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STELLINGEN 

De grootte van het organisch zoutgehalte in populiereblad is mede bepalend voor 
de mate waarin kaligiften necroseverschijnselen kunnen opheffen. 

II 

Dat bemesting van oudere populieren met voldoende kalium resulteert in een 
geringere ontvankelijkheid voor Marssonina, berust op een voldoende afvoer van 
assimilaten. 

I l l 

De in aanwezigheid van een grotere chlooraccumulatie verhoogde opname van 
kationen door de plant kan niet als luxeconsumptie worden aangemerkt. 

A. BUCHNER, Z- Pflanzenem., Dung., Bodenk. 54 
(1951) 28 

IV 

Aan de uitspraken van BRANTSEG, HOLMES, LAATSGH en WEHRMANN omtrent pro-
duktieverhoging van oudere naaldhoutopstanden met behulp van kunstmest wordt 
in Nederland onvoldoende aandacht besteed. 

A. BRANTSEG, Medd.fra Det Norske Skogforsok (1962) 
243-288, 1962 

G. D. HOLMES, Supplement to Forestry, Report of 
the Third Discussion Meeting Oxford, March 21 
to 23, 1963 

W. LAATSCH, BVL, Verlagsgesellschaft Munchen-
Basel-Wien-1963, 1-75 

J . WEHRMANN, FW. Cbl. 78 (1959) 129-149 

V 

Wanneer het natrium- en kaliumgehalte van suikerbieten mede worden betrokken 
in de kwaliteitsbeoordeling door de fabrikant, zal de hieruit voortvloeiende extra 
zorg voor de teelt zodanig moeten worden gehonoreerd, dat ook de landbouwer 
profijt trekt van de lagere produktiekosten in de fabriek. 

VI 

Een subsidie aan het particuliere bosbezit kan beter worden vervangen door een 
premieregeling die produktieverhoging stimuleert. 



VII 

De kosten verbonden aan de afrastering van jonge opstanden mogen niet vallen 
onder cultuurkosten doch zullen moeten worden bestreden uit recreatie- en jacht-
fondsen. 

VIII 

De Vereniging tot Behoud van Natuurmonumenten dient de recreatiemogelijkheden 
voor Amsterdam te yerruimen dopr het Naardermeer tegen een redelijke vergoe-
ding open te stellen voor sportyissers. 

IX 

De voorsprong, welke het nationale park "de Hoge Veluwe" op het gebied van de 
recreatie bezit,* zal verminderen naarmate in de omliggende staatsbossen een grotere 
wilddichtheid wordt verkregen. 

X 
De functie, welke de huisarts in de maatschappij vervult, vraagt niet alleen een vak-
technischgopleiding, Aan het dragen* van een> grote verantwoording moeti, mede in 
het, bqiang, yan, het, voqrtbestaan- vam dit beroep, tij dens de studie aandachtf worden 
besteed. 

X I 

De grondslag voor het Schotse nationalisme werd niet gelegd door MARIA STUART, 
maar dateertvan 27 maart 1306 met de kroning te Scone van ROBERT BRUCE tot 
KONING ROBERT I . 

XII 

Hoewel artikel 63 van het Algemeen Rijksambtenaren Reglement niet in strijd is met 
artikel 53* lid ;i .van dit xeglement, kan- door toepassing van drt artikbl aarr de ambte-
naas.finanfiiele.schade worden toegebracht. 

Proefichrift H . D. W. VAN TUIL . 

Wageningen, 9 juni 1965. 



Voorwoord 

Vele factoren hebben het resultaat van het onderzoek dat uitmondt in dit geschrift 
beinvloed. Naast opvoeding en opleiding zijn de omstandigheden waaronder dit 
onderzoek heeft kunnen plaatsvinden, van belang geweest. Gaarne wil ik alien die 
hieraan bijgedragen hebben, dank zeggen. 

Dehogeschoolgemeenschap heeft, naast haar docerende taak, gelukkig veelaltevens 
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Introductory 

Investigations on the accumulation of salt ions in plants have shown that a part of the 
inorganic ions absorbed from the soil accumulates in the form of inorganic salts, and 
the remainder in the form of salts of the organic acids produced by the metabolism. 
It has been demonstrated that for optimal growth a so called 'normal organic-salt 

content' is required. Its value appeared to be characteristic of the plant species 
(DE WIT et al., 1963). 
The purpose of the present investigations is to apply this concept to a few plant 

species. 
Perennial ryegrass (Lolium perenne L.) has been reinvestigated on a few characteristics 

of ion accumulation. A second herbaceous crop, sugar beet (Beta vulgaris L., cv. 
Polykuhn) was chosen as a plant species with a much higher level of organic-salt 
accumulation in the foliage. 
To study accumulation in leaves of trees, poplar (Populus canadensis MONCH cv. 

Zeeland) was investigated. 
As an example of a plant species of more common occurrence on acid leached soils, 

use was made of small birch trees (Betula verrucosa E . ) . According toiNGESTAD (1962) 
birch grows better with ammonium instead of nitrate. 
All experiments were performed under greenhouse conditions and, if necessary, 

artificial light was applied from high-pressure mercury vapour lamps (Philips, HPLR) 

to increase day-length. The technique of pot and nutrient solution experiments are 
those given by SAID (1959). All the basic data are listed in the corresponding tables. 



