Sodium accumulation from top-dressing (physically determined) 
^ n Sodium accumulation from basal dressing 

d. lowest section of stem ( 0 - 1 5 cm.) 
e. second section of stem (15 - 30 cm.) 
f. third section of stem (30 - 45 cm.) 
g. peduncle of panicle 
h. stalks of flower clusters 
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(b) Total sodium accumulation. 
The distribution of sodium among the different parts of the plant 

as revealed by the total sodium accumulation by these parts exhibits 
practically the same general picture as that given by the course of 
the sodium percentages. In this case also, the course of the accu
mulations in the various sections of the stems of plants of treat
ment L occupies an intermediate position between that of the cor
responding sections of the plants which received early top-dressing 
and that of those sections of plants which were top-dressed at a 
late stage or not at all (Pig. 20). The stalks of the flower clus
ters were found to have accumulated the smallest amounts of sodium, 
because of their very small amounts of dry matter, and despite the 
fact that their sodium percentages were high. 

In considering sodium distribution in the leaves,it was seen that 
the strongest reaction to the top-dressing was exhibited by the 
leaves of plants which were top-dressed two days before the begin
ning of the rapid height-growth stage (treatment I). In comparing 
the distribution throughout the stem, however, it is the sections 
of the stem of plants which were top-dressed at the beginning of 
the escape of the panicle (treatment L) which are seen to have 
drawn the greatest profit from the top-dressing. 

(c) Accumulation from the basal dressing and the top-dressing. 
Accumulation from the basal dressing and the top-dressing de

creases from the base to the apex of the stem (Table 35, Pig. 21). 
An exception to this is found in the plants of treatments N and 0, 
whose second section (e) accumulated more sodium from the basal 
dressing than did the first section (d). Moreover, in treatment N, 
the second section accumulated more sodium from the top-dressing 
than did the first. This difference is found, therefore, in plants 
which either received no top-dressing or were top-dressed at a late 
stage of development. 

Irrespective of its time of application, top-dressing suppresses 
accumulation from the basal dressing by the second section of the 
stem. In conformity with that which was found in the case of the 
leaf, top-dressing stimulated accumulation from the basal dressing 
in some sections of the stems of treatments E, I and L. 

The accumulation from the basal dressing found in the stems of 
plants of treatments E, I, L and N are 25.98, 28.66,*23.37 and 
20.51% respectively. When top-dressing is applied to the plants at 
the beginning of the escape of the panicle or at a later stage of 
development,the share of the total accumulation from the top-dress
ing acquired by parts f, g and h of the plant increases. 
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mg.Na 
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J Part of plant. 

Fig. 22. Percentage sodium contents of the chaff, the pericarp and 
the endosperm at maturity as influenced by the date of 
top-dressing 

Top-dressed with sodium nitrate on: 

— •- 19th May (10 days before the rapid height-growth stage) 
-o-o- 27th May ( 2 days before the rapid height-growth stage) 
x-x-x 11th June (at the escape of the panicle) 
-+-+- 18th June (full panicle development) 

No top-dressing 
i. chaff 
j. pericarp 
k. endosperm 
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In contrast with that which was found in the case of the leaf, con
siderable amounts of sodium are accumulated from the top-dressing 
by the various sections of the stem, even when the plants are top-
dressed at an advanced stage of development. 

Relat ively more sodium i s accumulated by the various sect ions 
from the top-dressing than from the basal dressing. 

(3) The d is t r ibut ion of sodium among the chaff of f rui t and flower 
c lusters , the pericarp and the endosperm and germ 

(a) Percentage sodium contents. 
The sodium percentages decrease in the order: chaff, pericarp, 

endosperm (Table 36, Pig. 22). There i s a sharp decline in the so
dium percentages from the s t a lk s of the flower c l u s t e r s to the 
chaff and from the pericarp to the endosperm. 

The sodium percentages of the chaff, pericarp and endosperm are 
appreciably increased by the top-dressing. In the pericarp and en
dosperm the greates t increases are found in the plants of t r e a t 
ments I and L; in the chaff they are found in treatments E and N. 

(b) Total sodium accumulation 
The t o t a l sodium accumulation in the chaff, the pericarp and the 

endosperm shews an en t i re ly d i f ferent course (Pig. 23) from tha t 
of the percentage sodium contents of these parts but exhibits some 
agreement with that of the t o t a l sodium accumulation in the leaf. 

The accumulation in the endosperm i s , in general, somewhat less 
than that in the pericarp.The influence of top-dressing upon accu
mulation is not inconsiderable as can be c learly seen from the dif
ferences between the amounts of sodium in corresponding parts of 
the plants of treatment 0 (Table 3.6, Pig. 23). 

The greatest influence upon sodium accumulation in the pericarp 
and endosperm is exercised by the top-dressing applied at the time 
of the escape of the panicle, two days before the rapid height-
growth stage. 

(c) Accumulation from the basal dressing and the top-dressing. 
The top-dressing has a highly stimulating effect upon sodium ac

cumulation by the chaff, the pericarp and the endosperm from the 
basal dressing (Table 36, Pig. 24). The order in which the effect 
of the top-dressing upon accumulation from the basal dressing de
creases, v iz . endosperm, per icarp, chaff, is independent of the 
time of application of the top-dressing and independent,therefore, 
of the stage of development of the plant at the time of application. 
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TABLE 36 

DISTRIBUTION OP THE ACCUMULATED SODIUM IN THE FRUIT OP PLANTS 
TOP-DRESSED AT DIFFERENT STAGES OF DEVELOPMENT 

Treat
ment 

E 

I 

L 

N 

0 

Date of 
top-
dressing 

19th May 

27th May 

11th June 

18th June 

not 
top-
dressed 

Part 
of 
the 
plant 

i 

J 
k 

i 

J 
k 

i 

J 
k 

i 

J 
k 

i 

J 
k 

Total 
sodium 
in mg. 

(1) 

1.51 
1.84 
1.52 

0.71 
2.01 
1.88 

1.07 
2.28 
2.53 

1.05 
1.96 
1.48 

0.36 
1.00 
0.39 

in % 

(2)# 

0.31 
0.37 
0.31 

0.14 
0.41 
0.38 

0.22 
0.46 
0.51 

0.21 
0.40 
0.30 

0.11 
0.33 
0.12 

Sodium per 
100 mg. 
dry matter 
in mg. 

(3) 

0.17 
0.12 
0.03 

0.10 
0.17 
0.05 

0.15 
0.14 
0.05 

0.16 
0.13 
0.03 

0.06 
0.05 
0.01 

in % 
(4)* 

283 
240 
300 

167 
340 
500 

250 
280 
500 

266 
260 
300 

100 
100 
100 

Sodium 
4 

accumulation 
from 

basal 
dressing 
in mg. 

(5) 

0.70 
0.94 
1.31 

0.26 
1.41 
1.67 

0.62 
1.78 
2.34 

0.62 
1.45 
1.29 

-

-

• • 

in % 
(6f 

0.21 
0.29 
0.40 

0.08 
0.43 
0.51 

0.19 
0.54 
0.71 

0.09 
0.44 
0.39 

-

-

— 

top.-
dressing 
in mg. 

(7) 

0.81 
0.90 
0.21 

0.45 
0.60 
0.21 

0.45 
0.50 
0.19 

0.43 
0.51 
0.19 

-

tm w 

• • 

in % 
(8)# 

0.49 
0.56 
0.31 

0.27 
0.37 
0.13 

0.27 
0.31 
0.12 

0.26 
0.31 
0.12 

-

-

~ 

i) chaff of flower cluster and grain 
j) pericarp 
k) endosperm and germ 

*(2) Sodium content expressed as a percentage of that of the total 
dressing 

(4) Sodium content expressed as a percentage of that of the non-
top-dressed plants 

(6) Sodium content expressed as a percentage of that of the basal 
dressing 

(8) Sodium content expressed as a percentage of that of the top-
dressing 
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mg# 

Na 

Part of plant. 

Fig. 23. Total sodium accumulation in the chaff, the pericarp and 
the endosperm at maturity as influenced by the date of top-
dressing 

Top-dressed with sodium nitrate on: 

. • «• • • 19th May (10 days before the rapid height-growth stage) 
-o-o- 27th May ( 2 days before the rapid height-growth stage) 
x-x-x 11th June (at the escape of the panicle) 
-+-+- 18th June (full panicle development) 

No top-dressing 

i. chaff 
j. pericarp 
k. endosperm 
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O Treatment. 

F ig . 24. Sodium accumulation from the basal dressing and the top-
dressing in the chaff, the pericarp and the endosperm at 
maturity as influenced by the date of top-dressing 

] Sodium accumulation from top-dressing (physically determined) 
\////////A Sodium accumulation from basal dressing 

i . chaff 
j . per icarp 
k. endosperm 
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In the case of the plants of treatment 0, which received no top-
dressing, and those of treatment N, which were top-dressed af ter 
the escape of the panicle,the greatest accumulation from the basal 
dressing occurred in the pericarp. As was a lso the case with the 
leaf and the stem, the top-dressing applied to the crop after the 
escape of the panicle (treatment N) did not cause any change in the 
order of size of accumulation from the basal dressing in the various 
parts of the plant - in contrast with the top-dressings applied ear
l i e r . I t i s noteworthy that , i r respect ive of the time of application 
of the top-dressing,the amount of sodium accumulated in the endo
sperm from'the top-dressing is p ract ical ly constant. The chaff and r 
the pericarp of plants of treatment E, which was the f i r s t t o be 
top-dressed, accumulated larger amounts of sodium from the top-
dressing than did those of the p lants of the other top-dressed 
treatments. 

