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1. Introduction 

There is no denying that supplying sufficient food for the rapidly growing population 
of the world presents one of the greatest challenges facing mankind at the present 
time. Because there is so little reserve land suitable for cultivation, it is only possible 
to increase food production by increasing crop production per unit area. But, it is not 
only the quantity of food produced that should concern us, its nutritional quality is 
also important. Supplying the world's food is the business of both fanners and research 
scientists in developed and developing countries alike. 

Fertilizers offer the best means of increasing yield and of maintaining soil fertility at 
a level suffiCiently high to ensure that good yields can be obtained consistently, year 
after year. 

To many, whether they be farmers or laymen or even occasionally scientists, 'fertilizer' 
means 'NPK', but nitrogen, phosphorus and potassium are only three of the plant 
nutrients needed. Plants require also large quantities of sulphur, calcium and magne­
sium and small quantities of a number of minor elements, while some plants require 
appreciable amounts of sodium. In recent years the fertilizer industry has sought to 
supply fertilizers more highly concentrated in terms of N, P and K and this has meant 
that some of the other needs of plants may be overlooked. 

The effect of a single nutrient (like K) in a fertilizer may depend upon the way in 
which it is chemically combined in the fertilizer material and this affects both yield and 
crop quality. Because potassium fertilizers are obtained from natural products they 
may contain substances other thanK, Sand Cl and these substances may affect plant 
growth. Thus, choosing the right kind of potash fertilizer can be as important as 
applying the right amount of potash to a crop. This book is concerned with this choice 
and seeks to answer the questions: 

- What, for a particular purpose, is the ' best' form of potash? Here we are concerned 
essentially with the choice between the chloride and the sulphate. 

- How is the value of a potash fertilizer affected by 'accessory' materials e.g. magne­
sium, sodium, sulphur, contained therein? 

The booklet aims to discuss these problems, which are implicit in its title, thoroughly, 
but it makes no claim to being a complete and exhaustive review of all publications 
and experimental results. It brings up to date the information contained in an earlier 
publication [ 139]: 

KAMPFER, M . and ZEHLER, E. : 
The importance of the sulphate fertilizers for raising the yield and improving the 
quality of agricultural, horticultural and sylvicultural crops. 
Potash Review, May/June 1967. Int. Potash Inst., Bern (1967). 
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A more recent publication [ 171] deals especially with results obtained with sulphate 
fertilizers in France : 

LouE, A.: 
Le sulfate de potasse. 
Au Service de !'Agriculture, Dossier K20 , No 11, SCPA Mulhouse (1978). 
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2. Plant physiology and the choice of potash fertilizer 

2.1. The potash fertilizers 

The usual potash fertilizers (Table 1) are of two main types in which the potassium is 
combined with either chloride (muriate of potash) or sulphate (sulphate of potash). 
Other special materials may be available, notably potassium nitrate, much used in 

Table I Average composition of chloride and sulphate of potash fertilizers (m %)* 

% Kainit Potassium chloride Potassium Sulphate of 
sulphate potash magnesia 

40% 50% 60% 

K.o <15 38-42 48-52 57-61 so (47-52) 28 (22-30) 
M gO <15 <3.5 <2.5 <1.5 <2 8-12 
Na.o 24-29 10-18 5-8.5 1-4 
Cl 39-43 41-53 42-50 47-54 0.5-2.5 0.5-6 
s 3-9 <3 <2 <1 18 16-22 

• The table states ranges of contents in materials from different mines. 

intensive horticulture under glass, but we are not here concerned with these. There are 
two types of chloride fertilizers: 

a) Low analysis chloride based fertilizers which are crude or partly processed mineral 
salts. Chemically, they are essentially mixtures of potassium chloride (KCI) and sodium 
chloride, or common salt (NaCl). Some also contain kieserite (magnesium sulphate -
MgS04) which may be part of the raw mineral or may have been mixed in. There is 
some variation in detailed composition of these materials as between different sources 
(mines). In most countries, regulations require the supplier to state the content of the 
essential nutrient either as a guaranteed minimum or as a mean with a laid down range 
of tolerance. 

The sodium content of low grade KCI fertilizers is important not only from the point 
of view of animal health but also because sodium is an essential nutrient for some 
types of plant and increases their yield (Figure 1). Sodium can substitute for potassium 
to a varying degree in plant metabolism (MARSCHNER, p. SO in [351]). According 
to source, these materials may also contain magnesium which will be valued on low 
magnesium soils and which is particularly important for animal health. These materials 
contain traces of other elements but there are no important differences between them 
in this respect. 

b) High analysis chloride fertilizers (muriate of potash). Nowadays these are tolerably 
pure potassium chloride (60% Kp, equivalent to 95% KC!) the main impurity being 
salt (NaCl). Lower analysis materials (40 or SO% K20) materials are available near to 
the potash mines. These contain more salt and some also contain magnesium ( <3.S% 
MgO). 
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Fig. 1 Tentative scheme for classification of crops according to potassium-replacing power 
of sodium and independent sodium effect on yield. (From LEHR ( 1953), cited by MARSCHNER, 

p.Sl in[351]) 

There are also two types of sulphate fertilizer: 

c) Sulphate of potash which, though it occurs naturally in mixture with kieserite, is 
usually manufactured by reacting the chloride with sulphuric acid. Normal sulphate 
of potash (50% K20) contains about 93% K2S04 (range, according to source, 48-52% 
KzO). The purest forms are virtually free of chloride. 

d) Sulphate of potash magnesia. This is essentially a mixture of sulphate of potash and 
kieserite with 28% KzO and 10% MgO. Again, there is variation between materials 
from different sources. This is a useful fertilizer to apply to non-chloride tolerant 
crops when there is also a need for magnesium. 

The needs of the plant, soil conditions and climatic factors will determine which form 
of potash fertilizer is best suited to obtain high yields and good quality in any parti­
cular case. The main features to be considered are : 

a) Content of accessory minerals. The most important of these are sodium and 
magnesium which are found in the crude minerals, in the lower analysis chloride 
fertilizers and in special products such as sulphate of potash magnesia. 
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b) Potassium sulphate and potassium chloride differ in their effects on plants in two 
ways: the anion accompanying the essential cation (K) has effects on the way in which 
cations behave and also directly affects plant metabolism, some plants being sensitive 
to chloride; and the sulphur in potassium sulphate is itself a major plant nutrient, 
bdng a constituent of proteins. Our discussion deals separately with these two aspects. 

Though only 4.5% of all the potash produced in the world is sulphate, it is still an 
important fertilizer. Because of its special properties it can be regarded as a 'quality' 
product and it has consistently commanded a higher price than the more widely 
available chloride. Supplies of sulphate of potash have rem1ined constant in recent 
years, production being 1.1 million tons in 1973 and 1978, though indications for 1979 
and 1980 show that it may now be 1.3 million. Production of sulphate is concentrated 
in a few countries like Belgium, F.R. Germany, Italy, Spain, German D.R. and, on a 
smaller scale, Japan, USSR, Norway, Greece, Portugal and Israel [ 338]. Demand has 
remained steady, mainly from Western Europe, USA and Japan. 

2.2. The effects of tbe accompanying anion 

The potassium in a fertilizer (and here we are concerned not only with sulphate and 
chloride but with a whole range of possible materials) exists as a neutral, acid, or 
alkaline salt in which the cation K+ is combined with an anion: N03-, CI-, HC03-, 

SO/-, CO/-, or with anions containing P (e.g. H 2P04 -, HPO/-, POl-). These salts 
enter the soil solution when the fertilizer is applied and, when the plant takes up a K 
ion, it must also take up an anion in order to maintain electrical neutrality. Anions 
containing S, P or N are largely incorporated in plant m1terial thus losing their ionic 
form but Cl remains in the ionic form. Thus the concentration gradient of Cl in the 
plant is less steep than that of the other anions. As well as affecting the physical and 
chemical properties of the soil (254}, the anions enter into physiological processes 
within the plant and affect the chemistry of plant colloids [199]. The various ions 
behave differently in the soil solution because of their diff~ring valencies and degrees 
of hydration which affect their mobilities or rates of diffusion. The Cl ion has high 
diffusion coefficients of 2.03 and 0.5 cm2/sec in solution and in soil respectively 
(CooKE, p. 381 in (343}). 

The more mobile ions are more readily taken up by the plant and thus depress the 
uptake of less mobile ions and also affect the anion : cation balance. Table 2 shows the 
effect of the anion accompanying potassium in different salts on the uptake of K and 
anions by 25 day old barley seedlings. The Cl ion is more strongly hydrated and more 
mobile than so. and therefore has a greater depressive effect on the uptake of other 
anions and, through the anion: cation balance, stimulates the uptake of cations (K). 
Similarly, the mobility of cations affects anion uptake, thus sulphate uptake increases 
in the following order : 
Ca<Mg<Na<NH4 <K [ 13]. 

Sulphate availability is also, obviously, affected by the solubilities of its various salts 
(Table 3) and this again reacts on cation uptake. The Cl ion increases Ca uptake at the 
expense of K and thereby leads to a narrowing of the K :Cl ratio while the Ca: K 
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Table 2 Ion uptakes from solutions of various potassium salts (HOGLAND) 

Salt Ion uptake in milliequivalents 

Kion 

KN03 ••••••••••• •••• ••••••••••••••••••••••• 1.66 
KCI.... ... . . . . . .. .. .. . .. . . . . . . . . . . .. . .. . .. . .. 1.28 
KHC03 •••••••••••••••••••••••••••••••••• •• • 1.20 
K2S04 ••••••••••••••••••••••••••••••••••••••• 0.74 
KH2P04 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 0.90 

Table 3 Solubility of various sulphates (gin 100 m1 water) 

Sulphate Solubility Temperature °C 

easo. 0.07 100 
CaS0.-2HzO 0.20 20 
MgS0.-7H20 35.60 20 
Nazso. 48.10 40 
(NH.)zso. 75.40 20 
K 2S04 11.15 20 

anion 

3.19 
1.30 
0.84 
0.40 
0.14 

K+: anion-

1 : 1.92 
1 : 1.02 
1: 0.70 
1:0.54 
1 : 1.92 

Fig. 2 Effects on stomatal opening of the anions Cl and S04 in light (open symbols) and 
darkness (closed symbols), when associated with K. (HUMBLE and HsiAO (1969), cited by 
HoFNER, p. 128 in [351]) 
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balance is shifted in favour of Ca. Physiological K deficiency symptoms may be the 
result. In contrast to Cl, S04 , because of its lower speed of migration, reduces K 
uptake. 

At equal K concentration, KC! produces more osmotically active ions than K2S04• 

Because Cl is never de-ionised it always remains osmotically active and thus is respon­
sible for rapid adjustment of the cell plasma. Both Cl and S04 are colloidally active 
ions regulating the water content of the plant but the more strongly hydrated Cl ion 
has a greater swelling effect than S04 and is therefore more effective in reducing 
transpiration and increasing water uptake. HuMBLE and HSIAO (p. 128 in [351]) 
found that KC! as compared with K2S04 markedly increased stomatal opening 
(Figure 2). 

As well as affecting hydration of the cells, these ions modify enzyme activity. Thus, 
S04 favours, while Cl reduces, the activity of anabolic enzymes (carbohydrases) so 
that S04 in comparison with Cl favours the accumulation of highly polymerised 
carbohydrates (starch) and more polymerised N compounds (proteins). 
The results of high Cl concentration in the plarit are: 

- The chlorophyll content is lowered; as a result photosynthetic activity is reduced. 

- The ratio soluble sugars: starch is altered. 

- The proportion of amino acids is increased and that of organic acids reduced. 

- The saturation of oils is lowered. 

- The leaf cuticle is thickened. 

- Growth and flowering are delayed. 

2.3. Salt tolerance and chloride tolerance of plants 

25% of the world's soils are salt affected (halomorphic); clearly, soil salinity can be 
important [312]. Soil salinity will always tend to increase whenever evapotranspira­
tion exceeds rainfall, for, in these conditions, electrolyte is carried upwards in the soil 
solution and accumulates in the upper soil layers. The movement of solutes by mass 
flow of the soil solution towards the roots in answer to the call to satisfy the demands 
of transpiration leads to the accumulation of salts particularly in the rhizosphere 
(that part of the soil in close proximity to the root). The root has to operate against 
the osmotic pressure of the soil solution which is proportional to the salt concentration 
and, if the latter is too high, salt damage will occur and growth will be depressed. The 
salt concentration in the saturation extract is measured as electrical conductivity (EC) 
in mS/cm (or mmho/cm) at 25°C. The suction pressure which the cell plasma can 
exert is determined by the genetics of the plant and varies from species to species, but 
for all plants there is a limit, and hence a limit to which the osmotic pressure (or EC) 
of the soil may rise without causing wilting. Wilting damage generally occurs in salt 
sensitive plants at soil salt contents of >0.2-0.3 (EC -4) [ 155, 156]. Concentrations 
which will limit yield are attained the more easily the lower the available water 
capacity of the soil and the drier the conditions [ ll6]. 
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Table 4 classifies plants for salt tolerance on the basis of the salt content (or EC) of the 
growing medium which causes yield reduction [ 19, 155]. 

Salt tolerance varies greatly between cultivars and with age. Salt tolerance by cereals 
and legumes (e.g. barley, wheat, millet, field beans) increases with increasing age and 
all are more sensitive as seedlings. This is the result of changes in sorption capacity of 
the cytoplasm for ions and changes in the solubility of ions in the cell sap. Salt tolerance 
increases when the sorption capacity of the cytoplasm is increased at the same time 
as the solubility of ions in the cell sap falls. 

The effect of fertilizers on salinity is measured as the salt index (Table 5) which is 
defined as the ratio of the increase in osmotic pressure of the soil solution produced 
by the fertilizer material to that produced by the same weight of NaN03 (= 100). 

Like all fertilizers, potash in whatever form increases the salt content of the soil 
solution. While the conductivity of equimolar solutions of the various salts increases 
in the order KH2P04 <KN03 <KCI<K2S04 the salt tolerance of plants falls in the 
order KH2P04 >K2S04 >KCI>KN03 [278]. K2S04 is the exception to the rule that 
salt sensitivity increases with conductivity. 

Quite apart from the effects of general salt sensitivity, certain plants are particularly 
sensitive to chloride and various reasons have been given for this [87, 187, 239]. 
Cl tolerance is a reflection of the different rates of Cl uptake shown by different plants. 
For the same final Cl content, Cl tolerant (halophytic) plants like sugar beet take 
up Cl more gradually than do Cl sensitive plants like lucerne. Increasing Cl uptake 
increases Ca uptake and halophytes are for the most part calcifuge. The narrowing of 
the K: Ca ratio is important in connection with the incidence of potassium deficiency 
which is enhanced by the physiological interaction of the K and Cl ions. 

There is little relation between the botanical orders and the Cl tolerance of crop plants, 
though most of the chlorophile plants are found in the chenopodiaceae, cruciferae, 
umbelliferae and liliaceae. Most of the tree and berry fruits and citrus, the majority 
of vegetables, several conifers and ornamental plants are more or less chloride sensitive, 
and particularly so in the seedling stage [87, 111, 118,154, 171, 223]. 

Non-woody plants can stand Cl contents as high as 1000 mg/100 g dry matter while 
woody plants show leaf symptoms even at 500 mg/100 g dry matter. Cl sensitive plants 
(woody plants) tolerate only 5-10 me CI- in the soil saturation extract, Cl tolerant 
(non-woody) can cope with up to 30 me [ 19 ] . 

The following maximum tolerable Cl contents in irrigation water have been quoted 
[19, 197]: 

barley 
oats 
wheat 
sugar beet 

12 

2300 mg CI/I 
4000 mg CI/I 
4500 mg CI/I 

15000 mg CI/I 

peas, beans 
tomato 
cabbage 

1500 mg Cl/1 
4000 mg CI/I 
6000 mg CI/I 



Table 4 Salt tolerance of various crop plants: EC value for SO% yield reduction [ 155} 

Salt content (% dry soil) 

EC (mmhos/cm) 

Salt tolerance 

Fodder plants 

Arable crops 

Vegetables 

Fruits 

2 

poor 

0.2 0.3S 

3 4 s 6 7 8 9 10 

moderate 

rye (green fodder) 
wheat (green fodder) 
oats (green fodder) 

lucerne 
fodder beet 

sunflower (seed) rye (grain) 
wheat (grain) 

oat (grain) 
maize (grain) 

radish potato 
beans carrot 

tomato 
cabbage 

11 

good 

clover 

cotton 

celery onion 
green beans 

asparagus 
spinach 

apple 
cherry 
peach 
apricot 
oranges 
lemon 

cucumber 

grapes 

lettuce 

fig 

olive 

12 

0.6S 

13 14 IS 16 

barley (green fodder) 
Cynodon dactylon 
(Bermuda grass) 

Disticluis 
stricta 
(salt grass) 

barley (grain) 
sugar beet 

date palm 



Table 5 Salt index of potash fertilizers [235] 

K fertilizer 

Sulphate of potash magnesia 
K2so. 
KN03 

KCI 

(22o/o K.O) . •••. ••.••..........• 
(52% K 20) ....... . ....... . .... . 
(14% N, 47% K20) .. ..... .. .... . 
(60% K 20) ............ ... ..... . 

per unit of 

1.971 
0.853 
1.2191 

1.936 

(16.5% N) . . . . . . . . . . . . . . . . . . . . . . 6.06()2 

43.2 
46.1 
73.6 

116.3 

100.0 

CoUVENHOVEN and VAN DEN BERG (cit. [260]) list the Cl contents in the soil saturation 
extract from the 5-20 cm layer which will cause yield reductions of 10 and 25% in a 
number of crops (Table 6). 

Table 6 Cl concentrations in the saturation extract causing yield reductions of 10 and 25% 
(rng 0/1) [260] 

Crop 10% reduction 25% reduction 

Spring barley 4200 6070 
Fodder beet 1030 4860 
Sugar beet 2670 4550 
Oats 2960 3950 
Spinach 3300 
Lucerne 1200 3600 
Spring wheat 1940 2430 
Flax 2430 
Red clover 1800 
Potatoes 910 1820 
Onions 1100 1520 
Beans 910 1210 
Poppy 850 1010 
Peas 240 360 
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3. The importance of sulphur for plant growth 

Although it has been known for a long time that sulphur is an essential plant nutrient, 
until recently little attention has been paid to this nutrient because symptoms of S 
deficiency were very seldom seen. However, because many modem high analysis 
fertilizers are free of sulphur and some of the old fashioned plant protection materials 
have been replaced by S free compounds, and also due to the replacement of wood and 
coal as domestic and industrial fuels by oil, accretions of sulphur to the soil are 
decreasing and, in many countries, satisfaction of the plant's need for sulphur is 
becoming a problem. 

Table 7 Sulphur uptake by various crops 

Crop 

Cereals . . .... . . .... . .. . 
Wheat .... . .. .. ... ... .. . 
Oats . . .. .. .. . . . .... . . . . 
Barley .. . . . . . . .... . . . . . 
Maize . . ... .... .. . . . .. . 
Rice .. ...... .... .... .. . 
Millet .. . .. . . . . .. . .... . 
Potatoes ... ...... . . ... . 
Sugar beet .... .. .. .. .. . 
Sugar cane .. ...... .. .. . 
Fodder beet .. ........ .. 
Grasses .. ... . ... . . ..... . 
Clover hay . .... . ...... . 
Lucerne hay .. . .. . . . . .. . 
Oilpalm .. .. ....... .. .. . 
Soyabean ...... ...... .. 
Sunflower .. .. . . .. . ... .. . 
Groundnuts .. . . ..... . . . 
Cotton .. .. ..... . .... .. . 
Flax .................. . 
Cacao .. .. .... .... .. .. . 
Coffee .... .. .... .. .... . 
Tobacco .. . .. . .. . .. ... . 
Tobacco (flue) ... . ..... . 
Tobacco (burley) .... . . . . 
Pineapple .. .. .. .... .. .. 
Banana .......... .... .. 
Oranges . .. . . ..... ..... . 
Cabbage . .. .. .... .. .. .. 
Onions ... .. .. . . ... .. . . 
Tomato .. ... . . ... . ..... . 

1) BROOK, 1979 [33} 

Yield (t/ha) 
I) 

2.5-3 

4.5 

20-23 
30-35 

100 
45 

6-9 
6-9 
8-10 

18 

5 
0.7 

9 
2 
2 

65 
35 

33-35 
33-35 

5.5 
4 
5.5 

12.5 
8 
9 

56 
75 

250 

4 
4 
4.5 
1.7 
1.3 

3.5 
4.5 

60 

67 

2) Potash a. Phosphate lnst., .Atlanta, Leaflet B-279, 1980 

S uptake (kg/ha total plant) 
I) 

10-13 

26 

8-11 
21-31 
22 
45 
9-13 

17-22 
22-26 
20 

10 
13-17 

6 
4 

12 

11 
5 

21-42 
20-24 

22 
21 
22 
37 
14 
43 
25 
so 
96 

28 
18 
24 
34 

7 

21 
so 

31 

46 

IS 



In general it can be said that the plant's sulphur requirement is of the same order as 
that for P and is in the range of 10-80 kg/haS [53]. There is much variation inS 
requirement between crops, many of which e.g. the cruciferae (cabbage, cauliflower, 
kale, turnip, radish) and liliaceae (onions and asparagus) require much S while the 
needs of potato, grasses and many important tropical crops is less (Table 7). 

Very detailed information on the sulphur requirements of and removals by the main 
agricultural crops and vegetables can be found in publications by BROOK [33], 
SAALBACH, ANSTElT and MARTIN·PREVEL (pp. 23, 57, 81 in {336}). 

3.1. The functions of sulphur 

As well as being present in the plant in the shape of S04 ions, sulphur is a constituent 
of many plant substances which confer quality and it takes part in a number of pro­
cesses, notably protein metabolism and enzyme reactions [5, 54, 137, 177, 363]. These 
processes are : 

- Synthesis of the three essential amino acids cystine, cysteine and methionine which 
are the building blocks of plant proteins and which account for nearly 90% of the 
sulphur contained in the plant. 

- Activation of proteolytic enzymes, e.g. papainase. 

- Synthesis of the vitamins biotin, thiamin, vitamin B1, glutathion. 

- Formation of glucosidic lipids, e.g. leek oils in onion and garlic and mustard oils 
in crucifers. 

- Formation of disulphide linkages which confer specific structure on the protoplasm. 
At the same time, a high content of sulphhydril groups increases resistance to cold. 

- Sulphur is concerned in chlorophyll synthesis. 

- Formation of ferredoxin which functions as electron transporter in photosynthesis. 

- Formation of compounds similar to ferredoxin which are involved in the processes 
of N fixation in root nodules and free living bacteria. 

- Activation of ATP enzymes which are concerned inS metabolism in the plant. 

3.2 Sulphur deficiency and its recognition 

Sulphur deficient soils are widespread in certain parts of the world. This is true of 
large parts of Australia, Africa, Asia and South America where, up to now, farming 
has been extensive (Table 8). But sulphur deficiency also occurs in appreciable areas 
of the USA, Canada and Europe and here it is a result of the intensive farming methods 
used [302, 336, 360]. 

In the humid tropics [ 363} , high humidity and high temperature cause rapid break­
down of soil organic matter and leaching is severe so, as a result, the soils as a rule have 
low organic sulphur contents. 70% of all tropical soils are oxisols or ultisols with low 
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Table 8 Countries with sulphur deficiency [ 302 7 

Europe: Asia: Africa: North America: 
Czechoslovakia India Ghana USA 
France Japan Kenya Canada 
Germany Sri Lanka Malawi 
Iceland Nigeria South and Central America 
Ireland Australasia: Senegal Argentine 
Netherlands Australia South Africa Brazil 
Norway Fiji , Solomon Islands Tanzania Chile 
Poland New Guinea Uganda Costa Rica 
Spain New Zealand Upper Volta Honduras 
Sweden Zambia Venezuela 
Yugoslavia Windward Islands 

Table 9 Leaching of Cl and SO,. % of labelled fertilizer (36CJ and 35SO,) remaining in the 
upper 40 cm of three soil types after 3 month periods in winter and summer ( 325; 

Winter (93 days) 
Rainfall mm ..... . ....... . . .. . . 
Cl% . . ... . ..... . ............ . . 
so,% .. . ... .. ..... . . ... ... .. . 