1 Composition of the ionic balance 

1.1 Earlier evidence on the accumulation of organic salts in 
dependence on nutrition 

The presence of organic anions in plants and their function as a complement to the 
electrostatic balance of accumulation of inorganic-salt ions absorbed from the soil 
has been considered since the 19th century (PFEFFER, 1881). The presence of oxalate, 
malate, citrate, etc. as components of plants was established and the total amount 
of organic salts was often estimated by the ash-alkalinity. 
The ash-alkalinity is the number of equivalents of carbonate found after dry-ashing 

of the plant material. Since at dry-ashing nitrate is combusted and organic sulphur is 
partially converted into sulphate, the figure obtained may differ from the organic-
salt content of the plant material. If nitrate is low, the ash-alkalinity may very nearly 
represent the organic-salt content of the sample. Therefore, data on ash-alkalinity can 
sometimes be applied to estimate the magnitude and variation of the total organic-
salt content in plants. 

One of the earlier studies of organic-salt formation in relation to the salts supplied 
is that of WEHMER (1891) on the production of oxalate by Aspergillus niger. He showed 
that oxalate is only produced if the medium is alkaline, or made alkaline by the 
metabolism when albumoses are added and subsequently converted to ammonia. 
Oxalate is also formed when nitrate is supplied which during utilization is replaced 
by oxalate. If ammonium is supplied the medium becomes more acid through 
utilization of the NH4+ ions which liberates H+, and oxalate is not formed. STOHMANN 

(1864) showed that the ash of maize contained more carbonate if the plants were 
supplied with potassium nitrate instead of ammonium nitrate. BENECKE (1903) found 
that the carbonate content of the ash declines in the following order of nitrogenous 
salts supplied to the plant: potassium nitrate, ammonium nitrate, ammonium 
sulphate. He also observed that ammonium salts reduce the formation of calcium 
oxalate crystals in the tissues, and that these crystals reappear if the medium is rend­
ered more alkaline by the addition of magnesium carbonate. 
From this BENECKE concludes that the change in the organic-salt content, resulting 

from replacement of nitrate by ammonium in the supply, does not originate from the 
different pathways of their conversion into organic nitrogen, but from the difference 
in the amounts of unmetabolized salt cations accumulated in the tissues. 
This agrees with the older statements of PFEFFER (1881) on the regulation of the 



organic-salt content by ion accumulation. He postulates that: 'die Prozesse in denen 
Basen disponibel werden, sogleich selbstregulierend sind, indem sie Veranlassung zur 
Entstehung von Sauren geben'. 
One of the earlier communications dealing with variations in the sap-soluble organic 

salts, resulting from variations in the amount and form of the salts supplied, is that 
of BONING and BONING-SEUBERT (1932). They showed that the carbonate system is of 
no importance in tobacco leaves, but that the excess of salt cations over inorganic-salt 
anions is balanced by organic anions. If ammonium was supplied instead of nitrate 
the amount of soluble organic salts was considerably lower. If calcium was supplied 
instead of potassium, the plants developed potassium deficiency and an increased 
organic-salt content. Older leaves were found to have a higher organic-salt content 
than younger leaves. These findings were recently confirmed by CHOUTEAU (1960) 
and VICKERY (1961). 

From these and many other data it appears that evidence for the dependence of the 
organic-salt content on the salt supply has been available since the beginning of this 
century. However, its direct application to plant nutrition is comparatively recent. 

1.2 Uptake from single salts by isolated tissues 

The results of MEURER (1909) and NATHANSON (1904) on storage tissues have already 
shown that the two ions of a salt may be absorbed at different rates. According to 
THOMAS (1958) preferential absorption of salt cations or salt anions involves electro­
static balancing by the passage in or out of the tissue of either H+ or O H - , originating 
from the dissociation of water. 

For the present discussion it is supposed that excess salt-cation uptake is associated 
with an equivalent uptake of O H - , and excess salt-anion uptake with an equivalent 
uptake of H+. This is illustrated by the diagram of fig. 1. From a solution of potassium 
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OH 
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* 

neutral uptake 

alkaline uptake 

acidic uptake 

alkaline uptake 
Fig. 1. Diagrammatic representation of differential uptake 

of salt ions from single salt solutions 



chloride K+ and C I - are considered to be absorbed at equal rates. Consequently, 
there is no gain or loss of either H+ or O H - in the tissue. Exposed to a solution of 
potassium sulphate, K+ enters the tissue in a much greater quantity than S 0 4

= . 
O H - enters the tissue in an amount equal to the excess of K+ absorbed and the 
uptake is alkaline. If calcium chloride is supplied, C I - is absorbed in much greater 
quantities than Ca++. The excess of salt-anion uptake is accompanied by its equiva­
lent of H+, and consequently the uptake is acidic. 

If a tissue is submerged in a solution of potassium bicarbonate, the K-ions and the 
HC03-ions are considered to be absorbed at the same rate. This is because any 
excess of K+ over HC0 3 ~ requires its equivalent O H - . Since O H - is transformed into 
HC0 3 ~ through the presence of respiratory carbon dioxide, there is no possibility to 
distinguish between these ions. Therefore, introduction of O H - as the partner ion in 
salt-cation uptake is formal. Under common conditions of pH and carbondioxide 
concentrations the partner anion is more likely to be H C 0 3

- . Any excess uptake of 
HC0 3 ~ from potassium bicarbonate has no significance, because its uptake proceeds 
with concurrent uptake of H+ . Thus the uptake of bicarbonate is alkaline to an extent 
given by the number of equivalents of the salt cation absorbed. 