In the case of plants of treatments I,L and N, pract ical ly equal 
amounts of sodium were accumulated from the top-dressing by the 
chaff and pericarp. 

In sp i te of the varying accumulations from the basal dressing, 
very similar accumulations from the top-dressing are found in the 
corresponding parts of the f ru i t s of the treatments I, L and N -
top-dressed from the beginning of the rapid height-growth stage and 
onwards - while in the f ru i t s of treatment E - top-dressed befo~re 
th is stage - larger amounts could be accumulated from the top-dress
ing (Pig. 24).At the moment at which the top-dressing was applied, the 
plants of treatments I,L and N contained more sodium than the plants 
of treatment E,which were top-dressed at an ea r l ie r date.. As a r e 
sul t of t h i s top-dressing during the period of rapid sodium uptake 
( i . e . , the period of rapid height-growth), more sodium originating 
from the basal dressing could be transported to the f ru i t s in the 
etabryonic stage than when sodium from the top-dressing is made a-
vailable during an ea r l ie r or l a ter stage of development. 

If the amount of sodium accumulated from the basal dressing by 
the non-top-dressed plants of treatment 0 i s accepted as equal to 
that accumulated from the same source by the plants of top-dressed 
treatments - as is inevitable in the chemical method of determinat
ion - i t appears that accumulation from the top-dressing (calculat
ed by subtraction) differs considerably from the corresponding ac
cumulations determined by the radioactive method (Pigs. 18, 21 and 
24). 

I t is seen,therefore, that no accurate picture of the actual a c 
cumulation can be obtained by means of the chemical method of de
termination and for th i s reason the conclusions based upon the re
su l t s obtained by th is method may j u s t i f i ab ly be considered un
trustworthy. 
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V. CONCLUSIONS 

(1) The withering process of the plant i s delayed by the top-
dressing, ' 

(2) Sodium accumulation per unit of time is increased by the top-
dressing. 

(3) The plant s t r ives to acquire a certain sodium level i r respect
ive of the time of application of the top-dressing. 

(4) The percentage sodium content of the plant is dependent on 
i t s stage of development. 

(5) The isotope method is indispensable for the determination of 
sodium accumulation from the basal dressing and the top-dress
ing when the crop is harvested before i t has ripened. 

(6) Sodium is more readily taken up from the top-dressing than 
from the basal dressing. 

(7) The composition of the nitrogenous f e r t i l i z e r has a consider
able influence upon the mineral composition of the f rui t . 

(8) The percentage sodium content of the f ruit i s increased by the 
top-dressing. 

(9) The sodium accumulation i s dependent upon the time of applica
tion of the top-dressing. 

(10) The influence of the top-dressing upon sodium accumulation'in 
the leaf i s dependent upon the physiological age of the leaf. 

(11) Sodium accumulation by the leaf from the basal dressing i s 
stimulated by the top-dressing. 

(12) The percentage sodium content of the plant par ts increases 
with increasing age. 

(13) In contrast with the leaves the various parts of the stem ac
cumulate considerable amounts of sodium from the top-dressing 
even when the l a t t e r i s applied la te in the growth cycle. 

(14) Equal amounts of sodium were accumulated from the top-dress
ing by the endosperm of plants of a l l treatments. 

(15) The sodium content of the endosperm is increased by the top-
dressing. 



168 

SUMMARY AND CONCLUSIONS 

CHAPTER I 

INTRODUCTION 

The uptake and outgo of sodium ions in the roots of oat plants 
(Avena sativa varMarne) and the distribution of these ions through
out the plants were studied in an attempt to gain further insight 
into the significance of sodium as a nutrient ion for plant life. 

CHAPTER II 
* 

THE IMPORTANCE OP THE SODIUM ION IN PLANT NUTRITION 

The results of investigations carried out in the past on the ef
fect of the sodium ion upon the plant were studied from the data 
available in the literature. These are summarized as follows: 

The influence of sodium fertilization is only attributable in 
part to the liberation of potassium in the soil. 

The sodium ion itself exercises a favourable influence upon the 
availability of phosphate. 

The sodium ion has aa influence upon the structure of the plant 
and,in particular,strengthens the vascular and supporting tissues. 

Sodium also influences the permeability of the plant cell and the 
transpiration of plants. 

In the case of plants which are capable of accumulating a consi
derable amount of sodium, evaporation is reduced less by potassium 
than by an equivalent amount of sodium. 

Sodium ions reduce the transpiration coefficient. 
In general, the significance of the sodium ion in the water eco

nomy of the plant is at least as great as that of the potassium 
ion. 

In agricultural investigations considerable thought has been given 
to the possibility of reciprocal substitution of sodium and potas
sium ions in the plant. 

Unlike the rubidium ion which also has .the capacity to replace 
potassium, the sodium ion is selectively absorbed by the plant. 

It appears that only limited significance can be accorded to the 
classification of crops in accordance with their sensitivity to 
sodium, as carried out by HARMER et al. (101). 

Favourable influences of potassium and of sodium on the yield-
capacity of plants are not always associated. 

As a result of rather too one-sided consideration of the agree
ment which so often exists between the behaviour of the sodium and 
the potassium ions, the differences between them have tended to be 
overlooked. For instance, the sodium ion appears to form complexes 
better than the potassium ion does. 

In certain investigations, specific sodium deficiency symptoms 
have been established. 
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Part of the sodium in the plant is present in a water-insoluble 
form. 

Sodium is able to combine selectively with cell substances. 
It has recently been established (4) that sodium is essential 

for the development of blue-green algae;for higher orders of plant 
life,the essentiality of this element has not yet found acceptance 
although in the course of research many facts have been revealed 
which strongly indicate that sodium has, indeed , an essential and 
a specific function in such plants.* The precise nature of these 
functions has not yet been elucidated. 

CHAPTER III 

THE METHOD OP INVESTIGATION 

Water cultures and dusarite-silica sand cultures were employed. 
The study of sodium uptake was facilitated by the application of 

radioactive sodium (Na22). The total sodium content was determined 
by flame photometer; the amount of radioactive sodium was measured 
with a three-decade counting apparatus. 

The technique employed for the preparation of- the macroautoradio-
graphs is described. 

CHAPTER IV 

THE DISTRIBUTION OF SODIUM IONS THROUGHOUT THE PLANT 
AS ESTABLISHED FROM AUTORADIOGRAPHS 

In connection with the translocation of the sodium ion within the 
plant, classification of plants into the following three groups is 
possible: 

(1) Plants in which the sodium ion is sluggishly translocated 
from the root to the stem (maize, bean, etc.). 

(2) Plants in which an appreciable amount of sodium is trans
located from the root to the stem and leaf (pea, oats, tomato, 
etc.). 

(3) Plants in which large-scale translocation of sodium from the 
root to the stem and leaf occurs and in which a relatively 
large amount of sodium accumulates in the mesophyll (beet, 
spinach, chicory, etc.). 

. The greater the sensitivity of the plant to the sodium ion, the 
more uniform is the distribution of that ion throughout the plant. 
The sodium ion accumulates in the meristematic parts of the plant 
and at the points from which the side-roots develop. 

All the sodium present in the oat seed appears to be translocated 
to the root at the time of germination. 

* Since this was written Dr. Ray specht of Adelaide, Australia, has 
informed our Laboratory that Dr. Brownell of the Botany Department, 
Adelaide University,has proved that sodium is an essential element 
for Atriplex vesicaria and that an account of his investigation has 
been submitted to Nature. 



170 

The distribution of the sodium ions is in no way influenced by the 
level of concentration of calcium or potassium in- the plant. By ap
plication of the autoradiographic technique,it is possible to state, 
within six weeks of sowing, whether and to what degree sodium 
will increase the crop yield. 

CHAPTER V 

TiHE INFLUENCE OP CONCENTRATION OP RADIOACTIVE SODIUM AND OP DURA
TION OF UPTAKE UPON DRY-MATTER PRODUCTION AND UPON UPTAKE AND DIS

TRIBUTION OP SODIUM IN THE LEAP, STEM AND ROOT OP OATS 

Concentrations from 0 to 27 /oc. Na22 per 2 litres nutrient solu
tion appear to exercise no significant radioactive influence upon 
the fresh weight, the dry-matter yield and percentage, the total 
and percentage contents of sodium, the amount of sodium taken up 
during the experiment, or the distribution of the total sodium and 
of the sodium taken up during the experiment. 

The exchange of isotopes appears to be of only secondary impor
tance. 

CHAPTER VI 

THE UPTAKE AND OUTGO.OF SODIUM IONS IN OATS 

The uptake and outgo of sodium in oats was investigated with the 
aid of radioactive sodium. To this end,distinction was made between 
the following three periods: 

(1) The germination period, at the end of which the plants had 
attained a height of 8 cm. 

(2) The cultural period .of three weeks' duration, in which the 
plants were placed in nutrient solutions containing 0.1, 2 or 
4 m.e. sodium - either radioactive or non-radioactive - per 
litre nutrient solution. 

(3) The experimental period of 6 days, during which the plants 
from the non-radioactive nutrient solution of the cultural 
period were placed in a radioactive nutrient solution (Experi
ment A) and the plants from the radioactive nutrient solu
tion of the cultural period were placed in a non-radioactive 
nutrient solution (Experiment B). 

TOTAL SODIUM CONTENT 

The radioactivity of the plant or nutrient solution had no effect 
upon the accumulation of sodium.Plants which possessed an appreci
able sodium content before the experimental period accumulated so
dium more easily during the experiment than did plants with a low 
initial sodium content. 