Summer (93 days) 
Rainfall mm ... . .... . ..... .... . 
Cl% .. .... . . .... . . ..... ... . . . . 
SO,% . ........ . . . ..... .. .. . . . 

Humic sand 

206 
0 .0 
0 .1 

157 
15.4 
17.4 

Parabraunerde/lessive 

272 
1.4 
1.6 

267 
11.7 
7.4 

Peat 

222 
0.4 
4 .7 

212 
10.6 
14.5 

pH and their clay minerals have a low exchange capacity for SO~ ions. Liming and the 
application of phosphatic fertilizer also lower the content of mineral sulphur in the 
soil by affecting exchange processes. 

Burning of the natural vegetation in shifting cultivation brings about heavy losses of 
organic matter from the soil and converts organic S to mineral forms which are 
easily leached. Thus the latosols and red-yellow podsols can lose up to 90% of their 
mineral and organic sulphur through leaching. Accordingly, plant available S04 is 
always extremely low in tropical soils and plants suffer from latent or acute S deficiency. 

Both sulphate and chloride are strongly leached in the wet months in the temperate 
climate (GACHON, p . 11 in ( 336 } ) . Experiments in North Germany [ 325] have shown 
that, whatever the soil type, almost all the S04 and Cl applied in fertilizers in the 
autumn is washed out of the surface soil during the winter (Table 9). Chloride is more 
rapidly leached than sulphate. 
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The varying susceptibility to leaching of the anions also affects the ease with which 
K is washed out and this decreases in the following order: 
KCl=KN03 >~S04 >K phosphate. Potassium applied as chloride is sometimes 
better retained by oxi- and latosols of the tropics than when sulphate is used (BOYER, 

p. 96 in [ 353 ]). 

Latent S deficiency in the plant is first shown by reduction in the formation of plant 
material in the above-ground parts. The visual symptoms are similar to those of N 
deficiency: 

- Pale green colour of the leaves including the veins, first seen on the younger leaves. 

- Brittle, woody stem, stunted growth, growth and ripening hindered. 

- Reduced nodulation of legumes. 

- Fruit pale green, and ripening delayed. 

- Reduction in the constituents which confer quality: protein, sugars, S-containing 
lipids; a corresponding increase in the content of soluble organic and inorganic N 
compounds and nitrates. 

To avoid the danger of acute S deficiency it is necessary to recognise latent deficiency 
in good time. Plant analysis can be useful in establishing the sulphur status of plants 
and the following criteria are all relevant: total S and S04~s content and the N: S 
ratio in the plant. Critical values have been established for a range of crops (Table 10). 

On the average, plants contain about 0.25% S in the dry matter. The S content of 
leaves lies between 0.1 and 0.3% (max. 2%) and is generally higher than the S content 
of the roots. The average N:S ratio is 14:1 but varies with species [302, 336]. 

3.3. Sources of sulphur and sulphur usage 

Sulphur occurs in the soil and in the atmosphere. Unlike many microorganisms which 
can metabolize the sulphur in organic compounds, the roots of higher plants can only 
take up sulphur in the ionic form (S04). Plants can take up S02 from the atmosphere 
through their leaves. Some sulphur compounds like free sulphuric acid, sulphites, 
sulphides and carbon bisulphide are toxic to plants. 

The sulphur content of soils varies between 0.02 and 0.2% in the temperate climate 
(TROCME, p. 103 in [ 336]) and between 0.05 and 0.1% in the tropics (DABIN, p. 113 
in [336]), BLAIR et al. [23] (Table 11). Most of the sulphur is contained in organic 
matter but some is adsorbed on clay minerals. That most of the S is contained in 
organic matter is shown by the fact that there is a close correlation between S content, 
organic matter and N contents; only about 10 or 15% occurs as water soluble sulphate. 
The N:S ratio of soil organic matter is usually in the range of 8-12:1. Sulphur is 
mobilised by weathering in which it is oxidised to sulphate. 
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Table /0 Critical sulphur contents, critical N: S ratios and highest S-contents of cereals, root 
and forage crops (SAALBACH, p. 50 in [ 336]) 

Crop 

Wheat 

Critical 
S-content 
(% dry matter) 

grain . . . . . . . . . . . . . . . . . . . . . . . 0.17 
straw ... .. . .... . .. .. . . .. . ... . 0.10 
Oats 
grain . . . . . . . . . . . . . . . . . . . . . . . 0 .20 (?) 

glumes . . . . . . . . . . . . . . . . . . . . . . 0.04 
straw ................ . ....... 0.10 
Barley 
grain . . . . . . . . . . . . . . . . . . . . . . . ? 
straw •........... 0 .. o. .. ..... 0018 
Rye 
grain .................. o .. 0. ? 
straw ...... 0.. . ... ..... . . .. .. ? 
Grain-maize 
grain ........... .. 0000 .... 00 ? 
straw .......... . ..... . 0.. . ... ? 
Potatoes 
tubers .... .. ... . . ..... . 0 . . . . 0.11 
foliage 00 00 00 00 • 00 00 .. .. .. .. • 0. 19 
Sugar beet 
roots .......... 00 00 00 00 00 00 . 0.12 (?) 
leaves .... 00 .. 00 ... 0 00.00 00.. 0.13-0033 
Fodder beet 
roots ... 0 ...... . . 0. . .. ...... Oo10 
leaves ... .. 00 00 0 .. 0 00. 00. 00.. 0.35 (?) 
Green maize 00 . 00 . 00 .. .. oo ... 0.11-0.15 
Lucerne ..... . o .... o . . . . . . . . . 0.22-0.30 
Clover spec .... ... .. o ..... 0.. . 0.14-0.32 
Gramineae .. . .. . . . 0 .. . . .. .. . 

Critical 
N :S ratio 
(dry matter) 

14.8 

9.1 

13.0 

? 

? 

!5.0 

? 
8.1 (?) 

11.0 
11.0-12.0 
15o0 
12.0-14.0 

Highest 
S-contents 
(% dry matter) 

0.24 
Oo20 

0 .34 

0.26 

0.26 
Oo48 

0.15 
Ool5 

0.17 
0.19 

0.30 
0.50 

0.42 
Oo97 

0.13 
0.67 
0.31 
0.47 
0.29 
0.69 

Table /I TotalS values for a range of soils from tropical regions [23_i 

Location 

Malawi 
Nigeria 
W. lndies 
N . Cameroon, Chad, Ivory Coast 
Zambia and Rhodesia 
Brazil 

No. of soils 

14 0 0 0 0 0 0 0 0 0 0 0 0 . . 0 0. 0 . 0 0 0 0 0 

3 
8 

31 

6 0000 0000000000000000000 0 

Total S (ppm) 

Mean Range 

66 
43 

248 
70 

166 

35-139 
38-52 

110-510 
20-300 
60-100 
43-298 
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The plant available S content of the soil thus depends on the turnover of organic 
matter and the activity of the microorganisms concerned in the breakdown of S-con­
taining compounds which convert part of the organic S compounds to sulphate. 
WALKER's investigations in Australia have shown that sulphur is critically important 
for the growth of clover and it is via clover that the organic matter content of these 
soils can be built up. The fixation of atmospheric nitrogen by legumes (up to 670 kgjha) 
requires 67 kg/haS, most of which becomes incorporated in the organic matter. Soils 
with 1% organic matter can liberate sulphur at the rate of 3.6 kg/ha/year [ 302]. 

In humid areas, much S is leached leading to S enrichment of the subsoil. The average 
leaching losses are 14 kg S/ha/year in Europe and North America, 4 kg in South 
America and less than 1 kg in parts of Australia (CooKE, p. 92 in [ 350]). In com­
parison with phosphate, so4 is only weakly held by soil colloids i.e. iron and aluminium 
hydrated oxides and clay minerals (montmorillonite< illite< kaolinite). The soil's 
ability to adsorb so4 increases with increasing acidity but also depends on cation 
composition: Na2S04 < (NH4) 2S04 < K 2S04 < CaS04 [ 254]. 

If the surface soil is high in S04 and reducing conditions are brought about by surface 
flooding (e.g. in rice paddies) or in hydromorphic soils it will be reduced to sulphide 
which is toxic to roots. The microbiological activity of soils is reduced by the appli­
cation of mineral salts and by salt enrichment of the lower horizons of the rooting 
zone under arid conditions. Ammonification is less sensitive to this than is nitrification. 
Chlorides are more damaging to nitrification than are sulphates [ 193}. 

Sulphur contained in the atmosphere, where it occurs as S02, H2S04, sulphates, H2S 
and methyl mercaptan (CH3SH), can supply up to 50% of cropS requirement [302], 
JUNGE, p. 285 in [336], GERVY, p. 56 in [361]. It is estimated that from 200 to 400 
million tons S are discharged to the atmosphere each year (ERJKSSON, RoBJNSON­
RoBBINS cited in [302]) (Table 12). 

70% of the so2 originates from the burning of coal, oil and gas, 16% from motor 
vehicle exhaust, 4% from oil refineries, and up to 10% from smelting. On this account, 
atmospheric S02 concentration is higher in winter than in summer (Figure 3). 

Plants take up S02 directly from the air through their stomata. If the concentration 
is too high photosynthesis is disturbed resulting in chlorosis and necrosis. The severity 
of this effect depends on a number of factors including temperature, light, plant water 
content, humidity, duration and level of so2 pollution, and plant species. Sensitive 
species may suffer damage at atmospheric concentrations of 0.2 ppm S02 but most 
plants will tolerate from 0.5 to 1.0 ppm (Table 13). 

Oxidation of S02 to the easily soluble S03 increases rapidly as atmospheric humidity 
rises. This mostly forms S04-aerosols and only small amounts occur as H2S04 which 
would drastically lower the pH of rainwater. S02 dissolves in the soil water (solubility 
113 g per litre at 20°C) forming dilute sulphuric acid or sulphates and soil acidity due 
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Table 12 Emissions of s to the atmosphere (ROBBINSON-ROBBINS, in r 302]) 

Source Annual emissions of S (t x 106) 
Northern hemisphere Southern hemisphere Total 

so2 sources . .... . . . . . ... 68 5 73 
Biological H2S 
Land .. ...... ........... 49 19 68 
Marine ... ... ... ... ... .. 13 17 30 
Sea spray ...... ......... 19 25 44 

Total 149 (69%) 66 (31%) 215 

Table 13 Sensitivity of plant groups to SO, (ZAHN, p. 267 in (336}) 

Plants Limit of toleration mg S02fm3 air 

Cloverlike fodder plants . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.2-0.25 
Cereals, leaf vegetables, beans, strawberries, roses . . . . 0.25-{).3 
Root crops, oil seeds (rape), cabbage . . . . . . . . . . . . . . . 0.3-{).4 

to this cause can be a problem near to metalworks. If soil pH is lowered below 4 
leaching of Ca is accelerated and pH of the groundwater is affected. 

Figure 4 shows the amounts of sulphate S falling on the soil in winter rainfall. In 
country areas up to 10 kg/ha/year of atmosphericS enters the soil and in urban and 
industrial areas the amount may be two or three times as high. The average supply of 
Sin rain in Western Europe is about 13-14 kg/ha but in parts of Scandinavia precipi­
tation supplies only 3 kg. It is considered that, where rain supplies 10-12 kg S/hafyear, 
deficiencies in crops are unlikely (CooKE, p. 92 in [350] , GERVY, p. 56 in [361]) . 

Wherever the supply of sulphur from natural sources in insufficient it is necessary to 
use S-containing fertilizers as a matter of course (potash and magnesium fertilizers, 
single superphosphate, ammonium sulphate). Organic farm manures contain very 
variable amounts of Sand its availability varies greatly (DECAU, p. 315 in (336]). 
Crude elementary sulphur (50-99% S) can be used for the correction of acute S 
deficiency. Gypsum (CaSO~ · 2 HzO) is used in the reclamation of saline and alkaline 
soils and this contains 15-18% S. MALAVOLTA and NEPTUNE, p. 229 in [ 342], sum­
marising the literature, say that in South America application of S increased the yield 
in 10% of all field experiments with maize, beans, soya, groundnut, cotton and coffee. 
The place of S fertilizers in the intensive agriculture of Western Europe was discussed in 
symposia in Brussels and Paris in 1973 and 1974 [360, 361]. 
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Fig. 3 Average concentration ofS02-S in air for winter over Europe. (JUNGE, p. 238 in [336]) 

22 



Fig. 4 Average concentration of total SO,-S in precipitation for winter over Europe. (JUNG£. 

p. 243 in [336 } ) 
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Figure 5 shows world production and consumption of sulphur; it is estimated that in 
1980 the Western World will apply 20.5 million tons Sin fertilizers. 

The present usage of sulphate of potash fertilizers is about 2.5 million tons per annum 
(excluding the Eastern Bloc). While in Europe the future demand-supply situation 
appears to be finely balanced, demand in the Mediterranean area and in the Third 
World is expected to grow rapidly. Between 1976 and 1977 consumption ofSfertilizers 
increased by 34% in Africa, 13% in Asia ,11% in Oceania, 9% in North America and 
7% in South America. 

According to NICOLAS (p. 7 in [362]) supplies in the 1980s will be influenced by the 
following: 

- Slackening of the rate of growth of S consumption in industrialised areas (Europe, 
North America, Japan). 

- Rapid growth of consumption in areas with phosphate rock deposits (i.e. Africa) 
where fertilizer manufacture is being started. 

- Rapid growth of consumption in the oil and sulphur producing areas (Middle East) 
including fertilizer production. 

- Increased demand for sulphur in areas (e.g. India and Brazil) where it is economi­
cally essential to establish fertilizer industries. 

DuMONT (p. 73 in [ 362 ]) thinks world demand for sulphate of potash will increase and 
draws attention to commercial and techrwlogicalfactors which may influence develop­
ments : 

- Cost. K2S04 may, according to circumstances, offer the cheapest source of S when 
it is required as a nutrient. 

- Commercial. There may be a competitive advantage to a fertilizer manufacturer 
who can include sulphate based fertilizer in his product range and this can increase 
profitability. 

- Technological. In the sense that both anion and cation are plant nutrients, potassium 
sulphate is a highly concentrated fertilizer. 
There is a risk of explosion in the presence of Cl in some manufacturing processes 
and this is avoided by using K~04• In certain processes the S04 is made to react 
with Ca in rock phosphate. 

- Bulk blending. Until recently little sulphate of potash has been available in granular 
form, and bulk blenders have had to make do with muriate. As granular K2S04 

becomes more plentiful, the demand for bulk blending will increase. 

The agricultural advantages of sulphate of potash can be summarised : 

- It supplies the crop with both potassium and sulphur. 

- It has the lowest salt index among the conventional potash fertilizers. 
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Fig. 5 Production and consumption of sulphur in the Western World. (NICOLAS, p. 17 in 
{362)) 
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- Being a free, it is to be preferred for Cl sensitive crops, es~ially high value crops 
like tobacco, fruit, vines. 

- It has advantages when potash must be applied late, just before sowing. 

- Quite apart from the results of research, the practical experience of farmers and 
growers has convinced them that sulphate of potash is good for crop quality 
(colour, taste, ability to tolerate storage and transport, resistance to unfavourable 
weather, disease and parasites). For high value crops and, particularly, where a 
premium is paid for quality, securing optimum quality may be more important than 
obtaining maximum yield per hectare and for these, though the sulphate is more 
expensive than the chloride, its use is amply justified. 
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4. The effects of sulphate of potash fertilizers on crop 
yield and quality 

The preceding chapters have made clear that plants require a continuing and sufficient 
supply of sulphur. The fact that the use of modem highly concentrated fertilizers may 
lead to unbalanced plant nutrition suggests that sulphate based potassium fertilizer, 
which has up to now been used only for certain special crops, may have a wider 
application. Experiments to measure the effects of fertilizer have usually been con­
cerned solely or chiefly with effects on crop yield, and in this respect there often has 
been, under normal conditions, little or no difference between the two fonns of potash. 
However, as increasing attention is paid to the quality of crop produce to meet the 
needs of an increasingly discriminating market, the differential effects of KCI and 
K2S04 on quality become much more important, and particular attention is given to 
this aspect in the following sections which deal with the effects of these fertilizers on 
individual crops. 

4.1. Cereals 

According to BERNSTEIN [ 19} all cereals, including maize, can be regarded as fairly 
salt and chloride tolerant and this is confirmed by the fact that they are widely grown 
under arid, saline conditions. Even so yield reductions may be caused by the adverse 
osmotic effects of chloride-containing fertilizers in the soil solution reducing germi­
nation and establishment, especially when fertilizer is applied at the same time as 
sowing [ 48}. Young maize plants, are somewhat chloride sensitive and since this crop 
has a high K need, it requires heavy fertilizer dressings. Unfavourable side effects, 
especially when fertilizer is placed, can be avoided by using sulphate of potash [ 331]. 

In other respects, maize should be relatively Cl tolerant since when Cl is the accom­
panying anion it is taken up in equivalent quantity to K, while when K2S04 is used 
more cations than anions are taken up and the anion excess must be compensated by 
the formation of organic acids [ 144, 227} . 

Recent investigations of the physiological behaviour of cereals in response to a and 
S04 show up the reasons why, in fertilizer form experiments, the best yields have 
sometimes been obtained with a mixture of KC! and K2S04 • The intensity of Ca flux 
and transport in young cereal roots depends upon the salinity and anion composition 
of the soil solution: SO 4 favours Ca accumulation while Cl increases translocation of 
Cain the root [272). Photosynthesis in young maize plants also seems to be improved 
by Cl through increase in the chlorophyll content [ 118]. 

The form of potash has more effect on the grain than on the straw yield and the 
choice of K fqrm (Cl or S04) may be dictated by effects on the chemical composition 
- amino acids, proteins, enzymes - of the grain which affect quality. For wheat, 
baking quality, for food grains, biological value and for matting barley, matting 
properties are particularly important [7, 45, 121, 131, 347, 354]. 
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These quality criteria are all improved by adequate sulphate supply, though it is not 
definitely established that enzymes in malting barley are adversely affected by Cl [ 3111. 
In feeding barley the contents of all the essential and inessential amino acids except 
serine, glycine, alanine and cysteine are lowered by KCI. These adverse effects, which 
do not occur with K2S04, can be partly counteracted by increasing the rate of N 
fertilizer [1311. 

The question as to which form of potash is to be preferred for grain yield cannot be 
answered unequivocally. As a rule the chloride fertilizers are used. On the other hand 
there have been many pot and field experiments [15, 45, 60, 171, 363] on different 
soils which have shown yield increases from application of S or of sulphate-containing 
fertilizer. Positive residual effects from application of sulphate to the crop preceding 
the cereal, particularly when the former was a legume, have also been recorded and 
have occured as often as increases due to direct effects of the application of N and S 
designed to achieve . the desired N: S ratio for protein synthesis. 

Though cereals have a relatively small sulphur requirement, S deficiency, and thus 
response to sulphate fertilizer, may occur in cereals, particularly in maize, anywhere 
in the world. In 10% of all fertilizer experiments in South America maize yield 
increased due to S fertilization (MALAVOLTA and NEPTUN, p. 299 in [3421). The S 
content of grain and straw of cereals varies between 0.1 and 0.3% S in dry matter 
(SAALBACH, p. 23 in [ 3361). With a grain yield of 3 tjha, some 13 kg S/ha is removed 
by the crop rising up to 43 kg with increasing yields ( [ 33}. Potash f Phosphate Institute 
of North America). 

Old experiments in Germany [ 1201 showed that maize, spring wheat and oats espe­
cially preferred low Cl fertilizer, but, in long term experiments in Miinchen-Weihen­
stephan [8] continued for 60 years, there was no great advantage from any particular 
form of potash fertilizer so far as yield was concerned, though K uptake was higher 
with the Cl treatments than with S04 • The same was found in a 12 year experiment 
at the University of Bonn comparing potash forms on a rotation of oats, wheat and 
barley [146], as in the well known rotation experiment including rye which has been 
running at Bonn-Poppelsdorf since 1906 [ll31, namely that there is no difference as 
regards yield between the potash forms. However, kainite produced the best 1000 
grain weight and the lowest straw yield. Other authors [7, 8, 1211 have also noted 
that Cl-containing fertilizers increase the 1000 grain weight. Long term experiments 
by BRUCHHOLZ [34, 35, 371; p. 111 in [342] in the German D.R. with a rotation of 
oats, winter rye, winter wheat and silage maize showed either no difference between 
the K forms or a slight advantage in favour of KCI for cereals. However, similar 
experiments in the CSSR [36, 308] showed on the average of five years better yields 
of winter wheat from the sulphate, while the chloride gave significantly higher yields 
of spring barley and grain maize; for the latter crop, only when kainite was used. 

Experiments with wheat (Triticum aestivum) have for the most part shown no definite 
difference in yield from the different forms of potash [120, 171, 262]. According to 
Russian investigations [316} the following yield increases were obtained with broad­
cast fertilizer: K2S04 + 7.9%, KCI+ 12.0%, KCI + K2S04 + 13.1 %. When fertilizer 
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was apR)ied in the row potash-magnesia (whether or not combined with KCI) gave 
the best result. K2S04 increased the protein content from 13.6 to 17.5%. Lou£ [ 171] 
reports that at two localities in France (Ain and Charente Maritime) K2S04 gave 
significantly higher yield increases in wheat than the other forms of potash, while in 
long-term experiments with grain maize ( Zea mays) KCI gave the best results on 
strongly K fixing soils. and K2S04 the best results on low S soils. 

ARNON ( 10} and others ( 210) observed that, over several years in the American corn 
belt, both forms of potash were of equal value. Hungarian workers ( 162] have obtained 
higher grain and straw yields with K1S04• KIEPE [ 147] concluded from 35 years work 
that grain maize gave the best results with so4, while silage and fodder maize tolerated 
Cl. On the average of eight years. grain production per kg KzO applied was 4.3 kg/ha 
from KCI and 5.3 kg/ha from K2S04• ScHMALFUSS [ 257] found K 2S04 better also for 
forage maize. 

KROGER (p. 149 in [ 355] ) , discussing the effect of K in inducing resistance of maize to 
fungal diseases, especially stalk rot and root necrosis, says that, at least in some cases, 
the effect of K fertilizer on stalk rot was partly due to the effect of chloride and not 
solely to potassium [ 331). Yellow rust in several winter wheat varieties was reduced 
by NaCI or KCI applied at up to 2260 kg/ha without any decrease in yield from the 
high rate of Cl [ 246 J. 

The other grain crop of equal importance with wheat and maize for man's food supply 
is rice (Oryza sativa) and rice cultivation has been much developed and intensified 
in recent years. High yields with the new varieties remove 2.0-2.5 times more nitrogen 
and phosphorus and 4.0-4.5 times more potassium as compared to improved tradi­
tional varieties (von UEXKULL, p. 391 in [341 ]) (=400 kg K/ha in wet and dry 
season). Nutrient availability, including that of sulphur, requires special attention in 
flooded soils. Special problems which may occur are : 

- Lack of sulphur either in the soil or due to S contents in the irrigation water below 
6.5 ppm S. 

- Reduction of S04 to toxic sulphide or to S02 which is not plant available under wet 
anaerobic conditions and causing toxic levels of Fe and Al. 

- Leaching of S04 • In one way or another, S is becoming a limiting factor in rice soils 
especially in Brazil , India, Pakistan, Indonesia and the Philippines [ 23, 60, 129, 
323]. 

Sulphur removal by crops of 4-9 t grain/ha range from 17-40 kg S/ha, and S contents 
below 0.13% in grain signify insufficient S supply to the plant [ 23]. 

While up to now the potash fertilizer used in rice growing has been almost entirely 
KC! [93), there is a case for considering the use of K2S04 to supply rapidly available 
S where it is required [ 129} . Because of the redox processes affecting S in paddy soils, 
it is extremely difficult to separate out the straight forward effects of the anions Cl and 
so4 on the physiological processes which influence grain yield and quality [15] . 
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In greenhouse studies with different salt concentrations, yield and N and P contents 
tended to be enhanced by low salt concentration but to be depressed at higher con­
centration. The chloride salts were most detrimental to yield and N and P contents, 
while the sulphate salts were beneficial when the electrolyte concentration and p'jn the 
soil were not high [160]. 

