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PREFACE TO FIRST ENGLISH EDITION

HE real wealth and the greatest heritage of a nation is its soil.
I There is therefore no need to stress the desirability for the ap-
pearance of a book dealing with the principles of Soil Fertility as
applied primarily to South African conditions. IFor the last fiftcen years
this book has been available to the Afrikaans-speaking public, and I have
at last acceded to the repeated requests of many English-speaking students
and farmers to have the text translated into English. My reason for this
decision is that the moment is indced opportune, because figuratively
speaking South African Farming stands on the threshold of a New Era
and there is grcat need for enlightenment on soil matters. With the
adoption by the Union Parliament of the Soil Conservation Act in June
1946, the legal machinery has been cstablished for enforcing systems of
conservation farming throughout the length and breadth of this sub-
continent; in other words, all slipshod farming activities entailing avoidable
soil wastage will henceforth be banned.

The book has been written to fulfil the requirements of the following
categories of readers: (a) high school pupils who have chosen Agricultural
Science as one of their subjects for the Matriculation or Senior Certificate
examination; (b) prospective young farmers and soil-conservation officers
who are attending the two-ycars’ diploma and other courses at the Colleges
of Agriculture; (c) university students who follow degree courses in Agri-
culture, Forestry, and Soil Conservation as an introductory reader;
(d) farmers of all ages who are desirous of increasing their knowledge of
the medium on which their prosperity depends. After all, they are the
people who have ‘to deliver the goods’, and they must accomplish this
without leaving to posterity an impoverished soil.

The book covers the whole field of scientific and applied Agricultural
Chemistry, albeit mostly in elementary fashion, and some of the above
categories of readers may therefore find portions of the book which do not
interest them particularly. For example, the practical farmer may, with-
out being handicapped in his further reading, skip the chapters on minerals
and rocks, weathering, and soil-formation processes, &c. However, if he
has the time and inclination it would do him no harm to study and ponder
over these subjects. He would then get an inkling of the countless ages
that it took nature to produce a couple of feet of agricultural soil from
the hard, intractable rock, and he might possibly obtain a greater reverence
for the soil upon which his livelihood and that of posterity depend.
This knowledge might spur him on to do all in his power to avert soil
wastage and to be a convinced fighter in the struggle against the loss of
300,000,000 tons of surface soil which is stated to be erosion’s annual
levy on the Union’s heritage; in other words, the equivalent of 300,000
acres of topsoil.



vi PREFACE

To readers outside the Union of South Africa it should be explained,
that the official land unit in the Union is the (Cape) morgen which for all
practical purposes may be taken to be equivalent to two acres (actually
2:117 acres). Where morgen rates of application of fertilizers, &c., are
stated in this book, the acre figures may be obtained by simply halving
the morgen figures.

In conclusion I desire to cxpress my sincere giatitude to my collaborators.
In the first place my thanks are due to Mr. H. F. Meyer, one-time agri-
cultural teacher in secondary schools of Natal, who undertook the arduous
task of rendering the Afrikaans text into fluent English. He performed
the ‘heavy spade work’ but I take full responsibility for the final version.
In the second place I am greatly indebted to Doctors Thos. D. Hall and
H. H. Dodds, both recognized authorities in their respective fields, who
so willingly contributed the articles on the ‘Manuring of Natural and
Established Pasturcs’ and the ‘Manuring of Sugar-cane’ respectively.
Their contributions were written in English.

May this book find as favourable a rcception among our English-
speaking community as it did in the Afrikaans section, and may it be
instrumental in placing South African Farming on a firmer and more

prosperous foundation.
I.oe V. M.

STELLENBOSCH
Fanuary 1948
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PART ONE
THE NUTRITION OF PLANTS

CHAPTER I
INTRODUCTION
AGRICULTURAL CHEMISTRY AND WHAT IT COMPRISES

OW should I treat my arable land in order to obtain the most
H profitable yield from it?’ This is a question which is of the most

vital importance to the agriculturalist. It is obvious that many
different things will have to be considered before this question is satis-
factorily answered. There are two parts to it: Firstly, how can a high yield
be obtained, and secondly, how can this yield be sold most profitably? In
other words, the agriculturalist has to dcal with the production and the
marketing of agricultural produce. In agriculture to-day, marketing is be-
coming an increasingly difficult problem owing to increased competition on
world markets as a result of improved transport facilities. In a country like
South Africa, which is partly dependent on the export of its agricultural
produce, the solution to the problem of marketing lies in the co-operation
and efficient organization of the farming community.

In this book only the production aspect of agriculture will be discussed.
Statistics show that in western Europe the yield per acre has increased by
200 to 300 per cent. within the last hundred years. The most progressive
farmers obtain cven higher average yiclds. This development is the result
of the application of scientific principles based on knowledge gained by
research. Agriculture is no longer what it has been throughout countless
generations of the past, i.e. a purely empirical occupation. It has become
an applied science. Although agricultural science is ever developing and
there are still many problems to be solved, especially in a young country
like South Africa, the South African farmer can, nevertheless, increase his
yields considerably by applying these principles.

Agricultural science may be compared with a trec with many branches.
The trunk divides into two main branches, one representing all the agricul-
tural crops and the other all farm animals including poultry. Each of these
main branches has lateral branches. Thus we find on the side of agricul-
tural crops, the production of ordinary field crops, horticulture, viticulture,
vegetable production, the production of tropical fruits, &c. Agricultural
crops and farm animals are subject to attack by diseases and insect pests
and thus the ‘tree’ would have branches representing the study of plant
diseases (Phytopathology), the study of insects (Entomology), and the study
of animal diseases (Veterinary Science). The trunk of the ‘tree’ represents
Genetics (the study of heredity) or Breeding, which aims at the production
of new varieties of plants and new breeds of animals, and at keeping these

B -
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pure. Finally, the business side of crop and animal production should
receive due consideration in order to reduce production costs as much as
possible. This branch of agricultural science is called Farm Business
Organization and is a subdivision of the wider subject, Agricultural
Economics.

In our representation of agricultural science as a tree, we have as yet
made no mention of the root system, that part which anchors the trunk and
branches and provides the tree with food. This root system represents the
study of the soil—Pedology or Soil Science. Without soil or suitable
ground no agricultural crops can be grown and without crops or plants the
existence of higher animals, including man, would be impossible. If only
food relationships are taken into consideration this dependence may be
sketched as follows: .

Man

I T~ Animals
/

Plants

)

Soil (and Air)

The soil (and the air) is the habitat of, and provides the food for, plants.
Farm animals are herbivorous and man consumes food from both animal
and vegetable sources. This clearly shows that the soil is our most valuable
asset—the foundation on which our entire agricultural industry rests.

Agricultural chemustry is the study of soil fertility in its widest scnse. The
term ‘Agricultural Chemistry’ is slightly misleading because literally it
would seem to include the chemistry of all substances and material changes
occurring in agriculture. At a ccrtain period this wide meaning was
attached to it in Europe. We shall, however, limit the study of Agricultural
Chemistry to the study of all those factors which affect the nutrition of
agricultural crops. We shall divide our field of study into three sections:

Firstly, we must learn just what the nutritional and other growth require-
ments of agricultural crops are.

Secondly, we shall study the soil and its properties, i.e. that weathered
top layer of the earth’s crust in which plants root and from which they
obtain their nourishment.

Finally, we shall deduce from the knowledge gained how growth con-
ditions for plants may be improved by manuring or fertilizing.

FUNDAMENTALS OF CHEMISTRY
Chemistry deals with the composition of substances and the material
changes which may occur. The knowledge of chemistry which the reader
will need in order to understand this book will be given as simply and
clearly as possible where necessary. At the outset we wish to explain the
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following fundamentals. Breaking up material and analysing its component
parts is an important branch of chemistry. Thus it has been found that
most objects may be divided into simpler, elementary substances that can-
not be further divided into different substances. Such substances are
called chemical elements. Iron, for example, is an element because it cannot
be split up into components with a simpler composition than iron.

Careful investigation during the last hundred years has shown that most
natural objects consist of a comparatively small number of elements,
viz. g2. Out of this number only about 25 commonly occur. In chemistry,
letters or symbols are used to indicate the elements. This can prove very
difficult to the reader who has never studied chemistry. This shortened
mode of writing is, however, essential to indicate concisely the chemical
composition of the numerous different substances and the many material
changes they may undergo. With some concentration it is easy to overcome
this difficulty and accustom oneself to it. The symbol is usually the first
letter or two prominent letters of the usually Latin name for the element.

The following list contains 26 of the most important elements. Where
the Latin name differs completely from the English, the Latin name is
given in brackets.

TABLE I

Important Chemical Elements

Name Symbol Name Symbol
Aluminium . . . Al Mercury (Hydrargyrum) . Hg
Arsenic . . . . As Nickel . . Ni
Calcium . . . Ca Nitrogen . . . . N
Carbon . . . . C Oxygen . . . . O
Chlorine . Cl Phosphorus . . . P
Copper (Cuprum) Cu Platinum . . Pt
Gold (Aurum) . Au Potassium (Kah Arablc) . K
Hydrogen . H Silicon . . . Si
Iodine . . A | Silver (Argentum) . Ag
Iron (Ferrum) . . . Fe Sodium (Natron; German) Na
Lead (Plumbum) . . Pb Sulphur . . . . S
Magnesium . . Mg Tin (Stannum). . . Sn
Manganese . . Mn Zinc . . . « Zn

Most chemical elements have the tendency to combine with one or
more other elements. Such a combination of two or more elements is
called a chemical compound. Of great importance is the fact that the pro-
portions in which the constituents of a chemical compound are combined
never vary by weight. For example, water is a chemical compound con-
sisting of the two elements hydrogen and oxygen, in the proportion of one
part of hydrogen by weight to eight parts of oxygen by weight. Whether
it is rain-water, sea-water, river-water, or water from a spring, it always
has this constant composition. If these different waters have different
tastes it is due to the impurities which they contain. If the water is dis-
tilled it will always have the same composition and properties irrespective
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of its source. The fact that a chemical compound has a constant composi-
tion is of fundamental importance, and only since this fact has been dis-
covered has chemistry become an exact science. The properties of hundreds
of thousands of different compounds found in nature or produced artificially
in laboratories have been studied.

If a picce of pure marble (limestone) is pulverized, it will be found that
each particle still has the properties of the marble. It will, for example,
effervesce with any strong acid, giving off carbon-dioxide gas. Chemists
found that each of these small particles could be further divided into
thousands of smaller particles and each one would still possess the pro-
perties of marble. Finally the particles become so minute that they can-
not be divided further without radically changing the properties of the
marble particle. This smallest part of a substance which still possesses
the properties of that substance is called a molecule (a small mass).

It is known that molecules consist of still smaller particles, i.e. they
can be divided further. These different parts of molecules are called atoms
(indivisible). We have already mentioned that a definite chemical com-
pound always has the same composition. We can now be more precise and
say that the molecules of a certain compound always contain the same
number and kind of atoms. In the case of a chemical compound there are
at least two kinds of atoms because a compound consists of at least two
different elements. One molecule of water, for example, consists of two
atoms of hydrogen and one of oxygen and the chemist indicates the com-
position of water briefly as H,O. In the case of elements, the molecules
consist of only one kind of atom. Thus, every molecule of nitrogen is
written N, (in Agricultural Chemistry it is customary to use the abbrevia-
tion N for nitrogen and not N,).

This abbreviated writing, consisting of letters and numbers indicating
what different elements are present in the molecule and how many atoms of
each clement the molecule contains, is called the chemical formula of that
substance. Thus, the chemical formula for pure marble is CaCOj, indicat-
ing that every marble molecule consists of one atom of calcium, one atom
of carbon, and three atoms of oxygen. The molecules of some substances,
especially those found in agriculture, contain a very large number of atoms.
The molecule of one of the proteins of wheat (gliadine) consists of five
different elements (carbon, hydrogen, oxygen, nitrogen, and sulphur) and
there is a large number of atoms of every element in the molecule so that
this protein molecule contains altogether 2,165 atoms. Its chemical formula
is CgasH 10650211 N 19655 We will, however, not use such frightening formulae
in this book and in any case all chemical reactions will also be given in
ordinary language.

Finally, it may be mentioned that Agricultural Chemistry does not only
concern itself with chemical knowledge in connexion with soil fertility, but
also makes use of the other natural sciences such as botany, physics, minera-
logy, &c., because they too form an important part of our study.



CHAPTER II
THE CHEMICAL COMPOSITION OF PLANTS

IT is a well-known fact that agricultural crops (and other higher plants
as well) grow well and give satisfactory yields only if the following six
requirements are met. The plants must have:

(1) sufficient air,

(2) sufficient light,

(3) sufficient water,

(4) a suitable temperature,

(5) an adequate supply of plant foods, and

(6) freedom from the presence of any injurious substances.

If any one of these requirements is lacking the plants will grow poorly even
if all the others are favourable. This can easily be understood if we con-
sider that in a desert region, where light, aeration, and temperature con-
ditions may be at an optimum, very little, if any, plant growth is found on
account of the lack of soil moisture. This interdependence is not only
applicable to the six general growth requirements, but also to all the
essential plant foods. As we shall see, there is a whole range of essential
plant foods and if a plant gets an insufficient supply of only one of
these, its rate of growth will be limited accordingly. The fact that plant
growth is determined by the quantity of that plant food which is most
deficient in the soil, or by that growth factor which is least favourable,
was realized by Justus von Liebig as early as about 1840, and it was called
the ‘Law of the Minimum’. This ‘law’ will be discussed in greater detail
in Chapter XXX.

It is clear that the word ‘sufficient’, used with the first five requirements,
is vague and difficult to define quantitatively. It is essential that we should
realize from the outset that plant growth is a very complicated process and
hence it is impossible to prescribe simple recipes for fertilizing which will
apply to all crops and bessatisfactory in all areas. All the more reason, there-
fore, why every agriculturalist should be conversant with at least the basic
principles of plant growth and soil fertility so that necessary measures may
be applied intelligently and not in a haphazard way.

In this chapter we will examine more closely the chemical composition
of plants. As will be pointed out later on, all the mineral ingredients found
in plants are not essential for their growth. Some may have been absorbed
by the plant incidentally, because they were present in the soil solution;
but, according to our present knowledge, by far the greater part of the
elements present in plant material are essential for healthy growth.

Should we take any plant or part of a plant, e.g. a few blades of grass,
and heat them gently in a test-tube over a flame, we would find that the
steam or vapour which is given off from the leaves condenses on the upper
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part of the test-tube. Thus it follows that water or moisture must be a con-
stituent of plant matcrial. If the amount of moisture in fresh plant material
is determined, for example, by heating it in an air-oven at 100° C. (the
boiling-point of water) until all the moisture has evaporated, it will be
found that water constitutes by far the greater part of plant material—
of 100 Ib. green lucerne about 75 Ib. consist of water. It therefore contains
75 per cent. water. Similarly green maize plants contain approximately
83 per cent. water; cucumbers g5 per cent. water; pumpkins go per cent.
water ; potato tubers 75 per cent. water; grapes 8o per cent. water ; oranges
86 per cent. water, &c. Plant organs (roots, stem, leaves, fruit) usually con-
tain 75 to go per cent. water. Air-dry plant products such as hay and seed
usually contain from 10 to 15 per cent. water. In this case the moisture
content will depend both on the humidity and temperature of the air and
on the nature of the plant product.