It was demonstrated that non-radioactive sodium from the germi
nation period is involved in the outgo of sodium during the experi
mental period. The sodium in the plant is more easily replaced by 
other sodium ions than by ions of calcium, potassium or magnesium. 
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THE OUTGO OP SODIUM TAKEN UP DURING THE GERMINATION PERIOD 
AND THE CULTURAL PERIOD 

The factors governing the outgo of sodium from the germination 
period are different from those governing the outgo of sodium from 
the cultural period. 

THE VICE-VERSA EFFECT 

In the case of the low-salt plants the re-uptake of sodium from 
the nutrient solution is so small as to be negligible. Uptake re
veals itself as an active process and outgo as a passive process. 

THE DISTRIBUTION OF SODIUM BETWEEN THE CULM AND ROOT 

The distribution between the culm and root of the sodium taken up 
by the plant is dependent upon the sodium level of the culm and the 
root. 

A considerable amount of sodium is translocated from the root to 
the culm as soon as the root has attained a certain sodium level. 

THE INFLUENCE OF THE EXPERIMENTAL CONDITIONS UPON 
THE DISTRIBUTION AND THE TRANSLOCATION OF THE SODIUM 
TAKEN UP DURING THE CULTURAL PEEIOD 

The outgo of the sodium taken up during the cultural period is 
influenced by,but not quantitatively related to, the translocation 
of sodium from the root to the culm and vice versa. 

CONCLUSIONS 

(1) The sodium contained in the plant is present in three differ
ent forms of binding, namely: 
(a) A form in which it can easily be exchanged by ions of Na, 

Ca, K or Mg. 
(b) A form in which it can easily be exchanged, by other Na 

ions but only with difficulty hy ions of Ca, K or Mg • 
(selective binding). 

(c) A form in which it can be exchanged only with difficulty 
by other Na ions (specific binding). 

(2) On this evidence sodium must have a specific and an essential 
function in the plant in addition to its general function. The 
vital importance of the f mictions has not yet been elucidated. 

CHAPTER VII 

THE INFLUENCE OF TOP-DRESSING WITH SODIUM NITRATE 
AT DIFF0l©rr STAGES OF DEVELOPMENT UPON THE UP

TAKE AND DISTRIBUTION OF SODIUM IN OATS 

The sodium nitrate used for the top-dressing was labelled with 
radioactive sodium. 
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THE DEVELOPMENT OP THE CROP, THE YIELDS,THE ACCUMULATION 
OP SODIUM,THE SODIUM CONlfKT OF.THE PLANTS AND THE 
ACCUMULATION OP SODIUM FROM THE BASAL DRESSING AND 
THE TOP-DRESSING 

It was found that the later the top-dressing is applied, the dark
er green in colour is the foliage.Top-dressing resulted in an in
crease in the fresh weight and in the dry-matter yields of the crop 
in the interim harvest-periods.It appears that when sufficient so
dium is supplied, the plant strives to attain a certain sodium le
vel. 

The plant possesses its highest sodium level at the time when it 
reaches the stage of rapid height-growth. 

The chemical and the radioactive methods of determination gave 
identical results for the value of sodium accumulated from the basal 
dressing and the top-dressing provided that: 

(1) the plants received early top-dressing, and 
(2) the accumulation was measured after maturity. 

In other cases, the radioactive method of determination is prefer
able. 

In general, top-dressing promotes uptake from the basal dressing. 

THE DISTRIBUTION OF THE SODIUM IONS THROUGHOUT 
THE VARIOUS ORGANS AND PARTS OF THE PLANT 

The composition of the nitrogen fertilizer exercises considerable 
influence upon the mineral composition of the fruit. The contents 
of sodium in the leaf, the culm and the fruit are approximately 
in the ratio 6 :18 : 1. 

The influence of the top-dressing upon sodium accumulation in the 
leaf is determined by the physiological age of the leaf at the time 
of application of the top-dressing. 

The sodium content of an organ of the plant is not uniform, more 
sodium being found in the lower portion than in the upper portion . 

A constant amount of sodium is accumulated by the endosperm from 
the top-dress%ing, irrespective of the time of application. 

CONCLUSIONS 

(1) The withering process is delayed by top-dressing. 
(2) For the determination of the sodium accumulation from the 

basal dressing and the-top-dressing calculated on the yields 
produced by the crop in the interim harvest periods,the iso
tope technique is indispensable. 

(3) The sodium content of the endosperm is increased by the appli
cation of top-dressing. 
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APPENDICES 

t . DATA ON THE EXECUTION OP THE EXPERIMENT 
DESCRIBED IN CHAPTER V 

Cultural Treatment and Sampling (a) Nutrient Solutions 
1953 Culture Trays 

29th May -Oats (var. Marne) plant- 0.0025 M. KN03 
ed at a depth of 2 cm.* 0.0025 M. Ca(N03)2** 
in silica-sand. 0.001 M. MgS04 

10th June -Corks were f i l led: ° - 0 0 0 5 M- KH?P0* ^ M 
6 plants each about 9 \ * •?• • • Fe m e n as ferric po
em, in height per cork. t a s s i u m ethylene diamine tetra

acetate. 
10th June - The corks-with plants -

were placed in the cul- / L , r , . , , n , 
ture trays. (b} Experimental Pots 

o n . . T m i. i. * j 2 m.e. Na. given as Na9SOd 
30th June -Plants were transferred 0 # 0 5 m#e - Ca g i v e n a s

2
C a | o 4 

to the experimental pots. F o r e a c h o f the different accu-
Harvesting- After accumulation pe- mulation periods 0, 1/3, 1, 3, 

riods of 1/3, 1, 3, 9, 27 9 or 27/zc. Na'22 per 2 1. nu-
and 81 hours. trient solution were given. 

Immediately after harvesting, the plants were divided into root and 
'culm. The plants which were allowed an accumulation period of 27 
hours from the pots receiving 0, 1/3, 1, 3, 9, and27/zc. Na were 
divided as follows: 

Upper half leaf-blade 
Lower half leaf-blade 
Upper half stem 
Lower half stem 
Rhizome 
Upper half root 
Lower half root 

* By covering the seed with a 2 cm. layer of sand long rhizomes 
were obtained. 
** According to Hoagland and Broyer (113). 
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2. ANALYSES TABLES - CHAPTER V 

ANALYSIS OP THE FRESH WEIGHTS OF CULMS AND ROOTS 

TABLE I 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error 

Analysis of 

S.S. 

4.97 
24.33 
6.18 

18.15 

D.F. 

5 
30 
5 

25 

the fresh 

Variance 

0.99 
0.80 
1.23 
0.72 

Weight 

F. Calc. 

1.23 

1.70 

of the Culms 

F. Theor. 
P. 0.05 

2.53 

2.60 

0.01 

3.70 

3.86 

F. Calc./F. Theor. 
0.05 

< 1 

< 1 

0.01 

< 1 

< 1 

Mean Error of the Experiment 2.8% 

TABLE I I 

Analysis of the fresh Weight of the Roots 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error 

S.S. 

12.79 
63.89 
13.84 
50.05 

D.F. 

5 
30 
5 

25 

Variance 

2.56 
2.13 
2.77 
2 .— 

F.Calc. 

1.20 

1.38 

F. Theor. 
P. 0.05 

2.53 

2.60 

0.01 

3.70 

3.86 

F. Calc. /F. Theor. 
0.05 

< 1 

< 1 

0.01 

< 1 

< 1 

Mean Error of the Experiment 11.02% 

ANALYSIS OF THE DRY-MATTER YIELDS OF CULMS AND ROOTS 

TABLE I I I 

Analysis of the dry-matter Yields of the Culms 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error 

S.S. 

0.066 
0.282 
0.028 
0.255 

D.F. 

5 
30 
5 

25 

Variance 

* 

0.013 
0.009 
0.006 
0.010 

F. Calc. 

1.4 

0.5 

F. Theor. 
P. 0.05 

2.53 

4.53 

0.01 

3.70 

9.49 

F. Calc./F. Theor. 
0.05 

< 1 

< 1 

0.01 

< 1 

< 1 

Mean Error of the Experiment 2.2% 
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TABLE IV 

Analysis of the dry-matter Yields of the Roots 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error 

S.S. 

0.006 
0.023 
0.0019 
0.021 

D.P. 

5 
30 
5 

25 

Variance 

0.0011 
0.0008 
0.0004 
0.0008 

P. Calc. 

1.4 

0.5 

F.Theor. 
P. 0.05 

2.53 

4.53 

0.01 

3.70 

9.47 

F.Calc./F.Theor. 
0.05 

< 1 

< 1 

0.01 

< 1 

< 1 

Mean Error of the Experiment 1.64% 

ANALYSIS OF THE PERCENTAGES OF DRY MATTER OF CULMS AND ROOTS 

TABLE V 

Analysis of the Percentages of dry Matter of the Culms 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error 

S.S. 

4.90 
26.08 
8.70 
7.38 

D.F. 

5 
30 

5 
25 

Variance 

0.98 
0.87 
3.74 
0.30 

F. Calc. 

1.13 

12.46 

F. Theor. 
P. 0.05 

2.53 

2.60 

0.01 

3.70 

3.86 

F. Calc. /F. Theor. 
0.05 

< 1 

4.79 

0.01 

< 1 

3.23 

Mean Error of the Experiment 0.7% 

TABLE VI 

Differences between the Percentages of dry Matter of 
the Culms total led for the Replications 

^o./xc.Na22 per 2 1. nu tr i en t s o lu t i on 

3 

3 

9 

. 0 
9 

1/3 

6 .5 ++* 
6 .5 ++ 
1/3 

27 

7 .0 ++ 
7 .0 ++ 
0.5 
27 

1 

7 .4 ++ 
7 .4 ++ 
0.9 
0 .4 
1 

81 

12.2 ++ 
12.2 ++ 
5.7 + 
5.2 + 
4 .8 + 
81 

Sum 

82 .4 
82 .4 
75 .9 
75 .4 
7 5 . -
70.2 

Uptake Period 
in Hours 

3 
9 

1/3 
27 

1 
81 | 

The minimum Value of a s ignificant Difference 4.23 (P.0.05) 
The minimum Value of a s ignificant Difference 6.02 (P.O.01) 
* The symbols + and ++ in TableVI and subsequent tables denote significant 
and highly significant differences respectively. 
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TABLE VII 

Analysis of the Percentages of dry Matter of the Roots 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error 

S.S. 