The amounts of H+ and O H - (HC03~) involved in the differential uptake of 
cations and anions from a salt solution are often large compared with the buffer 
capacity of the plant tissues in the range of pH 5 to pH 7. To maintain tissue pH at its 
normal value, synthesis or breakdown of organic salts occurs as a direct response to 
the uptake of excess salt cations or excess of salt anions (BONING and BQNING-SEUBERT, 

1932;BURSTROM, 1945). 
It is often assumed that salt anions and salt cations are absorbed independently of 

each other (LUNDEGARDH and BURSTROM, 1933). The accumulation can be considered 
in terms of changes in the organic-salt content by decarboxylation and carboxylation 
(DIJKSHOORN, 1964). A simplified equation for the accumulation of salt cations can 
be written as: 

K+ + O H - + C 0 2 + RH -> K+ + RCOO- + H 2 0 
or 
K+ + H C 0 3 - + RH -> K+ + R C O O - + H 2 0 . 

The accumulation of salt anions can be written as: 
G l - + H+ + K+ + R C O O - -> C I - + K+ + RH + C0 2 . 
In this way salt cations accumulate in the tissues as organic salts and salt anions as 

inorganic salts instead of the organic salts initially present. This concept accounts for 
the experimental evidence that the differential uptake, salt cations minus salt anions, 
if expressed as ion equivalents, is numerically equal to the organic-salt content. 
As an example of experimental evidence some results of ULRICH (1941) are sum­

marized in fig. 2. In his experiments excised barley roots were kept in single salt 
solutions for 8 hours and the sap was analysed for inorganic - and organic - salt ions. 
The organic anions were determined by ether extraction of the acidified sap and 
subsequent titration. 



The differential uptake, salt cations minus salt anions, varied from —20 to +55 me., 
depending on the salt supplied. Although the buffer capacity of the juice was only 
25 me. per liter per unit pH in the range of pH 5 to 6, juice pH remained within the 
range of pH 5.2 to 5.8. The other graph shows the compensating change in the 
organic anions, balanced by the differential uptake. 
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salt cations-salt anions absorbed 
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Fig. 2. Differential uptake of salt ions by excised barley roots from solutions of different salts; 1: potassium bicarbon­

ate; 2: potassium nitrate; 3: calcium bromide; 4: calcium nitrate, and other salts not specified here, 

a: in relation to the change of the organic-anion content of the juice (open dots) and to the deficit of carbon dioxide 

evolved with respect to the oxygen consumed (carbon dioxide retention, filled dots). 

b: in relation to the pHof the juice. 
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Respiration measurements showed that at equal uptake of salt cations and salt anions 
the carbon dioxide produced equals the oxygen consumed. In the case of differential 
uptake the deficit of the carbondioxide evolved parallels the excess of salt cations 
absorbed, indicating carbon dioxide retention for the synthesis of organic salts. 

1.3 Uptake, accumulation and utilization of mixed salts by 
growing plants 

Differential uptake of salt cations and salt anions from a mixture of nutrient salts by 
growing plants is of common occurrence. STOKLASA and ERNEST (1908) found that 
gramineous plants absorb salt anions in excess of salt cations, whereas in potatoes and 
beets salt-cation exceeds salt-anion uptake. In legumes salt-cation equals salt-anion 
uptake. These cases refer to ample supply with nitrate and other nutrient salts. The 
acidic uptake of gramineous plants is responsible for the external alkaline effect of 



nitrate nutrition. Other plant species may fail to show this alkaline effect of nitrate 
nutrition. 
For plants grown in soil an inventory of the uptake of cations is obtained by data on 

the uptake of NH4, K, Na, Mg and Ca. Other salt cations such as Fe, Mn, Zn and 
Cu are absorbed in very small quantities (fig. 3) compared with the total uptake of 
1000 and more mg equivalents of salt cations per kilogram dry material. The equiva­
lent sum of NH4+ + K+ + Na+ + Mg++ + Ca++ is further denoted by Cu. 
An inventory of the salt anions absorbed is obtained by analyses for CI, P, S and 

total N. Since the pH of the plant tissues is usually about 5 to 6, phosphate enters the 
plant mainly as H 2P0 4~ independent of soil pH. Any uptake of H P 0 4

= should be 
considered as the uptake of H P 0 4

= -j- H+ and is consequently recorded as H 2 P0 4
_ . 

The sum of the equivalents of the anions CI" + H 2P0 4~ -f S 0 4
= -f- N0 3 ~ represents 

the total uptake of salt anions and is denoted by Au. 
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protein-N,eq./kg dm. Fig. 3. Some trace elements in perennial ryegrass of varying age and protein content 

The difference (Cu — A J , if positive, indicates an alkaline uptake, if negative an 
acidic uptake, and the alkalinity or acidity is numerically equal to (Cu — Au). 