On K deficient soils of Java with iron toxicity, ~S04 yielded higher than KC! because 
the iron content in the plant was decreased more by the sulphate form (Table 14). On 
a calcareous soil of a long term fertilizer experiment of the IRRI/Philippines (TANAKA, 
p.164 in [353]) grain yields of high-yielding rice varieties were higher on the KC! 
than on the K2S04 plots. 

Table 14 Effect of potassium application on grain yield and mineral content of rice at Cihea, 
Java (lSMVNADn, IIAKIM, ZULKARNAINI and YAZAWA [1973) p. 163 in {353}) 

Treatment Yield (kg/ha) 

No potassium 2958 
KC! (60 kg K/ha) 5594 
K2S04 (60 kg K/ha) 5932 

K(%) 

0.35 
1.00 
1.00 

Fe (ppm) 

214 
167 
139 

In general in both temperate and tropical climates, the choice of form of potash is not 
of great importance for cereals; maintaining an adequate potash supply is the prime 
consideration. 

4.2. Root and tuber crops, sugarcaoe 

Potatoes (Solanum tuberosum) 
Apart from tobacco there is scarcely a crop which has so often served as a test plant 
for comparing potash forms as the potato. While it has a relatively short growing 
season it has a high K demand [345]. Numerous experiments in Germany, Switzer­
land, France, Russia, England, the USA, etc. have led to the conclusion that the 
sulphur component of fertilizer can be responsible for appreciable increases in yield 
[ 15, 20, 91]. The tubers and stems have relatively highS contents, up to 0.3 and 0.5% 
in the dry matter respectively, indicating the high sulphur requirement of the crop 
(SAALBACH, p. 37 in {336}) . 

Apart from a mass of old evidence, a great deal of more recent experimental work in 
favour of KC! - in the UK, the CSSR and GDR for instance- which has gone into 
the influence of various external factors on tuber formation has reopened the discussion 
on the superiority of K2S04 over KC! [34-37, 62, 89, 287]. 

Soil fertility and yield potential of the soil 
VANKA (cited [ 139]) says that the relative efficiency of different K fertilizers is affected 
by the nutrient status of the soil in other nutrients. Sulphate has the advantage on low 
P soils since it improves P availability (BERGER et al., cited [ 171]). When the P supply 
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is high, Cl reduces P uptake. HART and SMITH [ 112] found no effects on P uptake 
while Russian workers [97] found lower P levels in the plant after applying Cl fertilizers. 
In any case, sulphate is to be preferred when the soil is low in organic matter and K 
[ 168] . 

Experience in Brazil is that K manuring of potatoes does not always produce an 
increase in yield [ 31 ]. The results of 7 experiments on different sites in Sao Paulo State 
to compare the forms of potash are quoted in Table 15. On the average of all experi­
ments there was only a slight advantage in favour of sulphate, but on the less fertile 
(more responsive) sites the advantage was considerable. This indicates that experiments 
on non-K responsive sites can lead to false conclusions. HAHLtN and JOHANSSON [ 108] 
also found that relative response depended on soil fertility and the level of fertilizer 
application, KCI giving higher yields at low rates while K 2S04 was superior at high 
rates of K application. 

Table I 5 Effect of form of potash on potato tuber yield in relation to soil fenility [ 31 j 

K form 1 experiments 
average 
Yield Increase 
t/ha % 

Ko .... ..... 9.14 
KCI. ...... . . 9.82 + 7 
K2S04 • •• •• • • 10.05 +10 

Soil type, texture and reaction 

3 experiments 
un-responsive sites 
Yield Increase 
t/ha % 

12.44 
12.66 
12.48 

+2 

4 experiments 
responsive sites 
Yield Increase 
t/ha % 

6.66 
7.69 
8.23 

+15 
+24 

Fundamentally, the potato is chlorophobe ; however the negative effect of Cl is more 
evident on light soils than it is on heavier better buffered soils. This was shown in 
experiments lasting 17 years on light loam [ 147] and 9 years on sand low in organic 
matter in Germany (0PtTZ, cited ( 139]). Long-term experiments on sand and marsh 
soils in the Netherlands ( 56} led to the same conclusion (Table 16). The combined 
result was a reduction of up to 30% in starch yield on sand in comparison with clay. 
TEMME (cited [ 171 J) found no difference on soil with 25% clay but a distinct advantage 
for sulphate at 17% clay. BARANOv er al. (cited ( 139]) reported no difference between 

Table /6 Reduction of tuber yield and underwater weight on sandy and clay soils by KCI 
fenilization { 56j 

KCI (60%) kg/ha Tuber yield ( t/ha) 

Sand 

260 ... . .... ... .... .... 1.0 
520 ..... . .. . .......... 1.6 
780 . .. . . . . .. ... . .. . . . . 2.1 

Clay 

0.4 
0.8 
1.1 

Underwater weight (g) 

Sand 

24 
31 
37 

Clay 

13 
21 
27 
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sulphate and chloride on chernozem in contrast to their behaviour on podsols. 
According to LIN [ 168] in Taiwan there was no difference in total yield and tuber 
size on loamy soils but KCl gave a higher proportion of small unmarketable tubers 
especially at high planting density. 

According to NEMEc (cited [139]) soil pH has a marked effect and the danger of a 
reduction in starch content by Cl is much greater on strongly acid soils (pH 4.5-5.5) 
than on slightly acid or neutral soil (pH 5.5-7.1). On slightly acid Indian soils [267] 
there was a yield advantage in favour of sulphate which was not evident on alkaline 
soils. 

Especially on chalky soils, sulphatic fertilizers reduce the incidence of cracking. This 
was established in 1952 by ALTEN (cited [139}) and has been confirmed in more 
recent work by HUNNIUS [ 126] with sulphate of potash magnesia and kieserite. 

The effect of climate 
ScHARRER and ScHROPP (cited {139]) found that the positive effect ofK2S04 on dry 
matter production and starch content depended on the light intensity. Unshaded 
plants gave higher yields with sulphate, but at low lighting, KCl had the advantage. 
Tests of the Cl sensitivity of 24 varieties showed that this depended upon the rainfall 
pattern and through-wetting of the soil [ 334]. 

The effect of variety 
Starch production varies greatly between varieties, and the different varieties react 
differently to the form of potash. This explains some of the inconsistencies which have 
been found in experiments comparing the potash forms. Fertilizer application should 
be adjusted to suit the physiological needs in order to realise fully the variety's 
potential for starch formation. 

Time and method of fertilizer application 
The effect of potash fertilizer on potatoes differs according as to whether it is applied 
in spring or in autumn-winter. The crop is especially sensitive to Cl in the early stages 
of development [130]. 

It was found in Switzerland [91] that, if fertilizer is applied in autumn, there is little 
difference between the forms as regards tuber yield and starch content while, when 
applied in spring, even a low percentage of Cl in the fertilizer has adverse effects so 
that 60% KCl gives appreciably lower tuber and starch yield. Experiments over 
12 years in the Netherlands with industrial varieties on sandy soils (Veenkultur) showed 
that only when applied in autumn did 40% KCl give comparable tuber yields and 
'factory weight' (yield adjusted for starch content) with those obtained from sulphate 
of potash magnesia applied in spring (BRUGGMANN, cited { 139)) . PRUMMEL { 233) 
also compared K2S04 and KC! on sandy soils and his results are given in Figure 6. 
There were no yield differences between S04 and Cl applied in autumn or spring with 
'Kennebee' potatoes in Canada [ 243]. 
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Fig. 6 Tuber yield and underwater weight after autumn and spring application of K2S04 or 
KCI (40%) [233} 
• K2S04 - spring application X KCI - autumn application 
+ - autumn application - spring application 

33 



When fertilizer is applied in autumn, Cl is largely washed out by the winter rain [56 1. 
However, MOLLER. [2041 came to the conclusion that, when fertilizer is applied 
shortly before planting, the sulphate form should always be used. 

If it is neCessary to apply K by spraying for the emergency treatment of K deficiency, 
leaf scorch is more likely to be caused by Cl than by 804• PRuMMEL (cited [ 1391) 
and LAUGHLIN [1641 have used succesfully K2S04 sprays at up to 10%, while KCl 
solutions above 4% caused leaf damage. 

Yield components of table and industrial potatoes 
Tuber size and number determine tuber yield while dry matter content, specific 
gravity and starch content determine quality; all are affected by the form of K fertilizer. 
The favourable effects of K on carbohydrate translocation and on the enzyme systems 
(starch synthetases), with consequent effects on yield and quality, are to some extent 
offset by the unfavourable effects of rising K content in the plant which reduces 
starch content [ 37, 1841. In this connection there is no doubt that the form of potash 
fertilizer is most important, since, especially at high rates of application, Cl promotes 
the translocation of K into the tubers which lowers the starch content [ 146, 2281. 

Practical experience and experimental work in all parts of the world where potatoes 
are grown are in agreement that for intensive potato growing the sulphate form, and 
especially sulphate of potash magnesia, is much to be preferred [139, 1711. Selected 
representative data from various countries are summarised in Table 17 detailing effects 
on tuber yield, starch content and starch yield (cited [102, 221) . 

Table 17 Effect of form of potash on tuber and starch yield of potatoes {22, 102] 

Country Kform Tuber yield Starch content Starch yield 
t/ha % t/ha 

USA Ka 24.2 13.3 3.22 
KzS04 24.4 14.6 3.56 
~KO+~ KzS04 24.8 13.8 3.42 

Japan Ko 18.6 15.7 2.92 
Ka 24.8 15.7 3.89 
KzS04 26.3 16.3 4.29 

Germany Ko 20.9 17.6 3.68 
Ka 21.9 17.3 3.79 
KzS04 23.5 18.0 4.24 
SPM* 24.1 18.0 4.33 

Switzerland Ka 30.5 15.0 4.57 
K2S04 30.8 15.7 4.84 
SPM* 32.3 16.0 5.17 

• SPM =Sulphate of potash magnesia 

Contrary to the above, several recently published results [ 146, 243, 287} have reported 
yields as high or even slightly higher from KCl than from K2S04• The same applied 
to chip quality [228} as demonstrated in Table 18. 
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Table 18 Starch and sugar contents, discolouration of tubers and colour of chips in 1971, 
1973 and 1977 [228} 

NPK Treatment Starch Reducing Total sugar Discolouration Chip 
sugars colour 

% % % % Index• 

1:0.8:0 Without K 19.1 0.33 0.33 67 4.8 
I :0.8:1 Kainit 18.9 0.14 0.50 18 7.3 
I :0.8: I SPM• 21.4 0.21 0.58 20 6.3 
I :0.8: I KCI (SO%) 20.6 0.19 0.52 22 7.3 
1:0.8: I K,so. 20.9 0.21 0.55 32 6.7 
I :0.8:1.8 Kainit 18.3 0.07 0.45 I 8.S 
I :0.8:1.8 SPM' 19.9 0.08 0.47 s 8.3 
1:0.8:1.8 KCI (SO%) 18.8 0.11 0.42 1 8.0 
I :0.8: 1.8 K,:SO. 20.S 0.12 O.Sl 7 7.2 

P=O.S 1.3S 0.06S 0.14 0.7S 

1 SPM =Sulphate of potash magnesia 
• Index 1-10 (increasing quality) 

The farmer will eventually make his decision as to which form of potash to use on 
economic grounds, balancing questions of tuber yield and starch content against the 
price advantage for the cheaper chloride and whether to apply in autumn or in spring. 
In the German D.R., where potash is virtually only obtainable as chloride there has 
been no lack of experiments in the past 20 years with the objective of supporting the 
use of KCI in potato growing [ 34-37}. Field experiments over 7 years in the German 
D.R. and CSSR showed yield increases over control (no K) of 9-14% for Mg-KCI 
(40% KCI + MgS04), 4.5-10 for KCI (60%) and 2-8% for K 2S04 (50%) [ 35], 
BRUCHHOLZ, p. Ill in { 342}). 

Though experiments repeated in the following years [ 36, 37, 308] showed yield 
advantages in favour of S04, BRUCHHOLZ (p. 115 in ( 342}) concludes: 

Chloride and non-chloride fertilizers have the same effect in terms of yield, within the margin 
of error. KCI is economically clearly superior to K:SO •. 

The following, written by ZIEGLER [ 333] shows that in making the choice of form of 
potash a number of factors touching plant nutrition and practical farming conditions 
should be taken into account: 

Sulphate of potash is the superior form of fertilizer for potatoes as shown by experiments 
carried out many years ago and supported by more recent results. The older work stressed 
particularly the effects on starch production. Potassium chloride is the most widely used and 
the cheapest K fertilizer and can be used for potatoes without harmful effects provided it is 
applied several weeks or months before planting as was advised in the older literature. This 
practice permits maintenance dressings of potash to be applied to suit convenience and the 
availability of labour. 
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Where in long term experiments there is little difference between the K forms as 
regards tuber yield, Starch content is always higher from S04 [8, 89, 150, 228]. 
MULLER [202] found that there was no influence on starch content from 5~50 KCI­
K2S04 (compared with K2S04) but that further increasing the proportion of KC! 
reduced it (see also Tables 17 and 18). 

Russian workers [2, 6, 42, 84, 231, 270] found starch content to be increased only by 
sulphatic K fertilizer while it was decreased by chloride. Petiole Cl content was 
inversely correlated with starch content [ 132]. 

Particularly large yield differences were found in a long term K form experiment on a 
meadow podsol soil at the Zhitomir Agricultural College in the Ukraine [ 335] with 
tuber yields increased by 2.5 times and l.l-2.0% higher starch content with higher 
protein contents on the K2S04 treatment. Taste and cooking properties were also 
improved. 
The characteristics of the starch are also affected, K2S04 resulting in coarser grains. 
Applying KCl late, i.e. shortly before planting, can cause the formation of a high 
proportion of small starch granules, similar to those found under K deficiency [95}. 
For the manufacture of potato flour, the viscosity is an important quality criterion. 
DE WJLLINGEN (cited [ 139]) reported that 40% potash gave a lower viscosity rating 
than K2So •. 

Starch content and starch yield are decisive for industrial and stock feed potatoes. 
Specific gravity and dry matter content are also important for table potatoes. High 
specific gravity indicates high dry matter content. A dense mealy potato is better suited 
for boiling with less loss in cooking. Chips and crisps manufactured from high specific 
gravity potatoes take up less oil, the product is more digestible and of higher value. 
There is no lack of experimental evidence to show that these quality criteria are 
favoured by sulphatic K fertilizer in comparison with the chloride [ 102, 117, 139, 164, 
171]; HESEN, p. 173, and PATZOLD, HEJLJNGER, p. 157 in [345]. 
In Canada, where for the most part there has been no difference in tuber yield, K2S04 
produces tubers with a higher specific gravity than KCI [236, 242, 243]. Long term 
American [58, 194, 195, 206}, Scandinavian [108, 123], French [171 ] and Indian 
[267] experiments have all demonstrated that, even where there is no difference in 
tuber yield, K2S04 always gives a higher specific gravity (or KCI a lower). Since high 
rates of potash cause a reduction in specific gravity it is advisable to use sulphate 
where generous K applications are called for in order to achieve a compromise between 
high yield and good quality. 

Several years of experiment in the lower Rhine area at 10 sites on sandy loam showed 
that, at the same tuber yield, the dry matter content was reduced by 0.5%, correspon­
ding to 0.82 t dry matter per hectare while the starch content fell by 0.3% (0.47 t 
starch/ha) [243]. 

The increase in water content of the tuber by KCI is also important [ 43, 123] because, 
as well as resulting in a lower starch and dry matter content, the loss of weight in 
storage is increased. LIN [ 168} and HARWARD et al. (cited [ 139] ) reported more tuber 
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rot in store in Cl treated potatoes. FtsCHNICH, HEtLINGER and PA.TZOLD (cited [ 139}) 
did storage tests and found that K2S04 reduced losses of starch and Mg and reduced 
the increase in sugar content. 

The opposite influences of Cl and S04 on yield, starch content, dry matter yield and 
specific gravity of tubers have physiological causes partly through effects on the water 
economy and partly through effects on assimilation and enzyme activity [ 163]. 
According to LEMPJTSKAYA [ 166] K2S04 increases the rate of respiration during 
flowering and this is a measure of photosynthesis. All the 24 varieties tested by 
ZtEGLER { 334] were Cl sensitive, and Cl reduced synthetic activity by up to 20% in 
comparison with K 2S04• Cl favoured the formation of insoluble starch in the leaf and 
reduced the translocation of soluble sugars from leaf to tuber. 

When Cl alters the partition of assimilates between shoot and tuber, this causes 
reduced dry matter and starch contents in the storage organs, while the assimilates 
which cannot be transported to the storage organs increase shoot growth at the 
expense of tuber formation as pointed out by HAEDER [ 107] in Table 19. 

Table 19 Tuber: shoot ratio, tuber yield, starch and dry matter (d.m.) contents { 107} 

Kform Cl CI/S04 so. 
6 weeks after flowering 

tuber : shoot ratio . ... . .. . ........ . .. .. .... .. .... .. . . . 3.2 3.6 4.3 
tuber yield (g d.m./plant) . .. .. .... ..... . ....... .... . . . 131 143 153 
d.m. (% fresh weight) 
leaflets .. ... ... ..... ..... ... .... ... .. ... ....... ... .. 12.3 12.5 15.6 
stem ... ..... . ...... . .. . . . . . . . ... .. . . ... . . .... . . . . .. 10.6 10.1 12.8 
tuber ········ ······ ······ ···· ·· ·········· ····· ·· ··· 18.2 18.9 20.1 

At maturity 
tuber yield (g d.m./plant) ..... .. ... ..... . . . ... . . ... .. . 153 158 194 
starch content of tuber (% fresh weight) .. . ..... . . . . . . .. 12.4 12.6 13.3 
d.m. content of tuber (% fresh weight) .... ..... ...... .. 18.7 19.1 20.1 

Possibly, the reduced transport of assimilates is connected with the formation of 
organic acids. Sulphate generally favours their synthesis. For example, the content of 
ascorbic acid is increased by K2S04 while it is reduced by Cl [ 107,231, 258}. The same 
applies to carotene content [ 335]. 

The unfavourable effect of Cl on total protein content is known from Russian work 
{97, 335}. MuRAKA et al. [205] noted that Cl reduced N03 nitrogen content and 
accumulation of N but did not affect the total protein N in the plants. 

According to HESEN (p. 173 in {345}) and POLETSCHNY-KICK {228} sulphatic K 
fertilizer lowers the sugar content less than does chloride. STRICKER { 287} found no 
significant differences between sulphate and chloride, the sugar content being influ-
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enced mainly by storage temperature. Various workers [ 123, 139, 206, 228] obtained 
more lightly coloured crisps from Cl treated potatoes (see Table 18). This favourable 
effect of Cl is accompanied however by reduced yields and dry matter contents so that 
many workers suggest using a 5~50 mixture of K2SO• and KCI. Again, it must be 
born in mind that increased Cl contents in the tuber, accompanied by higher K 
contents, reduce susceptibility to blackening. This does not normally occur at KP 
contents above 2.5% [22, 127, 203]. 

Crisp manufacturers advocate the use of sulphate to produce higher dry matter 
contents, and crisps which keep better. 

The consistency, taste and colour of cooked potatoes in Canada appears not to be 
affected by form ofK [243] . In Sweden [ 108] KCI is said to have a bad effect on the 
taste. 

Zux: and GUPALO [335] ascribe the better taste and aroma ofS04 treated potatoes to 
their lower total sugar and free amino acid contents. These form unpleasant tasting 
volatile compounds in cooking. BRUCHHOLZ in the German D.R. [37] found no 
significant differences in firmness, mealiness or after-cooking taste in K form experi­
ments over 7 years. 

The accompanying anion has effects on tuber size and disease resistance and this is 
important in early potatoes and for the seed crop. K2S04 encourages the formation of 
small and medium size tubers, thus giving a better seed sample while KCI promotes 
formation oflarge tubers more suitable for table use [62, 90, 117, 171]. HoLMES et al. 
[124] compared the optimum rates of K fertilizer and the cash returns obtainable 
from the two forms of potash, assuming differences in the price obtainable for tubt:rs 
of varying size (Figure 7). 

In USA experiments there was no difference in total percentage of No I tubers between 
the two forms [ 195]. According to BURGHARDT [ 43] Cl causes a higher water content 
and dispersion of colloids in the plant tissues which as a result are more susceptible 
to infection by virus and its spread within the plant. VOGT and VoLK (cited [139]) 
were the first to report a 10% decline in virus infection on sulphate treated plots. 
Whereas MONSTER (p. 183 in [345}) observed no significant difference in short term 
experiments, STRICKER [286] found that K2S04 delayed virus infection of the tubers. 
Sulphate, as compared with chloride, reduced the virus infection in crops from once 
grown seed especially when lifted early. At the second lifting of the variety 'Capella' 
49.5% of virus infected plants showed tuber infection, whereas the proportion of 
infected tubers on chloride plots was already 75.9%. Thus, STRICKER advises the use 
of Cl free fertilizers for early crops not only because yield and quality is improved but 
because there is less danger from virus attack. 

Tropical root crops 

Cassava ( Manihot exculenta), yam ( Dioscorea spp.), cocoyam ( Colocasia spp.) and 
sweet potato (Ipomea batatas) are important food crops in the humid tropics. They 
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Fig. 7 Comparison of return from muriate(----) and sulphate(--) of potash applied to 
potatoes f 124 .. ? 

Price of large tubers - £ I 0/t 
Price of medium tubers- £ 25/t 

have a high starch content and also contain essential vitamins and proteins. They 
require large amounts of potassium (content of aerial parts and storage organs ranged 
up to 9.5% and 2.5% Kin dry matter resp.) (J.A.NSSON, p. 277 in [ 343]; [213} .) Potas­
sium is taken up in greater quantities than nitrogen and phosphate, uptake varying 
with variety and potential yield especially in yam as demonstrated in Table 20([213], 
EzEtLO, p. 193 in [ 356} ). A great number of fertilizer experiments, esp. in West Africa, 
with cassava and yam have confirmed that. besides increasing the overall yield, K 
application considerably improves the dry matter and starch content and appreciably 
reduces the prussic acid content of the cassava tuber. OstGBESAN's experiments (p. 439 
in [ 353}) showed, however, that high rates of KCI, over 60 kg K20/ha, may reduce 
the starch content of tubers and that this was most likely due to the effect of chloride. 

Table 20 Nutrient remo\·al in the tubers of different yam species ! 213} 

Yam species Dry matter yield Nutrient removal (kg/ha) 
Dioscorea (kg/ha) N p K Ca Mg 

D. alata 9034 .. ... . . .. .. . 128.3 16.9 161.7 2.8 7.9 
D. rotundata (var . efuru) 12133 ·· ·· ·· ···· ·· 155.3 18.2 175.9 3.9 10.7 
D. rotundata (var. aro) 12197 · · ·· · · · ·· ·· . 140.3 18.1 154.9 3.4 11.2 
D. cayenensis 15255 .... . .. . .. . . 138.8 19.4 181.5 3.8 13.1 

39 



This author is therefore of the opinion (personal communication [ 19791) that K2S04 
should be the preferred potash fertilizer as this increases starch content and the pro­
portion of marketable tubers. EzEILO (p. 196 in [3561) writes: 'Potassium sulphate 
has been found to be more efficient than the chloride in increasing yield'. 
ADUAYI [ 41 in Nigeria uses as standard manuring in field experiments on yam 25 kg 
MgS04/ha with 100 kg K 20 as K2S04/ha. It has been found in Colombia [2091 that, 
where the Sq4 content of soil is only 4.5%, sulphate of potash gives higher yields of 
cassava than KCI, but that there is no difference between the two forms at Pance 
where soil S04 content is 9% (Table 21). On soils which requireS, high rates of KC! 
(240 kg K20/ha) not only reduced total root yield but also reduced tuber size. Pot 
experiments [3391 also showed the superiority of K2S04, especially when applied at 
high rates (Figure 8). In Tamil Nadu (India) the starch content of cassava tubers was 
greatly increased from 71.4 to 87.2% in dry matter with K applications up to 150 kg 
K20/ha together with N applied at a rate of 85 kg/ha although the chloride form was 
used [391. 