If all the moisture is removed from the plant or plant product, we have
‘oven-dry matter’. If a quantity of this is placed in a dish or crucible (of
porcelain, quartz, or platinum) and heated over a flame, we find that
(sometimes) pungent gases are given off. If we prevent the plant material
from being set alight, for example by covering the dish with a lid, we will
find that the plant material will turn black, i.e. it will carbonize. From this
we gather that carbon compounds form an important part of plant material.
If the lid is then removed and the dish or crucible heated strongly for some
time, the carbon will also burn away and eventually only a small amount
of ash will remain behind. This constitutes the mineral constituents of
plant material.

The above experiments have shown us that plants consist of (@) water,
(b) carbon compounds, and (c) ash, or mineral constituents. The carbon com-
pounds are called organic compounds, in contrast to the inorganic com-
pounds or mineral matter. It is essential that we should understand these
terms well. Except for a few simple combinations such as carbon dioxide
(CO,) and carbonates, carbon compounds in nature are only found in
living or dead vegetable or animal matter, or in substances of vegetable or
animal origin. Up to about 1830, chemists thought that only living organ-
isms (plants or animals) could manufacture the more complicated carbon
compounds, and thus they called them ‘organic’ compounds. They called
the study of these substances ‘organic chemistry’, while ‘inorganic chem-
istry’ signified the study of non-living or mineral substances. This distinc-
tion is still maintained in chemistry for purely practical purposes, although
thousands of carbon compounds, i.e. organic substances, have been and can
be prepared in laboratories without the aid of organisms.

The carbon compounds found in plants are many and varied, but quanti-
tatively the two most important groups are carbohydrates and proteins.
The carbohydrates consist of the three elements carbon, hydrogen, and
oxygen, and the proportion in which the hydrogen and oxygen are present
is the same as that in water, i.e. two atoms of hydrogen to one atom of
oxygen; hence the name (Gr. hudor, water). The carbohydrates consist of
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three groups of compounds: sugars, starch, and cellulose or fibre. Plants
consist of numerous small cells, and the cell walls consist of cellulose.
Cotton and paper are examples of more or less purc cellulose. Grape-sugar
(glucose) and starch are two carbohydrates which, in the first instance, are
manufactured in the green leaves of the plants (see p. 11) and are used by
the plant for various purposes. Large portions are used for the cell walls
where they then change to cellulose and similar substances. Under the
latter we find lignin, a substance about which we will learn more when dis-
cussing humus. Another portion of the sugar and starch is used by the
living plant as energy-giving food, because living plants also breathe or
respire, and respiration is nothing but the slow combustion of carbon
compounds, by which process cnergy is set free. The plant needs this
energy or heat for several purposes, e.g. in order to absorb its mineral food
from the soil. Finally, plants also use sugar for the manufacture of com-
plicated proteins. All seeds and parts of plants that are dormant during
winter contain a great dcal of starch or sugar or both (maize, potatoes,
onions, sugar-beet, wood of fruit-trees).

The cell contents of living plant cells consist of the semi-fluid proto-
plasm and the more solid nucleus. Both substances consist of protein.
The protein of protoplasm consists of the clements carbon, hydrogen,
oxygen, nitrogen, and sulphur (CHONS), and the cell nucleus contains
phosphorus (P) in addition. A considerable amount of protein is usually
stored also in the seeds of plants as reserve food for the embryo. The pro-
tein content of different parts of plants and of the seeds of different plants
varies considerably, as will be seen from the following examples:

Young lucerne (fresh) . . contains about 6 percent. protein.
Older lucerne (fresh, flowering stage) » »s 4 » »
Lucerne hay (air-dry) . . < »» 15 » »
Oat hay (air-dry) . . . A ' 75 » ”
Oat seed (air-dry) . . . R ' 12 » »
Maize seed (air-dry) . . oy ,, 10 » »
Garden pea seed (air-dry) . oy ’ 22 »» ”»
Soya-bean sced (air-dry) . . C . 33 »» »»
Peanut seed (air-dry) . . A ’ 30 » ”
Potatoes (fresh) . . . R ’ 2 ”» »
Figs and bananas (fresh) . . o »» 15 » s
Apples (fresh) . . . c e » o5 5 ”»

From these examples it is clear that young plant material and seeds are
particularly rich in protein.

The following experiment may be carried out to obtain an idea of the
appearance of more or less pure starch and protein. Place a handful of
sifted flour in a clean, unstarched linen cloth and add water to turn the
flour to dough. Hold the edges of the cloth round the dough with one of the
hands, then squeeze it with the other hand in a basin of water or under a
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tap until all the starch is out of the flour. If a glassful of starch water
is set aside, it will be found that after some time the water on top has
become clear and that a layer of white starch has settled on the bottom.
On the cloth will remain a small yellowish-white sticky mass of gluten
which is a mixture of impure wheat proteins.

Besides carbohydrates and proteins all plants also contain fats or oils.
Fats also contain carbon, hydrogen, and oxygen, but not in the same pro-
portion as carbohydrates. The green plant contains very little fat, usually
only from one-quarter to one-half per cent. of its green weight. Seeds,
however, are usually richer in fat and some, such as peanut seed, may
contain as much as 50 per cent. fat. Oat and maize seed contain about
5 per cent. fat and wheat seed about 2 per cent. The fat is also an important
reserve food for the embryo. .

Carbohydrates, proteins, and fats are the three characteristic organic
substances of all plants. Several other carbon compounds are present in
plants in smaller amounts. Certain pigments, such as chlorophyll, are the
most important of these. Chlorophyll will be discussed under carbon
assimilation.

The ash constituents or mineral substances are the so-called inorganic
substances found in plants. They are taken from the soil and are absorbed
through the plant roots.

Until about a hundred years ago, research workers paid no attention to
the mineral constituents because they were of the opinion that plants only
lived on air, water, and probably ‘humus’. Then, however, Liebig ex-
pounded the mineral theory, according to which plants use only inorganic,
i.e. mineral, substances for their raw food material. Plant ash was then
analysed carefully, and growth experiments were made in water and sand
cultures to determine exactly which ash constituents were indispensable
for plant growth and what functions these indispensable or essential
mineral substances performed in plant growth. These two questions are
still being examined by research workers and our knowledge in this con-
nexion is still far from complete.

The following elements are always found in plant ash : potassium, sodium,
calcium, magnesium, iron, phosphorus, sulphur, chlorine, silicon, and
others. The first five elements are metals and are present in the ash in the
form of so-called salts. These salts are mainly carbonates, or salts of
carbonic acid (H,CO,). The carbon of the carbonates comes from the
organic substances of plants. Carbonates have the property that they
effervesce and give off carbon-dioxide gas (CO,) when any acid such as
hydrochloric acid or acetic acid is brought into contact with them. The
other constituents mentioned above are also present mostly in the form of
salts: phosphorus, for example, in the form of phosphates.

The total amount of ash in agricultural crops is usually very low, about
o0-5to 2 per cent. of the green or fresh plant material or about 2 to 8 per cent.
of the dry matter. Nevertheless, the ash or mineral constituents of plants
are very important for healthy plant growth.
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Some idea of the proportion in which the eonstituents discussed in this
chapter are present in plants may be obtained from the following analysis
of green grass (after Hall, The Feeding of Crops and Stock):

TABLE 2
Composition of Meadow Grass
A. Water . . . . . . . 4748 per cent.
B. Organic substances (combustible matter) . 232 "
Consisting of:
Carbon (C) . . . . . .11y "
Hydrogen (H) . . . . . .3 ”
Oxygen (O) . . . . . . 97 ’
Nitrogen (N) . . . . . . o4 ”
Sulphur (S) . . . . . . oI "
C. Ash constituents . . . . . 20 ”
Consisting of:
Phosphoric oxide (P,0;) . . . . oI "
Sulphur trioxide (SOj3) . . . . oI ’”
Chlorine (Cl) . . . . . . oI "
Silica (Si0,) . . . . . . o5 "
Potash (K,0) . . . . . . o5 ’
Soda (Na,0O) . . . . . . oI ”
Magnesia (MgO) . . . . . oI '
Lime (CaO) . . . . . 03 ’
Iron oxide (Fe,O;) . . . . . Traces
Sand, &c. . . . . . . . Traces

The above percentages are average figures and may vary considerably
at different stages in the growth of the plant, and with soil fertility and
climatic conditions. In connexion with this and similar analyses, it is essen-
tial that the reader should be well acquainted with the method in which the
results are stated. In analyses of plant material, fertilizers, soils, &c., it is
customary to indicate many of the constituents as oxides, i.e. in combination
with oxygen. It should be borne in mind, however, that these constituents
do not actually exist as oxides in the plants, &c. As a matter of fact, if the
reader has any knowledge of chemistry he will realize that this is impossible
because a substance such as phosphoric oxide, which is a white powder that
readily absorbs moisture, could not exist as such in plants as it would im-
mediately absorb moisture and so form phosphoric acid. The phosphorus
is present in the plant in different and very complicated compounds. The
same applies to most of the other constituents.



CHAPTER III
NUTRITION OF GREEN PLANTS

WHAT PLANT FOODS MEAN

HEN talking about food in connexion with the nutrition of
Whumans and animals, we usually think of a substance having one
or more organic constituents such as starch, sugar, fat, and
protein. These food materials are digested partly or completely in the body
(by the stomach and the intestines) and absorbed into the blood system.
The absorbed nutrients fulfil at least two functions. In the first place they
combine with oxygen (are oxidized) in the process of combustion, in which
they are changed to simpler substances, thus releasing a great deal of energy
in the form of heat. For various reasons this heat is essential for the animal
body. All organic substances are combustible and, therefore, they contain
potential energy, i.e. they possess a fuel valuc. One gramme of starch, for
example, gives off 4,100 calorics or units of hcat on combustion and the
products of combustion are water and carbon dioxide.
In order to indicate such material changes in writing chemists make
use of chemical equations. The equation showing the changes that take
place during the combustion of starch is written as follows:

CgH;005+60, = 6CO,+ 5H;O(+heat)

Starch and Oxygen give Carbon dioxide and Water.

The second function of most nutrients is to act, partly or wholly, as
building material in the repairing of broken-down tissues and in building
up new bone and muscle-tissue. The proteins, especially, provide both
energy and ‘building material’. The mineral constituents of foods are
essentially body-building.

The green plant also needs energy-giving or fuel food and building
material. There is, however, the difference between plants and animals
that plants are able to manufacture a large supply of energy-giving food
from simple constituents with the help of enetgy obtained from sunlight.
Animals are unable to do this. In this, plants fulfil an important function
because they not only manufacture fucl food for themselves and their off-
spring (seeds), but also supply both men and animals with the substances
from which their energy is derived. Thus it is clear that what plants need
from outside for their growth is nothing but a number of simple building
materials, and so we understand by plant food or plant nutrients compara-
tively simple inorganic or mineral substances.

We do not wish to discuss the nutrition of the seedling and conditions
necessary for the germination of seeds here. It is sufficient to say that the
seedling needs no manuring because the seed contains the necessary fuel
food and building material for the first stages of its development. As soon



NUTRITION OF GREEN PLANTS I

as the radicle starts developing and the first leaves turn green the seedling
starts feeding from the soil and air, as will be seen presently, and increases
in weight. Water, air (oxygen), and the right temperature are essential for
germination. When cultivating our soils we should see to it that these
conditions are present in the seed-bed, otherwise germination will be poor.
Seed should naturally be healthy and have a high germination power.

ABSORPTION OF NUTRIENTS FROM THE AIR

The green plant consists of an above-ground or acrial portion (stem and
leaves) and an underground portion (root). Raw food materials are obtained
from the air and the soil. From the air, plants absorb the two gases carbon
dioxide {CO,) and oxygen (O,); from the soil, roots absorb (a) a liquid
(water) and (b) a number of solids that can, however, only be absorbed in
solution by plant roots. 'T'he latter include nitrogenous compounds, phos-
phates, potassium salts, &c. In this chapter we shall discuss the absorption
of nutrients from the air and the absorption of water by plants.

Carbon assimilation

If we look at the composition of plants as given on p. g we will notice
that about 50 per cent. of the total dry matter consists of carbon. This
shows that, according to weight, carbon is by far the most important plant
nutrient and it would be of great advantage to the agriculturalist if he
could increase the rate of carbon assimilation.

As early as 1771 Priestley, the discoverer of oxygen gas, noticed that
if air in a confined space ‘deteriorated’ and became unfit to support animal
or human respiration, it was ‘purified’ and would again support respiration
after plants had been growing in it in daylight for some time. In other
words, he observed that plants are able to absorb carbon dioxide from the
air, giving off oxygen. This absorption of carbon dioxide by plants was
investigated by other research workers and the process was fairly well
understood by the beginning of the previous century. The term carbon
assimilation was used to describe it.

By carbon assimilation is meant that process by which green plants,
usually through their leaves, absorb carbon dioxide from the air and manu-
facture from it, with the aid of sunlight, chlorophyll (the green colouring
matter in leaves) and water, organic substances, viz. carbohydrates. As in
the case of all life or biochemical processes the temperature is important.
Chemically, we can indicate the process by the following equation:

6CO,+6H,0 = C,H,,04+60,
Carbon dioxide and Water give Grape-sugar and Oxygen.

The grape-sugar or glucose is the carbohydrate which is first formed in
the leaves. It is, however, immediately changed into starch. This happens
by the elimination of one water molecule from every glucose molecule, a
large number of these carbohydrate molecules uniting to form one starch
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molecule. The starch molecule, therefore, is much more complicated than
the glucose molecule. This second process may be represented by the
following equation:

nCgH 304 —nH,0 = (CgH,(O;)n
Glucose minus Water gives Starch.

The letter n here stands for a large number, about 1,500. We say that
starch is the first ‘visible’ product of carbon assimilation because its
presence may easily be shown by the well-known iodine test.”

The requirements for carbon assimilation, written in italics on preceding
page, will now be discussed briefly.