10.56 
107.62 
38.34 
69.28 

D.P. 

5 
30 
5 

25 

Variance 

2.11 
3.59 
7.67 
2.77 

P. Calc. 

0.59 

2.78 

P. Theor. 
P. 0.05 

4.50 

2.60 

0.01 

9.38 

3.86 

P. Calc . /P . Theor, 
0.05 

< 1 

1.07 

0.01 

< 1 

< 1 

Mean Error of the Experiment 2.4% 

TABLE VIII 

Differences between the Percentages of dry Matter of 
the Roots total led for the Replications 

No. 

1 

1 

(j.c. Na 2 2 p e r 1« 

27 

4 .6 
27 

3 

6 .5 
1.9 
3 

, n u t r i e n t s o l u t i o n 

1/3 

9 .4 
4 .8 

1/3 

9 

10 .3 
5 .7 
3 .8 
0 .9 

9 

81 

20 .1 + 
15 .5 + 
13 .6 + 
10.7 
9.8 

81 

Sum 

77 .4 
72 .8 
70 .9 
68 .0 
67 .1 
57 .3 

Uptake P e r i od 
in Hours 

1 
27 
3 

1/3 
9 

81 

The minimum Value of a s ignificant Difference 12.83 (P.O.05) 
The minimum Value of a s ignificant Difference 18.25 (P.0.01) 

Ana lys i s 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error ' 

s. s. 

0.11 
6.64 
4.80 

1 1.84 

TABLE IX 

of t h e sodium P e r c e n t a g e s of t h e Culms 

D.P. 

5 
30 
5 

25 

Variance 

0.022 
0.221 
0.96 
0.074 

P. Calc. 

0.1 

12.97 

P. Theor. 
P. 0.05 

4.50 

2.60 

0.01 

9.38 

3.86 

P. Ca l c . / 
0.05 

< 1 

4.92 

P.Thecr. 
0.01 

< 1 

3.36 

Mean Error of the Experiment 2.7% 
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TABLE X 

Differences between the sodium Percentages of 
the Culms totalled for the Replications 

No. 

81 

81 

/J.C Na22 per 2 1. nu tr i en t s o lu t j 

27 

1.40 
27 

9 

3 .8 ++ 
2 .4 + 

9 

1/3 

4 .7 ++ 
3 .3 ++ 
0 .9 
1/3 

1 

5 .6 ++ 
4 .2 ++ 
1.8 
0 .9 

1 

.on 

3 

6 .0 ++ 
4 .6 ++ 
2 .2 + 
1.3 
0 .4 

3 

Sum 

13.50 
12.10 
9.7 
8 .8 
7 .9 
7 .5 

Uptake Period 
in Hours 

81 
27 
9 

1/3 
1 
3 

The minimum Value of a significant Difference 2.09 (P.0.05) 
The minimum value of a significant Difference 2.98 (P.0.01) 

TABLE XI 

Analysis of the sodium Percentages of the Roots 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error 

S.S. 

2.29 
63.61 
49.63 
13.98 

D.P. 

5 
30 
5 

25 

Variance 

0.46 
2.12 
9.93 
0.56 

F.Calc. 

0.22 

17.76 

P. Theor. 
P. 0.05 

4.50 

2.60 
• 

0.01 

9.38 

3.86 

P. Calc./F.Theor 
0.05 

• < 1 

6.83 

0.01 

< 1 

4.60 

Mean Error of the Experiment 3. 5% 

TABLE XII 

Differences between the sodium Percentages of 
the Roots totalled for the Replications 

Ho. 

81 

81 

/xC Na2 2 per 2 1. nu tr i en t s o lu t i on 

27 

6 .5 ++ 
27 

9 

12.9 ++ 
6. 4 ++ 
9 

1/3 

18.0 ++ 
11.5 ++ 

5.1 + 
1/3 

1 

18 .0 ++ 
11 .5 ++ 

5.1 + 
0 
1 

3 

19 .2 
12.7 
6 .3 
1.2 
1.2 
3 

++ 
++ 
++ 

Sum 

33.9 
27 .4 
21 .0 
15.9 
15.9 
14.7 

Uptake Period 
in Hours 

81 
27 
9 

1/3 
1 
3 

The minimum Value of a significant Difference 3.80 (P.O.05) 
The minimum Value of a significant Difference 5.79 (P.O.01) 
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TABLE XIII 

Analysis of the Contents of Total-sodium in the Culms 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error 

S.S. 

0.55 
8.45 
6.47 
1.98 

D.P. 

5 
30 
5 
25 

Variance 

0.11 
0.28 
1.29 
0.08 . 

F.Calc. 

0.39 

16.38 

F. Theor. 
P. 0.05 

4.50. 

2.60 

0.01 

9.38 

3.86 

F.Calc./F. Theor. 
0.05 

< 1 

6.3 

0.01 

< 1 

4.24 

Mean Error of the Experiment 3.0% 

TABLE XIV 

Differences between the Contents of Total-sodium in 
the Culms totalled for the Replications 

No. 

81 

81 

99 
tic. Na** per 

27 

2.24 ++ 
27 

2 1. nutr ient 

9 

5.36 
3 .12 

9 

++ 
++ 

1 

5.79 ++ 
3.55 ++ 
0.43 

1 

s o lu t ion 

1/3 

6 .04 ++ 
3 .80 ++ 
0 .68 
0.25 
1/3 

3 

7.45 ++ 
5.21 ++ 
2.09 
1.66 
0 .20 

3 

Sum 

13.73 
11.49 
8.37 
7.94 
7.69 
6.28 

Uptake Period 
in Hours 

81 
27 
9 
1 

1/3 
3 

The minimum Value of a significant Difference 2.17 (P.O.05) 
The minimum Value of a significant Difference 3.08 (P.0.01) 

TABLE XV 

Analysis of the Contents of Total-sodium in the Roots 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error 

S.S. 

0.48 
5.65 
4.48 
1.17 

D.F. 

5 
30 
'5 
25 

Variance 

0.096 
0.188 
0.895 
0.047 

F.Calc. 

0.508 

19.17 

F. Theor. 
P. 0.05 

4.50 

2.60 

0.01 

9.38 

3.86 

F.Calc./F.Theor. 
0.05 

< 1 

7.37 

0.01 

< 1 

4.97 

Mean Error of the Experiment 2.7% 
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TABLE XVI 

Differences between the Contents of Total-sodium in 
the Roots total led for the Replications 

No. 

81 

81 

/xc. Na2 2 per 2 1. nu tr ient s o lu t ion 

27 

1.94 + 
27 

1 

5 .05 ++ 
3 .17 ++ 

1 

9 

5.28 ++ 
3 .34 ++ 
0.23 
9 

3 

5.35 ++ 
3.41 ++ 
0.30 
0.07 

3 

1/3 

5.48 ++ 
3 .54 ++ 
0.43 
0.20 
0 .13 
1/3 

Sum 

11.96 
10.02 
6.91 
6.68 
6.61 
6.48 

uptake Period 
in Hours 

81 
27 
1 
9 
3 

1/3 

The minimum Value of a significant Difference 1.66 (P.0.05) 
The minimum Value of a significant Difference 2.37 (P.0.01) 

TABLE XVII 

Analysis of the Contents of Uptake-sodium in the Culms 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error 

S.S. 

0.014 
7.812 
7.761 
0.052 

D.P. 

4 
25 
5 

20 

Variance 

0.004 
0.132 
1.552 
0.003 

P. Calc. 

0.03 

5.97 

• F. Theor. 
P.0.05 0.01 

5.76 

2.71 

13.92 

4.10 

P. Calc./P. Theor. 
0.05 

< 1 

220 

0.01 

< 1 

145.6 

Mean Error of the Experiment 1.7% 

TABLE XVIII 

Differences between the Contents of Uptake-sodium in 
the Culms total led for the Replications 

No. 

81 

81 

/xc. Na 2 2 per 2 1. nu tr ient s o lu t i on 

27 

2 .24 ++ 
27 

9 

4 . 64++ 
2 .40 ++ 
9 

3 

6.33 ++ 
4 .09 ++ 
1.69 ++ 
3 

1 

6 .57 ++ 
4 .33 ++ 
1.93 ++ 
0.24 
1 

1/3 

6.91 
4 .67 
2.27 
0.58 
0 .34 
1/3 

++ 
++ 
++ 
4-4-

Sum 

7.31 
4 .89 
2 .49 
0 .80 
0.56 
0 .22 

Uptake Period 
in Hours 

81 
27 
9 
3 
1 

1/3 
The minimum Value of a s ignificant Difference 0.36 (P.0.05) 
The minimum Value of a s ignificant Difference 0.54 (p.0.01) 
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TABLE XIX 

Analysis of the Contents of Uptake - sodium in the Roots 

Source of 
Variation 

Replications 
Error 
Uptake Period 
Error 

S.S. 

0.05 
3.601 
3.271 
0.335 

D.P. 