Sugar beet (Beta vulg. saccharifera) 
Sugar beet, a member of the chenopodiaceae, is a halophyte and has definite require­
ments for Na and Cl. From experiments carried out in Europe, America and Russia 
it is known that, under the appropriate conditions, notably on low K soils, the crop 
responds favourably to low grade potash salts or to sodium chloride itself. As estab­
lished by DRAYCOlT and DURRANT [6U6, 691 in a large number of field experiments, 
salt can largely replace potash fertilizer and both elements (K and Na) increase root 
and sugar yield [ 291. 

Sodium increases the effectiveness of K by a factor of three, Na taking over some of 
the less specific functions of K in the plant, e.g. the hydrophilic function of the ion 
in the water economy of the plant, and thus releases K to perform its specific functions 
in photosynthesis, carbohydrate metabolism and especially in protein metabolism. 
Owing to this, Na fertilized plants take up more nitrogen and 'noxious N; content 
of the juice increases if the K:Na ratio is incorrect. The monovalent cations have 
differing influences on the carbohydrate synthetases, thus, while Na increases the 
activity of saccharose synthetase in the leaves, in contrast to K it reduces the activity 
of starch synthetase [ 3291. 

Solution culture experiments [ 109] in which varying proportions of K and Na were 
applied have demonstrated that Na has specific functions in the nutrition of sugar beet. 
When supplied with equivalent amounts of both Na and K, very young seedlings took 
up K preferentially but, as they developed further, this preference was no longer 
evident and both K and Na were taken up in proportion to their concentrations in the 
nutrient solution. Under conditions of K deficiency Na was largely able to substitute 
for K but in addition to this unspecific effect is was found that Na had specific effects 
on growth. In a series of treatments in which the Na:K ratio in the nutrient solution 
was varied, it was clearly shown that Na had the following specific effects: The leaves 
ofNa plants were larger, glossier and longer and they were more succulent. The leaves 
carried about 25% more stomata per unit area and the stomata were more sensitive 
to changes in leaf water content, closing more rapidly in response to water deficiency. 
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Table 21 Effect of potassium sources and rates of application on total plant fresh weight and 
root yield of cassava 40 weeks after planting at Pance, Carimagua and Tranquero 
(209} 

Site Pance Carirnagua• Tranquero 

K form K,O rate Total plant Root yield Total plant Root yield Total plant Root yield 
(kg/ha) fresh wt fresh wt fresh wt 

(t/ha) (t/ha) (t/ha) (t/ha) (t/ha) (!/ha) 

KCI 0 42.0 29.0 17.2 9.5 
60 47.6 31.0 8.5 4.5 19.4 11.4 
90 9.0 5.0 

120 54.8 40.0 8.5 4.8 24.4 15.7 
240 65.8 44.3 8.5 4.5 23.7 13.9 

K.so. 0 46.6 31.3 
60 49.6 35.5 14.5 9.0 23.2 13.8 
90 15.0 9.0 

120 61.3 42.3 15.0 9.5 25.8 15.8 
240 62.5 43.4 18.0 11.5 30.~ 19.0 

KCl+S 60 24.8 16.1 
120 22.8 15.2 
240 29.3 18.4 

* There was a serious outbreak of cassava bacterial blight 2 months after planting. 

Fig. 8 Total dry matter production of six month old cassava plants as related to five levels 
and two sources of K applied to Carimagua soil in pots. (CIAT, p. 93 in [ 339 J) 
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The result was that plants receiving Na were more drought resistant and consumed 
less water than those receiving only K. Net assimilation was improved by Na because 
of its effects in improving the water economy of the plants. The beneficial effects of 
Na were particularly evident under short day conditions. 

These findings confirm the statements by DURRANT et al. ( 69} that Na increases sugar 
yield through at least two different physiological mechanisms : it improves inter­
ception of radiation by the crop by increasing leaf area early in the season and it 
improves the efficiency of leaves under conditions of moderate water stress. 

The anions accompanying K and Na are not without significance in the nutrient 
economy and metabolic process in the plant. Beet has a definite requirement for 
chloride [ 1571 and when leaf Cl content is less than 100-200 ppm plants show deficiency 
symptoms. Cl contents in the petiole are often as high as 10 000 ppm. HuMBERT and 
ULRICH (p. 379 in (2081) say that the lower limit for Cl content of the p~tiole is 
0.4% Cl in the dry matter. The Cl ion is osmotically very active, thus it has an important 
effect in increasing leaf succulence, increasing cell size and thickness of the leaf [ 3291. 
In consequence, with Cl as opposed to S04, the leaves remain upright longer and 
senescence is delayed. This is not unimportant as it allows sugar accumulation to 
continue later in the season. Cl fertilized beet is more drought resistant than S04 

fertilized and, for the equivalent yield, has a lower water requirement. 

Because of the physiological make-up of the chenopodiaceae, aspects of plant compo­
sition which determine quality are more favoured by Cl than S04• The influence of Cl 
on the carbohydrate economy of the plant, via photosynthesis, is especially significant. 

While in most plants carbohydrate metabolism is favoured by sulphate and protein 
metabolism by chloride, in sugar beet, on account of its origin, carbohydrate meta­
bolism is also positively influenced by chloride. Efficiency of assimilation is increased 
by Cl and the content of reducing sugars is lessened so that, though the total carbo­
hydrate content is not much affected, the saccharose: glucose ratio in the root is 
shifted in favour of the more highly polymerised carbohydrates like saccharose, 
starch [1631. 

This relationship has recently been confirmed in solution culture experiments comparing 
the effects of Cl and S04 as accompanying anions at varying concentrations [ 3291. 
The activities of saccharose and starch synthetases were increased by Cl as compared 
with S04 but the effect depended on the level of K supply. With abundant K supply, 
a increased the synthesis of higher molecular carbohydrates, but when K supply was 
low, the effect of Cl was to increase hydrolysis of these compounds. Thus Cl deficiency 
could either increase or decrease saccharose content. 

Though the above discussion strongly suggests that the chloride form of fertilizer 
would be preferred, it must be remembered that sugar beet nevertheless has a definite 
requirement for sulphur ( 331. The N : S ratio of beet protein is normally about 15 : 1 
which would give a minimum S content in the leaf dry matter of 0.12-0.13%, so 
sufficient S should be available to supply this [281, 3361. LeafS contents below 0.05% 
in dry matter indicate S deficiency. 
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Apart from the experiences already discussed with regard to the metabolism of sugar 
beet some other experimental work in the field comparing potash forms should be 
mentioned because the results were contradictory. Long term experiments [8] over 
a 60 year period in Munich-Weihenstephan (Table 22) and investigations in the 
German D.R . and in Czechoslovakia [34] showed no significant difference between 
sulphate and chloride. Sulphate of potash with magnesium had a slight advantage in 
the early years of the experiments but then, principally on low Mg soils. In a number 
of, mainly Russian [316, 317], experiments the highest yields ofroots and sugar were 
obtained from a mixture of Cl and S04• These workers remarked especially 
on the rapid formation and utilisation of sugar-phosphates. Experiments in 
France [ 171] in 1963-1975 using K rates up to 400 kg K 20/ha showed the 
tendency for KCl to produce the best results up to 200 kg K20/ha while K 2S04 
gave the best yields at K rates over 200 kg/ha. Sulphate also appeared to be better for 
root yield when much N fertilizer was applied. 

Table 22 Effect of form of K on root and sugar yield of sugar beet, K uptake and K utilisation 
(average 1914-1975) [8 } 

Form of K Root yield K uptake K utilisation Sugar Yield of sugar 
(dry matter/ha) (kg K/ha) (% recovery of (% fresh roots) (t/ha) 

applied K) 

Ko 15.2 195 19.9 11.2 
Kainit 18.6 262 50 20.3 12.4 
KC! (40%) 18.4 268 55 20.4 12.7 
KC! (50%) 18.8 277 61 20.2 12.3 
KzS04 18.9 259 48 20.2 12.2 

P=0.5 1.3 24.5 0.7 0.7 

Average annual dressing 133 kg K/ha 

In Dutch experiments comparing all the different potash fertilizers (150-300 kg K20/ha 
as Mg-kainite, 20, 40 and 60% muriate, sulphate of potash magnesia and sulphate of 
potash on two sites [ 319] the interesting observation was made that the highest 
yields were obtained with sulphate or low sodium fertilizers, mainly due to increased 
root yield rather than to any effect on sugar content. This is explained by the Cl- and 
Na-containing fertilizers having reduced the plant population during germination. 
Physiological drought caused by high salt concentration in the environment of the 
germinating seed can adversely affect germination and the early growth of the crop. 
Germination experiments on sand beds with monogerm seed to which different salts 
in solutions of equal conductivity were applied confirmed this finding. The absence of 
adverse affects on germination may be the explanation that K2S04 also produced the 
highest yields on sandy loam soils in Germany [ 122]. 

Behaviour of the roots in the factory is also affected by sulphate and chloride. Sulphate 
is regarded as confering alkalinity. However, while the S04 and Cl contents of the 
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juice depend mainly on root composition, they are also affected by the composition 
of the water used for extraction [ 157]. 

Impurities in the juice lower beet quality because they may prevent sucrose from 
crystallizing and thereby reduce the recovery of sugar. Soluble nitrogenous compounds, 
which accumulate when much nitrogen is taken up by the plant, are particularly 
important in this respect. JAMES [135] observed that Cl applied as KCI reduced 
nitrate uptake especially when soil Cl was low [ 172]. This takes advantage of the 
CI-N03 antagonism to minimise the adverse effects of too high a level of N in the soil. 

Sugar Cane (Saccharum officinarum) 
Much work has been done on the effects of K on this crop (100) but there has been 
little interest in comparing forms of K fertilizer because sugar cane is not thought to 
be chloride sensitive and when heavy rates of potash are applied on acid tropical soils, 
the chloride is rapidly leached out (HUMBERT and ULRJCH, p. 379 in [208]). 60% 
muriate is the form of potash normally used. When applied at rates up to 200 kg 
K20/ha it increases yield and sugar content and improves juice purity (DE BEAUCORPS, 
p. 335 in [ 343]). ouTorr (cited [ 100]) obtained the highest yields and sugar content 
(14.6%) at 220 kg K20/ha, with ~S04• Leaf application of K2S04 hastened early 
growth and gave eventually a higher cane yield than KC! [274]. 

Application of gypsum to some soils in Hawai has increased yield by as much as 
215% [281], but there is little information on the effects of S deficiency in sugar cane. 
The S content of the plant varies much with age and between different parts of the 
plant. MALAVOLTA [177] quotes the following S levels: root 0.217, leaf 0.493, cane 
0.509% in dry matter. CATANI et al. [47] give values for the unmanured crop: 0.042 
to 0.165 for the cane, and 0.1-0.165% S for leaves and have established a connection 
between S uptake and dry matter production. S contents of 0.013-0.02% in the dry 
matter of 2 year old cane would seem to be desirable to maintain the optimum N: S 
ratio and for maximum yield [281]. A cane yield of 100 t/ha removes 22 kg S/ha [33]. 

While from the plant physiological point of view there is no advantage in using K2SOo~ 
on sugar cane, there is however an advantage under the technological aspect as high 
rates of KCl have unfavourable effects on juice purity. Thus, VON UEXKOLL (in [ 364]) 
advises in the Philippines that, when more than 120 kg KP/ha are applied, sulphate 
should be used to supply the extra Kp instead of KC!. 

4.3. Grassland and fodder crops 

The great bulk of animal fodder is supplied by the leguminous crops and grass. The 
yield and quality of these crops are the foundations of the raw materials which 
herbivorous animals convert into protein rich food. The legumes are particularly 
valued as suppliers of protein; the feeding value of grasses depends upon the compo­
sition of the carbohydrates and nitrogenous compounds contained therein, 80-90% 
of theN content being present as protein. The building blocks of proteins, the essential 
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amino acids, and especially S-containing methionine and cysteine require for their 
formation a good supply of sulphur to the plant [ 268, 3451. Carotene content is also 
increased by S fertilization [ 137, 2791 . 

The fertilizer requirement of grassland depends on a number of factors: climate, soil 
type, botanical composition, the type of management and its intensity. Thus the 
requirements of grass vary greatly according as to whether it is used for grazing, and 
they vary with the stocking rate, or for conservation as silage or hay. This situation 
is very different from that which applies with most annual crops [ 192]. 
On top of this, it is necessary to consider the mineral requirements of the animals 
through which the grass is utilised. Whereas the K content of high yielding grass, 
which has a high K requirement, is high (DE BEAUCORPS, p. 325 in { 343}) the animal 
has a much higher need for Mg and Na than the plant. S content of fodder should 
according to animal nutritionists be in the range of 0.18 to 0.25% in dry matter [ 304]. 

There is no doubt that fodder plants have an appreciable need for sulphur which 
amounts, according to yield, to as much as 50 kg S/ha. There have been many records 
of the occurence of S deficiency in fodder legumes and grasses and also of the behaviour 
of the two groups in competition for S when grown together in association [ 12, 114, 
186, 322]. The sulphur content of fodder plants varies much between parts of the plant 
and with physiological age. Critical values are: for lucerne 0.2-0.22% total sulphur 
and for clovers and grasses a somewhat lower value of < 0.15%. Based on work in 
France in Normandy and Charente (HEDIN and DuvAL, DELAS, JuSTE et al., cited 
[171]) values of0.3-0.5% should be aimed for in lucerne. In Canada plants grown 
on soil with less than 6 kg Sjha or plants having 0.15% S or lower levels suffered 
from winterkill and stand life was only 3 to 4 years [ 12}. 

Most recently, measurement of theN: S ratio has been recommended for determination 
the S status as this appears to remain relatively constant at all stages of growth. The 
following values for N: S indicate S deficiency: lucerne > 15, white clover > 18.5, 
grass >12 {5}. TISDALE {304} and SAALBACH (p. 23 in {336}) recommend 10-12 as 
a desirable N: S ratio for permanent grass. 
Recently, on account of its significance for protein synthesis, the S04-S content has 
been recommended as an indicator of S status and critical values between 150-500 ppm 
504-S have been quoted for legumes and grasses. 

The correct choice of potash fertilizer is important in meeting the nutrient demands 
of both plants and animals. On grassland, in addition to the yield increasing effect of 
K, the lower grade fertilizers and raw minerals ('Kainit' with 12% K20, 6% MgO, 
24% Na20) are useful in raising the Mg and Na contents of the fodder and thus have 
a particular value. Sulphate of potash magnesia (Patentkali) offers the possibility of 
supplying both Sand Mg, which are both important in animal nutrition [217, 218, 
259]. 

Grasses (Gramineae) 
Protein synthesis in grasses involves the reduction of nitrate and sulphate ions in the 
proportion 0.027 mole S per mole N . S deficiency is indicated when total S content 

45 



does not exceed organicS, i.e. when no inorganic sulphate is present (OIJKSHOORN, 
p. 43 in [ 3441). Annual removal of sulphur by grasses in either cool or hot climates 
amounts to 40-50 kg S/ha for yields of 16-30 t dry matter/ha (pp. 105+ 126 in [ 1301). 

Because of preferential uptake of Cl by grasses there is a danger of S deficiency if soil 
S supply is low in relation to Cl (i.e. application of Cl-containing fertilizer can jeop­
ardise the S supply). This would explain results obtained by the French potash 
industry ( SCPA) on permanent grass in Normandy (Table 23) [ 1711. 

Table 23 Hay yields (t/ha at 86% dry matter) [171} 

1961 

K 0 • • • • • • • • • • •• • ••• • •• • •• • •• • •• • • • • •• • •• • • 5.6 
KC!.... . .... ... ..... ............ ... ...... . 6.5** 
K2so...................................... 6.7* 

* P=0.5 •• P=O.l 

90 kg K20/ha applied (1965= 100 kg/ha) 

1962 

2.1 
2.5 
2.5 

1963 

4.95 
5.44 
5.82* 

1965 

8.53 
8.95 
9.421 

Comparison of the different potash f6rms in grassland experiments carried on for 
75 years at Darmstadt [259} showed that at K rates of 120 and 160 kg K20/ha hay 
yields were 1-4% higher with so4 fertilizer and crude protein yield was also increased. 
The use of sulphate fertilizer resulted in bettet utilisation of K, which ranged from 
65-70%, when the sulphate form was used. K2S04 also reduced the Ca content of 
grasses less than did KCI. 

There is little evidence of difference in efficiency of sulphate and muriate of potash 
for grassland and indeed there is no reason why there should be except on S deficient 
soils. Choice of fertilizer thus depends on cost and the cheaper chloride fertilizers will 
be the natural choice. In low sulphur areas sulphur deficiency can greatly reduce the 
yield of grass, and application of S then greatly increases yield, as reported for instance 
by HANLEY (p. 14-27 in [361}). DIRVEN (p. 403 in [341]) stresses the importance of 
legumes for improving the productivity of tropical grassland and points out their 
requirements for K and S. If there is a likelihood of response to S, then sulphate of 
potash, or preferably sulphate of potash magnesia which will also increase the Mg 
content of the herbage, offers an economic advantage. There are other ways of sup­
plying sulphur, e.g. as gypsum or, in appropriate cases, elemental S, kieserite, etc. and 
again costs of the alternatives must be taken into account. 

Legumes 

The clovers (Trifolium spp.) are important constituents of grassland from the point 
of view of yield and quality, particularly in the less climatically favoured higher 
altitude conditions. They respond to both K and S and adequate supplies of these 
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nutrients improve their ability to compete with the grasses in mixed swards, partic­
ularly when N fertilizer is used [322) . 35 kg S/ha are removed by 12 t dry matter/ha. 
Fertilizer treatment is therefore important in relation to botanical composition of the 
sward and for ensuring the survival of the legume component. From the point of view 
of nutritional quality of the sward it is desirable that the legume should contribute 
30 or 40% of the sward. KLAPP [ 1481 found sulphate of potash more effective than 
the chloride for sward improvement without reseeding (Table 24). 

Table 24 Effect of form of K on botanical composition(%) of grassland [ 148} 

Species NP NP-KCI (40%) NP-K2SO• 

Desirable grasses 69.5 67.8 59.6 
Legumes 6.5 5.6 7.2 
Herbs, etc. 24.0 26.6 33.2 

Clover plays a dominant part in grassland husbandry in large parts of Australia [3581 
and New Zealand [ 321} and its growth is much improved by application of both K 
and S. Higher yields of both red (T. pratense) and white (T. repens) clover were 
obtained with K2S04 in Norwegian pot experiments [ 1731 though the same did not 
apply to alsike ( T. hybridum). Similar results have been obtained in long term experi­
ments in Germany [ 1201 and in Canada [ 171 on S deficient soils. 

One of the reasons for the good effect of sulphate based potash fertilizer on clover 
may be found in the effect of S04 on the nodule bacteria in improving fixation of 
atmospheric nitrogen and thus producing more protein [ 1391. Feeding experiments 
have demonstrated the improved palatability and higher feeding value of legumes 
manured in this way [171. 

Potash fertilizer reduces the susceptibility of clover to mildew and its effectiveness in 
this is decreased by the accompanying anion in the order; Si03 >Cl> S04 [288 1. This 
result is not surprising since S04 also favours the production of biochemical substances 
which constitute the substrate for fungi. 

Lucerne ( Medicago sativa) is much used, with irrigation, for fodder production in arid 
areas and this crop requires much potassium and sulphur and, at a yield of 18 t dry 
matter/ha 45-55 kg S/ha is needed to replace removal in leaves and roots [186}, 
GRJFFJTH, p. 161 in [ 1921. According to KAFKAFJ et al. [ 1401 crops in the Mediter­
ranean area may be cut 8 or 9 times a year to yield 20-25 t dry matter/ha and remove 
up to 540 kg K/ha. Lucerne may be more responsive to S than to P and K and, 
particularly on heavy soils, sulphur supply may limit the effectiveness of these two 
major nutrients [ 185). Under saline conditions, P uptake is more adversely affected 
by chloride than by sulphate [741. 

KAFKAFJ et al., [ 140) and SMITH [2771 say that heavy applications of KC!, up to 
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950 kg K/ha, reduce the contents of N, P, S and Ca at the first cut and that, though 
this may not affect yield, the protein content is reduced. K and S fertilization, on the 
other hand, favour N uptake and the formation of crude protein (Table 25) [ 12]. The 
positive interaction between N and S in yield and protein synthesis of lucerne means 
that high N content should be accompanied by highS content [235, 279]. Comparison 
of the effects of 673 kg K/ha applied annually as sulphate or chloride to lucerne 
suggests that K fertilizer increases nodulation and N fixation. K2S04 gave the greater 
increase in nodule mass, acetylene reduction, activity of N fixing nodule enzymes and 
per cent total Nand K, while KCI gave the greater increase in shoot weight per plant, 
per cent starch and total sugars, though, at the third cut yields from the two forms 
were nearly equal. This indicates that Cl and/or S may alter or mask the effects of K 
fertilizer and that N fixation may occur at the expense of carbohydrate accumulation 
[68]. 

Table 25 The effect of S on yield, S and N content of lucerne forage (5 year average) on an S 
deficient soil [ 121 

RateS 
kgfha 

0 
17 
34 
51 
68 

yield 
t/ha 

3.62 
6.20 
9.60 

11.98 
11.65 

s 
% 

0.10 
0.16 
0.21 
0.23 
0.23 

N 
% 

1.4 
1.8 
3.0 
3.3 
3.4 

Thus, when it is necessary to apply high rates of potash this should be given in the 
sulphate form [98, 171}. In ·this way in addition to yield being increased the protein 
content will be raised as shown in Figure 9 and Table 26. CHISCI [ 49 ]"in Italy reports 
significantly higher yields from K2S04 as compared with KCI and also larger yield 
increase from K alone than from complete NPK fertilizer. Pot experiments on the 
chalky soils of Champagne showed that K2S04 increased dry matter yield by 7.8% 
compared with KCI [ 171}. Heavy rates of KCI (672 kg K/ha) applied to lucerne grown 
in pots in soil with 205 kg exchangeable K/ha caused damage, presumably by the Cl 
ion [ 2761, the damage being especially severe at high temperature (32/27°C day/night). 
But there was no injury by K2S04• 

168, 336 and 672 kg K/ha applied as K2S04 to soil with 120 kg exchangeable K/ha 
increased leaf, root and total plant yields, plant height and shoot number at flower 
emergence. The K content of K2S04 treated plants was higher than in KCl treated 
ones. LACROIX, in Canada, compared Cl, S04 and HC03 asK carriers and ANDREWS 
and ROBBINS in Australia (cited [2761) also found higher plant mortality in KCI 
treatments, with Cl concentrations up to 5% or more in the herbage. Lucerne seedlings 
containing more than 2% Cl died after 8 weeks [ 136]. BROWN (p. 75 in [ 192}) reports 
that placement of KCI below lucerne seed was somewhat harmful in the seedling stage 
and broadcast application of very high rates of KCI may cause temporary setback 
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Fig. 9 Growth curve and% sulphur of first cut of lucerne [235} 

Table 26 Effect of K;z504 fertilization on the dry matter yield and protein content of lucerne 
[JJ9} 

Location Yield (t/ha) 

NoS s• 
Site A 
1st cut . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.60 
2nd cut . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.86 
Site B 
1st cut . . . . • . . . . . . • . • • . • . . . • . . • . • . . . . . . 3.63 
2nd cut . . . . . . . • . • . . . . . . . . . . . . . . . . . . . . . 1.50 

• 56 kg S/ha applied as K;z504 

3.54 
2.64 

5.09 
2.62 

Protein(%) 

NoS s• 

12.6 
15.4 

8.7 
13.6 

15.2 
16.8 

10.4 
15.0 

or thinning of the stand (RHYKERD and OVERDAHL, p. 158 in {192]). The young 
seedlings of the tropical fodder legume Desmodium intortum are s imilarly sensitive 
to KCI [ 136]. 
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The reaction of lucerne to the different forms of potash depends both on soil conditions 
and on variety and provenance. According to KIEPE [147] forms of Medicago sativa 
known as 'Provencal' lucerne performed better with KCl while hybrid lucerne 
definitely grew better with K2S04• The difference was found both in yield and protein 
content (Table 21). 