1. Temperature. Carbon assimilation can only take place in living plant
cells and life is only possible within certain limits of temperature. As with
all life processes we can here also differentiate between a minimum,
maximum, and optimum temperature. At any temperature below the
minimum temperature or above the maximum temperature carbon
assimilation will not take place. At the optimum temperature, the rate of
carbon assimilation is at its highest. These critical temperatures are not the
same for all plant species, but in general we can say that the optimum
temperature is about 37° C. and the maximum temperature is about 45° C.
37° C. (= 98° F.) is very high and it has been found that although it is the
temperature at which carbon assimilation takes place fastest it is not at all
the most desirable temperature for the growth of our ordinary agricultural
crops. Apparently they increasc in weight, i.e. grow fastest, at 20-25° C.
(68—77° F.). This apparent contradiction may be explained as follows:
Plant growth is the result of two different processes, a constructive or
anabolic process, and a destructive or katabolic process. Carbon assimila-
tion is the most important constructive process and respiration (p. 14) is
a destructive process. Both processes are specded up by an increase in
temperature, but the rate of increase of the destructive process is relatively
much faster than the rate of increase in the constructive process. Naturally,
an increase in weight is only possible if more material is built up, for
example, in 24 hours than is broken down during that same period. The
fastest increase in weight, i.e. positive growth, appears to occur at
20-25° C. The temperature of the atmosphere is a climatic factor which
we cannot influence to any extent. However, time of planting or sowing
may be so chosen as to provide the most desirable growth temperature for
the crop. The slow growth of most agricultural and garden crops during
winter is due to the fact that the temperature is too low for rapid carbon
assimilation and the days are too short. This brings us to the next factor.

2. Sunlight. We mentioned at the beginning of this chapter that carbo-
hydrates are energy-giving or fuel foods which release a large amount of
heat on combustion. The products of combustion are carbon dioxide and

! To-day it is generally accepted that not starch but rather cane-sugar (C,;H3,01,)

is the product which first forms from glucose 1n the leaf, and also that cane-sugar is
the carbohydrate which 1s transported in the plant.
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water. From these two materials, that contain no energy, green plants
manufacture carbohydrates. It is clear that plants must have energy for
this process and it can easily be proved that sunlight provides the necessary
energy. Hence the name photosynthesis that is also used for carbon assimila-
tion. Literally it means the building up or synthesizing of food through
light or with the aid of light. Therefore, carbon assimilation cannot take
place in the dark, i.e. at night. In general we can say that the stronger the
sunlight the more quickly carbohydrates will be formed.

Only that light which is retained or absorbed by the chlorophyll can
supply the necessary energy. After light-rays have passed through a num-
ber of green leaves, they have very little energy left for carbon assimilation.
That is why plants cannot thrive in the shade of others unless they are
especially adapted to it. For this reason fast-growing crops are grown to
smother weeds. Also, when afforesting, trees are planted close together so
that the lower lateral branches will die through lack of light—clean stems
free of knots being obtained. As the trees grow bigger their number is
periodically reduced by thinning.

3. Chlorophyll, or the grecn colouring matter in leaves, is one of the
essentials for carbon assimilation. It not only absorbs the light, thus
making available its energy for the use of the plant, but it also aids directly
in the manufacture of carbohydrates from the two raw materials, as shown
on p. 11. The chlorophyll molecule consists of the elements carbon,
hydrogen, oxygen, nitrogen, and magnesium and it cannot originate with-
out light. Leaves and stems, for example, that grow under loose flat stones
are pale and etiolated. By the iodine test for starch it can be proved that
in etiolated leaves no carbon assimilation takes place.

4. Water. This is one of the raw materials that are necessary for carbo-
hydrate formation, and, as such, it is an essential plant food. The water
is absorbed by the roots from moist soil. The amount of water needed for
carbohydrate formation is, however, very small in comparison with the
amount used for its entire growth process. As we shall see presently, water
has other important functions in plant growth.

5. Carbon dioxide (CO,). This is the second raw material needed
for carbon assimilation. Air always contains carbon dioxide and the per-
centage in the atmosphere is fairly constant, viz. about 0-03 per cent. by
volume. This means that every 10,000 litres of air contain 3 litres of carbon
dioxide. Plants absorb the carbon-dioxide gas through the stomata in the
leaves.

It has long been known that carbon assimilation takes place more quickly,
and larger yields per morgen are possible, if the air contains more than the
normal 0-03 per cent. of carbon dioxide. In practice it is impossible to im-
prove the first four requirements for photosynthesis because we cannot
change the climate or plant species to any extent. The question now is
whether it is possible to increase the carbon-dioxide content of the air
above the soil surface. Since about 1920 this question has received a great
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deal of attention. It has been found that the only practical method of
increasing the percentage of carbon dioxide in the air immediately above
the soil surface is to increase the production of carbon dioxide in the soil.
Carbon dioxide is produced by the countless micro-organisms that are
normally present in agricultural soils. Carbon dioxide is the product of
their respiration and it is constantly leaving any fertile soil by diffusion. It
has been proved that leafy plants whose leaves cover the soil more or less
completely, such as potatoes, sweet potatoes, peas, pumpkins, &c., readily
use this carbon dioxide during the day-time.

Naturally, production of carbon dioxide in the soil will increase with
an increase of microbial activity. We will see in Chapter XXIII that there
are many factors which influence microbial life and activity. Of these,
sufficient organic matter to supply them with energy-giving or fuel food is
undoubtedly the most important. Organic matter may be applied to soils
in the form of farm manure, green manure, straw, and other vegetable
matter. Itis well known that leafy plants grow very well on soils well sup-
plied with organic matter. The present explanation is that such a manuring
enhances carbon assimilation because there is more carbon dioxide in the
air surrounding the plants. In other words, such a manuring of the soil is
at the same time also a manuring of the air.

Respiration of plants

Because growing plants are living organisms they also have to breathe
or respire, and like people and animals they need air, or rather the oxygen
that is present in the air, for respiration. About four-fifths of the air con-
sists of nitrogen gas and one-fifth of oxygen gas. We have already men-
tioned that respiration is a destructive process by which stored energy
is released. Therefore, the oxygen needed for this process is not a nutrient
because it does not provide the plant with building material as such. How-
ever, it enables the plant to obtain the functional energy from the fuel food
that the plant has manufactured by carbon assimilation. This functional
energy is essential for all the normal life processes in plants. Amongst other
things it enables plant roots to make their way in between soil particles and
to absorb the nutrient salts from the soil moisture. This absorption from
the soil of food material requires energy which can only be supplied by root
respiration.

The above-ground parts of the plant absorb oxygen from the air through
the stomata and they never experience a lack of oxygen. The root system,
however, also respires constantly and it obtains oxygen from the soil water
in which the oxygen is dissolved. Thus plant roots cannot live in water that
has been boiled (and cooled down) and they cannot exist in soil water unless
the soil also contains air from which oxygen can dissolve in the soil water.
That is why plants die in waterlogged soils. It is, therefore, essential that
the agriculturalist should see to the aeration of his soil and that he should
drain soils containing excessive moisture. The question will be discussed
further in subsequent chapters.
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ABSORPTION OF WATER BY PLANTS

Normally plants absorb water through the unicellular root-hairs that
grow in the root-hair region near the root-tips. The root-hairs are very
short-lived and die as every rootlet extends and new root-hairs develop
immediately behind its growing point. The outer cells of the older root
parts are suberized (corky) and cannot absorb water. Ordinary plants can
also absorb water through their leaves, especially when they are wilted and
dew or a shower of rain falls on them, or when the plants are watered from
the top. Normally this method of watcr absorption is not important.

In the past, the gencral opinion was that the rate at which root-hairs
absorb water depends on the osmotic pressure in the cell sap in the root-
hairs, or rather on the difference in osmotic pressure between the cell sap
and the soil solution which is usually very dilute. Now let us see what
osmotic pressure means. In the first chapter we saw that chemical com-
pounds consist of molecules. If a salt, e.g. saltpetre (KNO,), is dissolved
in water, the saltpetre particles split up completely so that the saltpetre
molecules move about freely in the water. The molecules of chemicals such
as salts even split up into two portions called ions when dissolved in water.
We will hear more about this in a later chapter.

In physics we learn that a gas in a confined space exerts a certain amount
of pressure on the walls confining it and that this gas pressure increases if
the amount of gas is increased, i.e. it increases as the number of gas mole-
cules increases. The gas pressure is the result of the collision of the gas
molecules with the confining walls. The same thing happens when a salt
dissolves in water. This phenomenon will be easier to understand if we
assume that the salt solution is in a confined space, e.g. in the cell of the
root-hair. The molecules and the ions of the salt then exert pressure on the
cell wall exactly as if there is no water present, but only gases. Pressure
exerted by substances dissolved in water is called osmotic pressure and not
gas pressure. Osmotic pressure also increases as the concentration of dis-
solved substances increases, as in the case of gas pressure. In the cell sap
of the root-hairs the salt concentration is always much higher than it is in
the surrounding soil moisture except in the case of very saline (brak) soils.
Thus water absorption and, hence, plant growth are impossible in such
soils.

We now come to an apparent contradiction—the bigger the osmotic
pressure in the cell sap, the bigger is the suction pressure of the cell sap for
more water. In order to understand this phenomenon we must assume
what is not quite true and that is, that the cell wall does not allow absorbed
salts to move out into the soil water again (semi-permeable walls). How-
ever, because the water molecules can move into the cells through the cell
walls the suction is inwards, tending to decrease the high osmotic pressure
in the cells in order to establish an equilibrium between the concentration
in the cell sap and the concentration in the soil solution. Hence the move-
ment of water into the cells. This is called endosmosis.
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It has also been found that osmotic pressure increases in cells adjoining
the root-hair cells. The farther the cells are removed from the root-hairs,
the higher is the osmotic pressure. This means that the suction pressure
also increases in cells removed from the root-hairs. Thus the water is first
drawn into the root-hair and from there farther up into the adjoining cells
in the direction of the vascular bundles. How the water rises in the vascular
bundles is rather intricate and we do not wish to discuss it here.

Assuming that the osmotic pressure of the soil solution remains constant,
investigation has shown that the suction pressure (SP) of the roots for
water is not proportional to the osmotic pressure (OP) in the cell sap, as
was previously held, but that the suction pressure is equal to the osmotic
pressure of the cell sap minus the turgor pressure or wall pressure (WP) of
the cell wall. .

Therefore SP = OP—WP.

Young cell walls are elastic, and as the amount of water in a cell increases
its walls extend, exerting pressure on the contents of the cell and, therefore,
also on the cell sap. When thc cell wall reaches its maximum distension,
wall pressure equals osmotic pressure and no more water can be absorbed
(OP = WP, thus SP = 0). Wall pressure tends to force water out of the
cell. In the wilted condition the cell wall is, of course, not distended, hence
WP = O and SP = OP, but as soon as the cell starts taking in water the
cell wall starts distending and WP starts acting. This state not only existsin
the root-hair cells but also in the adjoining cells farther from the root-hairs.

These facts enable us to understand why wilted leaves absorb water so
readily when they are watered or when dew forms on them. It is due to
the fact that the SP in wilted leaves is high because WP is practically nil.

Water requirements of plants

Water fulfils different functions in plant growth. Thesc are:

1. Water as building material. We have already mentioned that water is
used as a building material by plants because it is one of the two materials,
carbon dioxide and water, out of which plants synthesize carbohydrates.
Other organic compounds in plants also need water as a building material.

2. Water as solvent. In the plant itself water is necessary to dissolve
certain organic substances so that they may be transported from cell to cell
and from one part of the plant to another, especially to the growth regions.
As we will see presently, the mineral substances absorbed by plant roots
from the soil must also be in solution in water. Often the solubility of
some of these substances is very low. Therefore the soil should be moist
so that there will be sufficient moisture to dissolve the mineral substances.

3. Water as filling. On p. 6 we saw that fresh plant material can con-
tain go per cent. or more water. The water is present in the plant cells and
most of the cell sap consists of water. It keeps the plant fibre rigid by
keeping the cells turgid, and this taut or swollen condition is very necessary
for the life functions and stability of the plant. The protoplasm in every
living cell should also contain sufficient water in order to perform its
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numerous functions efficiently. When evaporation of water from a plant
is faster than the rate of absorption by the roots and transportation to the
leaves, the leaves wilt, the stomata close, and carbon assimilation and other
growth processes are reduced or even stopped. If the wilting lasts too long
and the loss of water from the cells is excessive, the cells die because the
protoplasm becomes disrupted and the cells do not recover even if water is
applied. We say that the leaves are ‘scorched’, which is actually wrong,
because failure to recover is not directly due to the heat but to the loss of
water. This fact is clear if we notice that the parts of the leaves that are
farthest from the veins (vascular bundles), such as the edges of the leaves,
are the first to scorch.

4. Water for transpiration. Leaves have a large number of microscopic
openings, on both surfaces and we call these openings stomata. These
stomata are essential for the exchange of the two gases oxygen and carbon
dioxide. Unfortunately these openings also enable water to evaporate from
the inner plant cells. This evaporation of water from the plant is called
transpiration and the quantity of water lost in this way is enormous. The
amount of water which plants need for the first three functions mentioned
above is so small in comparison with that needed for transpiration that it
may be ignored. Therefore, if we talk of the water requirement of plants
we actually mean the water which is necessary for transpiration.

The term transpiration cocfficient or ratio is used to indicate how much
water a plant must give off for every unit of weight, e.g. 1 Ib. of dry matter,
that it produces. This figure varies greatly in different circumstances and
it may vary from 200 to 80o, which means that 200 to 8oo Ib. of water are
transpired by the plant for every lb. of dry matter that is produced. The
first question we would like to discuss is whether this water fulfils any use-
ful function in the plant or whether it is merely a waste of water.

As previously shown, the construction of plant leaves is such that a
constant loss of water by evaporation is inevitable. If this loss becomes
excessive the leaves wilt; the plants definitely suffer and they can even die.
This shows that transpiration can definitely be harmful to plants and some
research workers even say that it is nothing but a necessary evil. However,
most botanists agree that although transpiration can be harmful, it also
has a few useful functions. They are the following:

(a) Transpiration causes cooling of the leaves. It is a well-known fact
of which much use is made in daily life that when water evaporates the
remaining water, or the object from which it evaporates, cools down.
Water needs heat in order to evaporate and this heat is taken from the
remaining water or the object. During the day plant leaves are mostly
exposed to the sun and thus they may become dangerously warm. Accurate
measurements have shown that actively transpiring leaves usually only
have a temperature of about 1° C. higher than the surrounding air. Wilted
leaves on plants, on the other hand, can become considerably warmer—a
difference of g° C. between wilted cowpea leaves and the surrounding air
has been recorded. However, the difference is usually much less. Thus

C



18 " SOIL FERTILITY

transpiration aids in protecting leaves against high temperatures, although
this influence is not very great. Plants adapt themselves to different con-
ditions; thus the so-called succulents, which give off little water, can be
heated to 60° C. by the sun without any bad effects.

(6) Transpiration apparently aids in the transport of plant food materials
from the roots to the above-ground portions. The movement of water
and dissolved mineral salts (and organic nutrients) in the plant is a com-
plicated process in which diffusion of salts and root pressure are also very
important. Neverthcless, it is assumed that the transportation of mineral
salts in any case upwards in the vascular bundles is accelerated considerably
by the transpiration current. We must, however, not attach too much im-
portance to this. In the absorption of mineral plant foods by roots from
the soil solution, transpiration plays no part as was previously believed. It
has been found that there is no close relation between the amount of water
that plants transpire, the absorption and transportation of salts, and the
mineral content (ash constituents) of plants.