4 
25 
5 

20 

Variance 

0.012 
0.144 
0.654 
0.017 

P. Calc. 

0.083 

38.93 

F.Theor. 
P. 0.0 5 

5.76 

2.71 

0.01 

13.92 

4.10 

P. Calc./F.Theor. 
0.05 

< 1 

14.4 

0.01 

< 1 

9.5 

Mean Error of the Experiment 2.9% 

TABLE XX 

Differences between the Contents of Uptake - sodium in 
the Roots totalled for the Replications 

No. 

81 

81 

(JLC. Na** per 21 . nutr ient 

27 

2 .66 ++ 
27 

9 

3 .24 ++ 
0.58 
9 

3 

3 .60 ++ 
9 .4 + 
0 .36 
3 

, s o lu t ion 

1 

4.28 ++ 
1.62 ++ 
1.04 + 
0.68 
1 

1/3 

5.27 
2.61 
2 .03 
1.67 
0 .99 
1/3 

++ 
++ 
++ 
++ 
+ 

Sum 

7.27 
4.61 
4 .03 
3.67 
2 .99 
2.00 

Uptake Period 
in Hours 

81 
27 
9 
3 
1 

1/3 

The minimum Value of a significant Difference 0.94 (P.0.05) 
The minimum Value of a significant Difference 1.37 (P.0.01) 

TABLE XXI 

Analysis of the Contents of Total-sodium in 
the various Parts of the Plant 

Source of 
Variation 

Replications 
Error 
Plant Part 
Error 

S.S. 

0.0534 
2.0302 
1.5998 
0.4304 

D.P. 

5 
36 
6 

30 

Variance 

0. 0107 
0.0564 
0.2666 
0.0143 

P. Calc. 

0.18 

18.6 

P. Theor. 
P. 0.05 

4.48 

2.42 

0.01 

9.34 

3.47 

P. Calc./F.Theor, 
0.05 

< 1 

7.68 

0.01 

< 1 

5.36 

Mean Error of the r.\?-eriment 3.6% 
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TABLE XXII 

Analysis of Percentages of Total -sodium in 
the various Parts of the Plant 

Source of 
Variation 

Replications 
Error 
Plant Part 
Error 

S.S. 

2.59 
109.02 
97.20 
11.82 

D.F. 

5 
36 

6 
30 

Variance 

0.518 
3.03 

16.20 
0.39 

P. Calc. 

0.17 

41.54 

P. Theor. 
P. 0.05 

4.48 

2.42 

0.01 

9.34 

3.47 

F. Calc. /P. Theor, 
0.05 

< 1 

17.16 

0.01 

< 1 

11.97 

Mean Error of the Experiment 3% 

TABLE XXIII 

Analysis of the Contents of Uptake - sodium in 
the various Parts of the Plant 

Source of 
Variation 

Repl icat ions 
Error 
Plant Part 
Error 

S.S. 

0.034 
0.877 
0.739 
0.084 

D.F. 

4 
20 
6 

24 

Variance 

0.009 
0.044 
0.132 
0.004 

F. Calc. 

0.019 • 

37.72 

F. Theor. 
P.0.05 

5.80 

2.51 

0.01 

14.02 

3.67 

F. Calc. /F. Theor. 
0.05 

< 1 

15.00 

0.01 

< 1 

10.03 

Mean Error of the Experiment 3.7% 

TABLE XXIV 

Analysis of Percentages of Uptake-sodium in 
the various Parts of the Plant 

Source of 
Variation 

Replications 
Error 
Plant Part 
Error 

S.S. 

0.30 
35.05 
31.66 
3.38 

D.F. 

4 
20 
6 

24 

Variance 

0.07 
1.75 
5.28 
0.14 

F. Calc. 

0.04 

37.43 

F. Theor. 
P.0.0E 

5.80 

2.51 

0.01 

14.02 

3.67 

F. Calc. /F. Theor. 
0.05 

< 1 

14.91 

1 

0.01 

< 1 

10.20 

1 
Mean Error of the Experiment 3.5% 
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TABLE XXV 

Differences between the Contents of Total-sodium in the various 
Parts of the Plant total led for the Replications 

L. h. s . 

L.h. s. 

U.h. r. 

0 .72 
U .h .r . 

R. 

2 .3 ++ 
1.59++ 
R. 

L . h . l . 

2.49++ 
1.77++ 
0.18 
L . h . l . 

U .h . s . 

2. 81++ 
2.09++ 
0.50 
0 .32 
U .h . s . 

L.h. r. 

2.89++ 
2.17++ 
0.58 
0 .40 
0.08 
L.h. r. 

U .h . l . 

3.50++ 
2.78++ 
1.19 
1.01 + 
0.69 
0.61 
.U.h. l . 

Sum 

5.08 
4.36 
2 .77 
2.59 
2.27 
2 .19 
1.58 

Plant 
Part 

L. h . s . 
U .h .r . 

R. 
L . h . l . 
U.h. s . 
L.h. r. 
U .h . l . 

The minimum Value of a s ignificant Difference 0.92 (P.0.05) 
The minimum Value of a s ignificant Difference 1.31 (P.0.01) 

Plant Part 

Upper ha l f l e a f -b l ade 
Lower ha l f l e a f -b lade 
Upper ha l f stem 
Lower ha l f stem 
Rhizome 
Upper ha l f root 
Lower ha l f root 

Abbreviation 

U .h . l . 
L . h . l . 
U .h . s . 
L. h. s. 

R. 
U .h .r . 
L. h. r. 

TABLE XXVI 

Differences between the Percentages of Total-sodium in the various 
Parts of the Plant totalled for the Replications 

L.h. r. 

L. h. r. 

R. 

2 .6 
R. 

L. h. s . 

11. 3++ 
8.7++ 

L. h. s . 

U.h.r . 

11.9++ 
9.3++ 
0 .6 

U. h. r. 

U.h. s . 

20. 5++ 
17.9++ 
9.2++ 
8.6++ 

U .h . s . 

L . h . l . 

22.8++ 
20. 2++ 
11.5++ 
10.9++ 

2 .3 
L . h . l . 

U .h . l . 

25.3++ 
22.7++ 
14 . -++ 
13.4++ 
4 .8+ 

U .h . l . 

Sum 

32.5 
29 .9 
21 .2 
20 .6 
1 2 . -
9 .7 
7 . 2 

P lant 
Part 

L.h. r. 
R. 

L. h. s . 
U .h .r . 
U.h. s. 
L . h . l . 
U . h . l . 

The minimum Value of a significant Difference 4.81 (P.0.05) 
The minimum Value of a significant Difference 6.84 (P.0.01) 
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TABLE XXVII 

Differences between the Contents of Uptake-sodium in the various 

Parts of the Plant totalled for the Replications 

U.h . r . 

U .h . r . 

L. h. s . 

0 .39 
L .h . s . 

U.h. s . 

1 .31++ 

0 .92++ 
U.h. s . 

L. h. r. 

1 .69++ 

1.29++ 

0 .37 
L.h. r. 

R. 

1 .71++ 

1.31++ 

0 . 40 

0 . 02 

R. 

L.h. 1. 

1 .79++ 

1 .40++ 

0 . 48 + 

0 . 10 

0 .08 
L . h . l . 

U . h . l . 

2 .25++ 

1 .86++ 

0 .93++ 

0 . 56 + 

0 . 54+ 

0 .46 + 

U . h . l . 

Sum 

2 .66 

2 .27 

1 .35 

0 .97 

0 .95 

0 .87 

0 .41 

Plant 
Par t 

U . h . r . 

L. h. s . 

U.h. s . 

L .h. r. 

R. 
L . h . l . 
U . h . l . 

The minimum Value of a significant Difference 0.43 (P.0.05) 

The minimum Value of a significant Difference 0.63 (P.0,01) 

TABLE XXVIII 

Differences between the Percentages of Uptake-sodium in the various 

Parts of the Plant totalled for the Replications 

L.h. r. 

L. h. r. 

U . h . r . 

1 .91 
U . h . r . 

R. 

5 .71++ 

3 . 8 0 + 

R. 

L. h. s . 

6 .02++ 

4 .11++ 

0 .31 
L. h. s . 

U.h. s . 

8 .39++ 
6 .48++ 
2 .68 
2 .37 
U . h . s . 

L . h . l . 

12 .48++ 
10 .57++ 

6 .77++ 
6. 46++ 

4 .09++ 
L.h . 1. 

U . h . l . 

13 .99++ 

12 .08++ 

8 .28++ 

7 .97++ 

5 .60++ 

1.51 
U . h . l . 

Sum 

15 .81 
13 .90 
1 0 . 10 

9 .79 
7 . 42 
3 . 33 
1 .82 

Plant 
Par t 

L .h. r. 

U. h. r. 

R. 

L.h. s . 

U.h. s . 

L . h . l . 

U . h . l . 

The minimum Value of a significant Difference 2.74 (P.0.05) 

The minimum Value of a significant Difference 3.99 (P. 0.01) 
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3. METHOD OP CALCULATION OF THE AMOUNT OP SODIUM TAKEN UP 
DURING THE EXPERIMENTAL PERIOD BY THE PLANTS USED IN THE 

EXPERIMENT DESCRIBED IN CHAPTER VI 

The experiment described in Chapter VI was carried out in t r i p l i 
cate. After harvesting,the plants were divided into culms and roots. 
The radioact ivi ty of 20 mg. ash obtained from the separate ashing 
of culm and root was measured three times. The uptake of sodium by 
the plants during the experimental period was determined using these 
radioactivi ty measurements in the calculations. 

Radioactivity of 20 mg. ash (measured on 16th December, 1953) 
1st count : 3061.2 c.p.m. 
2nd count : 2984.0 c.p.m. Average : 3037.7 c.p.m. ± 29.5 
3rd count : 3068.0 c.p.m. 