ARNON (1939) analysed whole plants of barley fed with either nitrate or ammonium 



as the source of nitrogen in the nutrient solutions. From his data it appears that with 
nitrate the acidity of the uptake is about 1 equivalent per kilogram dry material. 
With ammonium the alkalinity of the uptake is about 5 equivalents per kilogram 
dry material. If the salts would merely accumulate, the considerations of the previous 
section would predict a much higher organic-salt content in the case of ammonium 
nutrition. However, it has invariably been found that substitution of ammonium for 
nitrate in the supply leads to a distinct fall in the organic-salt content of growing 
plants (section 1.4). It is clear that utilization interferes in the establishment of the 
final balance of salt accumulation. 
By means of ionic equations DIJKSHOORN (1964) demonstrates that the conversion 

of NH4+, absorbed together with O H - , proceeds without a change in the total orga­
nic-salt content. Also the conversion of nitrate and sulphate together with the H+ 
absorbed, takes place without gain or loss of organic salts. The partial conversion of 
phosphates into organic phosphates proceeds by esterification and causes no change 
in the ionic state of phosphate. 
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Fig 4. Diagrammatic representation of the uptake, the metabolic utilization and the accumulation of salt ions from 
a mixture of nutrient salts txiith nitrate or with ammonium as the source of nitrogen 
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Since in most plants the ammonium absorbed is completely metabolized without 
accumulation of organic ammonium salts, ammonium nutrition does not result in a 
higher organic-salt content. The lower content actually found is caused by a decreased 
accumulation of the unmetabolized salt cations K, Na, Mg and Ca. The equivalent 
sum of these cations, the ionic state of which remains unaltered, is denoted by C. 
With an adequate supply of nitrate and sulphate the amounts absorbed are only 

partly converted into organic nitrogen and organic sulphur. The remainder accumu­
lates in the unaltered ionic state as nitrate and sulphate anions. Together with C I -

and H 2P0 4~ the inorganic anions accumulate as inorganic salts. According to section 
1.2 these inorganic salts of C I - H 2 P0 4

- , S 0 4
= and N 0 3 ~ accumulate instead of the 

organic salts. The equivalent sum of these inorganic salts is further denoted by A. 
If the pH of the tissues remains within the range of pH 5 to pH 7, all these ions are 

present as salts because free acids are practically absent. 
Consequently, accumulation in the plant results in a total-salt content C, an in­

organic-salt content A and an organic-salt content (C — A). By including total P 
in the inorganic-salt content A, the organic-salt content (C — A) refers to the salts of 
carboxylic acids only. 
Usually analytical data include figures for total N, nitrate N and total S. Organic N 

is obtained by the subtraction of nitrate N from total N. Organic S is calculated from 
the relation: organic S = 0.054 x organic N (DIJKSHOORN et al., 1960). The inorganic-
sulphate content is obtained by subtracting organic S from total S. 
The complete balance of uptake, utilization and accumulation of the inorganic and 

organic salts is summarized in fig. 4. The numerical values are comparable to those 
found in perennial ryegrass (DIJKSHOORN, 1963) and in barley (ARNON, 1939). In the 
case of ammonium nutrition the balance is supposed to operate without accumulation 
of organic salts. Actually (C — A) remains greater than zero. 

1.4 Some examples of the accumulation of organic salts in the 
leaves of intact plants 

Results of Coic et al. (1961) on leaves of maize plants grown with nitrate or ammonium 
in the nutrient solutions were used to compose table 1. Coic's records do not include 
data on nitrate in the leaves. It is assumed that the nitrate content was negligible so 
that the organic nitrogen equals total nitrogen. Organic sulphur was calculated from 
the data for organic nitrogen with the proportionality factor mentioned in section 1.3. 
When nitrate was supplied the salt anions absorbed (AJ exceeded the salt cations 

absorbed (CJ by 2346 me./kg d.m. and the excess equals the acidity of the uptake, 
( C - A J < o . 
Organic nitrogen plus organic sulphur equals 3436 me./kg d.m. and their conversion 

has produced its equivalent of O H - according to the ionic equations: 
N O a - + 8H -> NH3 + 2 H aO + OH~ and 
S0 4= + 8H -> SH2 + 2 H 2 0 + 2 OH~. 



Table 1. Balance-sheets of maize leaves, grown with nitrate or with ammonium as the source of nitrogen. Data of 
Coic et al. (1961), in me./kg d.m. At nitrate nutrition the uptake is acidic (H+), at ammonium nutrition alkaline 
(OH~). At nitrate nutrition the alkalinity produced by the conversion of nitrate and sulphate anions (utilization), in 
excess over the acidity of the uptake accumulates as organic salts. The organic-salt content equals the difference between 
the salt cations (C) and the inorganic salt anions (A) accumulated as such in the leaves (accumulation). At ammo­
nium nutrition the conversion into organic nitrogen (N„) liberates its equivalent ofH+, which is partly neutralized by 
the OH~ produced by the conversion of sulphate into organic sulphur (S0), and further by the alkalinity of the uptake. 
The excess thereof accumulates as organic salts. The organic-salt content equals the difference (C-A) as listed under 
accumulation. 
The column 'organic anions found' refers to the salts of water-soluble acids, recovered by extraction and chromatography 