Table 27 Relative crude and true protein contents and yields of 'Mahndorfer' lucerne 
(K0 = 100, 4 year averages) [147] 

Crude protein content .. . . . . . .............. . .. . .... . 
True protein content .. . . . .. . .. . ......... . ... . .... .. . 
Crude protein yield . ..... . ... . . . . . .. . .. . ..... . ... .. . 
True protein yield ............... . .. . . ... . . .... . .. . . 

I<.Cl (40%) 

95.7 
96.3 

101.5 
102.1 

Miscellaneous fodder plants (Beta vu/g. ssp. and Brassica ssp., etc.) 

97.0 
97.2 

106.5 
107.6 

According to the investigations of SAALBACH [247] other fodder plants like fodder 
beet, turnips, fodder rape, marrowstem kale have a high sulphur requirement, their 
leaves having a higher S content than the roots. In 32 out of 54 experiments in Germany 
S04 improved response in leaf yield to N fertilizer. The sulphur requirement of these 
plants increased steeply with increasing rate of N. Fodder beet, however, generally 
prefers low analysis chloride fertilizers esp. 'Kainit' as confirmed by KICK and 
PoLETSCHNY [ 146] and BRUCHHOLZ (p. 111 in [ 342] on a number of sites in the German 
D.R. Mg containing K chloride fertilizers have been found especially effective for 
fodder crops in the German D.R. and CSSR [34, 37]. 
Fodder lupins ( Lupinus sp.) respond well to sulphate of potash in grain yield [ 318] and 
sulphate also gave the highest protein and oil content. The content of undesirable 
alkaloids was kept within limits by a combination of Cl and S04• 

4.4. Oil crops 

Two thirds of the world's food requirements in oils and fats are supplied by plants. 
Thus oil crops are of great economic significance, particularly in countries of the 
Third World where climatic conditions are well suited for the production of lipids. 

These crops require relatively high amounts of potassium and sulphur for lipid 
synthesis and development of their protein rich storage organs [ 343, 356]. MALAVOLTA 
(p. 291 in [342] ) summarising a large number of results in Latin American countries 
found an average yield increase of 10% through the application of S. The S04 ion has 
a special function in the metabolism of oil producing plants since in contrast to Cl it 
promotes the formation of saturated fatty acids. Seed and oil yields are greatly 
increased [147, 315]. 

Soyabean (Glycine max.) 
This is a most important source of protein and fat for both human and animal 
nutrition. Response to fertilizers (DAVIDESCU et al. , p. 311 in [356)) has, in the past, 
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often been inconsistent and, in some areas, soyabean has had the reputation of being 
unresponsive despite the fact that large crops take up large amounts of N, P, K, Mg 
and S (NELSON, p.l61 in {341}, CHEVALIER, p. 329 in {356}) . BeingaNfixinglegume, 
the crop needs plentiful supplies of S for the proper functioning of the nodule bacteria 
and S fertilization is practised for instance where it is grown in North Nigeria [96]. 
DHILLON and DEV [61] indicated for India that the soyabean is quite responsive to S 
application and that it has a high S requirement owing to higher quantities of proteins 
and S-containing amino acids. The nutritional value depends on methionin content 
which is improved by sulphur fertilization [268] . Leaf chlorosis and necrosis may 
occur at high r::~.tes of KCl, while the leaves of K 2S04 treated plants retain a healthy 
green and continue to assimilate efficiently [55]. Many varieties of soyabean are most 
susceptible to the fungus Diaporthe sojae. Though the disease level on seed decreased 
with increasing K (up to 1690 kg K/ha) neither KCl nor K2S04 entirely prevented the 
disease [59]. 

Oilpalm ( Elaeis guineensis) and Coconut ( Cocos nucifera) 
In recent times there has been a great accumulation of experimental results and 
practical experience about the suitability of the different forms of potash and the topic 
has been discussed at various meetings of the International Potash Institute [ 341, 343, 
353, 356]. 

Earlier, the frequently expressed preference for the sulphate form for oilpalm, which 
led, in Sumatra for instance, to the exclusive use of sulphate of potash can probably 
be ascribed to sulphur deficiency in the soils and the positive influence of S on chloro­
phyll and oil synthesis [281, 314, 315]. 

Sulphur deficiency in coconut has been studied in detail by SoUTHERN [280]. The nuts 
are small and the flesh seems normal when fresh but, when dried, the copra is rubbery 
and cracked and quite unsuitable for industrial use; it is only ground with difficulty 
to a spongy and intractable meal which reabsorbs the oil after pressing. In severe cases, 
the oil content is reduced to as low as 38%. The oil from rubbery copra is richer in 
unsaturated fatty acids due to increase in the proportion of the brown skin (Table 28). 
Applying sulphate (1.5 kg K 2S04/tree) corrects these defects and oil content is restored 
to over 60% in as little as six months after treatment [ 293]. 

Table 28 Analysis of various grades of rubbery copra { 280} 

Grade Moisture Oil Sulphate-S 
% %dry basis ppm dry basis 

Extremely rubbery 4.8 38.4 31 
Very rubbery 4.8 47.0 37 
Rubbery 4.3 51.6 22 
Slightly rubbery 2.5 64.4 107 
Normal 2.4 64.9 141 
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Earlier, WERKHOVEN [326] and TEIWES [300] from results of a large number of 
fertilizer trials in West Africa and Malaysia, concluded that KCI and K2S04 were 
equally efficient as regards yield of oilpalm and coconut. More recently the Institut de 
Recherches pour les Huiles et Oleagineux ( I.R.H.O.) [ 178] has done much work with 
young coconut comparing the different anions accompanying K, Na and Mg in fertili­
zers. The highest yields were given by nitrate, followed by sulphate (Table 29). 

Table 29 Influence of anions on coconut yield ( 178] 

Fonn of fertilizer Yields 
Nuts/tree 
No. Relative 

KCI....... . ................ . ... .. . 61.6 100 
K:804 ••••••••••••• • •••• •• •••••• ••• 67.6 110 
KCl+MgCl2 • • .. • • .. • • • • • .. • • • • • .. 63.6 103 
KzSO.+ MgSO. .. .. . . .. . . . . . .. .. .. . 62.1 101 
KCl+NaCl . .. .. .. . . . . . . . .. .. .. .. . 57.0 92 
KN03+NaN03 .. . . . •• • • .. • .. • • .. .. ss.s•• 144 

•• P=O.l 

Copra/tree 
kg Relative 

12.6 100 
13.8 109 
13.1 104 
12.8 101 
12.7 101 
16.9** 134 

A review of Malaysian experiments on oil palm between 1964 and 1970 (NG SJEW KEE, 
p. 357 in [341]) made no mention of any particular effects of Cl but more recent work 
in the last 10 years has shown that Cl can have as important effects on the yield of 
oilpalm and coconut as can potassium itself (OLLAGNIER, OcHs et al., [ 215]; p. 215 
in [353]; p. 269 in [356} for results from South America (Colombia), West Africa 
(Cameroons and Ivory Coast) and South East Asia; MARGATE, MAGAT et al. [183] ; 
summary in a recent series of publications [ 178} by MANCIOT, OtLAGNIER and OCHS). 

The application of KCI brings about changes in the relationships between Ca, K and 
a in the leaves, Cl increasing the uptake of Ca which in turn causes the K level to drop 
from a level much above the critical value to a level close to or only a little above it. 

Increasing the leaf Cl content up to optimum levels of 0.5-0.8% is correlated with 
increasing yield of bunches, oil and nuts (Figure 10). 

High yielding hybrid coconuts (6700 kg coprafha) remove a total of 250 kg Cl/ha per 
annum, half of this being contained in the nuts, and especially in the husks, compared 
with only 30 kgS/ha of which 9kg is accounted for by the nuts(mainly in the albumen) 
{178}. VON UEXKULL ({310; p. 291 in {343}) and PR.UDENTE and MENDOZA {232} 
have concluded from experiments in the Philippines in which leaf Cl content was 
correlated with yield that Cl is an essential nutrient for oilpalm and coconut. 

One reason why Cl deficiency was not brought to light earlier is that K was so fre­
quently a limiting nutrient and responses to KCI were naturally credited to the K, 
while much of the effect of KCI was in fact due to the effect of the Cl content. Further, 
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Fig. 10 Relationship between the Cl content in leaves (rank 14) and the yield of coconut 
after application of different levels of chloride of K and Na (0, 1, 2. Dabou/Ivory Coast [178] 

Cl deficiency symptoms resemble K deficiency symptoms~ The trees react very easily 
to application of Cl in increasing leaf Cl level. 

Cl deficiency affects size and shape of nuts, copra yield, N uptake and the water 
economy of the plant but it is not yet known how it affects oil content. Long term 
investigations of the effect of KCI on seedling and bearing coconuts in the Philippines 
[ 183, 214, 232} and Ivory Coast [ 178} have shown the effect of Cl in improving 
vegetative growth. Cl always significantly increased girth (Table 30) while S sometimes 
increased the height of seedlings. 

Table 30 Effect of Cl on girth of coconut [ 178] 

Kform Cl contents Girth 
(%dry matter) (cm) 

KCI 1976 0.538 42.3 
1977 0.743 66.9 

K2S04 1976 · 0.196 .. 39.8 
1977 0.101"* 61.2** 

** P=O.I 

53 



KO induces earlier flower induction and thus improves fruiting with increased nut and 
copra yield. In the experiment to which Table 31 refers, leaf Cl level was increased by 
KO while the effect on K level was only slight so that nut and copra yields were 
correlated with Cl while there was no correlation with leafK content. Cl has also been 
found to reduce the incidence of leaf spot disease. 

Potassium, magnesium and ammonium chlorides might be considered useful fertilizers 
for oil palm and coconut, supplying as they do four essential nutrients. On all soils high 
in Ca but low in K and Mg it may be preferable to use KzS04 and MgS04 (kieserite) 
along with KC!. 

Table Jl Effect of KCI on average nut and copra production (1972-77) [ 18J} 

Treatment Nut/tree Copra/nut Copraftree 
kg KCI/tree/year No. g kg 

0 87.1 158.7 13.85 
1 109.7• 187.4 20.65 .. 
2 128.5 .. 192.4* 24.83•• 
4 112.2•• 214.5*• 24.11** 
8 114.0•• 250.2•• 28.54** 

• P=0.5; •• P=O.l 

GrolUidnuts (Arachis hypogea) 
There is much variation in the yields obtained from this crop which is very widely 
grown (600-4500 kg shelled nutsfha corresponding with 200-1500 kg oil/ha) due to 
climatic and soil differences, variety and cultural methods. Consequently fertilizer 
practice varies much. Whilst in certain regions as in India {391 significant yield 
increases of oil can be obtained by potash fertilization (90 kg K20/ha), in most areas, 
phosphate and calcium are considered most important; but there have been many 
records of sulphur deficiency in groundnut [50, 229,2811 indicating that the crop has 
a high sulphur requirement. 
At the high yields obtained in the USA the crop removes up to 24 kg S/ha while 
investigations by /nstitut de Recherc:zes Agronomiques Tropicales ( I.R.A. T.) and 
/nstitut de Recherches pour les Huiles et 0/eagineux ( I.R.H.O.) in West and Central 
Africa indicate removals of up to 10 kg S/ha by a crop of 2.5 t nuts/ha (MARTIN­

PREVEL, p. 88 in [ 3361). Especially in West Africa, the soils are not capable of covering 
this demand. In Senegal, Gambia, Ghana, Nigeria and, also, India, small applications 
of S (5-25 kg S/ha) given as single superphosphate (S x P interaction), or gypsum have 
given significant yield increases and higher S-containing amino acid content with higher 
oil content. Response was particularly noticeable on soils with a high C: N ratio of 
15-17 newly brought into cultivation. Supplying enough S means that N fixation by 
the plant is improved and there is no need to consider the use of N fertilizer which has 
the effect of reducing oil content. 
PREVOT and 0LLAGNIER {229 1 reporting results of more than 50 experiments say that 
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sufficient S supply is indicated by a N : S ratio in the leaf of 13-15. S deficiency results 
in enrichment with carbohydrates leading to the formation of undesirable types of 
protein and in reduction in the number and size of root nodules and delayed ripening 
[ 134}. 
Sulphatic K fertilizers are to be preferred for seedbed application since they ensure a 
supply of available S for the first 20-30 days of crop development. Experiments in 
Senegal [ 26} showed better response by K deficient groundnuts to sulphatic fertilizers 
applied at SS kg K20/ha (Table 32). 1.R.H.O. (OCHS and 0LLAGNIEI<, p. 287 in [356}) 
has encountered the problem that fertilizers, while increasing pod yield, can cause a 
decrease in oil content of the nuts and analysis of several experiments in Senegal has 
led to the same conclusion (Table 33). ScHILuNG and HIRSCH [255] found great 
variation in leaf Cl levels in Senegal leading them to think that Cl was important. They 
obtained good responses to K but no difference in the effects of KCl and K2S04 
(Table 34). In further investigations they found that Cl content was positively correlated 
with yield of pods while there was no correlation of yield with the contents of other 
elements but, though the K and Cl contents of the leaves were negatively related, they 
still found no difference in the effects of KC! and K 2S04• 

Table 32 Effect of form of potash on yield of groundnuts (kgfha) {I 34] 

Kform Pods Leaves 

Without K 970** 8so•• 
KCl 1390 1270 
K2S04 1840** 1730** 
KCl+MgS04 1780** 1660** 

•• P=O.l 

Table 33 Fertilizer effect on pod yield and oil content of groundnuts in Senegal (p. 289 in 
[ 356] ) 

Treatments Oil/seed Yield 
% kg/ha 

NK 56.4 1760 
NPK 57.1 2350** 
NPKS 56.3 2790** 
Control 54.4 692 
NPK 54.1 859** 
NPKS 53 .3 1191** 
NP 55 .1 970 
NPK 54.7 1390** 
NPKS 54.4 1840** 

•• P=0.1 
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Table 34 Effect of KC! on pod yield and leaf Cl content of groundnuts [ 255] 

Darou 1968 Bambey 1970/71 

K applied* Yield Cl K applied** Yield Cl 
kg/ha % kg/ha % 

1st year . . ....... Ko 1775 0.405 1970 K0 1210 0.530 
KC! 2097 0.603 KC! 1610 1.263 

K:S04 1620 0.723 

3rd year •••.••... Ko 1085 0.287 1971 K0 2165 0.347 
KCI 1432 0.565 KCI 2900 0.474 

K2S04 2900 0.356 

• 20 kg KCI/ha ** 80 kg KC! resp. 100 kg K2S04/ha 

Rape ( Brassica napus) 
Since the introduction of varieties low in erucic acid, rape has attracted much attention 
as a useful break crop for intensive cereal rotations in temperate regions; a crop 
which, with proper manuring can give high and profitable returns (APPELQUIST, p. 261 
in [ 356}). Rape is one of the crops with large requirements for both K and S. It takes 
up 50-80 kg S/ha [241} and 100 kg rapeseed removes up to 7.4 kg K20 and 6.8 kg S 
(compared with 6.2 kg N and 2.5 kg P 20 5). Thus there is a danger of S deficiency when 
rape appears often in the rotation. 

S uptake is greatest at the end of flowering when the grain is being formed, but S 
deficiency symptoms may be seen in spring if winter rainfall is high (leaching) and 
especially if low temperature restricts the mineralisation of S [ 182, 241 ]. 

AULAKH and PASRICHA [ 11} found antagonistic effects between S, K and Mg in pot 
experiments, the rape responding to both S and K, but when Mg was applied along 
with S and K grain and straw yields were depressed. Mg hindered the uptake of S 
indicating preference for sulphate of potash rather than sulphate of potash magnesia. 

Widespread occurence of S deficiency in France [ 171} led the French potash industry 
(Societe Commerciale des Potasses et de I' Azote [ S. C.P.A .] ) to carry out experiments 
in different areas and, in these, spring applied K 2S04 gave better results than autumn 
application of K. When the two forms of potash were applied in autumn in combina­
tion with increasing rates of P, K2S04 greatly outyielded KCI and interacted with P 
[ 182} as shown in Table 35. 

ROLLIER and FERRIF [ 241} advise splitting the K application between autumn and 
spring so as to ensure that easily available sulphate is provided to meet the peak 
demand. While they found that applying S increased oil content of the seed, Polish 
experiments (BABUCHOWSKI, cited on p. 262 in [ 356}) showed the contrary. JOHANSSON 
(p. 155 in [ 341}) says that K must be balanced with a good supply of S to ensure high 
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Table 35 Influence of K form on the yield of rape seed (kg/ha) [ 182} 

0 150 

0 ...... ......•................ ............ 500 
75......... .. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 550 
ISO......................................... 570 

700 
560 
550 

1200 
1470 
1760 

yield and good quality of the oil (low glucoside content). The effect of K in increasing 
protein and oil (FORSTER, p. 305 in [ 356]) can be related indirectly to increase in sap 
flow through the phloem and to possible effects on the chloroplasts (APPELQUIST, 
p. 264 in [ 356]). 

• 
K, S and Cl have similar effects to those described above on other oil crops like sun-
flower, olive, cottonseed, linseed and castor (see also chapter 4.5). 

Sunflower ( Helianthus ann.) 
The effects of mineral fertilizers on oil content and oil yield have been reviewed by 
DAVIDESCU et al. (p. 311 in {356)) and APPELQUIST (p. 257 in {356}). Work in 
nutrient solutions showed that KCI raised the Cl content and lowered N03 content. 
K 2S04 increased total S content, N03 and organic acids and increased greatly the 
total amino acids, mainly aspartic and glutamic acids and alanine [ 198]. ROGALEV 
(cited [255]) found that KCI reduced the oil content. 

Olive (Olea europaea) 
Based on practical experience it is advised in Brazil and Italy to apply potash mainly 
as K2S0 4 [ 134}, MORETIINI (p. 139 in { 346)). 

Linseed ( Linum usitatiss.) 
In Germany, Japan and the Netherland:; K2S04 gives a higher oil content whatever 
the level of K applied. Mg interacts positively with K2S04 and negatively with KCI 
[314, 315]. 

Castor (Ricinus comm.) 
This is known to prefer sulphate [ 134] and the usually recommended dressing is 
about 100 kg K 2S04/ha. 

4.5. Fibre crops 

Fibre crops are generally thought to have medium tolerance for salt and Cl [ 1, 141]. 
The effect of potassium in producing large thick-walled fibre cells can be strengthened 
by appropriate choice of the anion, chloride leading to thinner cell walls and large 
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lumina with loose bundles while sulphate promotes strong and fine fibres and fine 
bundles of higher quality [ 171, 305]. 

Cotton (Gossypium spec.) 
On the whole, N and P favour the formation of coarse fibres while K generally 
improves fibre quality as shown in fineness, maturity, strength and increases boil 
weight, lint per boil and lint percentage which results in higher fibre yields [ 39] . 
Sulphate of potash supplies two nutrients which are important for yield. 
Even on high K soils, spray application of K2S04 (2 kg/ht>.) will increase yield and, 
according to variety, the effect is equivalent to that produced by soil application of 
350 kg K2S04/ha [ 104] . 

The salt tolerance of cotton, especially of the different organs and tissues, may depend 
upon their K contents. Chlorides, for instance in irrigation water, increase total cation 
uptake, mainly of Na, more than do sulphates, and thus the K: Na ratio is shifted so 
that K supply to the tissues is reduced. On the other hand it has been shown that 
sodium sulphate has a greater depressive effect on boil weight and number per plant 
than sodium and calcium chlorides [141]. 

Against this other results comparing different K fertilizers indicate that the combina­
tion of S04 with Mg may be particularly effective [94, 358] as experiments in Brazil 
have shown (Table 36). Russian experiments also found K2S04 superior to KC! for 
irrigated cotton (cited [/39]) . JACOB and voN UEXKULL [/34] and BoLLE-JONES [ 28] 
also recommend the use of K2S04 in Africa. All fertilizer experiments reported from 
Egypt, Morocco, the Sudan, Trinidad and Pakistan have used KzS04 while in USA, 
India, Central Africa and Peru KCI has been used with good effect ( [94]; DUBERNARD, 

p. 279 in [353] ). In Uganda, arable cropping for 2YJ years removed 128 kg K/ha 
from the topsoil and the recommendation for the cotton crop would then be 67 kg 
K/ha as KC! but there is a danger in using too high rates of KC! on acid soils as Mn 
toxicity may result from the effect of Cl in making Mn more available (ANDERSON, 
p. 421 in [ 353]) . Older experiments (1939-1943) in Alabama showed that sulphate 

Table 36 Effect of form of K on cotton yieid (lnstituto Agronomico, Campinas, Brazil, p. 19 
in [94)) 

Fertilization • 

Without fertilizer .. .. . . .. ..... . . .... . ..... . .. ...... . .. . . 
NP+MgSO, .. .... . . .. . ....... ... . . . . ........ . ... . ... . 
NP .. .. ... .. .. .. . . .. .... . .. ... . ... ......... . . .. . .. .. .. 
NP+SPM** ... .. ... . .... ... ........... . ..... .. .. .. . . . 
NP+KCI .... .. .... . .. .. . ... .. ... .. ... . .. . .. . . .. ... . . . 
NP+K2SO, .. . ........ . . . ... ... .. . .. .. . .. . .. · ····· ·· · · 

Yield 
kg/ha 

429 
405 
369 

2724 
2665 
2655 

relative 

100 
95 
86 

635 
621 
619 

• K applied at 70 kg K20/ha •• Sulphate of potash magnesia 
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fertilizers increased seed cotton yield by 16% above that given by chloride fertilizers 
[ 137]. However, recent experiments on alluvial soils in the Mississippi valley [ 180} 
showed good responses to K over three years but no difference between KCI and 
K2S04• Similar results in Turkey were reported 1976 by KovANCI [ 153}. 
Removal of S by the cotton crop is considerable (34 kg S in 4.3 t seed cotton) and 
there are many reports of S deficiency from cotton growing areas in the east of the 
USA (cited [281]; [ 137, 140) ). S deficiency is expected if theN : S ratio in the leaves 
is greater than 15-17. S contents in leaves of 3 month old plants of 0.24>.28% are 
reckoned sufficient for maximum yield, though other authors say deficiency is indicated 
by leaf contents in young leaves of0.134>.11% [ 177}. 

In francophone Africa where the crop takes up 9 kg S/ha, for a crop of 1.5 t seed 
cotton, average fertilizer recommendations include 10--12 kg S/ha (in Senegal 50 kg 
K2S04/ha) (RICHARD, p. 241 in { 341) ; MARTIN-PREVEL, p. 81 in { 336]) . In fertilizer 
experiments in the Ivory Coast on K depleted deforested soils (23-42% yield reduction 
in absence of K fertilizer) cropped for 4-5 years it is normal to include 24 kg S/ha in 
the fertilizer dressing (DEAT, p. 485 in [353)) . 

As cotton growing is intensified the crop's demand for available K and S increases and 
fertilizer rates must be increased. K is taken up rapidly over a period of only six weeks 
and this is a critical period for the crop. Under these conditions, K 2S04 gives very 
good results and it is economically well justified to use this form. 

Flax ( Linum usitatiss.) 
In former times flax was an important crop in France, Germany and Holland and the 
results of experiments at that time (cited [ 139] and [ 171}) showed that sulphate of 
potash influenced the morphological properties, improving quality e.g. fibre content, 
fineness, fibre strength. K2S04 produced higher yields of fibre with smaller and thicker 
walled cells than KCl [ 150, 176] . 
The percentage of phloem tissue, and thus fibre quality, falls off with increasing 
salinity { 1] . Seed yield is not so much influenced by salinity as is quality e.g. thousand 
grain weight and oil percentage. 
When heavy rates of potash are used, especially over 200 kg K20/ha, two thirds of the 
dressing should be given in autumn, as KCl, and the rest as K2S04 at sowing in the 
spring [ 171]. 

Hemp (Cannabis sat.) 
is very sensitive to Cl, especially in early growth, as shown in loss of yield and coarse, 
weak fibre, while 504 especially improves fibre strength [ 138} as is most important 
for the manufacture of ships' cables, nets, etc. (Table 37). 