Correction for dead-time (D.T.) was made, using the following 
formula: 

N 
_ £ _ , in which T = 300/xsec. and Ng = the c.p.m. measured. 
1 - TNg 

After correcting for D.T. the sample strength was: 
3,084.5 c.p.m. ± 29.9 

The background rate was 45.7 c.p.m. ± 0.8. Thus, on the above-
mentioned date the true sample strength was: 

3,038.8 c.p.m. ± 29.9 
In order to permit the comparison of ash samples of which the radio

activity was measured on different dates the results of all counts 
were reduced to values applicable to a single, common date. The date 
of the commencement of the experiment -26th May, 1953- was chosen. 

For this purpose the results of the counts were corrected for dis
integration of the isotope and loss of efficiency of the G.-M. tube. 
Both corrections could be made simultaneously by applying the radio
activity measurements of the standard Na22 preparation as made on 
26th May (^269 c.p.m.) and on 16th December (7084.3 c.p.m.). 
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Thus, the radioactivity of the sample, 
26th May, was: 

7 0 ^ 4 ^ x 3,038.8 c.p.m. = 

And the radioactivity of the whole of 
the ashed culms (58.6 mg. ash), was: 

58.6 
20 

x 3£46.9 c.p.m. 

In the same way the radioactivity of 
the roots was calculated : 
And thus the total radioactivity of 
the plants was found : 
The radioactivity of the plants of 
the 1st replication was : 
The radioactivity of the plants of 
the 2nd replication was: 
Thus the average radioactivity of 
the treatment was: 
The radioactivity of the nutrient 
solution containing 6.96 mg. Na was: 
Thus the intake of Na was: 

-H!{g x 6.96 mg. Na = 
Average amount of sodium in the plants 
after the experiment: 
Average amount of sodium in the plants 
before the experiment: 
Uptake - outgo = accumulation = 
2.35 - 0.53 = accumulation = 

(20 mg. ash), corrected for 

3,546.9 c.p.m. ± 34.9 

10,400 c.p.m. ± 102.2 

15,400 c.p.m. ± 304.4 

25,800 c.p.m. ± 321.0 

27,090 c.p.m. ± 540.8 

25,880 c.p.m. ± 385.3 

26,260 c.p.m. ± 224 

77,700 c.p.m. 

2.35 mg. Na 

6.78 mg. ± 0.15 

4.96 mg. ± 0.08 
1.82 mg. ± 0.17 
1.82 
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SAMENVATTING EN CONCLUSIES 

HOOFDSTUK I 

INLEIDING 

Door de bestudering van de opname en al'gifte van natriumionen door 
de wortels van de plant en de verdeling van deze ionen over de 
plant (Avena sativa, var.Marne) werd getracht een beter inzicht te 
verkrijgen in de betekenis van het natrium als voedingsion voor 
de plant. 

HOOFDSTUK II 

DE BETEKENIS VAN NATRIUMIONEN VOOR DE PLANTENVOEDING 

Aan de hand van de beschikbare literatuur gegevens werd nagegaan 
wat hot in de loop der jaren uitgevoerde onderzoek, betreffende de 
werking van het natriumion, aan resultaten heeft opgeleverd. Het 
natriumion bleek een geringere invloed op de mobiliteit van de in 
de bodem geabsorbeerde kaliumionen tehebben dandeandere voedings-
ionen, zodat de invloed van een natriumbemesting slechts ten dele 
aan het vrijmaken van kaliumionen zal kunnen worden toegeschreven. 
De via de plant gemeten invloed van natriumionen op de fosfaatbe-
schikbaarheid heeft tegenstrijdige resultaten opgeleverd.De sterk 
uiteenlopende proefomstandigheden ende grote variatie in de proef-
gewassen moeten hiervoor verantwoordelijk worden gesteld. De aan 
het substraat gemeten veranderingen,door natriumionen teweeg ge-
bracht in de oplosbaarheid van het fosfaation, hebben meer gelijk-
luidende resultaten opgeleverd. Het natriumion zelf oefent, naast 
een fosfaatoplossende werking die voortvloeit uit de soms met na-
triumzouten verkregen pH verhoging, een gunstige invloed uit op de 
beschikbaarheid van het fosfaat. 
Via het metabolisme kunnen de natriumionen invloed uitoefenen op de 
inwendige struktuur en op de habitus van de plant.De invloed op de 
struktuur van de plant komt vooral tot uiting in de versteviging 
van vaat- en steunweefsels. De permeabiliteit van de plantencel, de 
imbibitie en de transpiratie van de planten worden eveneens door 
natriumionen be'invloed. Na lithium is natrium het kation dat de 
permeabiliteit en imbibitie het sterkst bevordert. Bij planten, 
die een behoorlijke hoeveelheid natrium kunnen akkumuleren, wordt 
de verdamping door kalium minder sterk verlaagd dan door een equi-
valente hoeveelheid natrium. Bovendien wordt het ekonomisch ver-
bruik van water, zoals dit in de transpiratie koefficient tot uit-
drukking wordt gebracht, door het natrium in gunstige zin beln-
vloed.In het algemeen is de betekenis van het natriumion voor de 
waterhuishouding van de plant minstens zo groot als die van het ka-
liumion. 
Bij het landbouwkundig onderzoek is aan de raogelijkheid van weder-
kerige substitutie van natrium-en kaliumionen in de plant veel aan-
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dacht besteed. Het natriumion bekleedt in deplantenvoeding echter 
een andere plaats dan rubidium, dat ook het kaliumion gedeeltelijk 
kan vervangen. In tegenstelling met rubidium wordt het natriumion 
selektief geabsorbeerd. 
De indeling van de gewassen in vier groepen volgens HARMER en BENNE 
(101) blijkt slechts een beperkte betekenis te hebben,omdat binnen 
de plantensoort aanmerkelijke verschillen in natriumgevoeligheid 
voorkomen. 
Een gunstig effekt van kalium en natrium op het produktievermogen 
van de gewassen behoeft niet altijd samen te gaan.Door een te een-
zijdige aandacht aan de overeenkomst tussen de natrium en kalium-
ionen te schenken, zijn de verschillen tussen deze ionen uit het 
oog verloren. Zo blijkt het natriumion een betere complexvormer te 
zijn dan het kaliumion. De opvatting van vele onderzoekers.dat na
trium als een essentieel element voor de planten moet worden be-
schouwd,wordt door het feit, dat specif ieke natriumgebreksverschijn-
selen werden vastgesteld, gesteund. Hiermede wordt aan het tweede 
door ARNON en STOUT gestelde kriterium, ten aanzien van onontbeer-
lijkheid van een element voor de plant,voldaan. Ten aanzien van de 
andere twee, door hen gestelde, kriteria werd het natriumion niet 
of onvoldoende getest. Een element mag echter ook als essentieel 
beschouwd worden, wanneer het deel uitmaakt van een essentieel be-
standdeel van de plantencel en betrokken is bij een,voor het leven 
van de plant beslissende, biochemische reaktie. 
Uit onderzoekingen met radioaktieve isotopen is gebleken, dat het 
natriumion zich selektief met celsubstanties kan verbinden. Een 
deel van het natrium blijkt in een niet in water oplosbare vorm in 
de plant voor te komen. Recent werd aangetoond (4),dat het natrium 
een essentieel element is voor blauw-groen wieren . Voor de hogere 
planten*werd dit nog niet gevonden. Uit het in de volgende hoofd-
stukken beschreven onderzoek komen echter verschillende feiten naar 
voren, die er sterk op wijzen dat het natrium inderdaad een essentiSle 
en specifieke funktie bij deze planten vervult. De aard van deze 
funkties is evenwel nog niet opgehelderd. 

HOOPDSTUK I I I 

DE METQD0* VAN GNDE31Z0EK 

Als kultuurmedium werden waterkultures en dusariet-silica zand 
gebruikt.De natriumopname van de gewassen werd bestudeerd door toe-
passing van radioaktief natrium (22Na). De koncentratie van het 
radioaktieve natriumisotoop bedroeg in waterkultures 3 /JC. per twee 
liter voedingsoplossing.Aan de dusariet-kultures werd met de over-
bemesting met natriumnitraat 1,5 /JC 2 2Na per pot gegeven. 

* Door Dr« Brownell van het Botany Department, Adelaide University 
werd, naar een mededeling van D n Ray Specht uit Adelaide, onlangs 
aangetoond,dat het natrium een essentieel element is voor Atriplex 
vesicaria. De betreffende verhandeling werd aan Nature ter publica-
tie aangeboden. 



207 

De chemische en fysische bepalingen werden aan de plantenas ver-
richt.Het totale natriumgehalte van de as werd vlamfotometrisch be-
paald.Voor de bepaling van de hoeveelheid radioaktief natrium werd 
20.mg. as op een 0.1 mm. dik alluminium schaaltje gebracht en ge-
meten met een drie dekaden teller. De teluitkomsten werden gekorri-
geerd voor het nul-effekt, de dodetijd, de varierende efficientie 
van de telbuis, het tijdstip van meting. De metodiek voor het ver-
vaardigen van makro-autoradiogrammen werd besproken. Het is geble-
ken, dat voor het verkrijgen van een betrouwbare weergave van de 
verdelingvannatriumionen over de plant van snel gedroogd materiaal 
moet worden uitgegaan. 

HOOPDSTUK IV 

DE VERDELING VAN NATRIUMIONEN OVER DE PLANT, 
BEPAALD MET AUTORADIOGRAMMEN 

Met behulp van autoradiogrammen werd de verdeling van natrium-
ionen over een aantal verschillende planten met een normaal en een 
hoog calcium of kalium gehalte nagegaan. Ten aanzien van het trans
port van de natriumionen zijn de plantensoorten, aan de hand van de 
autoradiogrammen, in drie groepen te verdelen: 
1. Plantensoorten, waarbij het natriumion traag van wortel naar 

Stengel wordt getransporteerd.(Mais, boon) Dit blijken gewassen 
te zijn, die, ten aanzien van hun produktievermogen , weinig of 
niet op natrium reageren. 