The second question in connexion with transpiration is: What con-
ditions determine the amount of water which a plant will need for trans-
piration? The following conditions affect transpiration:

(@) The kind of crop. Different crops do not transpire the same amount
of water under the same conditions to produce 1 lb. of above-ground dry
vegetable matter. The following average transpiration ratios obtained by
the Grootfontein College of Agriculture by growing plants in iron drums
over a period of five years, are representative of such experiments carried
out all over the world. Only the production of the aerial parts is taken into
consideration except in the case of underground crops such as potatoes,
where tubers and vines are taken into consideration.

TABLE 3
Type of crop Transpiration ratio

Maize . . . 290

Potatoes . . . . . 450

Qats . . . 582

Wheat . . . . . 583

Peas . . . . . 590

Beans . . . . . . . 650

Lucerne . . . . . . . 790

From these figures it is clear that maize and also the sorghum species
need only about half as much water as wheat, oats, barley, rye, &c. (winter
cereals), to produce the same yicld in weight. The figures show how
economical the different plants are 1n their water consumption, but it need
not necessarily be related to the so-called drought resistance of plants with
which it is often confused. The difference is easier to understand if we
compare the water requirement of potatoes with that of lucerne. Although
lucerne has a much higher transpiration coefficient than potatoes it is much
more drought resistant, chiefly because it has a deeper and more widespread
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root system. Wheat and oats have more or less the same transpiration ratio
but wheat is more resistant to drought than oats, mainly because it has a
deeper root system. Maize and sorghums use water more economically
than the winter cereals as far as the production of plant material is con-
cerned. They are also more drought resistant, but the main reason is not
because their transpiration ratio is lower, but because they have a larger
root system in proportion to their stem and leaves and they can also with-
stand lengthy periods of drought with few bad effects.

(b) Climatic conditions. These include the humidity of the atmosphere,
temperature, and the movement of air (wind). It is obvious that the drier
the air, the faster the evaporation and also transpiration within a certain
time. There is a direct correlation between the transpiration ratio and
the vapour deficit in the atmosphere, i.e. the amount of vapour which is
necessary to saturate the atmosphere with water vapour at a certain tem-
perature (100 per cent. humidity). This factor explains the large differences
which research workers have noticed in different parts of the same country
in connexion with the transpiration ratio of the same crop. Differences
on the same land during different growing seasons are also due to differ-
ences in the humidity and maximum temperature of the air.

The influence of wind on transpiration is slightly more complicated.
If the wind is dry and replaces humid air round the plants by dry air, the
wind will naturally increase transpiration. On the other hand, strong winds,
especially if they are dusty, cause the stomata to close and then transpira-
tion is greatly reduced. In general, we can say that a moderate wind will
increase transpiration but a strong wind may even cause a decrease.

In the first instance, temperature influences transpiration indirectly
becausc a higher temperature causes a decrease in the humidity and as the
humidity decreases transpiration increases. Secondly, water will evaporate
more easily from a warm surface (the leaves) than from a cooler surface.
It must also be remembered, however, that temperature also influences the
growth and development of plants to a large extent. Briggs and Shantz
(America) found that where crops are grown in cool and warm glass-houses
in which all the other conditions, including the relative humidity of the air,
are kept constant, plants adapted to a cool climate such as the winter
cereals used about twice as much water, per unit of plant material pro-
duced, in the warm house than in the cool house. Similarly, plants adapted
to a warm climate, such as maize, sorghums, and rice, have a much higher
transpiration ratio when grown in the cool house than when grown in the
warm house.

In our comparatively warm sub-continent with its dry air and dry winds
during a large part of the year, the transpiration ratio for many crops is most
likely considerably higher than, for example, in the cool temperate regions
of the western part of Central Europe. In South Africa, too, there are
large differences in different areas. In the south-western coastal areas with
their winter rainfall and humid air, winter cereals use less water than
these cereals do when grown in the Orange Free State and Transvaal.
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Finally, the influence of light on transpiration may also be mentioned.
Probably this relationship is mainly due to the fact that the stomata of most
agricultural crops are normally closed during the night. Briggs and Shantz
found that in the case of certain agricultural crops, transpiration during the
night is only 3-6 per cent. of the total transpiration during 24 hours.

(d) Soil properties. The influence of the soil on the transpiration ratio is
important in at least two respects. Firstly, there is the possible influence
of different quantitics of available soil moisture on the rate of transpiration.
Veihmeyer (California) grew plum-trees in drums and found that with mois-
ture contents varying from the wilting-point to the field water capacity (see
P- 94) the availability of the moisture to the trees was the same and neither
the growth nor the ratc of transpiration was affected by the amount of
available moisture in the soil. These results do not agree with those ob-
tained by most other research workers for ordinary agricultural crops. They
found that yields rise with an increasc in available moisture in the soil up to
a moisture content of about 8o per cent. of the maximum water capacity,
after which yields drop, evidently because then there is not sufficient air in
the soil. As far as the transpiration ratio is concerned, it appcars as if it
remains fairly constant over a wide range in moisture content, but trans-
piration does decrease as the moisture content approaches the wilting-point
and it increases when the moisture content approaches the field water
capacity. Inother words, plants in very moist soils use water extravagantly.

The influence of soil fertility, i.e. the amount of available plant food,
on the transpiration ratio is somewhat clearer. Many research workers
have shown beyond doubt that an application of manure to a poor soil will
decreasc the transpiration ratio of a crop in that soil considerably. We say
that the transpiration efficiency is increased. Widtsoe (America) showed
that fertilizer applications to a poor, clayey soil reduced the transpiration
ratio from 1,316 to 444. This is exceptional, but a decrease of 50 per cent.
or more has often been observed after manuring. The old explanation
that in a fertile soil plants have to pass less water through their leaves in
order to bring up enough minecral salts to satisfy their wants no longer
holds good. It has been proved that there is no relation between the trans-
piration and the mineral absorption and mineral content of plants. Most
probably the effect of asufficient supply of available plant food on the trans-
piration ratio is the same as the effect of an optimum temperature, viz. that
positive growth, i.e. increase in weight, takes place so much faster that
larger crops are obtained and proportionately less water is used or transpired.

Thus, manuring with plant foods that are deficient in the soil will mean
a saving in water consumption only iz so far as it affects the transpiration
ratio, i.e. the amount of water which is transpired for 1 Ib. of dry matter
to be produced. However, it must be borne in mind that the total amount
of water consumed may actually be higher on a manured land because the
yield is so much higher and a large crop would use more water per morgen
than a small one though the water used per Ib. of dry material is less. This
fact is noticed if a drought occurs during the growing season when an
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unmanured crop, especially maize, often gives a higher yield of grain than
a manured crop. The reason for this is that the crop on the manured soil
grows rapidly and luxuriantly during its early stages and thus its transpira-
tion or water consumption is higher than that of the slow-growing crop
with much smaller leaves. If the fertilizer is applied superficially the root
system will also be much shallower in the fertilized than in the unfertilized
soil. The result of all this is that crops in fertilized soil are not as resistant
to drought as unfertilized crops and thus, where the former may yield
hardly any grain after a drought, one might still rcap a small crop from the
unfertilized soil. Because nitrogen stimulates vegetative growth, it should
be applied with discretion where the rainfall is limited or erratic, and then
itshould be well worked into the soil and evenly distributed throughout the
ploughed depth. In the case of phosphatic fertilizers there is not the same
risk, and potash fertilizers, if applied where necessary, even cause the crop
to use water more sparingly, as will be shown in a subscquent chapter.

Apart from large amounts of water transpired by agricultural crops,
water is also lost from the soil in other ways. For example, all weeds
growing between crops use moisture and therefore they should be eradi-
cated by cultivation. Water also evaporates from the soil surface and the
amount of water lost in this way may be considerable. Evaporation of
water from the soil surface is influenced by many factors, such as tempera-
ture, dryness of the air, prevailing winds, and plant covering. At the begin-
ning of the growth period evaporation of water from the land will be
considerably higher than at a later stage when the crop shades the soil,
provided that climatic conditions remain rclatively unchanged. A loose
soil mulch also causes deeper soil layers to lose less moisture, and from a
soil with a hard crust on the surfacc or with cracks in it a great deal of
moisture evaporates. The significance of a soil mulch will be discussed
in a later chapter.

The amount of water that will evaporate from the soil during the growing
period of a crop will vary greatly with different conditions and therefore
it is difficult to give accurate figurcs. The total amount of water lost from
a soil during the growing period (excluding run-off and percolation of rain-
water) is called the transpiration-evaporation ratio. It will obviously be
considerably higher than the transpiration ratio. Under the variable South
African conditions we can say that the amount of soil moisture necessary
for one unit of weight of dry plant material is about 400-8co0.

Water is by far the most important factor limiting plant growth in South
Africa as is illustrated by the immense fluctuations in yield and the rela-
tively low yields per morgen. In the winter rainfall area the rain is much
more regular and reliable than in the summer rainfall area. Thus we find,
for example, that the yields of winter cereals in the south-western districts
of the Cape Province are fairly constant when compared with the maize
yield in the summer rainfall arca, which may vary from, say, 12 to 24 million
bags per year. The total annual rainfall may be sufficient for large crops,
but unfortunately the distribution is often so unfavourable that the crop
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may suffer from drought during a critical stage in its growth. Thus the
question of available water is one of the most serious problems facing the
South African agriculturalist, and in subsequent chapters we will often
return to this subject.

Finally, we would like to refer to one more factor in connexion with the
water economy of plants which in the past has received little attention from
research workers, but is, nevertheless, of great importance to many crops.
This is the dew that condenses on plants. The dew that is formed on the
soil surface will be discussed under water relationships in soils. Pioneer
work in connexion with dew has been done by E. Hiltner (Germany) since
about 1927 and the following conclusions were reached:

It is generally known that the formation of dew is heaviest in the morn-
ings just before sunrise, after a windless night and with a clearsky. Further-
more, it depends on the degree of cooling of the atmospheric temperature,
the humidity of the atmosphere, and on the cxtent of the cooling plant
surface. Thus it was found that a heavy dewfall on a potato field can
amount to 5,070 gallons per morgen (0-034 inches). In Germany it was
found that the lower the rainfall the higher the dewfall during the summer
months provided there is little wind.

The question now arises: Is the dewfall on the leaves of any importance
in connexion with the water economy of plants? Taking into consideration
what we said about water absorption by root cells, 1t would appear that
leaves would normally be unable to absorb dew because at night, and
especially in the morning, leaves are very turgid even if they were tem-
porarily wilted during the previous day. And yet Hiltner and others have
proved beyond doubt that leaves can absorb a large portion of the dew even
if they are not at all wilted. It has even been found that oats and other
plants growing in water cultures, where there can be no question of a water
shortage, absorb artificial dew through their leaves, and benefit to such an
extent by it when they receive dew twice to three times per week that they
produce considerably higher yields (up to 35 per cent. dry matter) than
plants that did not receive any dew.

Hiltner explains the beneficial results of dew on plant growth as follows:
dew naturally is pure water without any dissolved salts, and by the absorp-
tion of such water into the leaf cells, the saline solution in the leaves is
diluted and this is beneficial to plants that are sensitive to a high salt con-
centration. It has been found that such plants benefit most from dew.

Although no research work has been done in this connexion in South
Africa and we therefore have no details about dewfalls here, we may safely
assume that dew is of considerable agricultural importance. For instance,
good crops are produced on the Langgewens Experimental farm (Malmes-
bury) in years when the winter rainfall is only 8-10 inches and when it is
dry during September and October, but during these months there is a high
dewfall. Wine farmers know by experience that vines last much better
during January if there are cool windless nights with heavy dew than if
there are light rains followed by continuous south-easterly winds.



CHAPTER 1V
SOIL NUTRIENTS

NITROGEN NUTRITION OF PLANTS
Effect of nitrogen on plant growth

ITROGEN is used in relatively large quantities by plants and is essen-

tial for their growth. This fact is apparent when we consider that

15-18 per cent. of the weight of albuminous compounds or pro-
teins consists of nitrogen, and that protein exists in all living plant cells in
the protoplasm as well as in the nucleus. To act as building material in the
formation of proteins is the most important function of nitrogen in plant
growth. There are also other plant constituents that contain nitrogen. Of
these, chlorophyll is the most important because of its important function
in carbon assimilation.

The most noticeable effect of nitrogen on plant growth is the healthy
green colour and rapid growth of the vegetative parts of plants, i.e. leaves,
stems, sprouts, and shoots. Thus we may state that nitrogen gives foliage,
i.e. promotes growth in plants. Strictly speaking, this is not only so in
the case of nitrogen, because an application of any cssential plant food of
which there is a deficiency in the soil will promote plant growth. Nitrogen,
however, gives special vigour to plants. Hence the symptoms of a nitrogen
deficiency in the soil are easier for the practical farmer to recognize than
are those of any other plant food. Nitrogen shortage is immediately per-
ceptible in the colour and vigour of plants. One has only to ascertain
whether the absence of vigorous vegetative growth is not the result of some
unfavourable conditions in the soil such as a high degree of acidity or
alkalinity, an impervious soil layer below the topsoil, a high water table,
or a shortage of water.

Because plants growing in a soil rich in nitrogen exhibit luxuriant vegeta-
tive growth they transpire much water and hence there is a close relationship
between available moisture on the one hand and the effect of nitrogen on
plants on the other. Thus a heavy application of nitrogen to a soil is only
advisable where the moisture supply is definitely sufficient and ensured
throughout the growing season. Not only is a nitrogen application less
effective where there is a shortage of soil moisture, but it may even be the
direct cause of a crop failure (see p. 21). Because the rainfall in South
Africa is generally so unreliable one should bear the effects of nitrogen on
plant growth in mind in order to derive maximum benefit from nitrogen
applications.

The excessive vegetative growth which results from a heavy application
of nitrogen also causes a lengthening of the growing period. Such plants
set seed and mature later than is normally the case. We say that maturity
is delayed. Plants which received an excessive nitrogen supply are also more
susceptible to attack by fungus diseases (e.g. rust) and insect pests. Such
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plants, on the whole, are weaker stemmed, and winter cereals which receive
too much nitrogen are apt to lodge during heavy rains or strong winds.

These bad effects may be counteracted to a certain extent by applying
sufficient phosphatic and potassic fertilizers together with the nitrogen,
but usually it is advisable not to apply nitrogen too abundantly.

Plants satisfy by far the most of their total nitrogen requirement during
the first few months of their growing period. (The same applies, more or
less, in the case of the other mincral plant foods.) The result is that young
plants are much richer in nitrogen and hence in protein than older plants.
As plants grow older their seeds and fruits store much of the nitrogen.