Jute (Corchorus capsul. and olitor.) 
is rnanured with KCI in Taiwan, Pakistan, India (West Bengal) and Bangladesh. It has 
a relatively high K requirement and the yield of dry fibre is increased by K. Liming 
and potash fertilizer together control stern and root rot diseases. C. capsularis is more 
susceptible to S deficiency suggesting the suitability of fertilizers containing Mg and S 
([179}; KANWAR, p. 261 in {342}). 
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Table 37 Effect of Cl and S04 on yield (g/pot) and quality of hemp [138] 

Proportion of anions Total Stem Grain Fibre Fibre Breaking Oil 
in fertilizer yield % strength % 

kg/cm 
Cl so. 
100 50.7 17.3 6.1 3.18 
75 25 54.9 21.1 6.1 3.91 24.5 23.8 34.4 
50 50 60.0 25.4 5.9 4.19 24.5 30.2 34.2 
25 75 64.4 26.8 5.9 5.06 24.2 34.6 34.5 

100 68.9 31.2 4.2 4.98 22.6 33.5 33.8 

Sisal (Agave sisal. ) 
Trials with different forms of potash have shown no important differences as regards 
yield, fibre length and strength [ 133]. 

Ramie ( Boehmeria nivea) 
is one of the salt sensitive fibre plants and KCI is more apt to cause root damage and 
yield depression than K2S04 [ 128) . 

Reed ( Juncus eff.) 
grown in Japan for making floor matting, is improved by K2S04 which increases the 
proportion of first quality fibre and gives a better colour and sheen which improve its 
commercial value [313]. 

Kenaf (Hibiscus cannab.) and Manila hemp ( Musa text.) 
KCI is the potash fertilizer normally used for these crops [ 134]. 

4.6. Robber ( Hevea brasiliensis) 

The use of latex stimulants, coupled with the large scale planting of high yielding 
clones, has revolutionised rubber growing in recent years. As potential yield has been 
raised, fertilizer applications have been increased and soil and leaf analysis are widely 
used to refine recommendations. Applications for K fertilizers have been greatly 
increased during the last 10 years as pointed out by voN UEXKULL (p. 302 in [343]), 
BELLIE ({16}; p.345 in {341}}, KANWAR (p.276in {342}) andPUSHPARAJAHinAnnual 
Reports of the Rubber Research Institute of Malaysia. 

In Malaysia, the standard recommendation for bearing trees yielding up to 5 t latex/ha 
is now 30-70 kg K20/ha according to soil texture and the wind resistance of the clone 
while the standard rate of MgO is 15 kg/ha. K is now recognized as being especially 
important for clones susceptible to wind damage and reports of the Rubber Research 
Institutes of Malaysia and Sri Lanka and of the Institut de Recherches sur le Caoutchouc 
en Afrique ( I .R .C.A.) have all shown that K enhances growth (girth), latex yield, bark 
renewal, phloem thickness and size and number of latex vessels per unit bark. 
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The rate at which K moves to the latex vessels controls latex production and the serum 
of a healthy bearing tree should contain> 0.3% K. Latex stimulation aiso doubles the 
drain of Mg from the tree. While Mg is essential for the growth of young trees, too 
high a level in the mature tree accelerates latex coagulation thus bringing the flow of 
latex from the tapping cut to an early halt. It has been found in Malaysia that where 
yield on low K soils is depressed through this cause, this can be corrected by applying 
K fertilizer. 

Properly balanced fertilizer has a K: Mg ratio of 3: 1, exactly the proportion of the 
two nutrients in sulphate of potash magnesia ( [ I 34] ; Rubber Research Institute Sri 
Lanka) . 

Up to recently the question of the choice of Cl or S04 fertilizer has been given little 
attention and SYs [294] has no preference for either. Recommendations in Malaysia, 
Sri Lanka and the Ivory Coast are based on KC! and since the latex contains only 
30-70 ppm S, the S removal by quite high yields only amounts to 1 kg S/ha or so 
(MARTIN-PREVEL, p. 81 in {336}). BEAUFILS (cited {16}) specifies leaf S :P ratios 
> 1.3 as high, 0.8 as satisfactory and <0.7 as low for good bearing trees. 

Mention of undesirable effects of Cl on growth in its Annual Report of 1966 led the 
Rubber Research Institute of Malaysia [275] to investigate the effects of different 
forms of N and K fertil izers (KCI, K2S04, K2C03, KPOJ. Cl showed some tendency 
to depress growth (girth) on light soils while S04 was disadvantageous on heavy soils. 
N and K uptakes were higher with KCI especially when applied with N and leaching 
was reduced due to higher nutrient uptake. Growth and nutrient uptake were good 
when urea was used with K2S04 especially on clay soils and this is a good combination 
when K-Mg fertilizer is not appropriate, should there be a need to reduce the Mg level. 

4. 7. Beverages and stimulants 

Hops (Humulus lupulus) 
The quality of hops is expressed in their content of the extracts required by the brewing 
industry. Potassium is most important for yield and quality and the form of potash 
fertilizer is equally important. There is no doubt among hop growers that sulphate of 
potash should be used exclusively and that sulphate of potash magnesia, on account 
of its magnesium content, is especially valuable for hop yield and resin content [207, 
347] . 

Tea (Camellia sinensis) 
As tea gardens have aged and the levels of N fertilizer have increased, K fertilizers 
at 60-200 kg K20/ha have been found to have large effects on yield (KANWAR, p. 272 
in [342]; DE BEAUCORPS, p. 337 in {343]). In new plantings, the socalled 'yellow 
disease' has been diagnosed as due to S deficiency and this condition is largely combated 
in Sri Lanka, India, Indonesia, Russia and East Africa by using sulphate based N, P 
and K fertilizers {15]. S is a most important nutrient for tea. Leaf S contents range 
from 1.53-2.2% Sin dry matter according to site {145]. 
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Tea growers prefer to use sulphate of potash as, with KC!, Cl is rapidly taken up and 
this reduces the total dry matter and starch content of the leaf, while, on the other hand, 
S04 favours the formation of essential amino acids. K2S04 increases yield and improves 
the quality of tea [ 145, 167, 240]. 

Coffee (Coffea spp.} 
As yields increase, so does the importance of potassium. K is essential to sustain high 
yields, preventing physiological dieback, over-bearing and alternate bearing (voN 
UEXKfu.L, p. 308 in [ 343]). Though the removal of S in harvested beans is not very 
great (about 4 kg in 2 t beans) this is only one third of the total S requirement of the 
crop (MALAVOLTA, p. 331 in [341}; [33]) and several investigations have pointed to 
the importance of S for the crop. The S content of the plant is greater than that of P 
and only slightly less than that of Mg. FORESTJER and BELEY [77] quote average values 
of0.213% Sin dry matter and normal leaf contents between 0.18 and 0.26% Sin the 
third leaf of one year old shoots for C. robusta. 

MALAVOLTA et al. ([1771: p. 331 in [3411) regard 0.25% as optimal and <0.1% S 
as indicating deficiency. They report that S deficiency adversely affects the root system 
more than the above ground part of the tree. Pale green chlorotic symptoms first 
appear on the young leaves. Latent S deficiency manifests itself not so much in reduced 
flowering as in reduced flower set. 

From work in Brazil, Lorr et al. [ 1181 conclude that most of the S occurs in the leaf 
in organic combination but that S04 content is a better indicator of S deficiency in soil 
and plant than total S. They give critical values for the third leaf of < 200 ppm S04-S 
with 0.13% totalS. Up to now, MALAVOLTA (p. 331 in [341]; in Brazil has recom­
mended KCI. The function of Cl in nutrient metabolism and its effects on growth were 

. first investigated by FURLANI and results are reported in his University of Piracicaba 
dissertation of 1973 [ 831. Leaf Cl contents of K Cl treated plants were higher than with 
K 2S04 and there was a relation between high leaf Cl content, reduced growth, necrosis 
and defoliation. However, no ill effects were seen until leaf Cl content exceeded 0. 76% 
Cl for all leaves or 0.94% for leaves from the lower third of the plant. Plants receiving 
Ka had less P and more Cu in the leaves than the ones which received K~04• 

There is no point in using ~S04 if the S requirement of the crop can be covered by 
using sulphate containing N fertilizer. It is likely, though, that sulphate of potash 
magnesia will become more important in the future as Mg deficiency becomes more 
likely ([611; VON UEXKULL, p. 308 in {3431). 

Cacao (Theobrorruz cacao) 
Cacao is physiologically very sensitive .and the tolerable range of nutrient levels is more 
restricted than in any other tree crop. A slight nutrient imbalance can cause premature 
leaf fall as can low soil moisture, or high temperature. 

K and Mg are particularly important when cacao is grown unshaded or under light 
shade when yields are high. A planned yield of 4 t dry beans/ha would require 385 kg 
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K 20/ha and 100 kg MgO/ha and it is recommended that these should be applied as 
sulphate of potash magnesia or KCl + kieserite ( [ 134]; voN UEXKDLL, p. 311 in[ 343]). 

Experiments with different forms of K in Trinidad [ 134] and Brazil [201] showed 
good responses to K but no difference in effect between KCl and K 2S04• Apparently 
S uptake by the crop is low so that applied S has no effect. Cacao beans contain, 
according to variety, 0.18-0.24% S and S removal in the whole fruit would be about 
6 kg S/t dry beans (MARTIN-PREVEL, p. 81 in [336]). 

Tobacco ( Nicotiana tabacum) 
For no crop is there more scientific and practical evidence in favour of sulphate of 
potash than for tobacco. We mention especially here the comprehensive work of 
CHOUTEAU et al. [51 , 52] and Lout [171]. 

Characteristics which determine quality, particularly combustibility, are more 
important than total yield in determining the economic returns from the crop, and 
these are much affected by manuring [57, 76, 92, 115, 139, 165, 221, 226, 248]. 
Potassium plays a fundamental role in increasing yield, improving external properties 
(leaf size, specific weight, colour) and improving quality through affecting the bio­
chemical processes which determine the contents of important constituents like 
alkaloids, organic acids, amino acids and sugars ([ 165, 252]; DE BEAUCORPS, p. 339 
in [343}) . A high K content (>5%) not only improves the pliability and disease 
resistance of the leaves but also improves their burning properties. 

Cl has a negative effect on all these quality improving properties. It reduces the organic 
acid content, promotes protein formation and imparts a sweet unpleasant taste and 
aroma. On account of its hygroscopic properties it makes drying and fermentation 
difficult and increases mildew and rotting. Increasing Cl content of the leaf causes it 
to lose its good burning and glowing properties. The combustibility varies with Cl 
content as follows [115, 139, 248]: 

< 1 % Cl = excellent 
1-2% Cl = good to satisfactory 
2-3% Cl = unsatisfactory 
>3% Cl= poor 

Leaves with over 1% a would be rejected for cigar manufacture, while for cigarettes 
up to 2.4% is tolerable, provided the leaf has good elasticity, Cl rich soils and irrigation 
water containing more than 20 ppm Cl are quite unsuitable for tobacco growing [73, 
143, 174]. 

Excess Cl can be recognized by brittleness and thickening of the leaf which rolls 
upwards at the margin and takes on a glossy appearance. While yield may be increased 
by applying KC!, quality may be lowered so much by the Cl content that the total 
return in cash terms is lowered [115]. For example, applying 134 kg K/ha as KCI 
increased yield from 2655 to 2854 kg/ha (10.7%) but lowered the price by 11% [ 165}. 
In France ( 171] applying a total of 300 kg K20/ha to tobacco and the preceding crop 
as sulphate gave twice as much cash return as chloride. It is interesting that in an effort 
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to improve tobacco quality, the Government of Colombia in 1979 forbade the use of 
chloride-containing K fertilizers. 

There are no risks of quality deterioration when sulphatic fertilizers are used and S 
supply to the crop is assured. Tobacco leaves well supplied with sulphur are of a 
uniform brown-red colour. Up to 50 kg S/ha can be removed at normal leaf S contents 
of 0.3-0.4% for burley, or 0.7% for flue cured, in dry matter. S deficient plants, 
exhibiting chlorosis similar to that of N deficiency, are low in alkaloids and organic 
acids and have high values for sugar and protein N. Applying sulphate reduces leaf 
pH by decreasing organic acid content [ 307] and lowers the Cl content [ 171}. 

Excessive sulphate can, however, also cause blackening of the leaf and, though to a 
lesser extent than Cl, can cause the organic acid content to fall [92]. CHoUTEAu 
(cited ( 171]) blames too high S content for the appearance of dark coloured leaves 
which have a low market value. 

Countless results of K form experiments highlight the beneficial influence of K2S04 
on combustibility (cited [ 115]). According to SAEZ, while even 50 kg KCl/ha has an 
unfavourable effect, combustibility is improved by 2% by 150 kg K2S04/ha and by 
about 100% by 750 kg K2S04/ha. According to BowLING duration of glowing is 
affected as is shown in Table 38. 

Even foliar application of K2S04 42-53 days before picking can improve the yield of 
the middle and upper leaves and improve combustibility [ 142}. Lou£ [ 171] basing his 
opinion on results obtained by the French potash industry (S.C.P.A.) says that the 
finest quality tobacco is produced with sulphate fertilizers. 

In summary, sulphate of potash, should be used on tobacco, and, on light soils, 
sulphate of potash magnesia is recommended to ensure the supply of sufficient 
magnesium. 

• 
Table 38 Effect of form of potash on combustibility of tobacco (BOWLING, cited [ 171}) 

Rate ofK20 
kg/ha 

0 ............ . ..... . . . . .... . .. . .. ... . . .. ... . . . 
27 ............ .• ... . . ... ... ...... . .. . .. .. . ..... 

188 . .. ......... . ... . . ..... . ... .. . . ... . .. ... ... . . 

4.8. Vines and fruits 

Vine ( Vitis vinifera) 

Glowing duration in seconds 
K2SO• KC! K~ 

4.4 
5.8 3.5 

46.3 2.1 

K is a most important nutrient for grapes not just because it increases yield (number 
of fruit per plant) but rather because, through its influence on metabolic processes, 
including photosynthesis, it directly influences the quality of the grapes by increasing 
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their sugar content and this indirectly improves the quality of the vine (MALQUORI, 

p. 287 in [343]). 

The vine is moderately tolerant of salinity and chloride. Further, in practice, S defici­
ency (light green colour of the upper, mainly immature, leaf blades, and brittleness) 
is seldom encountered. These are the reasons why, according to soil conditions, variety 
and the use for which the grapes are intended, sulphate of potash is not exclusively 
used. However, the majority of investigations in all vine growing areas of Germany, 
Austria, Switzerland, France, Portugal, South Africa and Australia have led to the 
conclusion that sulphate of potash has a better effect than KCl on vine growth (higher 
chlorophyll content of the leaves), grape yield, sugar content, must yield, acidity 
(ascorbic acid content), colour and tannin content. (For comprehensive surveys see 
[139, 171, 346}). 

Wherever emphasis is laid on the quality of the grapes (either for dessert or wine 
making) and also for young vines, sulphate should always be used. Sulphate also 
reduces the susceptibility of vines to botrytis. However, exclusive use of either Cl or 
So4 fertilizer can lead to disturbed anion balance in the vine and to growth depression. 
K uptake is increased by Cl while it is lowered by S04 with simultaneous increase in 
the uptake of Mg and P [ 171}. 

Like DILLEY et al. [63] before him, EDELBAUER [71, 72] has recently investigated the 
effect of different KCl:K2S04 ratios on yield, composition and frost resistance of 
'Griiner Veltliner' rootstocks grown in solution culture (Figure 11, Table 39). He 
concluded: 

- Fruit yield in treatments 1 and 2 was considerably below that of the other treatments. 
There were fewer bunches per plant and weight per bunch was lower. 

- Regarding components determining juice quality, sugar was lowest in treatment 1 
and polyphenol content was distinctly higher in treatments 2 and 3 than in other 
treatments. Form of potash did not appreciably affect titratable acidity. 

- Treatment 2 gave the highest N content in juice, followed by treatment 3 and the 
total free amino acid content followed the same pattern. This was considerably 
influenced by the KC!: K2S04 ratio. 

- High frost resistance of the buds was correlated with K content of leaves and was 
highest in treatment 3. 

This confirmed the findings of other authors in France (LEVY, CHAMPAGNOL, 
CouiLLARD, cited [171}) and Switzerland [337} that basically Cl had littleeffecton 
quantitative and qualitative characteristics of the vine though, as a rule, it reduced 
grape and vine yield. Lout [171] also came to the same conclusion from 10 years 
work comparing potash forms in the Gironde and from other experiments in France. 

Essentially, therefore, KC! is only used at low rates of application ofK, the application 
being correctly timed before the beginning of growth, and in old vineyards. 
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It is probable that the Mg needs of the vine will receive more attention in the future. 
On soils with Mg contents from 8-20 mg/100 g soil the danger of Mg deficiency is 
increased by a high K:Mg ratio and this should not exceed 2.5:1 (40]. Obviously, 
sulphate of potash magnesia has special applications in vineyards. 

Fig. 11 Relations between the KCI/K2SO. proportions in the nutrient solution and yield of 
grapes per 3 culture vessels, mean weight per bunch and number of bunches per 3 culture 
vessels [72} 
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Table 39 Concentrations of sugar, titratable acidity and polyphenols (tannins) in grape 
juices and frost susceptibility of the buds in relation to proportion of KC! to K 2SO 4 

in the nutrient solution [71, 72] 

Treatment Sugar Titratable acidity Polyphenols Frost 
KCI :K2SO• as tartaric acid susceptibility 
mg-atoms K g/1 rei. Ofoo rei. mg/1 rei. % rei. 

1 4.0:0 ..... . . 153.8 94 7.30 99 185 82 30.8 120 
2 2.5:1.5 ... . . . 173.4 106 7.55 102 253 112 24.6 96 
3 1.0:3.0 . .. .. . 166.2 102 7.10 96 259 115 18.9 74 
4 0 :4.0 . ..... 160.2 98 7.65 103 208 92 28.6 Ill 

Mean . . . . .. .. . 163.4 100 7.40 100 226 100 25.7 100 

P = O.S .... . . .. 18.9 12 0.42 6 60 27 6.4 

Berries, pome fruit and stone fruit 

In fruit culture generally, fertilizers are used regularly and generously so that real 
deficiencies, of S for example, rarely occur [15) . However, because fruit requires 
large amounts of N and K in the ratio 1:0.8-1 the problem of salt and chloride 
tolerance of the trees does arise and so sulpha tic fertilizers are mostly used in practice 
[103, 244, 345) . K improves fruit size, colour and flavour, for example it increases 
acidity in apples and peaches (MALQUORI, p. 296 in [ 343) ) . Fruits can be classified for 
salt and chloride tolerance as follows [19, 63, 116, 139, 171] : 

Fairly sensitive: blackcurrant, strawberry, peach 
very sensitive: blackberry, blueberry, apple, pear 
extremely sensitive : redcurrant, raspberry, stone fruits . 

Even at quite low Cl contents in the soil red-currants ( Ribes rubrum) and raspberries 
( Rubus idaeus) react with typical marginal leaf scorch similar to symptoms of K 
deficiency [32). Vegetative growth and fruiting is quickly and sharply reduced as 
indicated by the pot experiment quoted in Table 40 [222] . Sulphate of potash should 
be used exclusively for raspberries and redcurrants. Cl sensitivity of strawberries 
( Fragaria) depends on variety. There is a danger of leaf scorch from KC! particularly 
when rainfall is low, and the strawberry has a high potassium requirement. The extent 

Table 40 Yield and shoot growth of raspberries (3-year average) receiving sulphate or 
chloride of potash [222} 

Form of K Yield 
g 

K2so. . . . ..... . . . ... .. . .... ..... . . .. . . . . . . . 1145 
KCI.... .. . .. .. . ... . .. . . . .. . . ... . . . . . ..... . 693 

Shoots/plant 
length (cm) 

1066 
834 

weight (g) 

462 
335 
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of salt damage which might result from using saline irrigation water depends on the 
age of the plants and depth of the root system. MATZNER [188] favours sulphate 
though, in his experiments, there were no significant differences between the potash 
forms as regards quality determining constituents; Cl delayed ripening and signifi­
cantly reduced yield. MAPPES [ 181] and GRUPPE ( 103] advise the use of Cl free 
fertilizer, particularly sulphate of potash magnesia, for strawberries in Germany as 
does BIAR [21] in France. BDNEMANN et al. [41} warn against too high use of Cl 
because it reduces yield and lowers the uptake of major nutrients. HABRAN and 
LEMAJTRE [ 106 J advise sulphate of potash for Belgian conditions. 

Sulphur and sulphate fertilizer are useful for creating the appropriate soil conditions for 
blueberries ( Vaccinium myrtillus) with pH values of between 4.5 and 5.0 and an 
adequate supply of sulphur ( 359 }. 

Quite low leaf contents of Cl in pome and stone fruits may lead to growth depression. 
According to DILLEY et al. [63j, taking the relative growth as 100 for a Cl content of 
0.01--0.02 in leaf dry matter, growth of apple (Malus), peach ( Prunus persica) and 
cherry ( Prunus ceresus) reduced by 15, 22 and 60 with Cl contents of about 1.0, 0.2 
and 0.3% respectively. In winter, the roots of fruit trees are never inactive so there is 
a danger of Cl damage even when KCI is applied in autumn (TROCME, cited [171 ] ). 

Dutch experiments have shown that K2SO~ gives higher yields of apples than KC! and 
that the extent of the difference varies with rootstock. The results of a 13 year experi­
ment at the Geldermasen Fruit Research Station are quoted in Table 41 [88}. The 
advantage of K 2S04 increased as the trees aged. Another Dutch experiment [ 283} on 
a heavy river loam with Jonathan clearly pointed to the advantage of sulphate over 
chloride (Table 42). K2S04 improved yield, quality and market value. 

K form experiments in Alsace with "Melrose· and ·Reine des Reinettes' apples showed 
no yield differences but slightly better fruit colour with K 2S04 //7/ !. BEATTIE's 
experiments (cited !171..') in Ohio (USA) gave a higher percentage of well coloured 
fruit from K 2S04. According to CASSJDY (cited ( 263.;) sulphate of potash is preferred 
in former Rhodesia (Zimbabwe) for both apples and pears. South African recommen­
dations (cited [ 139] ) advise different K fertilizers according to soil reaction: 

pH 

<5.5 
5.5-6.5 

>6.5 

Form advised 

sulphate of potash magnesia 
KCI or K2S04 and sulphate of potash magnesia every other year 
K 2S04 

BRUCHHOLZ and FIEDLER [38i carried out experiments on K rate and form for many 
years in the German D.R. and found no great difference between KCI and K2S04 as 
far as concerned growth, yield and storage properties, while optimum K fertilization 
significantly improved fruit set, fruit size, ripening, fruit constituents, colour, taste, 
aroma and storability. In many older and in some more recent experiments with apples, 
sulphate of potash was compared with potassium chloride of lower grade than 60% 
K20. It is only to be expected that the difference between sulphate and chloride will 
be less marked when the highest grade of chloride is used. 
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Table 41 Yield increase of apples from K2S04 compared with KCI [88] 

Variety 

Golden Reinette 

Jonathan 

Rootstock 

EM XVI 
EM I 
EMIV 
EM 11 
EMXlll 

K20 application 316 kg/ha/year 

kg/tree 

20.5 
19.0 
25.0 
27.5 

2.1 

Table 42 Four year average yields of apples from different forms of potash [283] 

Total yield (kg/ha) . . .. . . ~ . . .. .. ... . 
relative . . . . . .. . . .... . . . .. . . ... . 

Grade I ..... . ....... .. . . ... .. . . 
Grade Il .... . .. . .... . . . ... .. . . . . 

Cash return (hfi/ha) . . ...... . .. . . . . . 
relative . . ............. . . .. ... . . 

K20 application 350 kg/ha/year . 

Average 1953-56 
KC! (~%) K2S04 

13360 
100 

11 523 
1 837 

3135 
100 

14 376 
108 

1 2673 
1 703 

3 371 
107 

1956 
KC1(40%) Kzso. 
22750 23950 

100 105 

20000 21795 
2750 2155 

5469 5 806 
100 106 

With sour cherries there is always risk of frost damage and fruit splitting. Morelles 
which receive much N show improved frost resistance by young buds and cortical 
tissue when K2S04 is substituted for KCI, and it has been established that fruit 
splitting in cherries is lessened by sulphate [ 189, 190]. 