Uptake 

anions cations 

nitrate nutrition 
N 3260 K 950 
CI 421 Na — 
P 181 Mg 377 
S 261 Ca 450 

A u 4123 Cu 1777 
H+ 2346 — 

ammonium nutrition 
N 3270 

CI 440 K 875 
P 274 Na — 
S 322 Mg 220 

Ca 267 

Au 1036 

OH-3596 -

Cu 4632 

Utilization 

anions cations 

N0 3260 

S0 176 

O H " 3436 
-> H+ 2346 

1090 > 

N„ 3270 

S0 177 

O H - 177 H+ 3270 
177 

H+ 3093 
> O H - 3596 

Accumulation 

anions 

N 0 3 — 
CI 421 
H 2 P0 4 181 
S 0 4 85 

A 687 
inorg. salts 

org. salts 

CI 440 
H 2 P0 4 274 
S 0 4 154 

A 859 
inorg. salts 

cations 

C 1777 
687 

1090 

C 1362 
859 

Organic 
anions 
found 

905 

503 org. salts 503 240 

The H+ uptake is completely neutralized by the alkalinity produced during the 
anion metabolism. There remains an excess alkalinity of 1090 me./kg d.m. which is 
transformed into organic salts. The balance of accumulation indicates the presence of 
1777 me./kg d.m. of unmetabolized salt cations (C), of 687 me./kg d.m. of inorganic 
salts (A) and of 1090 me./kg d.m. of organic salts (C — A). 
With ammonium supply the nitrogen content of the leaves is of similar magnitude, 

but in this case it is listed under the salt cations (Gu). Here, the excess of salt cations 

10 



absorbed is 3596 me. /kg d.m. and is listed as an uptake of OH~, representing the 
alkalinity of the uptake. The conversion of NH4+ into organic nitrogen proceeds to 
completion in maize. Its utilization is listed under the cations and corresponds to the 
ionic equation: NH4+ -> NH3 + H+, the NH3 being incorporated into the organic-
nitrogen compounds and its equivalent of H+ released by the metabolism. In addition, 
177 me. of OH~ are produced by the conversion of sulphate into organic sulphur. 
The conversion of NH4+ and S04= liberates 3270—177 = 3093 me. of H+ per kg 
d.m. The alkalinity of the uptake is 3596 me./kg d.m. Therefore, uptake and con­
version results in a final accumulation of 503 me. of O H - per kg dry material. This 
quantity equals the organic-salt content. 
The balance of accumulation shows the presence of 1777 me./kg d.m. of unmetabo-

lized salt cations (C) in the nitrate plants, and of 1362 me./kg d.m. in the ammonium 
plants. The lower organic-salt content (C—A) of the ammonium fed plants is 
mainly caused by the reduced accumulation of the unmetabolized salt cations (C). 
The last column shows the total amount of organic anions, recovered by extraction 

and chromatography of their water-soluble acids. In the case of nitrate fed plants the 
recovery is about 80 per cent of the total organic salts (G—A). The deficit of about 
200 me./kg d.m. in the nitrate and ammonium plants probably consists mainly of 
insoluble polyuronic acids. 

COOIL (1948) has given detailed records on the constitution of the ionic balance in 
the leaves of guayule (Parthenium argentatum). The plants were grown at three potas­
sium levels with nitrate as the source of nitrogen. Mature and expanding leaves were 
analysed for the main elements and for organic anions. 
Some of his results are listed in table 2. 
In the mature leaves the balance of uptake shows an excess of salt cations over salt 

anions which is balanced by O H - , and consequently the uptake is alkaline. This 
should be added to the alkalinity produced during the metabolism of nitrate and 
sulphate. The total alkalinity obtained is transformed into organic salts and equals 
the organic-salt content (C—A), calculated from the balance of accumulation of the 
unmetabolized inorganic ions. If the organic-salt content exceeds the sum of organic 
nitrogen and organic sulphur, the balance of uptake is alkaline. 
The expanding leaves have absorbed salt anions in excess over salt cations and the 

balance of uptake is acidic. To obtain the internal alkalinity transformed into organic 
salts the acidity of the uptake should be subtracted from the alkalinity produced during 
metabolism of nitrate and sulphate. Owing to the acidity of the uptake the organic-
salt content is lower than the sum of organic nitrogen and organic sulphur. 
From analytical data on leaves of different stages of maturity it can often be inferred 

that older leaves have an alkaline uptake, while younger leaves have a more acidic 
uptake. For instance, the data obtained by VICKERY (1961) on tobacco indicate that 
in the bottom leaves the organic-salt content is higher, and in the top leaves lower 
than the organic-nitrogen plus organic-sulphur content. 
It should be borne in mind that the balance of uptake, based on single leaves instead 

of whole plants, does not mean that all the elements involved have entered the leaf 
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in the ionic form supplied to the plant. Intake of nitrogen and sulphur from other 
plant parts may have occurred to a large extent in the form of organic nitrogen and 

Table 2. Balance-sheets of mature and of expanding leaves of guayule (Parthenium argentatum GRAY) , grown 
at two potassium levels with nitrate as the source of nitrogen. Data of COOIL (1948). All values in me./kg dry matter 