2. Plantensoorten, waarbij een aanzienlijk transport van natrium 
van wortel naar Stengel en bladplaats heeft. (Erwt, haver, tomaat) 
Dit blijken gewassen te zijn,die,ten aanzien van hun produktie
vermogen, matig tot goed op natrium reageren. 

3. Plantensoorten, waarbij veel natrium naar Stengel enblad getrans
porteerd wordt en waarbij het natrium zich relatief sterk in het 
bladmoes ophoopt.(Biet,spinazie,witlof) Dit blijken gewassen te 
zijn,die,ten aanzien van hun produktievermogen,zeer goed op na
trium reageren. 

Naarmate de planten beter op het natriumion reageren, is de verde
ling van de natriumionen gelijkmatiger. Ongelijkmatigheid in de ver
deling uit zich in een meer of minder snelle afname van de hoeveel
heid natrium van de basis naar de top van de bovengrondse organen 
van de plant. 
Het natriumion akkumuleert in de meristematische delen. Bij alle 
plantensoorten wordt het natrium in de wortel opgehoopt waar zij-
wortels ontspringen. Het natrium in het haverzaad bleek bij ont-
kiemen vrijwel geheel naar de wortels te worden getransporteerd. 
De distributie van natriumionen wordt niet be'invloed door hoge of 
lage calcium- of kalium koncentraties in de plant. Met gebruikma-
king van de autoradiografische techniek is men is staat om binnen 
zes weken na het zaaien de vraag te beantwoorden of een gewas, ten 
aanzien van zijn produktievermogen, weinig of niet, matig, goed of 
zeer goed op natriumionen zal reageren. 
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HOOPDSTUK V 

DE INVLOED VAN DE KONCENTRATIE VAN RADIOAKTIEF N A T R I U M W VAN DE 
DUUR VAN DE OPNAME OP DROGESTOPPRODUKTIE, NATRIUMOPNAME EN VERDE-
LING VAN HET NATRIUM OVER BLAD,STENGEL EN WORTEL VAN DE HAVERPLANT 

De mogelijkheid van een stimulerendof renmend effekt van het ra-
dioaktieve isotoop op de ontwikkeling en produktievermogen vande 
plant mag bij voorbaat niet uitgesloten geacht worden. 
De invloed van het radioaktieve isotoop, bij verschillende koncen-
traties en opname perioden, op het produktievermogen, akkumulatie 
en verdeling van natriumionen, werd nagegaan. Koncentraties van 0 
tot en met 27 /ic. 2 2 Na per twee liter voedingsoplossing bleken 
geen signifikante invloed uitte kunnen oefenenopde versgewichten, 
drogestofopbrengsten, percentages drogestof, natriumgehalten, tota-
le hoeveelheden natrium, tijdens de proef opgenomen hoeveelheden 
natrium en op de verdeling van totaal en tijdens de proef opgeno
men hoeveelheid natrium over de plant. De isotopen omwisseling 
speelde bij deze proeven een ondergeschikte rol. De lengte van de 
opname-periode heeft nagenoeg op al de eerder genoemde grootheden 
wel een sinifikante invloed gehad. Op grond van de resultaten van 
deze orienterende proef werd voor het volgende experiment een kon-
centratie van 1,5 /JC. radioaktief natrium per liter voedingsoplos
sing en een opname periode van 144 uur gekozen. 

HOOPDSTUK VI 

DE OPNAME EN APGIPTE VAN NATRIUMIONEN DOOR HAVER 

Met gebruikmaking van radioaktief natrium werd de natriumopname 
en afgifte door haverplanten nagegaan. In het experiment worden 
drie perioden onderscheiden: 
1. De kiemperiode; de periode waarin de plantjes na uitzaaien op 

silica-zandeen lengte bereiken van ± 8 cm. 
2. De kweekperiode; de periode van drie weken, waarin de planten 

geplaatst werden op voedingsoplossingen met 0,1; 2 of 4 m.e. na
trium per liter voedingsoplossing,met of zonder radioaktief na
trium. 

3. De proefperiode;de periode van zes dagen, waarin de planten van 
de niet radioaktieve voedingsoplossingen uit de kweekperiode op 
radioaktieve voedingsoplossingen met 0,1; 2 of 4 m.e. natrium 
(Proef A) en de radioaktieve planten uit de kweekperiode op de 
overeehkomstige niet radioaktieve oplossingen werden geplaatst 
(Proef B). 

HET TOTALE NATRIUMGEHALTE 

In de kweekperiode en in de proefperiode heeft het al of niet 
radioaktief zijn van voedingsoplossing en/of planten geen invloed 
giehad op de natriumakkumulatie.De hoeveelheden natrium in de plan-
ten nemen toe met de natriumkoncentratie in de voedingsoplossing. 
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De grootte van de toename is afhankelijk van het natriuraniveau 
van de planten. Planten, die bij de aanvang van de proef reeds een 
behoorlijk natriumniveau bezitten, akkumuleren de natriumionen ge-
raakkelijker, dan planten met een laag natriumniveau. 

HET RADIOAKTIEVE NATRIUM 

De absorptie, het verschil tussen de voor en na de proef in de 
planten aanwezige totale hoeveelheden natrium,is gelijk aan de op-
name verminderd met de afgifte.Uit de metingen van de radioaktivi-
teit van de planten van proef A werd de opname en uit die van proef 
B de afgifte berekend. Hoewel de natriumakkumulatie in beide proe-
ven dezelfde waarden opleverde, bleken de berekende opname en af
gifte bij de objekten van proef A groter te zijn dan bij de over-
eenkomstige objekten van proef B. 
Teoretisch werd aangetoond, dat de oorzaak van het verschil tussen 
de uit proef A en proef B verkregen uitkomsten te verklaren is, in-
dien bij de proefplanten van proef B niet-radioaktief natrium uit 
de kiemperiode bij de afgifte in de proefperiode betrokken is ge-
weest. Deze veronderstelling houdt in, dat ook tijdens de kweekpe-
riode natrium uit de kiemperiode in de planten aanwezig geweest 
moet zijn. Door berekening werd dit aangetoond. Voorts werd de 
juistheid van de teoretisch afgeleide veronderstelling getoetst 
aan de specifieke aktiviteiten van de planten van proef B. De spe-
cifieke aktiviteiten van de kweekplanten van de natriumniveaux met 
0,1; 2 en 4 m.e. natrium tijdens de proefperiode geplaatst op een 
voedingsoplossing met 0,1 m.e. natrium bleken na de proefperiode 
gestegen of gelijk gebleven te zijn. Dit is slechts mogelijk, in-
dien er niet-radioaktief natrium uit de kiemperiode tijdens de 
proefperiode in de plant aanwezig is. Het natriumion, dat, zoals 
wordt aangenomen, zeer beweeglijk is, werd in de kweekperiode van 
drie weken door de kationen van voedingsoplossingen met 3 m.e. K; 
5 m.e. Ca; 2 m.e. Mg en 0,1; 2 of 4 m.e. Na niet geheel verdreven 
of omgewisseld. 
Het natrium werd in de plant gemakkelijker vervangen door andere 
natriumionen dan door calcium-, kalium-of magnesiumionen. 

DE AFGIFTE VAN HET IN DE KIEM- EN KWEEKPERIODE OPGENOMEN NATRIUM 

Ten aanzien van de afgifte gedraagt het natrium uit de kiemperio
de zich anders, dan het natrium uit de kweekperiode.De afgifte van 
het natrium uit de kiemperiode is afhankelijk van: 
1. De hoeveelheid kiemnatrium in de plant. 
2. De relatieve opname (de verhouding van de opname en de voor de 

proef in de plant aanwezige hoeveelheid natrium). 
De afgifte van natrium uit de kweekperiode is afhankelijk van: 
1. De koncentratie van de voedingsoplossing. 
2. De verhouding van kiem- en kweeknatrium in de plant. 

HET VISA-VERSA EFFEKT 

Bij lage zoutplanten is de heropname van natrium uit de voedings-
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oplossing miniem. De natriumopname vindt in een korte tijd plaats 
en blijkt grotendeels beeindigd te zijn voordat de afgifte zijn 
hoogste waarde bereikt. De opname openbaart zich als een aktief-
de afgifte als een passief proces. 

DE VERDELING VAN HET NATRIUM OVER DE STENGEL 
EN DE WORTEL VAN DE PLANT 

Bij de kweekplanten en bij de proefplanten blijkt de verdeling 
van het natrium afhankelijk te zijn van het natriumniveau van wor-
tel en Stengel. Naar de Stengel worden pas aanzienlijke hoeveelhe-
den natrium getransporteerd, nadat de wortel een bepaald natrium
niveau heeft bereikt. Heeft de Stengel eenmaal een zeker natrium
niveau verkregen, dan vindt de akkumulatie van natriumionen weer 
hoofdzakelijk in de wortel plaats. 

DE INVLOED VAN DE PROEFOMSTANDIGHEDEN OP DE VERDELING EN HET 
TRANSPORT VAN HET IN DE KWEEKPERIODE OPGENOMEN NATRIUM 

Het natriumniveau van de proefplanten heeft slechts een geringe 
invloed op de afgifte van het in de kweekperiode opgenomen natrium. 
Bij de kweekplanten van de natriumniveaux met 0,1 en 2 m.e.natrium 
in de voedingsoplossing is de afgifte tijdens de proef afhankelijk 
van de natriumkoncentratie in de voedingsoplossing. 
Tijdens de opname wordt natrium uit de kweekperiode van wortel naar 
Stengel en van Stengel naar wortel getransporteerd. De afgifte van 
dit natrium wordt wel be'invloed door,maar is kwantitatief niet ge-
bonden aan het transport van wortel naar Stengel en omgekeerd. 