Forms of nitrogen at the plant’s disposal

1. Elementary nitrogen gas. As previously mentioned, about 8o per cent.
of the atmosphere as well as the air in the soil consists of free nitrogen, i.e.
nitrogen gas in its elementary form and not in chemical combination. It
has been calculated that there are about 20,000,000 tons of nitrogen gas
over every square mile of land surface; in other words, an inexhaustible
supply. Unfortunately agricultural crops are unable to utilize this source
directly. They cannot assimilate it, i.c. change it to nitrogenous com-
pounds as, for example, they assimilate carbon dioxide from the air.

There are, however, a few kinds of bacteria that are able to assimilate
nitrogen gas and manufacture complicated proteins from it. One group,
viz. the nodule-forming bacteria, is characterized by the nodules which
they form on the roots of legumes (Leguminosae) (see Plate Ia). Nitrogen
gas is soluble in water to a certain extent. One litre of water (at 15° C.)
dissolves about 135 c.cm. of nitrogen. In well-aerated soils, soil moisture
is saturated with nitrogen gas, and as the water moves upwards in the plant
roots the bacteria in the roots remove the nitrogen from the water and use
it in the building up of proteins. These bactcria are very short-lived with
the result that they are constantly dying off. Their nitrogenous compounds
then become available to the plant so that the plant is not dependent on the
soil for its nitrogen supply. The bacteria fix the clementary nitrogen and
the plant obtains its nitrogen from the nodules. The bacteria also need
energy-containing food such as carbohydrates (sugars) and the legume pro-
vides them with this through carbon assimilation. We have here an
example of two dissimilar organisms (the green plant and the bacteria) that
live together and render one another mutual service in their nutrition.
The scientific term to express this state is symbiosis, which means living
together. These nodule-forming bacteria are also called symbiotic bacteria.

Many of our agricultural crops belong to the Leguminosae, such as peas,
beans, lucerne, lupins, clover, and also many shrubs and trees such as
thorn trees (mimosas) and Port Jackson. Such plants can make use of the
inexhaustible supply of nitrogen in the atmosphere with the aid of nitrogen-
fixing bacteria. This, however, does not mean that they cannot utilize the
available nitrogen supply in the soil, as all other plants do. As a matter of
fact, they always do and the bacteria only help them when the nitrogen
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supply in the soil is not sufficient. In a subsequent chapter we shall sec how
the nodule-forming or nitrogen-fixing bacteria may be used in practical
agriculture.

2. Proteins. Every agricultural soil always contains a considerable
amount of nitrogen originating from the proteins in plant residues and soil
microbes or from organic manures. These proteins are present in the so-
called humus or organic matter in soils, of which we will hear more later.

Generally, a considerable amount of protein is supplied to the soil, for
example, when the soil is manured with farm manure, green manure, bird
guano, dried blood, &c. The proteins are almost completely insoluble in
water and thus it is easy to understand that plants cannot absorb them
directly. They form the nitrogen reserve in the soil and only become avail-
able to higher plants after having been decomposed to simpler compounds
by soil microbes.

3. Ammonium compounds. As far as the nitrogen is concerned, ammonia
(NHS,) is the final product of the decomposition of proteins. Ammonia is
a gas which is very soluble in water and it combines with carbonic acid and
the other acids that may be present in the soil moisture to form ammonium
salts, e.g. ammonium carbonate (NH,),COj). There are also several ferti-
lizers which are ammonium salts. The most common one is ammonium
sulphate ((NH,),SO,).

Ammonium salts are readily soluble in water and plants can absorb them
as a source of nitrogen. In the soil, however, ammonium compounds are
usually rapidly changed by certain bacteria to nitrates.

4. Nitrates. Nitrogen in the form of nitrates is, from a certain point of
view, the final product to which the nitrogen in complicated compounds is
changed by bacteria. Being also readily soluble in water, nitrates are by far
the most important source of available nitrogen for higher plants. Ordinary
saltpetre is potassium nitrate, but sodium nitrate or Chilean saltpetre
(NaNQ;) is the most common nitrogenous fertilizer containing nitrogen in
the nitrate form. Thus plants absorb nitrogen mainly in the form of
nitrates which are dissolved in soil moisture. They can also absorb other
soluble nitrogen compounds but normally such compounds are very soon
changed by soil microbes to nitrates. The legumes form an exception
because they can also utilize the gaseous nitrogen with the help of the
nodule-forming bacteria that live in their roots. The activities of bacteria
and other soil microbes are of special importance in connexion with nitro-
gen assimilation by our agricultural crops, and therefore this subject will be
discussed in greater detail in a subsequent chapter.

THE ASH CONSTITUENTS

As previously mentioned, every plant contains a small though very
important amount of ash constituents, i.e. mineral substances, that come
from the soil. As in the case of nitrogen, these substances are also absorbed
by the roots of growing plants in a dilute solution in water in the form of
compounds or salts. As regards the absorption of mineral plant foods there
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are two important points to be remembered : the mineral plant food must be
at least partly available to plants, and secondly, the solution should be very
dilute as previously mentioned. In brackish soils soil moisture contains
too much salt and such a high salt concentration also impedes water
absorption by roots.

Before discussing briefly the different ash constituents we would like to
give a table indicating the mineral composition of some of our agricultural
crops. It should, however, be borne in mind that the percentages are not
constant. There are wide variations even in the case of one particular crop,
as a result of variations in soil fertility, manuring, climate, and other growth
factors. The composition also varies at different stages in the growth of any
crop. The figures represent average percentages and they were calculated
on air-dry plant material except for potatoes and mangels, in which case
they were calculated on the fresh plant material.

Figures, such as these given in the table, are important for two reasons.
They give us an indication of the mineral plant food requirement of any
crop, and secondly, they enable us to calculate more or less what amount
of plant food is removed from the soil, provided we know the weight of
the crop.

A general conclusion that we can draw from the table is that the total
amount of ash constituents is higher in the vegetative parts, e.g. the straw,
than in the seed, but that the seed is richer in phosphorus, nitrogen, and
sometimes magnesia than the straw. On the other hand, the straw is
richer in potash and lime than the seed.

TABLE 4
The Mineral Composition of Crops (percentages)
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Wheat seed 1-60 173 085 028 0°50 o007 o'15
Oat seed . 1-80 2-88 085 032 o'50 o016 o'17
Maize seed . 1-60 1°23 057 027 037 003 019
Wheat straw 0'45 486 o 20 .. o-go o028 o'II
Oat straw . 065 6-45 035 .. 1 60 038 012
Maize stalks 075 437 030 .. 1-64 049 026
Pea seed . 365 2:63 1°00 0’50 125 009 o013
Pea straw . 1°40 391 035 .. o'50 1-82 027
Lucerne hay 260 6-29 0°43 0'47 1'50 2°52 031
Potatoes . 0'32 0'97 o'14 o 06 o-60 o o3 o-06
Mangels . o'19 o0-86 0-07 .. 0’40 003 0'04

Phosphorus

Phosphorus, or, as it is morc commonly stated, phosphoric oxide, is
absorbed by the plants in the form of phosphate salts that are not readily
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soluble in water. This important point will be discussed further under
manuring. The most important function of phosphorus in the plant is in
the building up of nucleoproteins. If we consider that the formation of new
plant cells, and thus growth, can only take place by the division of the cell
nucleus and that this nucleus contains phosphorus, we realize how essential
this nutrient is for plant growth. Phosphorus, like nitrogen, is therefore
abundant in the young growing parts of the plant. Asplantsgrow older and
reach the flowering and sceding stages most of the phosphorus goes into the
seeds. That is why all seeds are so rich in phosphorus

Apart from this primary function of phosphorus, viz. to act as building
materlal .in_the formation of nucleoproteins, this nutrient also has other
specific effects on plant growth. Firstly, phosphorus enhances the fertility
of plants and thus the formation of flowers and seeds. It also hastens
maturity of the crop or fruit; in other words, it shortens the growing period.
This effect of phosphorus is the opposite to that of excess nitrogen, where
vegetative growth is stimulated and the growing period lengthened as a
result. For normal growth, yield, and ripening of the crop, supplies of
phosphorus and nitrogen with their opposite effects should be well
balanced. Even very heavy applications of phosphates will scldom have
harmful effects on plant growth but with nitrogen it is very easy to give too
heavy an application. In practice it is advisable to apply average quantities
of phosphatic fertilizers regularly to soils deficient in phosphates—and such
is the case with the vast majority of South African agricultural soils—
and to regulate applications of nitrogenous fertilizers according to the
amount of growth required from the crop under the particular climatic
conditions.

In the case of fruit-trees and other crops that do not bear well and grow
too luxuriantly, a large application of a phosphatic fertilizer will often
restore greater fertility and therefore better fruit and seed crops. A
hastening of maturity is often of great economic importance, e.g. in the
case of early fruit, Turkish tobacco, and maize that may be affected by
early frost, &c. The timely ripening of the wood of deciduous fruit-trees
and of vines is important, otherwise the immature wood may die off in
winter.

A second effect of phosphorus on soils that are poor in phosphates is
the striking development of the root system of plants. Possibly it is due to
the fact that phosphorus is essential for the formation of new cells. There
are at least two instances wherc a well-developed root system is especially
desirable. Firstly, in the case of dry-land farming a deep and widespread
root system will enable plants to withstand shortage of rainfall better than
a shallow root system. Secondly, in clayey soils plants are apt to have a
shallow root system, and thus clayey soils should receive regular applica-
tions of phosphatic fertilizers.

The last effect of phosphorus that we would like to mention is the im-
provement in the quality and nutritive value of many agricultural products.
In the case of fruit, it has been proved in South Africa that phosphatic
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fertilizers improve the general quality and especially the keeping quality
of fruit. Also, where trees grow too luxuriantly and do not bear satisfac-
torily, an application of phosphate will often result in a bigger crop of better
quality. In France it has been proved beyond doubt that soil with a high
phosphorus content will produce a better wine than that with a low phos-
phorus content.

The phosphorus content of human and animal food is very important in
the nutrition of humans and animals. Since 1920 a great deal of attention
has been paid to this problem in South Africa. It has been proved that
the low phosphorus content of the pasture grasses in many districts in the
Union, especially during the dry season, is the cause of Stywesiekte (aphos-
phorosis), and this deficiency is also indirectly responsible for the disease
gallamsiekte (botulism).

To supplement the phosphorus shortage in the grazing, food rich in
phosphorus, such as bone-meal, should be fed regularly to the animals.
Where the rainfall renders it possible, agricultural lands and pastures
should receive phosphate applications in order to ensure healthy live-
stock.

The external symptoms of the plant do not indicate a phosphate shortage
as distinctly as they indicatc a shortage in nitrogen. For this purpose
fertilizer experiments or soil and plant analyscs provide the correct answer.
However, South African soils are generally so poor in phosphates that phos-
phatic fertilizers should always be applied where the natural rainfall or
irrigation makes crops possible, unless otherwise advised by agricultural
authorities.

Potash

There is a higher percentage of potash in the leaves than in the seeds of
plants and all leafy crops are, therefore, rich in potash. Potash is the
metallic base used in largest quantity by plants and it is absolutely essential
for plant growth. The leaves, where metabolism largely takes place, are by
far the most important laboratories of plants and it is also in the leaves that
potash fulfils its most important function. Young leaves are very rich in
potash but towards the end of the growing season the potash content
diminishes while the lime content increases right to the end. In contrast
with almost all other ash constituents in plants, all the potash is present in
the plant in compounds that are soluble in water. Thus it can easily be
extracted from the leaves with water.

Much has been written in the past about the function of potash in plant
growth and much of this is controversial. In the light of recent research,
however, it seems as if all the different effects on plant growth, attributed
to potash, can be traced back to one important function that can only be
performed by potash. The contents of living plant cells consist of at least
a slightly saline solution (cell sap), ajelly-like layer of protoplasm, and a more
solid cell nucleus. The physical condition of the protoplasm seems to be
very important in connexion with the many biochemical reactions that take
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place in the cell and also in connexion with its longevity. Apparently potash
gives to the protoplasmic colloids (for colloids see Chapter XI) this desir-
able gelatinous consistency which is necessary for the activity and longevity
of the plant cells. For example, if the cells contain too much lime and too
little potash, the protoplasm is drier and more granular and the cell only
lives for a short while.

Thus potash ensures healthy leaves that can carry out their functions
normally for a long time. Previously it was thought that potash must in
some way or other affect carbon assimilation, because crops that produce
a large quantity of carbohydrates (sugars or starch) or are rich in foliage,
such as potatoes, sweet potatoes, the brassicas, tobacco, fruit-trees, vines,
&c., use much potash. Similarly, it was thought that the formation of pro-
teins was influenced by potash because a high protein content is usually
concomitant with a high potash content (e.g. in legumes). The explana-
tion now is that potash does not influence carbon and nitrogen assimilation
directly, but because it keeps the lcaves healthy and active larger amounts
of carbohydrates and proteins can be manufactured during the growing
season.

It is a well-known fact that plants which are well supplied with potash
do not wilt or scorch as easily as those growing in a soil that is deficient in
potash. The leaves of apple-trees and berry fruits are apt to scorch when
these plants grow on soils which are deficient in potash. Thus it is clear
that leaves that are well supplied with potash transpire less, and in this
sense we can say that potash causes plants to use water more economically.
This reduction in transpiration is no doubt related to the physical con-
dition of the protoplasmic colloids that are well supplied with potash.
Possibly potash salts have other functions in addition, but we cannot dis-
cuss them here in detail.

In connexion with the influence of potash on the quality of agricultural
products, the following may be said: seeds such as those of wheat, oats,
barley, rye, &c., are plumper and have a higher bushel weight when the
plants are well supplied with potash than when there is a deficiency of
potash. Apparently potash does not influence the baking quality of meal
directly. Pasture crops are more palatable to animals when pastures are
well supplied with potash. In the case of oranges it has been proved that
a one-sided application of potassic fertilizers will increase the acidity of the
oranges, but if sufficient phosphate is also applied, so that the oranges can
ripen properly and contain enough sugar, fertilizing with potash will not
cause deterioration in the quality of the fruit. Similar observations were
made in connexion with deciduous fruits and grapes. From these effects
of manuring with only one plant food we must not deduce that potash is
detrimental to the quality of fruit, but rather that only trees receiving a
balanced food supply can yield fruit of a high quality provided all the other
growth requirements are favourable.

Deficiency in potash is not very noticeable in the external appearance of
plants. It is only when the deficiency is very acute and when one section
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of the field receives potash and the other not that differences in yields and
appearances arc noticeable. A typical symptom of a shortage of potash is
the curling, bronzing, and scorching of the leaves in the later stages of the
growth period. This is especially noticeable in the case of tobacco, potatoes,
peas, berry fruits, apples, &c. To prove definitely that there is a deficiency
of potash in the soil, it is necessary, as in the case of phosphate, to conduct
fertilizer experiments and soil analyses.

Potash is absorbed by plant roots in the form of potassium salts. The
two salts that are most commonly used for fertilizing are potassium sulphate
and potassium chloride, or, as they are generally known, sulphate of potash
and muriate of potash.