Leaf type Uptake Utilization 

and 
treatment 

mature 

K, 

anions 

N 
CI 
P 

s 

A„ 
O H -

2940 
— 
164 

1320 

4424 
506 

cations 

K 360 
Na 20 
Mg 960 
Ca 3590 

Cu 4930 

anions 

N„ 2500 

S0 135 

O H - 2635 
> O H - 506 

cations 

3141 

mature 

K3 

expanding 

^ 

expanding 

K3 

N 
CI 
P 

s 

Au 

OH 

N 
CI 
P 

s 

Au 

N 
CI 
P 
S 

Au 

2615 
— 
108 

1760 

4483 
- 117 

3680 
— 
189 

1200 

5069 

3170 
— 
159 

1430 

4759 

K 2560 
Na 0 
Mg 420 
Ca 1620 

C u 4600 
> 

K 380 
Na 10 
Mg 840 
Ca 2890 

C,, 4120 
H+ 949 s-

K 2300 
Na 20 
Mg 440 
Ca 1220 

Cu 3980 
H+ 779 > 

N„ 

S„ 

OH 
OH-

N„ 

S„ 

OH-
H+ 

N„ 

S„ 

OH-
H+ 

1995 

108 

-2103 
- 117 

2220 

3170 

171 

-3341 
949 

2392 

2500 

135 

•2635 
779 

Accumulation 

1856 

inorg. salts 

-*• org. salts 

cations 

C 4930 
1789 

anions 

NO a 440 
CI — 
H 2 P 0 4 164 
S 0 4 1185 

A 1789 
inorg. salts 

-»• org. salts 

N 0 3 620 
CI — 
H 2 P 0 4 108 
S 0 4 1652 

A 2380 C 4600 
inorg. salts 2380 

-+ org. salts 2220 

3141 

NO a 510 
CI — 
H 2 P 0 4 189 
S 0 4 1029 

A 1728 C 4120 
inorg. salts 1728 

org. salts 2392 

N 0 3 670 
CI — 
H 2 P 0 4 159 
S 0 4 ' 1295 

A 2124 C 3980 
2124 

1856 
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organic sulphur. This intake is recorded in the balance as an uptake of H+ + N 0 3
_ , 

a n d o f 2 H + + S 0 4 = . 
GOOIL'S data on whole plants, harvested in an earlier stage of growth show that in 

this case the salt cations and salt anions supplied have been absorbed in nearly equal 
quantities, indicating the absence of alkalinity or acidity of the uptake. 
Another difference between older and younger leaves is the higher level of calcium 

accumulation in the older leaves, and the more even distribution of potassium. 

1.5 Internal distribution of absorbed salts 

In the preceeding section it has been shown that older leaves may differ from younger 
leaves through higher calcium and organic-salt contents in the dry material. Another 
example of the distribution of ionic constituents is obtained from data of Coic et al. 
(1962). In table 3 the contents of inorganic and organic ions in the leaves of tomato 
plants grown with either nitrate or ammonium as the source of nitrate are given. 
These results show that when ammonium is supplied instead of nitrogen, the total-
salt content (C), and the organic-salt content (G—A) are considerably lower. 
Further, it is obvious that these content are higher in older leaves. Data on the 
individual cations show that the higher salt content of the older leaves is mainly due 
to calcium and to some extent also to magnesium. These salt cations show a distribu-

Table 3. Balance of ion accumulation in the leaves of tomato, grown with nitrate or with ammonium as the source of 
nitrogen. Data of Coic et al. (1962). Nitrate and sodium were not determined. All values in me./kg dry matter. The 
'organic anions found' represent me. of organic acids recovered by extraction after acidification 

Source of 
nitrogen 

K 
Na 
Mg 
Ca 
G 

N O , 
CI 

H 2 P0 4 

so4 
A 

(G-A) 

org. anions found 

nitrate 

770 
— 
530 

1380 
2680 

190 
180 
180 
550 

2130 

1370 

Young leaves 

ammonium 

450 

— 
100 
160 
710 

— 
230 
270 

0 
500 

210 

40 

nitrate 

880 

— 
930 

2700 
4510 

— 
240 
140 
312 
692 

3818 

2680 

Old leaves 

ammonium 

620 

— 
290 
400 

1310 

— 
220 
380 

236 
836 

474 

40 
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tion in favour of the older leaves wherein the organic salts accumulate in a greater 
proportion as organic salts of calcium and magnesium. 
A variety of data on the effect on the stage of maturity and leaf position in different 

plant parts invariably reveals the same pattern of distribution of salt cations and 
organic salts. This is illustrated by data on the amount of dry material and the number 
of me. of salt cations in the leaves of citrus and of tobacco, calculated from the results 
ofWALLACErfaZ. (1954) andofVicKERY (1961) (fig. 5). 
Higher amounts of dry material and of the salt cations are found in the middle 

leaves. The points representing the number of me. of the elements scatter along loop 

me. in leaf 
0.5 

04 

03 

0.2 

0.1 i 

N / 

t A 

f^\ 
J 

A 

0 0.1 0.2 0.3 0 0.1 02 0.3 0 0.1 0.2 0.3 
grams dry weight grams dry weight grams dry weight 

me. in leaf 
200 

160 

120 

80 

40 

—°T" 

A A 2 

me. in leaf 
100 

80 

60 

40 

20 

20 Ui 60 0 
grams dry weight 

'164 w 
oo © ' 

/ Ca ® | 

me. in leaf 
50 

40 

30 

20 

10 

Mg 

Na 

~i 
S 

=*' 
20 10 60 0 

grams dry weight 
20 40 60 

grams dry weight 

Fig. S. Absolute amounts of salt cations and nitrogen in leaves in relation to the dry weights and the positions on the 
stalk. 