KONKLUSIES: 

1. Planten, (haver) die reeds een behoorlijk natriumniveau bezit-
ten,nemen het natrium gemakkelijker op dan planten met een laag 
natriumniveau. 

2. De opname openbaart zich als een aktief-,de afgifte als een pas
sief proces. 

3. Aanzienlijke hoeveelheden natrium worden eerst naar de Stengel 
getransporteerd,nadat de wortel een bepaald natriumniveau heeft 
bereikt. 

4. Het tijdens de proef in de plant aanwezige natrium uit de kiem-
periode gedraagt zich bij de afgifte anders,dan het natrium op
genomen in de kweekperiode. 

5. Het natrium komt in drie bindingsvormen in de plant voor: 
a. ineenvorm waarin het vrij gemakkelijk tegen Na, Ca, K of Mg 

ionen wordt uitgewisseld. 
b. in een vorm waarin het vrij gemakkelijk tegen andere natrium

ionen, maar minder gemakkelijk tegen Ca, K of Mg ionen, wordt 
uitgewisseld. (selektieve binding). 

c. ineenvorm waarin het niet gemakkelijk tegen andere natrium
ionen wordt uitgewisseld (specifieke binding). 

6. Het natriumion moet naast een algemene-, een specifieke- en een 
essefttiSle funktie in de plant uitoefenen. Of de funkties van 
vitaal belang zijn, is nog een open vraag. 
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HOOPDSTUK VII 

DE INVLOED VAN DE OVERBEMESTING MET NATRIUMNITRAAT, 
IN DIVERSE ONTWIKKELINGSSTADIA, OP DE OPNAME EN DE 

VERDELING VAN NATRIUM BIJ HAVER 

In een potkultuur met dusariet-silica zand werd bij haver de in-
vloed van een overbemesting met gemerkt natriumnitraat, toegediend 
in verschillende ontwikkelingsstadia, nagegaan. 

DE ONTWIKKELING VAN HET GEWAS 

De overbemesting en het moment van overbemesting hebben geen in-
vloed op de totale lengtegroei. Naarmate het gewas vroeger in de 
ontwikkelingsperiode werd overbemest, was het blad donkerder groen 
van kleur en stierf het blad later af. 

MI OPBRENGSTEN 

De overbemesting verhoogt de tussentijdse versgewichten en droge-
stofopbrengsten. Enkel de 10 dagen voor het schietstadium gegeven 
overbemesting verhoogt de drogestofopbrengst van de planten bij de 
eindoogst. 

DE NATRIUMAKKUMULATIE 

Bij de niet overbemeste objekten is de akkumulatie-snelheid aan-
zienlijk kleiner dan bij de overbemeste objekten. Bij deze laatste 
objekten is de akkumulatie-snelheid tijdens de lengtegroei groter, 
naarmate de overbemesting eerder in de ontwikkelingsperiode van de 
plant werd gegeven.Tegen het einde van de lengtegroei is de akkumu
latie-snelheid onafhankelijk van het tijdstip van overbemesting. 
Enkel bij de 10 dagen voor het schietstadium overbemeste objekten, 
die tijdens de ontwikkeling de grootste hoeveelheden natrium hebben 
geakkumuleerd,treedt er, in de periode van bloei, korrelzetting en 
afrijping,een depletie op. De totale natriumakkumulatie blijkt bij 
de eindoogst weinig of niet be'invloed te worden door het tijdstip 
van overbemesting in de periode van lengtegroei. De plant streeft 
er blijkbaar naar om bij voldoende aanbod van natrium een bepaald 
natriunmiveau te bereiken. 

DE NATRIUMGEHALTEN 

De plant bezit het hoogste natriumgehalte op het moment, waarop 
deze het schietstadium bereikt.In de periode van lengtegroei daalt 
het natriumgehalte wegens het feit, dat de natriumakkumulatie geen 
gelijketred houdtmetdedrogestofproduktie.In de periode van korrel
zetting neemt het natriumgehalte weer toe. 

DE NATRIUMAKKUMULATIE UIT BASIS- EN OVERBEMESTING 

De,via de chemische en radioaktieve metode,bepaalde akkumulatie 
loopt in vele gevallen uiteen.De chemische bepaling en de bepaling 
via de radioaktiviteiten geven bij vroeg overbemeste planten, wan-



212 

neer de akkumulatie na de afrijping wordt bepaald, dezelfde resul-
taten voor de akkumulatie. In alle andere gevallen verdient de ra-
dioaktieve bepalingsmetcxiiek de voorkeur.De akkumulatie uit basis-
en overbemesting is afhankelijk van de data van oogst en overbemes-
ting. 

HET VERL00P VAN DE RADIOAKTIEP BEPAALDE NATRIUMAKKUMULATIE UIT 
BASIS- EN OVERBEMESTING TEN AANZIEN VAN DE CHEMISCH 
BEPAALDE AKKUMULATIE 

In de ontwikkelingsperiode vlak na de overbemesting, drukt deze 
de natriumopname uit de basisbemesting. 
In hetalgemeen verhoogt de overbemesting de opname uit de basisbe
mesting. Wordt de overbemesting na het in de pluim zijn van het ge-
was gegeven, dan wordt tijdens de korrelzetting en afrijping nage-
noeg enkel natrium uit de overbementing geakkumuleerd. Het natrium 
wordt uit de overbemesting naar verhouding gemakkelijker opgenomen 
dan uit de basisbemesting. 

DE VERDELING VAN DE NATRIUMIONEN OVER DE ORGANEN VAN DE PLANT 

Afhankelijk van het tijdstip van de overbemesting verhouden de 
hoeveelheden natrium in blad, Stengel en zaad zich ongeveer als 
6 : 18 : 1. De samenstelling van de stikstofmeststof heeft een aan-
zienlijke invloed op de minerale samenstelling van het zaad. De 
overbemestingen verhogenhet natriumgehalte van het zaad. 

DE NATRIUMAKKUMULATIE UIT DE BASIS- EN OVERBEMESTING 
IN DE ORGANEN VAN DE RANT 

Naar verhouding is in het blad de akkumulatie uit de basisbemes
ting groter, dan die uit de overbemesting. De akkumulatie uit de 
overbemesting neemt, naarmate deze bemesting op een later moment 
wordt gegeven, sterker af, dan die uit de basisbemesting. Bij het 
blad stimuleert de overbemesting de akkumulatie uit de basisbemes
ting. De bladeren akkumuleren de grootste hoeveelheden natrium uit 
basis- en overbemesting, wanneer de overbemesting even voor het 
schieten wordt gegeven. Het overgrote deel van het natrium wordt 
in de Stengel geakkumuleerd. Wordt de overbemesting op het moment 
van het in de pluim komen gegeven, dan akkumuleren Stengel en zaad 
de grootste hoeveelheden natrium uit basis- en overbemesting. 

DE VERSPREIDING VAN DE NATRIUMIONEN OVER DE BLADEREN, 
DE STENGELDEU^ M DE VRUCHTEN 

De invloed van de overbemesting op de natriumakkumulatie in de 
bladeren wordt bepaald door de fysiologische ouderdom van het blad 
ten tijde van de overbemesting. De natriumakkumulatie,door het op 
de tweede knoop ingeplante blad, wordt door de overbemesting het 
sterkst gestimuleerd. Het aksent van de akkumulatie uit de overbe
mesting verschuift met het later beschikbaarkoraen van dit natrium 
naar net jongere, metabolistisch aktievere, blad. Bij de Stengel 
nemen, evenals bij het blad, de natriumgehalten af van stengelbasis 
naar stengeltop. Bij de niet overbemeste- en bij de, na het in de 



213 

pluim zijn, overbemeste objecten, heeft het onderste deel van de 
Stengel een lager natriumgehalte en hoeveelheid natrium, dan het 
hierop aansluitende stengeldeel. De vroeg aangewende overbemesting 
stimuleert deakkumulatie uit de basisbemesting in de stengeldelen, 
met uitzondering van deakkumulatie indetweede 15 cm. van de Sten
gel. 

In tegenstelling met de bladeren akkumuleren de stengeldelen 
van de planten, overbemest na het in de pluim zijn, aanzienlijke 
hoeveelheden natrium uit de overbemesting. De overbemesting ver-
hoogt het natriumgehalte en stimuleert deakkumulatie uit de basis
bemesting door kaf, vruchtwand en endosperm in aanzienlijke mate. 
Door het endosperm wordt, onafhankelijk van het moment van overbe
mesting, steeds een zelfde hoeveelheid natrium uit de overbemesting 
geakkumuleerd. 

KONKLUSIES: 

1. De overbemesting vertraagt het afstervingsproces van de plant. 
2. De plant streeft er naar om een bepaald natriumniveau te berei-

ken. 
3. De toepassing van de isotopen metodiek isonmisbaar bij het vast-

stellen van denatriumakkumulatie uit basis- en overbemesting bij 
de tussentijdse oogst. 

4. Het natrium wordt uit de overbemesting gemakkelijker opgenomen, 
dan uit de basisbemesting. 

5. Uit de.laat in de ontwikkeling van de plant gegeven, overbemes
ting kunnen de stengeldelen nog aanzienlijke hoeveelheden natrium 
akkumuleren. 

6. De overbemesting verhoogt het natriumgehalte van het endosperm. 