Other ash constituents

We know by experience that soils are most likely to be deficient in phos-
phorus and potash and, therefore, we must supply them in the form of
fertilizers. However, there arc still other constituents (considerably more
than we mentioned in the table on p. 26) that are essential for plant growth
or that arc present in the plant ash. Some ash constituents, although not
absolutely essential, may fulfil some useful function in plant growth. There
are cases where soils may have a deficiency of one or more of these essen-
tial but minor plant foods, and then they should be applied. It is the work
of the Research Stations to investigate such cases and advise farmers
accordingly. We will thus discuss the following mineral plant foods only
very briedly.

Calcium. Calcium is indispensable to plant growth, and, as in the case
of potassium, it is found mostly in the vegetative parts of plants. Seeds
usually contain very little calcium. The result is that the young seedling
very soon requires calcium from the soil. Usually soils contain sufficient
calcium to satisfy the requirements of plants. Moreover, calcium is in most
cases supplied to soils if a phosphatic fertilizer is applied.

Very little is known about the functions of calcium in the plant. Evidently
it promotes healthy development of the plant, especially of the root-hairs
of the root system. It has been proved that calcium tends to reduce the
toxicity that sodium, potassium, and magnesium have when present in
excessive amounts. That is why plants are more resistant to brak soils or
irrigation water if the soil contains sufficient calcium.

Sometimes large amounts of calcium are applied to soils in the form of
lime (slaked lime or ground limestone), but then the aim is to render sour
soils sweet or to improve the structure of a heavy clay soil. This subject
will be discussed later. It has already been mentioned that there may be
great variations in the amounts of ash constituents, either individually or
collectively. The more abundant any mineral nutrient is in the soil, the
more of it the plant will absorb. Because calcium compounds play an
important role in the nutrition of man and beast, as does phosphorus,
it is essential that the farmer, in order to have healthy livestock, should see
to it that the food contains sufficient calcium. By applying basic fertilizers
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or lime to acid soils one will produce more suitable fodder and pasture
crops.

Magnesium. Magnesium (i.e. magnesium salts) is also an essential mineral
plant food, especially because it forms part of the chlorophyll molecule
that is essential for carbon assimilation. Cases are known abroad where
plants are chlorotic because there is not sufficient magnesium food in the
soil, with the result that chlorophyll cannot form. Thus far a definite lack
of magnesium has, in South African soils, only been recorded in some
citrus orchards at Nelspruit (Tvl.) (Dr. Oberholzer). The deficiency may
be corrected by applying dolomitic limestone or the fertilizer potash-
magnesia (see p. 208).

Iron. Plants use iron salts in very small amounts, but iron is, neverthe-
less, essential for plant growth. It has been found that although iron does
not form part of the chlorophyll molecule it is essential for its formation.
Plants that do not absorb sufficient iron salts suffer from chlorosis. Usually
soils contain iron compounds, cspecially hydrated oxides, in large amounts,
but if the soil contains too much lime, i.e. if it is alkaline, the iron may be
quite insoluble so that plants will not be able to absorb it. Such calcareous
soils are of frequent occurrence in the dry areas of the Karoo. Some plants
are better able to utilize relatively insoluble iron compounds than others.
Thus peach-trees often suffer from chlorosis. Application of decayed
straw, farm manure, and also sulphur will help in such cases to render the
insoluble iron available to the plant. The more acid a soil is, the more
soluble is the iron.

Sulphur. Sulphur is an essential plant food because it is a constituent of
all proteins. The sulphur content of proteins varies from about 0-17 to
1-09 per cent. 'The richer the plants are in proteins the greater is their need
for sulphur (compare cereals and legumes). Brassicas (the cabbage family)
contain also other sulphur compounds such as the mustard oils, and thus
they have a greater sulphur requirement than the ordinary agricultural crops.

Plants absorb their sulphur in the form of sulphate salts. Sulphates
are generally fairly soluble in water so that the sulphur content of soils is
low in high rainfall areas. In South Africa, soils that contain too little sul-
phur and require sulphur applications have not yet been found. Besides,
farm manure and many of the fertilizers (such as superphosphate, ammo-
nium sulphate, potassium sulphate) contain sulphur compounds so that
applications of such fertilizers also supply sulphur to the soil. In vine-
yards and orchards, insecticides and fungicides that contain sulphur also
add sulphur to the soil. Rain-water also always contains a small amount
of sulphur compounds.

We have now discussed the ten classical nutrient elements which were up
to about 1930 considered to be the only essential plant food elements. By
way of a summary, we once again give the ten, and in brackets the forms
in which they are absorbed: Carbon (as carbon dioxide), Hydrogen and
Oxygen (as water), Nitrogen (as soluble nitrogen compounds, especially
nitrates), Sulphur (as sulphates), Phosphorus (as phosphates), Potassium
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(as potassium or potash salts), Calcium (as calcium salts), Magnesium (as
magnesium salts), and Iron (as iron salts, ferrous and ferric). Plant ash
also contains many other mineral constituents, of which the elements
Sodium, Silicon, and Chlorine are considered to be ‘useful’ although not
essential, especially for certain crops.

TRACE OR MINOR ELEMENTS

Research work in connexion with plant nutrition, especially since 1930,
has proved beyond doubt that all plants require, in addition to the above ten,
certain other elements—again in the form of salts—for healthy normal
development. These clements are required in minute quantities or traces.
Hence these elements are to-day known as trace elements and of these,
Manganese, Copper, Zinc, Boron, and probably Molybdenum' also, are
absolutely essential for higher plants. Because [ron is also used in very small
quantities by plants, it is now usually bracketed with the trace elements. As
yet, not very much is known about the role of the trace elements in plant
metabolism and therefore we will not discuss their possible functions.
Furthermore, we shall limit the following summary to the deficiency of
such trace elements in South Africa, because there already exists abroad
a huge literature on the subject.

Manganese. Research officers of the Stellenbosch-Elsenburg College of
Agriculture discovered in 1940 that the sandy soils of the Cape Flats, which
are usually calcareous, and which may be termed the ‘vegetable garden’ of
Cape Town, have a chronic deficiency in manganese. Chemical analyses
show that the total manganese content varies from 6 to 10 parts per million
whereas other soil types usually contain more than 100 parts per million
and the red loam of Pretoria (originating from diabase) may contain more
than goo parts per million. It is a general rule in the case of the above-
mentioned trace elements that if the soil becomes sweeter (pH rises above
6-0), especially if the soil contains free carbonate of lime and is deficient in
humus, the trace elements are very unavailable. Thus the calcareous white
sandy soils of the Cape Flats not only contain very little total manganese,
but this small amount is also exceedingly insoluble.

Experience has taught the vegetable growers that even in the case of
legumes such as garden beans a heavy application of stable manure or com-
post, up to 3040 tons per morgen, is necessary for healthy plant growth,
otherwise the crop remains small and chlorotic. Farm manure and com-
post, of course, contain a small amount of manganese and also other trace
elements. The following experiment with potatoes, which are noteven very
sensitive to a manganese deficiency, shows clearly that fertilizers without
manganese produce a very poor crop. (Experiment by I. S. Perold on deep
sandy soil with pH of 8-04.)

I Australian workers seem to have proved that a minute quantity of molyb-
denum compounds 1s essential to enable nitrogen-fixing bacteria to accomplsh the
fixation. In contrast to the other trace elements the availability of molybdenum
1s increased by liming acid souls.
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Potato Experiment with Manganese (Cape Flats, 194I)

Yield per morgen
(bag = 150 Ib.)

Fertilizer treatment per morgen l Absolute Relative
NPK Fertilizer . . . . . . ' 63 bags 100
» s  +44 1b. manganese sulphate 129 ,, 205
» » +881b. » ”» 131, 208
” » +1321b ”» » 123, 195

The differences in yield with different quantities of manganese sulphate
per morgen are insignificant and thus 44 1b. per morgen was quite sufficient.
Many other similar experiments on the Cape Flats have proved that an
application of more than 1oo Ib. of mangancse sulphate per morgen may
definitely be toxic, thus reducing yields. Animal manure or compost is
essential for vegetable production on the sandy soils of the Cape Flats, and
the following applications are considered to be the most economical for
most vegetables (all quantities per morgen): 10~15 tons of farm manure or
compost, about 600 Ib. of a suitable fertilizer mixture, and 50 Ib. of man-
ganese sulphate.

In different localities in the Western Province, orchards and vineyards
that react on applications of manganesc have been found, and the Division
of Horticulture at Pretoria has also reported the occurrence of manganese
deficiency in other parts of South Africa.

Copper. In 1941 it was proved beyond doubt that there is a copper
deficiency in the southern coastal regions (calcareous sandy dune soils) of
the Cape Province, after it had become known in Australia in 1937 that the
well-known swayback discase of sheep which occurs there on similar soils
could be cured by dosing with copper. In South Africa it was also proved
experimentally that lambs would be born healthy if pregnant ewes were
given timely doses of copper sulphate. As a matter of fact, many farmers in
our coastal regions discovered this fact on their own. The following experi-
ment conducted in 1941 by I. S. Perold on wind-blown sandy soil (pH 8-04)
on a farm near Vredenburg shows clearly how crops respond to applica-
tions of copper.

TABLE 6
Wheat Experiment with Trace Elements

Yzeld d per morgen (gram)

Fertilizer treatment per morgen Absolute I Relative
310 lIb. NPK Fertilizer . . . . . 503 Ib. I 100
’ » +30 Ib. copper sulphate . 805 ,, 160
»» »» + 30 Ib. zinc sulphate . . I ,, 2
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The experiment proves that 30 Ib. of copper sulphate per morgen gave
an increase in yield of 6o per cent. over ordinary fertilizers. On account
of the scanty rainfall the yield was not high, but the one with copper was
of first-class quality. Furthermore, the experiment shows how careful
farmers should be when applying trace elements. An application of 30 Ib.
of zinc sulphate per morgen had such a toxic effect that the crop was a
complete failurc. The other trace elements were also included in the
above experiment but there was neither an increase nor a decrease in yield.

Zinc. The so-called ‘little leaf disease’ of deciduous fruit-trees occurs
commonly in South Africa, especially in the Western Cape Province, and it
was accidentally found in California (Chandler) in 1928 that it could be
cured with zinc salts. In citrus-trees mottled leaf is the first sign of a zinc
deficiency and according to the Division of Horticulture it occurs fairly
commonly in the Union. Such orchard soils may be treated with zinc
sulphate, but it is much more economical to spray the affected trees. A safe
solution for trees in foliage is 4 Ib. of zinc sulphate and 2 Ib. of slaked lime
in 100 gallons of water. However, stronger solutions may be used in
severe cases of the disease. For deciduous trees a strong dormant spray
is very effective.

Boron. A deficiency of boron is very common, e.g. in New Zealand
where it causes internal cork of apples or in Europe where it causes brown
heart of mangels and sugar-beet on calcareous soils. In Southern Africa it
has only been observed in citrus orchards, by Dr. A. A. Morris (1937), on
the Mazoe Citrus Estate, Southern Rhodesia. The ‘discase’ is known
locally as ‘hard fruit disease’ because oranges remain small and have a hard,
gummy appearance. Applications of small amounts of borax to the soil
cured the disease.

ABSORPTION OF NUTRIENT SALTS

Finally, we would like to say something about the way in which plants
absorb mineral nutrients, including nitrogen compounds, from the soil.
This absorption is even more intricate than water absorption by roots, and
it is not yet possible to give an entirely satisfactory explanation of the pro-
cess. In any case, the root-hairs are again the principal organs through
which the salts are absorbed. At once we come up against the difficulty
that the salt concentration (osmotic pressure) is much higher in the cells
than in the surrounding soil moisture. We saw that this difference enabled
roots to absorb water from the soil; but how do we account for the absorp-
tion of salts from the very dilute soil solution, because salt and water
absorption are two entirely different processes? According to physical laws
(diffusion), dissolved salts move from concentrated to less concentrated
solutions and not vice versa.

Firstly, we should not consider the total concentration of all the salts.
We should rather take the different constituents one by one. Then the
difference between the inside and outside concentration of those substances,
such as nitrates, potassium salts, and phosphorus, which the plant uses a
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lot, is no longer so great although it may still be considerable. Also, plants
absorb mineral constituents mainly in the form of ions and not in the form
of molecules. In the cells the ions may be attached to colloids so that a
lower concentration of ions would be established within the cell than out-
side and thus diffusion would be possible. The question of ion absorption
will be clearer if we know more about the properties of colloids (see
Chapter XI), because it seems to be mainly a case of an exchange of ions
between soil colloids and plant colloids.

The mineral nutrients finally come into the vascular bundles, whence
they are transported by water to the growing points of the plant, and this
upward movement takes place in the xylem (sapwood) and not in the
phloem (bark).



PART TWO
SOIL SCIENCE

CHAPTER V
INTRODUCTION

Y soil we understand the layer of loose material that covers the earth’s
crust (the rock layer). ITowever, because we wish to study the soil
from an agricultural aspect in this book, we would define it as

follows: Soil consists of more or less weathered rock particles that, together
with organic matter, water, and air, provide a medium in which plants
can grow. This definition contains a few strange words that will become
clearer presently.

Thus an agricultural soil consists of four kinds of constituents: two
kinds of solids, onc derived from rocks and the other, the organic matter,
mainly from plant residues. Furthermore, the soil contains a liquid (water)
and a mixture of gases (air). The following diagram indicates the volume
percentage of these constituents in a definite volume of moist soil, say, one
cubic foot.
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Fi1G. 1. Diagram showing the composition of a moist soil, consisting
of mineral matter, organic matter, water, and arr.

However, not only is an agricultural soil a mixture of the above con-
stituents, but it also contains a teeming population of invisible, living
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organisms called micro-organisms or, shortly, microbes. These microbes
play a very important part in the fertility of soils, as will be seen in subse-
quent chapters.

We said in our definition that the rock particles are more or less
weathered. That means that the rock constituents (mincrals) are not
only broken up, but they have also been changed by the so-called
weathering agencies to different chemical compounds. Plants cannot
absorb their mineral food from rock that has only been pulverized
mechanically. The rock particles must first undergo chemical changes
and become morc or less soluble in water before they are suitable for
plant nutrition. The weathering processes will be discussed in a sub-
sequent chapter.

The depth of agricultural soils varies widely, but usually we are able to
differentiate between the following two layers: the fopsoil or surface soil
which in agricultural soils is usually as deep as the depth of ploughing and
is usually dark-coloured or brown, and the subsoil below the plough depth.
The subsoil is usually lighter in colour.