Upper graphs: Citrus, data O / W A L L A O E et a l . (1954) 

Lower graphs: tobacco, data O / V I C K E R Y (1961) 

Decrease in thickness of the lines and direction of the arrows indicate transition from bottom to top leaves 
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shaped curves, which have been drawn with a decrease in thickness when passing 
from lower to upper leaves. In WALLACE'S data sodium was not analysed but certainly 
low so that the sum of K, Ca and Mg practically equals C. The curves show that the 
total salt (C) accumulates to higher levels in the bottom leaves, when compared at the 
same amount of dry material. The contents, expressed in me./g d.m. can be read 
from the slopes of straight lines through the points and the origin. 

It is clear that in citrus and in tobacco the total salt-cation content (C) increases 
from top to bottom leaves. It is known from other evidence, as e.g. from VICKERY'S 

data on the organic anions, that the organic-salt content of the leaves increases in the 
same direction. In citrus the curve for total nitrogen indicates that the nitrogen con­
tent in the top leaves is about the same as in the bottom leaves. Between lower and 
upper laves there is a zone of leaves nearer to the top with a lower nitrogen content. 
In tobacco the top leaves are higher in nitrogen than the bottom leaves. Since both 
in citrus and in tobacco the bottom leaves have a higher salt-cation content (C) than 
the top leaves, there seems to be no relation between the distribution of the organic-
salt content (G—A) and that of nitrogen. In citrus the distribution of potassium and 
nitrogen is very similar. In tobacco the distribution of potassium is the reverse of 
that of nitrogen. 
The only possible generalization concerns the relative distribution of the total 

unmetabolized salt cations (C) and that of potassium and calcium. The distribution 
of magnesium differs in both species. From the shape of the curves it is clear that 
potassium tends to become more equally distributed since the width of the loop is 
small in tobacco and its ends meet in citrus. However, the calcium curves indicate 
a considerably increased accumulation of calcium in the bottom leaves, relative to 
the dry weight. 
The evidence presented is related to dicotyledonous plants which often absorb 

calcium as readily as potassium. The selectivity of the gramineous plants exhibited 
during salt cation uptake is different and shows a rather slow uptake of calcium com­
pared with potassium uptake (DRAKE, et al, 1951). However, from data of KEMP and 
DIJKSHOORN (1956) it can be inferred that the distribution of the salt cations between 
the upper, more mature part of the herbage and the less mature, expanding tissues 
follows the same pattern as in the dicotyledones. The ratio of the content in the lower 
half to that in the upper half for the different salt cations parallels the relative rate 
of distribution in the herbage. Table 4 represents the values obtained, together with 
ratio values for manganese, cobalt and copper from other data. The distribution 
follows the order: K = Na > Mg > Ca, and for the minor elements: Mn > Co > Cu. 

Efforts were made to interpret the difference in distribution of the salt cations in 
terms of preferential ion adsorption by or association with immobile organic anions 
of the plant material. A similarity between the order of relative distribution and that 
of the affinity to carboxylates of plant origin was obtained by comparing the distri­
bution ratio values with the concentrations of reversal of charge determined by 
electrophoresis (TEUNISSEN and BUNGENBERG D E JONG, 1938). The lower the con­
centration of reversal of charge, the higher the affinity to the ionic group of the plant 
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Table 4. Distribution ratios in perennial ryegrass, calculated from data on contents in the lower and upper half of 
herbage, given by KEMP and DIJKSHOORN (1956). Concentrations of reversal of charge of some plant colloids, 
taken from the electrophoretic measurements ofTEUNissEN and BUNGENBERG DE JONG (1938) 

K 
Na 
Mg 
Ga 
Mn 
Co 
Zn 
Cu 

Distribution 
ratio 

1.22 
1.20 
1.10 
0.80 
1.70 
1.20 

0.30 

log equivalents per 

soya lecithins 

I 
0.85 
0.40 

—1.70 
—1.20 
—1.30 
—1.50 

I I 
0.70 
0.40 

—0.60 
—0.80 
—0.90 
—0.60 
—0.80 
—1.05 

liter at reversal of charge 

carboxyl colloids 

arabinate 
0.50 
0.55 
0.20 
0.00 

—0.10 
—0.20 
—0.30 
—0.90 

pectinate 

0.00 
0.30 
0.15 
0.05 
0.00 

—0.25 
—0.75 
—1.00 

colloid. Therefore, the sequence obtained for the different salt cations depends on the 
type of the charged group carried by the plant colloid. The concentrations of reversal 
of charge for two lecithins and two carboxylates of plant origin are listed in fable 4. 
It appears that the distribution order agrees with the order of reversal of charge for 
the carboxylate arabinate. 