A good general recommendation for fruit of all types is to use sulphate of potash alone 
or in combination with Mg as in sulphate of potash magnesia, and especially so when 
fertilizer is applied late or by placement, as quality and marketability are both 
improved. 

Citrus (Citrus sp.} 
Rate of potash fertilizer is more important for yield and quality of citrus than the 
type of anion. The rate determines available K content of the soil and K content of 
the plant. However, BAR AKIVA (p. 160 in [350]) found in experiments over 4 years 
that the anion, as well, influenced K availability in the soil and leaf K contents and, 
at high rates of application, K2S04 was more effective than the chloride (Table 43). 
Other authors have also found higher leaf K contents with K2S04 ( 151, 152]. 

Trees well supplied with K show leaf K contents of over 1.1-1.2% in orange and 1.55% 
in grapefruit. High K contents are correlated with superficial and inherent quality 
characteristics and with frost resistance (Georgia, USSR); premature fruit drop is 
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Table 43 Effect of potassium fertilization on the soil LlF values and the leaf K composition 
of Shamouti orange leaves 7 (after four years of differential fertilization) (BAR 
AKIVA p.l63 in [350}) 

Treatment•• Kin leaves D.F value• 
% in dry matter 

Ko control 0.57 -3280 
K1 as KCI 0.69 -2600 
K3 as KCI 0.79 -2010 
K1 as K,SO, 0.68 -2520 
K3 as K2SO, 1.06 -2190 

• D.F=free energy change in cal/moJrC of Ca/K ion exchange 
average of 3 layers 0-30, 30-60 and 60-90 cm 
-2500 to -3000 indicates optimal amount of available K 
-2000 or less indicates excessive amount of available K 
-3500 to -4000 indicates deficiency amount of available K 

•• K1 = 250 g K/tree(year; K3 = 750 g K(treefyear 

lessened by K 2S04 ([78, 151, 152]; MALQUORI, p.287 in {343] ) . The incidence of 
blight is associated with low K and high Na and Cl contents in the leaves as shown by 
survey [ 330] in a 35 year old commercial orange grove (Table 44). 

Table 44 Mineral content in the leaves of healthy and blight-affected citrus trees [ 330j 

Percent pp m 
N p K Ca Mg Na Cl 

Blight* ·· ···· ······· ······ 3.06 0.157 1.02 3.88 0.38 1586 947 
Healthy* . ............... . . 3.00 0.138 1.45 3.45 0.41 895 568 

• Composite samples based on 6 trees each 

EMBLETON and JoNES have done much work on the effects of nutrition on citrus yield 
and quality at the Riverside Agricultural Experimental Station, California, and the 
results pertaining to K have been summarised by HERNANDO (p. 206 in [ 357]) in 
Figure 12. It is interesting that the effect of K on peel thickness and juice content in 
lemon is the opposite of that in orange. K especially increases the acid content. 

Because the danger of salt, Na and Cl sensitivity in citrus cannot be ruled out, the 
sulphate forms of potash may be O}Ore effective than the chloride. 
HERNANDO (p. 195 in [357]) says that the use of irrigation water with 500-700 ppm 
salt should be avoided as it may be detrimental. 

HARDING et al. [ 111] carried out exhaustive investigations on irrigated oranges in 
California and found a positive connection between high K: Na ratios in the soil and 
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Fig. 12 K content in orange leaf and its effect on production and quality factors. (EMBLETON 

and JONES (1964-1978), cited by HERNANOO, p. 206 in {357}) 

in leaves and higher productivity and larger fruit size. Low K: Na ratios had bad effects 
on both criteria. 

Salt sensitivity is especially likely to affect the root growth of seedlings and young 
trees, and trees on soils with compacted layers which have shallow root systems 
([151, 152) ; ZusMANN cited [309)). 

As cited in [ 309), JACOB et al. found leaf damage on trees grown in the glasshouse 
only when KCI was used and the damage increased as fertilizer rate increased; there 
was no damage from sulphate. The cation/anion balance was affected by the anion, 
being 3.7-3.9 in those receiving K2S04 and 8.1-9.0 in those receiving KCI, and this in 
turn disturbed the functioning of chloroplasts and protoplasm. The Cl content of the 
leaf is decisive for differences in total anion content. Similarly, KoVERGA encountered 
Cl induced chlorosis in the Crimea on soils with Cl contents from 0.0~.11 %. 
ROMERO, in Italy, advised the use of sulphate to avoid undesirable side effects from 
KCl, but RoY could find no statistically significant differences in juice composition 
between the two forms. 
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Although S deficiency is scarcely known in practice, the~e have been reports of improve­
ment in growth and yield due to S fertilization [ 15]. Table 45 quotes values of Sand 
Cl contents for oranges indicating deficient to surplus conditions (cited p. 201/203 
in [357]). 

Table 45 Leaf analysis for diagnosing S and Cl status of oranges (cited p. 201 {203 in i 357") 

Deficient Low Optimum High Excess 

s .. ........ ... >0.14 0.14-0.19 0.20-0.30 0.40-0.50 >0.50 
Cl ............ <0.15 0.20-0.30 >0.40 
Cl .... . .. ..... <0.40* 0.40-0.60* >0.70* 

• According to EMBLETON-JONEs; all other values according to CHAPMAN 

In most citrus growing areas in the world it is recommended to use only sulphatic 
(mainly K 2S04) K fertilizer, as in Spain, Italy, North Africa, Australia, Surinam and 
Chile. K 2S04, KCI and KN03 are all used in Israel, South Africa, Brazil and Florida 
( [ 309]; HERNANDO. p. 195 in .r 357! ). Wherever there is a problem with soil salinity, 
the sulphate form is to be preferred and sulphate of potash magnesia is used where 
there is a need also to supply magnesium [151, 152, 309] as, for example, in some 
Spanish areas where Mg supply from the soil is insufficient and Mg deficiency symptoms 
occur (HERNANDO). 

Tropical fruits 

Banana ( Musa sapientum) and plantain (M. paradisiaca) have a high K requirement 
and appear not to be very Cl sensitive as. in most places, KCI is used to good effect 
!'2/9}. Up to now there have been no experiments with different potash forms. In the 
tropics Cl is rapidly leached out of the surface soil. but under irrigation with Cl rich 
water, K2S04 should be used to avoid building up soil salinity. K 2S04 is advised in 
Honduras because of the occurence of S deficiency. Fox et al. 0 79] on the basis of 
recent experimental results with banana and plantain quote critical values of 0.25-
0.3% S in the third leaf for optimum yield; higher or lower values result in yield 
reduction (Figure 13). As a rule, and especially in Africa, S contents are lower than 
those quoted by Fox, indicating latent S deficiency and under these conditions 
MARTIN-PREVEL (p. 81 in [336}) recommends applying 50 kg S/ha in the form of 
K 2S04• 

The low mobility of S in the plant means that a high S04 concentration is needed in 
the soil solution in order to avoid undersupply of S which causes poor vegetative 
growth, and thin brittle leaves, and, in extreme cases, reduction in number of leaves 
[ 79}. In spite of the high physiological S requirement, S removal in fruit is low in 
comparison with that of Cl. MARTIN-PREVEL and BROOK r 331 say that a 35 t crop 
immobilises about 14 kg S but only removes about 5 kg. KootA et al. [ 149} reckon 
120 g S/t, against 1.0-1.4 kg Cl/t (Table 46). 
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Fig. J3 Relative growth of banana and plantain in relation to the percentage of Sin the 
midleaf section of leaf in position III [79] 

Bananas and plantains remove more K and Mg than other major elements from the 
soil and K deficiency is more often encountered than excess. When K supply is 
optimum, flower initiation is earlier as is ripening, and the number of bunches and 
hands per bunch are both increased. K improves the acid : sugar ratio and storage 
properties of the fruit; it also improves disease resistance. Premature yellowing of the 
pulp is a particular defect in K deficiency and this can also be due to excess Ca or Mg. 
The high K requirement of banana and the fact that it is often grown on low S soils 
make sulphate of potash an eminently suitable fertilizer. 

Pineapple ( Ananas comosus). Choice of K form is less important from the point of 
view of Cl sensitivity than from the point of view of ensuring a good supply of K. 
The K nutrition of this crop is critically important (MALQUORI, p. 228 in [ 343] ) . As 
well as increasing growth and fruit size, K favours the formation of desirable fruit 
constituents such as sugars and acids, especially ascorbic acid, and influences fruit 
colouring [296-299]. 
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Table46 Analysis of banana, plantain and avocado fruit [149] 

Fruit Reference 
mg/100 g fruit 

and Country Ca p Fe Na K Mg s Cl 

Banana I) • • • • • • • 12 32 0.8 4 401 41 
Ivory Coast •• 2) • • • • ••• 8 28 0.7 1 420 31 12 125 

3) • • ••.•• 11 28 0.6 3 380 35 12 lOO 
'> ..... .. 12 30 0.7 3 382 35 130 

Banana '> ....... 14 32 0.8 . 4 323 37 128 
Cameroon 

Plantain I) • • • • • • • 18 38 0.6 
Ivory Coast •• 3) ••••••• 11 31 0.6 3S 

'> ....... 2S 43 0.9 s 43S 38 143 

Plantain ') ... .... 22 42 0.9 4.7 432 40 134 
Guadeloupe 

Avocado I) • • • • • • • 12 26 0.7 2 278 36 
Ivory Coast •• 2) ••••• • • 10 42 0.6 3 340 30 25 10 

3) • •••••• 16 46 0.7 3 680 41 3S 16 
') .... .. . 25 47 0.8 3 333 34 2S 

Avocado ') ....... 21 46 2.8 351 38 21 
Israel 

1) FAO (1976); 2) GEIGY (1972); 3) RANDOIN (1976): 4) KODJA et al. (1968) 

High Cl concentration hinders the uptake of K so that Cl damage (leaf necrosis) is 
accompanied by decrease in fruit size, lower sugar and starch contents but higher 
acidity, all symptoms similar to those of extreme K deficiency (StDERIS and YoUNG, 
cited [301]). 

Total uptake for a 6S t crop is SS kg S/ha of which about 10 kg is removed with the 
fruit (MARTIN-PREVEL, p. 81 in [336]). 

From a summary of K form experiments one would conclude that K2S04 should have 
the preference [15, 134, 301}, though JACOB and VON UEXKOLL [134] quote data 
showing that potassium chloride fertilizer can also be used to good effect for soil 
application in Jamaica, Brazil, Malaysia and South Africa. 

K 2S04 gave higher yields, larger fruit and better fruit colour than KCl in Florida, Natal, 
Puerto Rico, Taiwan and Guinea. CANNON (cited [139}) in Queensland obtained 
larger fruit with higher sugar and acid contents, i.e. better tasting, with K2S04• Su and 
LEE [ 289, 290} compared KCI and K 2S04 in field experiments in Taiwan and obtained 
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higher total yields, larger fruit and earlier ripening with improved fruit quality (higher 
percentage of fruit with 'sound flesh') as shown in Table 47. 

Further evidence of the good effect of sulphate of potash on yield and quality comes 
from Puerto Rico [251) with the variety 'Red Spanish' (Table 48). KCl treated fruit 
had flesh of an undesirable whitish colour. TEJSSON et al. [299) in the Ivory Coast 
came to the conclusion that the largest fruit with least highly coloured flesh was 
obtained by applying a mixture of K2S04 and KCl over the plants shortly before 
flower induction. Whether applied over the leaves or to the soil, KCl manured fruit 
contained more acids, expecially ascorbic acid, and were much less highly coloured; 
but K 2S04 produced the larger fruit (Table 49). 

Table 47 Effect of form of potash on fruit yield and quality in pineapples [289} 

Ko KC! KzSO. P=O.S P=O.l 

Summer fruit set (%) . .. ........ . 96.7 92.0 96.7 2.4 3.5 
Total fruit set(%) ....... .. ..... 98.0 96.0 98.0 
Mean weight of summer fruit (kg) 1.476 1.508 1.553 0.057 n.s. 
Summer yield (tfha) ............ 51.35 49.94 54.02 2.30 3.27 
Mean date of ripening .. . ... .... July 28 July 28 July 24 
Peak of ripening ... ..... ....... July 27 July 27 July 21 
'Sound flesh' fruits(%) ......... 39.02 27.72 44.50 8.54 12.40 

K20 application=12 g/plant; before planting: 3 g K20/plant 

Table 48 Effect of form of potash on yield and chemical composition of pineapples [251] 

Kform* 
Yield 
tfha 

KC! (60%).... . .... 17.5 
K2SO.............. 22.7 

Weight/ 
fruit 
kg 

1.50 
1.66 

* 269 kg K20/ha (N:P:K=5: 1 :4) 

Chemical composition of fruit 
pH Brix Invert Titratable 

sugars acidity 

4.1 
4.0 

13.4 
13.4 

% mg% 

12.9 
13.1 

463 
584 

Brix: 
Acidity 
Ratio 

28.9 
23.0 

Table 49 Effect of form of potash applied to leaves on fruit size, acidity and flesh colour in 
pineapples [299} 

K form 
(10 g/plant) 

Acidity 
me/1 

74 
97 

Ascorbic acid 
fLg/1 

190 
316 

Colour index 

1.7 
0.5 

Weight/fruit 
g 

1409 
1340 
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Avocado ( Persea gratissima) and Mango ( Mangifera indica) are sensitive to salt 
concentration and especially to Cl which cause leaf scorch. and the roots are more 
likely to be damaged than the foliage [ /05}. 
The S content of the leaves at 0.32% is relatively high ! 134j. Avocado fruit contain 
about 30 mg S/100 g fresh weight (Table 46) and the Cl content varies between 10 
to 25 mg { /49 } . Much K is contained in the fruit and sufficient K fertilizer should be 
given to replace this. It seems that the sulphate form should be used for these and other 
tropical fruit crops whose requirements have not yet been fully investigated. 

4.9. Vegetables 

Vegetables are grown commercially both extensively, when they are planted in the 
course of an arable rotation which will include 'agricultural' crops, with or without 
irrigation, and intensively in specialised vegetable gardens or under glass. 

These crops have a high nutrient demand and large amounts of nutrients are removed 
from the soil in harvested crops. Horticulturists therefore use generous amounts of 
fertilizer, often in highly concentrated form (FRJTZ and VETTER. p. 97 in [ 349}) and, 
depending on cultural methods, the growing substrate (natural soil or artificial 
growing medium) and its volume and upon the micro-climatic conditions, problems 
with salinity will assume greater or lesser proportions. Hence the choice of potash 
form is an important matter. 

Under glass. on account of the interaction between potassium and light, K becoming 
less efficient as light intensity falls off, the crop's K demand is particularly high and the 
sulphate forms of potash fertilizer are used exclusively [ 86]. To cover the K needs with 
chloride fertilizer would. quite apart from any danger of Cl toxicity, raise soil salt 
concentration to a dangerously high level. For mineral soils, the Cl concentration 
should not exceed 35-45 mg/100 g. A large proportion of S04 ions combines with Ca 
and thus become less water soluble. The Ca :S04 ratio should not exceed 1:1.2 in the 
soil solution or the crop may be damaged [67_7. 

Apart from these general considerations, the choice of potash form is also influenced 
by the type of crop (botanical family) and the following have to be taken into con­
sideration : 

- The great diversity of salt and chloride tolerance among the different kinds of 
vegetables. 

- The great variation in sulphur requirement, even among representatives of the same 
botanical family. 

- Whether the produce is root, shoot, leaf, fruit or seed. 

- The relative importance of yield and quality (fresh or dry matter yield, content of 
nutritionally important constituents). 

- The purpose for which the produce is required (fresh vegatables, drying, preser­
vation), behaviour in storage and transportability. 
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Thus, the chloride tolerance of vegetables varies greatly in accordance with botanical 
characteristics, environmental conditions and the purpose for which the produce is 
to be used and it is not therefore surprising that it is impossible to group the various 
crops in a simple way according to their chloride tolerance. The Cl tolerance of the 
different families, including different species of vegetables, has already been discussed 
in chapter 2.3. 

SCHUPHAN [ 264) considers the leaf vegetables as a whole to be chloride tolerant or 
neutral in comparison with the root vegetables, the Cl ion favouring the growth of the 
above ground parts of the plant while it may not favour root growth. High protein 
crops, in which N metabolism is of great importance, and crops grown for fruit or 
seed would prefer the sulphate form. The same holds for crops with a high sugar 
content. So far as properties like transportability and storability are concerned, 
sulphate usually produces the best results provided Cl is not required for full yield. 

GEISSLER [86] summarises the behaviour of vegetables in response to Cl or S04 as 
follows: 

- Chloride intolerant, i.e. definite preference for sulphate: French beans, broad 
beans, gherkin, melon, onion, all crops under glass. 

- Chloride neutral, for which normally S04 is preferred: tomato, radish, Jcohlrabi, 
cauliflower, spinach, peas. 

- Chloride neutral, for which normally Cl is preferred: carrot;··black radisb. fed beet, 
white cabbage, leek. 

- Chloride tolerant with preference for Cl: celery, asparagus, spinach beet. 

ANsTETI (p. 57 in [336}) classifies the·vegetables aC:eording to their sulphur require­
ments (see also chapter a) on the bases ofbotanical.family and the purpose for which 
they are grown: 

- Families: 
Cruciferae> Umbellif«ae (Celery)> Liliaceae> Solanaceae (TomatoeS)> Compo­
sitae > Chenopodiaceae> Leguminosae 

-Roots: 
Liliaceae> Cruciferae> Compositae> Umbelliferae> Chenopodiaceae 

- Leaves and shoots: 
Cruciferae> Umbelliferae> Liliaceae> Compositae> Chenopodiaceae 

High sulphur requirement and chloride tolerance are not mutually exclusive (e.g. 
cabbage, celery) and both Cl tolerant and Cl sensitive plants occur in the same family 
(e.g. asparagus, onion) and high Cl contents may be found in chlorophobe plants. 

Because sulphate of potash is usually used in vegetable growing and also because 
organic manures are also used, the S content of vegetable garden soils is usually 
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sufficient to meet the S requirements of the crops. However S deficiency, which appears 
similar toN deficiency, may occur in spring whileS mineralisation is slow. It is there­
fore important to use sulphate for early spring vegetables. 

One further aspect should be taken into consideration and that is the generally high 
Mg requirement of vegetables, and sulphate of potash magnesia therefore finds wide 
application in vegetable growing (FRJTZ and VETTER, p.ll7 in [ 349 J). 

Grain Legumes 

The grain legumes, like all members of this family, react positively in yield to sulphur­
containing fertilizers. Beans and peas require for protein formation a good supply of 
S along with Nand K [252a]. The peak requirement forS occurs about 40 days after 
emergence and for Mg a little later (Figure 14 by FAUCONNJER, p. 263 in [ 343]). With 

Fig. 14 Uptake of major nutrients by beans (250 000 plants/ha)(FAUCONNIER, p. 263 in [ 343]) 

78 



S contents in the leaves of 0.27 ( Phaseolus vulgaris) and 0.41% ( Pisum sativum) 
S uptake is at least 12-15 kg/ha (ANSTETI, p. 69 in [336)). 

Cowpea ( Vigna unguiculata) has been shown to be responsive to S in greenhouse 
experiments at the International Institute of Tropical Agriculture (I. I. T.A.), Nigeria 
(LusE et al., p. 197 in [ 354)). Soil solution sulphate was maintained at different levels 
and the S content of seed remained low and constant over the range <0.2-{).6 ppm S 
in the soil solution. Above this level there was a distinct increase in seed yield 
(Figure 15). Seed yields were increased up to 15 fold by applied S. The inference is that 
S fertilizer will be required for cowpea in many parts of the tropics, where, as for 

Fig. l5 Effect of soilS on seedS content in cowpea. (LusE et al. p. 199 in [ 354] ) 
x =cv. Sitao Pole, o=cv. TVu 76-2E, C.=cv. TVu 201-1D, 'O'=deionized water added. 
Vertical arrows show soil S level at which near maximum seed yield was obtained. 
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example in Northern Nigeria, the S content of rainwater is only about 0.2 ppm, quite 
insufficient to supply the crop's needs. 

Sulphate and chloride have contrasting effects on enzyme activities and growth 
regulating mechanisms in the grain legumes. K affects the functions of saccharose and 
starch synthetases and the meehanism is further shifted in favour of saccharose and 
starch at the expense of the reducing sugars [ 329} (Table 50) by the Cl ion. 

Table 50 Effects of Cl and S04 on carbohydrate content and polysaccharide :monsaccharide 
ratios in French beans [ 329j 

K form Total Carbohydrate 
mg/g dzy matter 

KCI . . .. .... ... .. 58.7 
K2so. .. . .. . . . . . . 42.5 

Saccharose 
Glucose+ Fructose 

20.8 
7.0 

Starch 
Glucose+ Fructose 

10.6 
7.8 

Nitrate reductase activity can be reduced by CJ·widi resultant reduction in root N03 
content in peas [250]. In mq beaDs (Phaseolus aureus) Cl hinders cell el&gation 
of seedlings and roots via stimulation of peroxidase and thus .adversely affects yield 
[ 269]. Cl and S04 are concerned in the formation of biologically active peptides having 
growth control functions and, in this respect, Cl adversely influences the ratio of growth 
stimulating to growth limiting hormones in pea roots [230]. 

There are differing opinions as to which form of po~h is ~t, suited to peas ( Pisum 
sativum) and these vary with environmental conditions,. In Germany and Austria 
sulphate of potash and sulphate of potash magnesia are considered best but experi­
ments in England, USA, Switzerland and, recently, in Czechosloya!da [ 308] consider 
chloride fertilizer equally suitable (cited [ 161]; LAv ALLEYE and STEPPE, p. 235 in [ 340 }). 
Experiments in Switzerland with threshing peas from 1957-1964 [85} showed a slight 
advantage in grain yield, keeping quality and profitability in favour of KC!. On the 
other hand, results from a long term rotational experiment in Germany [ 147] showed 
vining peas to be Cl sensitive. 

Beans ( Phaseolus spp. and Vicia faba) can be regarded as test plants for chloride 
· damage and are affected by quite low Cl concentrations in the soil, and this results in 

yield reduction [86, 87]. In dwarf beans, succulence as a result of increase in leaf 
thickness and thicker palisade parenchyma is improved by Cl [ 329]. 

Pot experiments [7] showed that yields of fresh and dry beans were one third lower 
when 40% KCl was used in place of sulphate of potash magnesia, the effect being seen 
at both high and low rates of application. Long term field experiments [ 120] showed 
a 15% yield advantage in favour ofK2S04• OPITZ [216] also obtained the highest bean 
yields with sulphate of potash and KIEPE [ 147] found that dwarf beans grown in a 
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rotation experiment gave 50% more yield with K2S04 compared with KCl (2.1 and 
1.4 kg/kg Kp). 

In summary there is little to choose between Cl and S04 fertilizers in that Cl favours 
fresh weight and so4 favours dry matter content so that the end result is the same from 
both forms [2001. Thus fertilizer recommendations include both K2S04 and KCl 
[161, 252a1. 

Cabbage and leaf vegetables 

The brassicas (Cruciferae) have a highS requirement and respond to sulphate fertil­
izers [ 151. On the other hand cabbages are Cl neutral so that there is advantage in 
using sulphate only for the finer types of cabbage [ 161]. Thus growers prefer to use 
sulphate on Brussel sprouts since it gives a higher proportion of high grade small 
buttons than KC! ( 171]. Cauliflower may show molybdenum deficiency and high N03 
content when sulphate is used so that a mixture ofK2S04 and KC! is often recommended 
[212]. 

Evidence as to the Cl tolerance of spinach (Spinacea oler.) is contradictory and long 
term experiments indicate no preference for either type [ 1011. Certainly, the reaction 
to form of fertilizer varies a good deal with weather conditions. According to SCHUPHAN 
[ 264] the adverse effects of Cl are not as marked in dry years as in wet. It is interesting 
that leaves from so4 fertilized plants showed the lowest moisture loss (loss in weight 
after 4 days storage: KC124%, K2S04 19.2%) and thus had the best keeping quality 
[ 101, 1611. Higher fresh weight yields are obtained with chloride because of increased 
water content of the leaves [256} but the higher dry matter yields are obtained with 
K2S04 according to French work [ 171]. Experiments with different forms ofN and K 
gave the highest yield with the combination KCl + Ca(N03) 2 with very high carotene 
and vitamin C content ( 265]. A combination of KCl + K2S04 seems to be profitable 
with regard to dry matter yield and contents of carbohydrates, minerals and vitamin C 
(212]. 