In other respects also the two layers differ from onc another. Usually
the subsoil become: stony or gravelly as one penetrates into it, until
the parent rock on 'the soil rests is reached. Somctimes the subsoil
is more clayey at certain depths than the topsoil and often hardpans of
ironstone (ouklip) or limestone occur in the subsoil. The origin of such
pans and concretions in the subsoil will be discussed later on, but it must
be borne in mind that it is very important that the agriculturalist should be
acquainted with the nature of his subsoils, because on it depends, to a large
extent, the productivity of the soil. Soil profile is the scientific name given
to the vertical section of a soil. The physical nature and chemical com-
position of the different horizontal layers of the soil profile are very
important in the study of soils. In ditches, railway cuttings, gravel pits,
&c., the different soil layers can often be scen distinctly. When these
soil layers still rest on the parent rock from which they originated
by weathering through countless ages, the soils are called primary or
sedentary soils.

There is a second soil class called secondary or transported soils, and
they consist of soil material which has been transported from some other
place to its present position by gravity, water, or wind. They did not
originate from the rock on which they are resting. Often such soils rest
on primary soils, burying them completely. Such buried primary soils
may also be called fossil soils.

Transported soils are often very deep as in the case of alluvial soils on
river-banks or in the valleys at the foot of mountains and hills. Naturally
there are many transitional stages between the two soil classes, and almost
all primary soils contain a greater or less amount of material deposited by
water or wind. Later on we shall have more to say about the real alluvial
soils, i.e. those deposited by water, and aeolian soils, i.e. those deposited
by wind.
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Because the inorganic or mineral portion of a soil always originates from
the solid rock of the earth’s crust we shall discuss the composition of the
most important rocks, their disintegration and change to soil material,
and the eventual transportation of this material, before we discuss the
different propertics of soils.

THE CHEMICAL COMPOSITION OF THE EARTH’S CRUST

Geology teaches us that the solid crust of the earth is about thirty miles
thick and that it consists of many different kinds of rocks. The average
chemical composition of the rock material in the outer crust of the earth
is more or less as follows:

Oxygen . . . . . . . 49-20 per cent.
Silicon . . . . . . . 25-67 "
Aluminium . . . . . 750 .
Iron . . . . . . . 471 "
Calcium . . . . . 339 .,
Magnesium . . . . - 293 »
Sodium . . . X . 263 .
Potassium . . . . . . 240 .

The above elements are present in the form of compounds in rocks and
together they form about g8 per cent. of the weight of rocks. Some of the
elements that are of great importance to plant growth occur only in small
quantities in the rocks of the earth’s crust, e.g.:

Phosphorus . . . . . . o°II per cent.
Sulphur . . . . . . . o006 »

Valuable chemical elements such as gold, silver, copper, and platinum
do occur in considerable quantities in various localities, but on the whole
they form such a small part of the earth’s crust that they are not worth
mentioning.

If we inspect a freshly broken rock fragment, such as a piece of granite,
we will notice immediately that it contains different substances or com-
pounds. In fact neatly all rocks consist of miscellaneous substances called
minerals. Every rock also has its own characteristic minerals of which it
mainly consists. We cannot learn to recognize either the minerals or the
rocks from text-books. It is essential for us to have specimens in order
to get to know them properly.

THE MOST IMPORTANT ROCK-FORMING MINERALS

General properties of minerals

We can define a mineral as any inorganic substance occurring in the
earth’s crust, and having a constant chemical composition. Apart from
this chemical characteristic of minerals, there is also a range of physical
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characteristics which minerals possess and which usually enable us to
recognize them.

Many minerals have a characteristic colour but sometimes they
show a variation in colour due to the admixture of impurities. The
following summary gives examples of minerals and their characteristic
colours:

Colourless . Quartz.

White to pale . Felspars, Calcite, Dolomite, Gypsum, Kaolin.

Yellow . . Iron pyrites.

Greenish . . Olivine, Serpentine.

Reddish-brown . Garnet.

Black . . Biotite, Hornblende, Augite, Hematite, Magnetite,
Graphite.

The lustre or reflection of light from the surface of minerals is often
characteristic. To judge the lustre one should inspect the fresh rock
surface with the light playing on it. Quartz has a fatty, vitreous lustre.
Felspars also shine visibly and their cleavage surfaces in light arc easily
distinguishable from the rough angular cleavage of quartz. Kaolin has
a dull appearance and iron pyrites and hematite, for example, have a
metallic lustre.

Cleavage is the separation along smooth planes which is exhibited by
many minerals when they are struck or pricked with a hard object. It is
an important property in identifying minerals. A mineral may show no
cleavage, such as quartz, or a cleavage in one, two, or three directions.
Thus some, such as the micas, only split in one direction, while others,
such as the felspars, split in two directions, and others again split in three
directions, such as calcite, rock salt or halite, and gypsum. The angle
between two cleavage planes may be a right angle as in the case of rock
salt and orthoclase, or it may be an oblique angle as in the case of calcite,
gypsum, and plagioclase. The cleavage plane may be quite smooth or
perfect as in the case of the micas, calcite, and rock salt, it may be distinct
as with felspar and fluorite, or it may be quite rough and angular as in the
case of quartz and pyrite, in which case the mineral actually possesses
no cleavage.

Minerals differ in their degree of hardness and mineralogists differentiate
between ten degrees of hardness. Talc, soapstone or French chalk, is the
softest and thus it possesses hardness 1, while diamond is the hardest and
thus possesses hardness 10. According to the acknowledged scale of hard-
ness a copper coin possesses a hardness of about 3 and the steel point of
a knife possesses a hardness of 5-6. The hardness of the different minerals
will be given when they are discussed.

The colour of the streak left by a coloured mineral on an unglazed white
porcelain surface when rubbed against it also aids in the identification of
such minerals. Often the streak of the mineral powder is not at all the same
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as the colour of the mineral in its natural crystalline state. Examples will
be given later.

A crystal is an object with regular faces, and
the angles between the faces are always the same
for the crystals of any given substance. Almost all
the minerals that occur in rocks have characteristic
crystalline structures. However, in rocks the crystals
are scldom perfect and complete with the result
that it is not generally possible to recognize the
crystalline form clearly without a microscope.
Nevertheless, in cracks in rocks one sometimes
finds perfect crystals, especially of quartz, of which
the crystalline form can easily be recognized by
the naked cye. A mineral is said to be amorphous
when it posscsses no crystalline structure but is of
F1c.2. Aperfectquartz an carthy or glassy nature.
crystal with hexagonal  'The specific gravity of the most important minerals
prism and two hexago- varies from 23 (gypsum) to 5-3 (hcmatite). The

nal pyramuds. specific gravity of quartz, which is the mineral
that is most common in nature (also in soils), is 2:65.

We shall now give a brief description of the most important minerals

occurring in rocks and soils.

Quartz and silicates

Quartz (Si0,) is a constituent of most rocks and the so-called sand
fraction of soils consists mostly and sometimes cxclusively of quartz. In
rocks it 1s usually colourless and has a rough surface and fatty vitreous
lustre. By thesc properties and by its hardness (it cannot be scratched
with a knife, hardness 7) it is easy to identify quartz. Because quartz is
subject to very little, if any, chemical weathering, it is usually the chief
constituent of soils. The yellowish or red colour that sand usually has is
due to a thin layer of iron hydroxide on the quartz particles, or it may be
very finc dust. If such sand is boiled in hydrochloric acid, colourless quartz
crystals remain behind. Flint is also impure quartz. Sometimes quartz is
coloured so beautifully that it is sold as a semi-precious stone or gem under
different names: amethyst (violet), jasper (red), opal (bluish), chalcedony,
sardonyx, agate.

"The silicates are very important rock-forming minerals. They are salts
of various hypothetical silicic acids and usually they contain aluminium
and naturally also silicon in their molecules. The following are the most
important:

The felspars are silicates of aluminium that may contain different bases
and hence they are divided accordingly into two groups:

(@) Orthoclase (KAlSizOy) is the potash felspar. It is colourless when
pure but usually it has a grey or yellowish colour although it may also be
red or greenish. It is the typical constituent of the so-called acid igneous
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rocks, of which granite is the most important in South Africa. It usually
occurs in fairly large visible crystals that are easily recognizable in newly
broken rocks by their smooth shiny cleavage planes. Its hardnessis about 6,
so that a knife would not scratch it. In weathered or decomposed granite the
felspar has a dull appearance. It then has a yellow rusty colour or it may
have changed completely to soft white clay. When weathering takes place
the potash is released from the molecule and becomes available to plants.
A small amount of silicic acid is also released. 'The rest of the molecule
changes to clay.

(b) Plagioclase can contain only sodium (NaAlSizOy), or only calcium
(CaAl,S1,04), but usually it contains both and thus the plagioclases are also
called the soda-lime felspars. They are also greyish in colour and with the
naked eye they are not distinguishable from orthoclase. However, they
preponderate in basic igneous rocks such as norite and dolerite where we
can recognize them by the same properties found in orthoclase. Like
orthoclase, the plagioclases also weather to form clay, but instead of potash,
lime and soda are released as plant foods. Thus, soils that originated from
rocks containing much plagioclase will contain a considerable amount of
calcium (lime) if the rainfall is not too high.

The macas are a second very important group of rock-forming silicates.
Especially two of them ar¢ common:

(@) Muscovite is the white mica, also called potash-mica (KIT,Al;5i;0,,).

(b) Biotite is the black mica, also called magnesia-mica

(KH(Mg.Fe),Al,Si50,,).

They are easily recognizable by their perfectly smooth shiny cleavage
planes that are often hexagonal. They are very soft (hardness 2—2-5) and
flexible when fresh. They are typical constituents of granite and mica-
schists. Owing to the presence of iron, weathered biotite has a yellowish-
rusty colour and slightly resembles gold (cat’s gold).

Hornblende and Augite are two black minerals that belong to the group
of ferro-magnesium silicates, as does biotite, but they are much harder
than biotite and not as cleavable. Thus it is casy to distinguish them from
biotite. However, it is impossible to distinguish between the two of them
with the naked eye. Fortunatcly they occur in different rocks so that we
can always guess with which black mineral we are dealing. Hornblende
occurs more in the acid igneous rocks, e.g. sometimes in granite. Augite
again occurs in the basic igneous rocks such as norite and dolerite. Both of
them form clay on weathering and simultaneously iron, magnesium, and
calcium are released and become available as plant nutrients. Blue-
asbestos is also a hornblendc mineral.

Kaolin, china clay or white clay, is hydrous acid aluminium silicate
(H,AL,Si,04.H,0). It occurs in crystalline form in certain sedimentary
rocks but usually it is a soft, non-crystalline (amorphous) product of
weathering. It may originatc from the weathering of all aluminous silicates,
and we can at this stage regard the so-called clay in soils as impure kaolin;
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red potclay and blue potclay contain ferruginous compounds and other
‘impurities’.

Serpentine is hydrous acid magnesium silicate (H,Mg;Si,05. H,0). It
is usually greenish in colour and occurs in scrpentine rocks and some
marble rocks. White-ashestos also belongs to the serpentine minerals.

Tale, soapstone or French chalk, is also a hydrous magnesium silicate,
but contains more silica (SiO,) than serpentine. It is white or yellowish
in colour, very soft, and usually occurs in massive form in talc-schists.

Olivine (Mg,Si0,) is a very hard green mineral that possesses no clea-
vage. It is an accessory mincral in some basic rocks such as dolerite.

Iron minerals (ores)

Hematite (Fe,Q,) is a blackish iron-grey mincral that leaves a red streak
on porcelain. It has a metallic lustre, is very hard, and usually weathers
to form iron hydroxides. It occurs in small quantities in many rocks and
sometimes also in large quantities as iron ore, e.g. near Pretoria.

Magnetite (Fe,0,) is also a black mineral with a metallic lustre, but, in
contrast with hematite, it has a greyish-black streak. As the name indicates,
it also has magnetic qualitics. It is also very hard and heavy (specific
gravity 5-0). It occurs in small quantities in many rocks, e.g. dolerite. In
norite rocks it may occur in the form of thick veins as at Brits, Transvaal.
It weathers comparatively slowly so that we still find it in soils that
originated from magnetite-containing rocks.

Limonite or bog iron ore is an iron hydroxide (2Fe;O3.3H,0) and usually
it is the final product of weathering of most ferruginous mincrals in soils.
Thus it is not so much a rock constituent as it is a soil constituent. It gives
the brown colour to soils. Sometimes it occurs in a mixture with other
substances forming a hard layer or immense concretions of ironstone or
ouklip. More often it is found in the soil in the form of more or less round
black pellets that are dark brown in the inside when broken. Although
it is black on the outside, it leaves a yellowish-brown streak on white
porcelain. Red and yellow ochres are other forms of iron hydroxides.

Pyrite or, more commonly, iron pyrites is iron sulphide (FeS,). It is
a golden-yellow or bright-yellow mineral (Fools’ gold) but it leaves a
greyish-black streak on white porcelain. It occurs as small crystals, often
as cubes, in a great number of rocks, even in coal. It weathers compara-
tively easily and forms brownish-black limonite. Sometimes it occurs as
an ore and is then mined and burnt for the manufacture of sulphuric acid.

Carbonates, sulphates, phosphates
Calcite or calc-spar (CaCQ,) is a constituent of many sedimentary rocks
and is the main constituent of limestone. It occurs in diverse crystalline
forms but splits easily in three directions to form a rhombohedron. It can
easily be scratched with a knife (hardness 3) and it effervesces on coming
into contact with an acid. When pure it is colourless.
Dolomite is a compound of calcium and magnesium carbonate
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(CaMg(COg),). It crystallizes like calcite, is also colourless when pure,
but it is slightly harder (hardness 4) and it does not effervesce easily with
dilute hydrochloric acid. Like calcite, it is a constituent of many sedimen-
tary rocks and the chief constituent of dolomitic rocks. If limestone con-
tains considerable quantitics of dolomite it is called dolomitic limestone.
It occurs fairly commonly in Western T'ransvaal and in Griqualand West.

Gypsum is calcium sulphate that has crystallized with two molecules of
water (CaSO,.2H,0). Itisaconstituent of some sedimentary rocks, especi-
ally sea-sediments. It is also often a constituent of soils in dry arcas such
as the North-western Cape Province and the Karoo where it may form
strata or pans in the soil. It is a white or yellowish-brown soft mineral
(hardness 2). It is usually crystallized but sometimes it is fine-grained and
compact, in which case it is called alabaster. Gypsum is fairly soluble in
water; about 1 part dissolves in 400 parts of water, with the result that it is
not found in humid areas. When gypsum is heated until it has lost almost
all its water of crystallization it is called plaster of Paris.

Apatite (3Cag(PO,),.Ca(Cl. F),) is the crystalline form of calcium phos-
phate but it also contains calcium fluoride and/or calcium chloride. It
occurs commonly in all rocks, though in small amounts, in the form of
small hexagonal crystals and it is the ultimate source of phosphates in
soils. Usually it is slightly green in colour, fairly hard, and 1t weathers
very slowly. Occasionally it is also found in large quantities in the form
of veins in rocks, e.g. in the North-eastern Transvaal.