The relative distribution rate of the cations is found to be smaller if the affinity of 
the cation to the carboxylate is higher. This suggests that in cation distribution car-
boxilic groups interfere by ion association or adsorption, and in this way reduce the 
mobility of the salt cation. 
Herbage may contain organic anions of carboxylate origin at about 1000 me. per 

kg dry material. About 90 per cent of this quantity is represented by anions of the 
water-soluble plant acids of lower molecular weight (section 2.5). Of the salt cations, 
calcium is present at 100 to 500 me./kg d.m. This means that if carboxylates are 
involved in cation distribution, these carboxylates of lower molecular weight should 
also interfere. 

Therefore, the relative rate of distribution of the salt cations reflects the relative rate 
of distribution of their organic salts. This means that internal distribution of the 
organic potassium salts proceeds more easily than that of the organic salts of calcium. 
The order obtained may depend on the type of carboxylates involved, as evident 

from the electrophoretic data on arabinate and pectinate, and in this way on the plant 
species. 
The internal distribution should not be connected with solubility of organic salts, 

because with the occasional exception of calcium oxalate, the organic salts remain in 
solution in the plant juice. Moreover, plants in which oxalate cannot be detected also 
show retarded distribution of calcium, as was found for Plantago lanceolata (DIJKSHOORN, 

unpublished). 
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1.6 Specific properties of potassium 

In section 1.3 it was pointed out that the salt cations K, Na, Mg, Ca accumulate in 
the form of organic and inorganic salts in plant tissues. In this respect they act in a 
similar way and serve the same purpose: a decrease of the acidity of the uptake by the 
plant during anion uptake and utilization, thus allowing the plant to accumulate 
organic salts instead of loosing them through decarboxylation. Hence, replacement of 
potassium by, for instance, sodium should not affect the organic-salt content, 
provided that the plant is able to absorb sodium as readily as potassium. 
Perennial ryegrass is able to absorb sodium in considerable amounts when replace­

ment of potassium by sodium leads to potassium shortage. Therefore, substitution of 
sodium for potassium in the supply does not result in a reduction of the organic-salt 
content, as it does e.g. in maize, which is unable to absorb sodium in significant 
amounts even in the absence of potassium. 
Actually, if sodium is supplied to potassium deficient perennial ryegrass, organic 

salts accumulate in the herbage in greater quantities than normal, mainly in the form 
of sodium salts. The origin of this effect can be demonstrated with data of VOSE 

(1963) on the effect of replacing potassium by sodium in the nutrient solutions. In 
fig. 6 the contents in the herbage are plotted against the contents in the roots. The 
arrows indicate decreasing potassium and increasing sodium in the supply. It appears 
that sodium increases at the expense of potassium to much higher levels in the her­
bage than in the roots. The direction of the curves indicates that replacement of 
potassium by sodium causes sodium to accumulate preferentially in the herbage, 
while replacement of sodium by potassium indicates preferent potassium accumulation 
in the roots. 

eq./kg dry herbage 

Fig. 6. Potassium, sodium and total salt (C) content of herbage and of 
i I roots of perennial ryegrass grown with varying ratios of potassium to 

eq./kg 3dry roots sodium in the nutrient solutions. Data of VOSE (1963) 

It is generally accepted that the mobility of sodium in the plant is smaller than that 
of potassium. Therefore, the preferential accumulation of sodium in herbage, and 
that of potassium in the roots can only be explained by the assumption that in the 
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absence of potassium sodium moves easily upwards but is hardly able to move down­
wards to the roots. This means that the accumulation of sodium in the absence of 
potassium leads to an accumulation of organic salts in the herbage in excess of the 
normal value found with an adequate potassium supply (DE WIT et al., 1963). 
In perennial ryegrass a potassium supply reduces the uptake of sodium by competi­

tion during absorption. The accumulation of organic potassium salts does not occur 
in excessive amounts, because the excess formed in the herbage is continuously re­
moved by back-translocation to the roots. Any excess in the roots is presumably released 
to the medium as potassium bicarbonate, formed by decarboxylation of the organic 
potassium salts. This greater internal mobility should be considered as a specific 
property of potassium, to be connected with the specific potassium requirement. 
Other salt cations, even if absorbed in similar quantities, are unable to perform the 
specific functions of potassium, since their rate of internal circulation is insufficient. 
It is known that at higher internal potassium levels a partial substitution of other 

salt cations for potassium does not affect the ionic balance and growth (SAID, 1959) 
as long as potassium remains present in sufficient amounts to perform its specific 
function. For further work it is useful to know the internal concentration below 
which potassium is unable to operate adequately. This can be inferred from data on 
the relation between potassium uptake and growth. An example referring to potassium 
uptake and growth of perennial ryegrass on a potassium deficient soil, is shown in 
fig. 7. The dry weight produced in ten successive cuts is plotted additively against the 
additive amounts of potassium absorbed by the herbage. 

It appears that the low potassium plants produced their dry weight proportionally 
to the amount of potassium absorbed, which in turn, was determined by the release 
of available potassium from the soil. Apparently, the growth was controlled by the 
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Fig. 7. Cumulative potassium uptake versus cumulative dry 
weight production by successive cuts of perennial ryegrass, 
grown on a soil low in potassium, with (+ K) and without 
(— K) potassium fertilizer. The dashed lines indicate constant 
potassium contents at four levels in me. per kg dry matter. 
Data of ARNOLD and CLOSE (1962) 
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