So far , the form of potash has been found to have no effect on oxalic acid content 
[101 ] but N03 levels are said to be increased by exclusive use of K2S04 (46, 212]. 

Experience shows that high salt concentration in the soil is damaging to lettuce ( Lactuca 
saliva capitata) and care should be taken to keep it within limits. Sulphate of potash 
magnesia is much used. In pot experiments KC! increased fresh yield but K2S04 

increased vitamin C and sugar content so that the ideal would appear to be a mixture 
of the two forms [212]. 

Root and stem vegetables 

Root vegetables are less chlorophile than leaf crops. 
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In carrots ( Daucus carota) the effects of Cl and S04 have been much investigated and 
it has been found that Cl encourages leaf growth while S04 favours the root [264]. 
Some contradictory results have been explained by the fact that the form ofN fertilizer 
and soil moisture content influence the reaction to potash. SCHUPHAN [264] found 
that 'Nantaise' carrots yielded better with K2S04 than KCI when NH4CI was used to 
supply N; with Ca(N03h both forms were equally effective. When applied with 
N03-N, K2S04 had more effect than KCI in increasing the development of the carotene­
containing skin of the root. He also [265] confirmed earlier findings ofNIEMANN [21 1] 
that fertilization with sulphatic forms of Nand K ( + a little N~S04) under conditions 
of good water supply produced the best yields and, in comparison with KCI, led to 
higher protein content with lower total N and total sugar content in the root. Applying 
nitrate with KC! gave considerably lower protein and carotene contents and lower 
yields. The most important quality characteristic of carrots, provitamin A or carotene, 
is lower when KCI is used [80, 220, 265]. 

According to SCHARRER and BORKE [253] the sulphate form of potash gives higher 
yields, higher dry matter and higher carotene content. GALLAGHER (p. 257 in [340}) 
found from long term experiments in Ireland that carrots were sensitive to high salt 
concentrations and high rates of KCI, and sulphatic fertilizers gave higher yields than 
KCI on soils of normal K content. Only on peaty soils did KCI give the best result. 
Regarding quality, the only effect noted was that K2S04 gave higher carotene content 
(on mineral soils). Pot experiments on Polish peaty soils [212] showed an advantage 
on both grounds - yield (fresh and dry matter) and quality (vitamin C, sugar, N03-

content) - in using a mixture of KC! and K2S04• 

KC! is to be preferred to K2S04 for red beet (Beta vulg. conditiva) so far as total yield 
is concerned, while so far as extrinsic quality is concerned both forms are equally 
effective; sulphate increases the total N content and particularly N03 content and the 
sugar content [ 46, 161, 212]. 

Celery (Apium graveolens) is generally regarded as chloride loving. KCI increases the 
total yield of leaves and stems. SIEGEL and B1ARSCH [ 271] investigated effects on 
chemical composition of celery and found that the Cl ion reduced the content of leaf 
pigments (chlorophyll, xanthophyll, carotene) but that the difference between Cl and 
S04 was less at high rates of K. Further, Cl reduced dry matter content, glucose, 
fructose, xylose and raffinose and ascorbic acid. At high levels of leaf K the sugar 
content of S04 treated plants was similarly reduced. Chloride increased the free amino 
acid content, particularly arginine, of the leaves. Sulphate stimulated protein synthesis 
giving higher contents of amino acids, other than arginine, in the hydrolysates. The 
ratio protein : free amino acids was lower with Cl. Small amounts of cysteine were 
found even in plants grown without sulphur. The amino acid content of the leaf was 
increased by high K and the effect was more pronounced with the sulphate form of K. 

Sulphate increased the root yield of radish and black radish ( Raphanus spp.) especially 
when applied with Ca(N03) 2 [ 161]. Indian work [249] showed no difference due to 
the anion whatever the rate of K applied. Sulphate of potash magnesia is recommended 
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for salsify ( Scorzonera hispanica). No adverse effects of KCl have been noted with 
horseradish ( Armoracia /apathifolia) and chicory (Cichorium intybibus) . 

Asparagus (Asparagus officina/is), with celery, belongs to the small group of plants 
which prefer chloride and have a high magnesium requirement ([161]; FRrrz and 
VETTER, p.l17 in [ 349]). In deciding whether to use KCI or sulphate of potash magnesia, 
the Mg content of the soil should be taken into consideration, and, in certain circum­
stances, it may be advisable to alternate these two forms. Mg-containing KCl fertilizer, 
e.g. available in Germany as 40% 'Kornkali' with 5% MgO, is ideal [266]. Depending 
on the site, sulphatic and chloride fertilizers are equally suitable for rhubarb (Rheum 
rhabarbarum) and artichoke ( Cynara scolymus [ 161] .) 

Onions, leeks and garlic 

The liliaceae to which these allium species belong are recognized as having a high 
sulphur requirement. The high S content from 0.3~.9% in the various parts of the 
plant is largely due to the content of leek oils. Harvested crops of onions or leeks 
remove about 100 kg S/ha from the soil (ANSTETT, p. 60 in [336]). 
The anatomy of the roots of onions (Allium cepa) and liability to germination damage 
make them salt sensitive and sulphatic potash fertilizer is recommended. Cl-containing 
fertilizer raises the water content of the bulbs and this is to be avoided in main crop 
onions which are to be stored. Application of sulphur increases the content of the 
essential S-containing oils, which confer flavour, as well as increasing the yield as 
experiments in France, Italy, India and the USA have shown ( 15, 20, 158]. In experi­
ments in Czechoslovakia on leached sandy soils [ 308] KCI plots sometimes outyielded 
K2S04 plots while in other years the reverse was the case, confirming results obtained 
in the German D.R. [27] which showed that in some localities chloride fertilizers were 
as effective as sulphate. Potash consistently improves the yield and quality of onions, 
accelerating growth without bolting and improving ripening in the field. When well 
supplied with K, bulb diameter is large and the dry matter and disaccharide content 
is higher. K makes the bulb firmer and reduces sprouting of onions in storage in­
creasing the storage life and reducing losses. 

The highest yields of garlic (Allium sativum) have been obtained with K2S04 in Italy 
[161] . H. PESCHUTIER [225] found that leeks (Allium porrum) grown in solution 
culture contained more allyl sulphur oil when grown with K2S04 (60.1 mg/100 g fresh 
weight vs. 41.7 with KCI). However, in many field experiments there was no great 
advantage with either form of potash as far as yield was concerned though KzS04 

was more consistent, especially when weather conditions were not ideal [ 161]. GEISSLER 
[ 87] concluded that leeks preferred the chloride, finding higher yields in fresh weight 
from the Cl-series of treatments but higher dry matter content in the S04-series. 

Vegetables grown for their fruit 

All vegetables of this type can be classified as chlorophobe having a relatively high 
sulphur requirement. They are exemplified by the tomato ( Lycopersicon) [ 271]. 
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Cl-induced yield depressions occur as a rule in conjunction with soil salinity and may 
occur particularly when saline irrigation water is used. The older leaves are hard, 
thick and brittle; both vegetative growth and fruit development are reduced (fruit 
number and weight). The K content of leaves and fruit falls off with increasing Cl 
content. P uptake is reduced which may be connected with the lowering of pH and 
appearance of free AI ions in the soil solution (SEATZ, MEYER et al., cited [ 139}). 
StEGEL and BJARSCH [271] found that chloride reduced the content of leaf pigments, 
especially of chlorophyll A and gave lower dry matter yield, sugar and ascorbic acid 
contents while the content of free amino acids, especially arginine, increased so that 
the protein : free amino acid ratio was lower than when S04 was used. 

The reaction of tomato to S deficiency in respect of carbohydrate and protein metab­
olism is similar to that to Cl nutrition as shown in earlier work (cited [ 139 ]) by Scon 
and COLEMAN. In Russian field experiments by VtASYUK and DOLYA sulphate of 
potash raised the dry matter, sugar and vitamin C contents and the proportion of 
marketable fruit. JACOB says that K2S04 improves the flavour compared with KCI by 
increasing the sugar content. ScHULZ (cited [ 161 }) and AMBERGER [7] found that as 
well as increasing yield, sulphate of potash magnesia reduced fruit splitting. 

There are very few results in favour of chloride forms of potash with tomato. UEBEL 
[ 308] obtained higher yields with KCI in field experiments in Czechoslovakia. 
NuRZYNSKI [212} recommends a mixture of K2S04 and KCI for tomatoes grown in 
a peat substrate, KCI increasing the dry matter and sugar content of the fruit and 
K2S04 the ascorbic acid content. 

So far as extrinsic aspects of quality (colour and texture) are concerned, high nutrient 
concentration in the soil solution seems to be advantageous and potassium is most 
important in connection with number of fruit, weight and the incidence of ripening 
disorders. Higher levels of K and N than those needed for maximum yield are needed 
to produce fruit of the highest quality (WtNSOR, p. 303 in [ 340], A DAMS et al. [ 3], 
ZEHLER and FORSTER [ 332}). These necessarily large potash dressings should be applied 
in the form of sulphate of potash or sulphate of potash magnesia to provide the best 
conditions for high yield and good quality (LA ROTONDA, p. 185 in [346}). 

Peppers (Capsicum annuum spec.) and cucumber (Cucumis sativus) prefer the sulphate 
form according to Czechoslovakian experiments [ 308] and practical experience [ 161]. 
Treating pepper seedlings with KCI or K2S04 solutions (1-5% K20) raised cell sap 
concentrations and conferred better low temperature resistance, K2S04 being more 
effective at higher, and KCI more effective at lower rates. Such treatment allowed 
earlier planting out and earlier harvest [ 110}. 

Both these crops require a good supply of potash. K improves the firmness of the fruit 
allowing it better to withstand transport and to remain in store longer. Cucumbers 
remain true to shape and are less constricted at the apex of the fruit [ 265]. 

Melons (Cucumis melo) according to Mucct (p. 153 in [349]) yield better (increased 
fruit number) and are of better quality (higher sugar content) when sulphate is used. 
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Increasing the rate of N to some extent reduces the difference between the forms of 
potash. 

4.10. Flowers and oroamentals 

There has not, up to date, been a great deal of detailed research on the effect of different 
forms of potash on the development of flowers and ornamental plants. It is the usual 
practice of gardeners to use sulphate of potash or sulphate of potash magnesia for 
intensive growing, and particularly so in the glasshouse. This practise is based on the 
experience that most omamentals require generous feeding but are not very tolerant 
of salt concentration. Usually, and particularly in the case of pot plants, the volume 
of the growing medium is small so there is always a danger that using fertilizers based 
on osmotically active salts (Cl> S04) will cause dangerous levels of salinity. As the 
discussion of the physico-chemical properties and physiological behaviour of the anions 
has shown, sulphate is more suitable for use under these conditions than chloride, 
quite apart from any need to supply the sulphur requirements of the plants. 

Salt damage will occur in ornarnentals at ~it concentrations of more than 0.2-0.7% 
in the soil solution or nutrient solution. As a rule omamentals which have a high 
nutrient requirement are less sensitive to salinity (and vice versa). Depending on the 
growing medium, the salt tolerance of these plants is approximately as follows [223}: 

- Very sensitive to salinity and Cl: 
Adiantum, Anturium spp., Asparagus p/umosus, Azalea, Erica, Freesia, Gardenia, 
Lathyrus, Orchidaceae, Primula, Syringa, Vriesea, Bulbs 

- Moderately to slightly sensitive to salinity and Cl : 
Gerbera, Cyclamen, Rosa, Asparagus sprengeri, Calla, Convallaria, Dahlia, Dianthus, 
Euphorbia fu/gens and pulcherrima, Hydrangea, Pelargonium 

LUNT, KOFRANEK et al. (cited [171} ) found that Azalea and Gardenia died back or 
suffered severe depression of growth at leaf Cl contents of 0.5 and 0.7% respectively. 
Pelargonium, Gladiolus and Euphorbiapulcherrima only suffered ill effects at higher Cl 
contents (above 2.5%), when they showed highly coloured foliage, marginal necrosis, 
leaf shedding and root damage. 

K2S04 normally improves flower quality with more intensive colour and better lasting 
properties. Sulphur deficiency may be shown by the production of fewer but larger 
flowers . Results obtained with Primula obconica grown with increasing rates of major 
nutrients (N 0-210-420 mg, P20 5 0-122- 244 mg, KzO 320-640 mg/1 soil) in a sandy 
loam soil are shown in Table 51. 

PENNINGSFELD (p. l41 in {340) ) and PUCCINI (p. 185 in {340)), as a result of their 
investigations in Germany and Italy, favour the exclusive use of sulphate of potash 
for all ornamentals. It has been found in Holland and Poland that K2S04 increases the 
yield and improves the quality of tulip bulbs as compared with KC! [295] . 
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Table 51 Effect of form of potash on growth and flowering of Primula obconica 3 months 
after application of fertilizer * 

Mean/plant N0P1K1 N1P1K1 

Cl SO, Cl SO, 

Height (cm) .... ....... .... .. 8.0 8.0 13.1 12.3 
Diameter of inflorescence .. ... 16.9 16.0 23.0 23.5 
No. of inflorescences .... ... .. I I 2 2 
No. of buds ······· ·· ········ 5 4 9 10 
Flower diameter (cm) ..... . .. . 4.0 4.4 4.5 4.6 
No. of individual flowers/infl . .. 9 10 13 20 
Total flowers .............. .. 37 37 119 134 

* Reference : Ergebnisse gartenbaulicher Versuche, BELF. 
landwirtschaftsverlag Hiltrup (Westf.)/FRG (1955-1963) 

4.11. Forest and ornamental trees 

N~PlK2 
Cl SO, 

12.9 15.0 
26.4 27.9 
3 3 

20 21 
4.8 4.7 

24 33 
211 240 

According to BAULE and FRICKER [ 14 i the following affect salt and Cl tolerance and 
should be taken into consideration in deciding on the form of potash to be used in 
forest and shrub nurseries and in plantations: amount of rainfall; physical and 
chemical properties of the forest soil; type and age of plant; rate of fertilizer and date 
of application. 

Basically, the deciduous trees are more salt and Cl tolerant than the evergreens -
with the exception of some species - which accumulate salt and Cl in the needles. 
Especially in more mature plantings, the choice of K form is less important for 
deciduous trees than for conifers. 

According to PENNINGSFELD {224}, EvERS I 76], BLASER ! 24} and KREUTZER [personal 
communication] chloride tolerance of the various species is as follows : 

- Slightly tolerant: 
Ti!ia, Acer, Fagus, Carpinus, Pseudorsuga, Picea, Pinus strobus, Larix, Rosaceae, 
Forsythia, Diervi!lea, Magnolia 

- Fairly tolerant: 
Abies, Popu!us, Beru/a, Alnus, Querc·us, Fraxinus, Ulmus, Salix, Robinia, Lonicera, 
Viburnum, Juniperus 

- Tolerant: 
Pinus nigra and mugo, Ligustrum, Hippophaea, Symphoricarpus 

Age greatly affects tolerance. Thus, young birch and ash are much more Cl sensitive 
than older trees. The Cl content of young trees should not exceed I% in the leaf. The 
tolerance level in one year old needles of conifers is only 0.3%; dying spruce show 
levels of0.45-J.05% { 76, 245}. Young spruce react to low levels of Cl by increased Cl 
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and reduced Fe uptake, producing pale coloured foliage [303]. The Cl contents of 
chlorotic pine needles and branches are higher than average. The effects of Cl will be 
more marked when fertilizer is placed close to the roots (FRICKER, cited [ 179}) as 
indicated by pot experiments with Pseudotsuga, Picea and Abies. 

On the other hand, BENZIAN [ 18} found no great difference between K 2S04 and KCI 
in English forest nurseries with Sitka spruce. THEMLITZ [ 303} also reports no difference 
between KCI and sulphate of potash magnesia with young Picea excelsa. 

SANDRIK (cited [ 139}) in Norway showed that sulphate was better than chloride 
when applied at 250 kg K20/ha to Picea abies. The sulphate forms are more effective 
for Pseudotsuga and Pinus on the west coast of the USA ( 151, and for Pinus maritima 
in the French 'Landes' [ 1911; here sulphate of potash magnesia is often used as the 
light sandy soils are low in S and Mg. BONNEAU [ 301 has obtained the best results with 
sulphate or sulphate of potash magnesia in nurseries and more mature stands of Picea 
and Pinus in many experiments at different localities in France. Whilst TRILLMICH 
and UEBEL [ 306] foun!!l KC! better for red oak (Quercus robur), BRUNING et al. 
(p. 240 in [348]) had particularly good results with high rates of K-Mg fertilizer 
applied to pine in reafforestation of sandy sites in the German D.R. 

The West German potash industry has carried out many experiments recently with 
K 2S04 and sulphate of potash magnesia for spruce and pine in South, West and North 
Germany ([141; FRANZ, p. 91, and ZECH, p. 250 in [348}). On other potash form 
experiments at Eglofs-Osterwald (F.R. Germany) sulphate of potash magnesia was 
compared with 40% KC! at 160 kg KP/ha for the first five years of growth on peat 
soils [2841. It appeared that KC! increased nutrient uptake, and the higher Kcontents 
resulted in reduced frost damage to the leaders with less bifurcation (multiple stems). 
However, after 16 years tree height and the volume of timber was higher on the K-Mg 
plots (Table 52). 

Russian foresters (cited [ 14]) report no damage from high grade muriate of potash 
with oak ( Quercus) and maple ( Acer) as compared with sulphate of potash. According 
to SCHONNAMSGRUBER [261} it is not yet established which form is best for poplar 
( Populus), though he advises sulphate. French experiments (VIART, cited [179 }) with 
poplar indicate a preference for low salt index fertilizer, and K 2S04 produced the 
highest girth increase when applied with superphosphate. 

Table 52 Effect of potash form on tree height and timber volume of Picea exce/sa and sitchenis 
[ 284} 

Relative height 
P. excelsa P. sitch. 

K 0 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 100 100 
K2so.•..... . . . . . . . . . . . . . . . . . . . . . 186 191 
KCI.. .. . . ....... . . .. . .. .... ..... 182 169 

• Sulphate of potash magnesia 

Relative volume 
total/ha 

100 
517 
425 
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The general impression gained from a perusal of European, American, Japanese and 
other work is that, though, in principle, there is little evidence to suggest that Cl 
should not be used, the sulphate form, especially sulphate of potash magnesia, is 
somewhat better [ 14 J. 

When high rates of potash are applied to forest nurseries, new plantings and young 
trees in spring when the rainfall may be insufficient to wash the chloride out of the 
rooting zone, sulphate fertilizers are recommended in order to avoid any risk of Cl 
damage (vAN GooR, ZoTIL et al., cited in [ 14] and [30}). There is also an increased 
danger of chloride damage when drought supervenes during the growing period. In 
any case it is advisable to avoid building up locally high Cl concentrations by placing 
KCI in holes in the rooting zone. In Canada it has been found that increasing salinity 
reduces frost resistance [ 291}. 

The sulphur requirement of forest is normally supplied by the S input from the atmo­
sphere in rain falling on the foliage and it is interesting that twice as much so4 was 
found in percolating water under conifers as under deciduous trees due to the permanent 
filtering action of the needles. This was shown in balance experiments with spruce and 
beech [ 196]. 

It would not be expected that chloride fertilizers would have any damaging effects on 
more mature trees in humid climates where the roots explore a considerable volume 
of soil and, under these conditions, the main objective should be to cover the trees' 
requirements forK and Mg [348]. 

4.12. Summary of chapter 4 

The majority of agricultural crops have no particular preference for either form of 
potash when fertilizer is applied in normal amounts and by normal methods, especially 
in autumn. When very high rates of potash are used continually as in intensive 
vegetable growing, the use of sulphate incurs less risk of high salt concentration in the 
soil. Very high salt concentrations occur locally when fertilizer is placed, even though 
rate per hectare is low. 

All crops react favourably to sulphate when natural supplies of sulphur are low. 

Magnesium in sulphate of potash magnesia and other special K fertilizers is valuable 
on low Mg soils and especially for grass, sugar beet, hops, vines and ornamentals. 

Sodium in some K fertilizers is important, particularly for sugar beet, grassland, 
asparagus. 

- Crops on which it is especially important to use sulphate (or to avoid chloride) are: 
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Tobacco. There is no doubt that sulphate is superior, Cl affecting quality adversely. 
Potatoes. S04 increases dry matter and starch contents giving more evenly sized tubers 
and is preferred for crisping and dehydration. 



Vines. Sulphate gives better quality. 

Fruit, particularly soft fruits; for pome fruits chloride can be used if application is 
correctly timed. 

Vegetables. Certain species are Cl sensitive; quality and special purposes of produce 
require the SO, forms. 

Flowers. Sulphate gives better colour. 

Trees, especially conifers, prefer sulphate of potash magnesia. 

Oil crops have a high S requirement, e.g. soya and rapeseed. 

- Crops for which it is normally preferable to use chloride: 

Sugar beet which also requires sodium. 

Coconut and oilpalm, especially on sandy soils away from the sea, which also respond 
to Cl. 
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5. Conclusion 

This booklet has discussed the special properties of the different potash fertilizers 
both in general terms in chapters 2 and 3 and as regards their relative efficiencies for 
individual crops and crop groups in chapter 4. ln summary, the choice of potash 
fertilizer depends upon the following : 

- Sulphur is a major plant nutrient and the plant's S requirement is of the same order 
as that for P. Large areas of soil in non-industrialised countries are low in sulphur 
and, because of modern measures to reduce pollution, supply of sulphur from the 
atmosphere is now much less in industrialised countries than was the case a few 
years ago. Farm crops are receiving less sulphur nowadays because modern fertil­
izer materials are 'purer' than they used to be, materials like ammonium sulphate 
and single superphosphate having been superseded by ammonium nitrate, urea, 
ammonium phosphates and triple superphosphate, the S content of which is 
negligible. Thus there is now more risk of S deficiency occuring than was the case 
15 or 20 years ago. Fertilizers based on sulphate of potash offer a convenient means 
of supplying S. 

- Certain crops are particularly sensitive to chloride - notable examples being 
tobacco, potatoes, garden beans and some fruits - and for these the use of chloride 
containing fertilizers should be avoided. Crops are also sensitive to salinity which 
is a serious problem particularly in arid areas; again, chloride should be avoided in 
such cases. On the other hand there are other crops, notably sugar beet, which revel 
in chloride (and sodium) and for these, the chloride based fertilizers should be used. 
Many crops are indifferent to Cl or S04, while chloride may be used on slightly Cl 
sensitive plants if the fertilizer is applied well before planting, e.g. in the autumn 
before spring planting. When fertilizer is placed close to seed or young seedlings, 
damage may occur with chloride and sulphate is to be preferred. 

- Some potash fertilizers contain auxiliary nutrients: Na, Mg whi~h are valuable 
under certain circumstances, e.g. on soils low in magnesium, or where it is necessary 
to increase the content of these minerals in animal fodders. 

- Particular emphasis has been placed on crop quality which is much affected by the 
form in which the potassium is combined in the fertilizer. In many cases quality is 
more important than total yield. 

- Finally, the farmer's choice will be influenced by cost and the availability of par­
ticular fertilizer materials. Near to the potash mines it may be very attractive to use 
low grade potash minerals because of their content of auxiliary minerals, while at a 
greater distance it may be advantageous to use the potash fertilizer with the highest 
K content and to obtain the other minerals from other sources, because the large 
freight element in the cost makes the low analysis materials unattractive. 

Sulphate of potash fertilizers are more expensive than the chlorides but the extra 
cost may be well repaid by the higher quality of the resulting produce and conse-
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quently higher market price while they may also offer the cheapest and most 
convenient means of supplying the crop's need for sulphur. 

It is hoped that the discussion offered in this book will assist the farmer to make the 
right choice. 
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