CHAPTER VI
SOIL-FORMING ROCKS

ROCK is an aggregate of onc or more (usually more) minerals and
is the solid material which forms the crust of the earth. However,
rocks are not only classified according to their mineralogical com-

position, but also according to their mode of origin. We find that the
colour, specific gravity, and the size of the mineral crystals are also more
or less constant and characteristic of cvery kind of rock. According to
their mode of origin rocks may be divided into three main classes.

A. IGNEOUS ROCKS

Igneous or eruptive rocks are rocks that at some time existed in a molten,
fluid state before they solidified. During a volcanic eruption we can still
observe to-day how the fluid lava pouring from the crater runs down the
side of the mountain until it solidifies as a result of cooling. Geologists
call the fluid mass that is forced from the depths of the earth to the surface
magma. Itis clear that only a portion of the magma would reach the earth’s
surface. When the pressure that is responsible for forcing the magma to
the surface diminishes, the magma that is still in the passage or cleft in
the earth’s crust will cool down gradually and solidify. The farther the
moving magma stops from the ecarth’s surface the longer will it take to cool
down because thce temperature in the earth’s crust increases with an
increase of depth from the surface. The longer it takes for the magma to
cool down to that temperature where crystallization can take place, the
more time the chemicals constituting the magma have to ‘grow’ into big
mineral crystals.

Igncous rocks thus originated from the cooling down and crystallization
of the hot magma that was forced from the interior of the earth to the
surface. According to the size of the chief minerals in such rocks it is
possible to state where the cooling took place. Thus we have three classes
of igneous rocks:

1. Volcanic rocks or lavas. They form as a result of the sudden cooling
of the magma at the (cool) surface of the earth. As a result, no large crystals
can form and thus the rocks have a glassy or a so-called porphyritic struc-
ture. Pumice, obsidian, and basalt are examples of this class of rock.
Geologically speaking, active volcanoes have not occurred in South Africa
for a very long time and thercfore such rocks are very scarce in South
Africa. Basalt is found in the Southern Drakensberg and at the Victoria
Falls.

2. Plutonic rocks are rocks that were formed deep down in the earth’s
crust (2—3 miles) under high pressure, as can easily be imagined. The cool-
ing process was necessarily slow so that comparatively large crystals were
formed. Thus, such rocks are usually completely crystalline. Examples of
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this class are granite and norite that occur fairly commonly in South Africa.
The fact that they are now found near and at the surface of the earth may
be attributed to the folding of the earth’s crust or to its weathering and
erosion which have taken place over lengthy geological periods.

3. Dykes and intrusive rocks. These rocks occupy an intermediate
position between the two classes discussed above, i.e. the magma cooled
down and solidified on its way to the surface. Because cooling was
comparatively rapid, mineral crystals are small and thus these rocks
have a fine-crystalline structure. Our best example of this class of rock is
dolerite which is especially found in koppies or small hills in the Karoo
areas.

According to the chemical composition of the magma, the rocks that
result from 1t are either so-called acid rocks or basic rocks. The biggest
difference between these two is that the acid igneous rocks contain much
quartz and the basic igneous rocks contain little, if any, free quartz.
Accordingly, acid rocks such as granites form, on weathering, sandy soil
types while basic rocks such as norite and dolerite weather to form heavy
loams or clays. Under conditions of average rainfall, c.g. in large areas
of the 'I'ransvaal, the sandy soils are fairly acid, while the heavier soil types,
that were formed from basic rocks, have a more or less neutral (‘sweet’)
reaction. We shall only discuss threc of the most important igneous rocks
found in South Africa.

Granite is an example of an acid igneous rock and its three chief mineral
constituents are felspar (orthoclase), quartz, and mica. Being a plutonic
rock the minerals are relatively large and easily recognizable to the naked
eye. Of the micas, biotite is the one which is usually present in our
granites cxcept in George district where muscovite usually takes its place.
The colour of the orthoclase decides the colour of the granite at a distance.
In the Southern Cape Province the orthoclase is whitish-grey so that fresh
granite has a whitish-grey colour. In the Transvaal the orthoclase is
usually reddish so that granitc from this arca is a red rock.

As can be seen on a geological map of South Africa, granite occurs fairly
widely in the South-western and North-western Cape Province, in Eastern
Transvaal, Eastern Natal, and in Rhodesia.

It is necessary for us to mention something about weathering here.
This subject will be discussed in greater detail in the next chapter. Of
the so-called chemical agents of weathering, water and carbonic acid are
the most important. Natural waters always contain carbonic acid in
solution. The effect of such waters on silicates is that they finally change
to clay, the basic plant foods being released. Thus the orthoclase and mica
in granite are changed to clay by weathering, but the quartz undergoes
no chemical change and forms the sand of granite soils. Usually the top-
soils of granite soils are very sandy. Under the sandy topsoil we usually
find a layer of ironstone or ouklip, and deeper still a layer of potclay which,
however, usually contains many quartz grains. In the South-western
Cape Province the sandy soils that originate from granite usually have a
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greyish-white colour; but in the Transvaal they are reddish. Fruit-trees
and especially vines do very well in granitic soils. Such soils are fairly rich
in potash but they lack phosphates and are acid. Characteristic of granitic
mountains is the round shape of the hills and also the isolated rocks (e.g.
Paarl Mountain, Matoppos, &c.).

Norite is a basic igneous rock, in other words, it contains hardly any
quartz. Its two chief minerals are both silicates, viz. plagioclase (a white
felspar) and augite (black). The general colour of the rock is bluish-grey.
Like granite, it is also a plutonic rock, but the crystals of the above two
minerals are scldom as big as those of granite. It occurs fairly commonly in
Central and Northern Transvaal. Because the rock actually only consists
of two silicates, it forms on weathering a heavy clayey soil. The two typical
Transvaal soils that have originated from norite are the black ‘turf’ soils
such as are found at Brits and the red clayey loams (also called red ‘turf’)
such as are found at Potgietersrust. Because these two silicates both contain
calcium these soils have a fairly high lime content, a medium-low potash
content, and a low phosphate content. The black ‘turf’ soils of the Spring-
bok Flats originated from basaltic lava rock that has a chemical composition
similar to norite although it is porphyritic and finer-grained.

Characteristic of the norite rock of the I'ransvaal is the occurrence of
the iron ore, magnetitc, in the form of veins. The presence of platinum in
norite, as in the Rustenburg district, is of economic importance.

Dolerite is also a basic igneous rock, but in contrast with those previously
mentioned it is a dyke or intrusive rock. It is fine-grained and dark-
coloured on a freshly broken surface and the separate minerals cannot be
distinguished by the naked eye. Like norite, the two chief mineral con-
stituents of dolerite are plagioclase and augite, but their chemical com-
position is somewhat different from those of norite. Dolerite also contains
olivine, magnetite, and other accessory minerals. On weathering, dolerite
turns to a rusty-brown colour and eventually decomposes to form red
clayey-loam soils that have a fairly high lime, but a very low phosphate
content.

Dolerite occurs in the Northern Karoo formations (Northern Cape
Province, Free State, Natal, South-eastern Transvaal). The shales of the
Karoo formations weather faster than the dolerite and thus the koppies
and higher parts of the landscape consist of dolerite.

Diabase, found at Pretoria, for example, is an older rock which
otherwise resembles dolerite closely and on weathering a red clayey-
loam soil is also formed from it. Table 7 (opposite) gives the chemical
analyses of the three eruptive rocks that have been discussed. The
difference in the lime, magnesia, potash, and silica content of granite on
the one side and the basic rocks, norite, and dolerite on the other, is
striking. The granite of the Western Cape Proviace is considerably poorer
in potash than the red (younger) granite of the Transvaal. The old
granite of North-eastern Transvaal, Swaziland, Rhodesia, &c., also has a
comparatively low potash content.
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TABLE 7

Chemical Composition of Igneous Rocks

Red Granite Norite
Granite (Soutpan, (North Dolerite
(Paarl) Tvl.) Pretoria) (Karoo)
% % % %
Silica (SiO,) - . . 76-8 741 527 52°2
Alumina (Al,O4) . 139 132 21°§ 153
Iron oxide (FeO+Fe,Oa) 1°6 2°5 63 10°§
Lime (CaO) . . o082 I'I 12°6 9'8
Magnesia (MgO) . . 0'32 o'15 42 61
Potash (K,0) . . 274 50 0’3 098
Soda (Na,0). . ‘ 266 34 2°1 2°3
Phosphoric oxide (P,OG) 0’19 T'races o2 o018

B. SEDIMENTARY ROCKS

The sedimentary rocks originated under the influence of wind, water,
ice, and organisms from the products of weathering of other, older rocks.

The geological and biological sciences teach us that the earth is very old.
We can conceive this immense age and the far-reaching metamorphosis
that the earth’s crust underwent during countless ages if we recollect that,
in the Ceres district, for example, fossils of real sea-shells are found in shale.
Evidently this shale is hardened clay or a hardened mud sediment from
the ocean bed that contained dead shell animals. To-day these rocks are
found a few thousand feet above sea-level and far from the coast.

If we take water from a river which is in flood and leave it in a beaker
for some time we will find a sediment of silt at the bottom of the beaker.
If we take the clear water above the sediment and analyse it chemically
we will find that it is not pure, but contains dissolved substances (salts).
From where do these silt and dissolved substances come? From soils in
the catchment area of the river. The soils again originated through
weathering, i.e. the disintegration and chemical decomposition of rocks.

The Drought Investigation Commission, appointed by the Government
in 1920, estimated that nine of the biggest rivers in the Union annually
transport 187,000,000 tons of soil material. Unfortunately this soil material
is usually largely transported into the ocean. Thus, in the course of ages,
new rocks form in the sea and also on land, as a result of the deposition
of sand and silt transported by water. Naturally, the same thing happens
in inland lakes into which rivers drain.

Strong winds also transport fine soil material from one part to another
and very often it is deposited in the sea or in lakes, thus helping to build
up the ocean bed. In Arctic regions, glaciers transport soil material and,
sometimes, fairly large stones to the sea. In this way water, wind, and
glaciers transport and deposit solids that afterwards turn into hard layers
of rocks. Rocks formed in this way are called mechanical sediments.
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Plants living in salt or fresh water absorb their mineral nutrients from
the water. The dissolved substances in such waters originated from the
soil, i.e. weathered rock particles. Small marine animals use these plants
as food and these animals again provide food for bigger sea animals such
as fishes. Dead sea animals, big and small, settle on the bed of the ocean
where their inorganic skeletons, sometimes mixed with mechanical sedi-
ments, form thick layers in course of time and these layers are cemented
together to form rocks. In this way limestone and siliccous sandstone
(diatomaccous carth) originate, the stony corals with their calcareous
skeleton likewise form limestone rocks. Phosphatic rocks originate from
the skelctons of dead vertebrates, as also from the accumulated excrements
of sea-birds. Such guano dcposits can eventually change into phosphatic
rocks as a result of the leaching out of potash and nitrogen. Undoubtedly
the phosphatic rocks along the Malmesbury coast (Mamre, Langebaan,
Saldanha Bay) originated in this way.

In the above-mentioned cases the chief constituent of the rock concerned
is derived from dissolved substances, but living organisms were necessary
to change these substances to a form in which they would again become solid
rock-forming ingredients. 'Thus we call such deposits organogenic sediments.

Finally, it may also happen that a cut-off part of the occan or an inland
salt lake such as the Dead Sea might lose its water through evaporation.
The dissolved salts then crystallize out and rocks form from them, consist-
ing of gypsum, rock salt, and even potash salts as, for example, in Germany.
Such deposits arc called chemical sediments which is, perhaps, not a very
good name.

We can represent the origin of the three classes of sedimentary rocks
schematically as follows:

Rocks
Residue of weathering (insoluble) Solution (of weathering)
Mechanical sediments Organogenic sediments Chemical sediments
Conglomerates {Limestone {Rock salt
Sandstones Phosphorites Gypsum
Shales

'To-day sedimentary rocks cover the greatest portion of the Union of
South Africa. This is especially the case in the Cape Province, Orange
Free State, and Natal. On the other hand, the surface rocks of the Trans-
vaal and Southern Rhodesia are largely of igneous origin.

The mechanical sediments are by far the most important of the sedi-
mentary rocks found in South Africa. They usually have a stratified or
bedded structure, i.e. we can see clearly how the rock was built up in more
or less horizontal layers. This deposition in layers is due to the fact that
deposition of material by wind and water is not constant but varies according
to the seasons and perhaps also according to cycles lasting for several years.
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PLATE II

a Grantte rock, consisting of black mica, white
orthoclase felspar, and dull white quartz.

b Conglomerate rock (half natural <1ze)
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In the case of shales or mudstones this stratification is very clear and the
material can easily be split into layers like the pages of a book. Shales are
naturally formed from fine material such as clay, silt, and finc sand. Shales
are often hardened by compression and are then known as slates.

In the South-western Cape Province we find two important types of
shale that arc the parent rocks of large tracts of arable land:

(a) Malmesbury Shale in the Malmesbury, Piquetberg, Tulbagh, Paarl,

Cape, and Stcllenbosch districts, and
(b) the Bokkeveld Shale which is the most important parent rock of the
soils in the Ceres, Robertson, Caledon, Bredasdorp, Swellendam,
Ladysmith districts, &c.
The Bokkeveld shale is younger than the Malmesbury shale and contains
fossils. In other respects they are very similar. Both often contain much
fine sand and are further characterized by white quartz veins that on
disintegration give rise to ‘white-pebbly soils’.  On the whole these soils
are fairly fertile except that they have a very low phosphate content and
are rather shallow. In some places the ‘rotten’ shale is only 4-6 inches
below the surface of the soil (rabank). Physically these soils are of a gravelly
and stony nature and, especially the Malmesbury type, can become very
compact if rain falls on the ploughed soil. They are mostly the soils on
which winter cereals are grown in the South-western Cape Province.

Sandstones arc the sccond group of sedimentary rocks that arc of great
importance to agriculture. A sandstone is a coarsc rock and we can see
clearly with the naked eye that it consists of large and small sand grains.
The sand grains are usually quartz and the fine material that cements them
together can be clay, iron compounds, silicic acid, or lime. Sandstones
differ in colour according to the admixture of other substances: white,
grey, blue, red, &c. The morc quartz a sandstone contains, the poorer
are the soils that originate from it. On the other hand, the more clay it
contains, the better arc the agricultural soils formed from it.

Most of our mountain ranges consist of sandstone and in the Cape
Province the most important kinds are the Table Mountain and Witteberg
Sandstones. The so-called Karoo formations also consist largely of sand-
stone. Thus sandstone is the parent rock of many of the agricultural soils
in South Africa. As we have said before, the quantity of sand in a soil
depends on the quartz content of the rocks. Sandy soils can be quite
productive soils provided the rainfall is sufficient and manuring is
efficient.

The third type of mechanical sediment is the conglomerate. A con-
glomerate is a rock containing original rock fragments, mostly pebbles,
with a diameter of an inch or more. The finer cementing material may
be sand or clay. The pebbles and boulders are usually well rounded by
the abrasive actions to which they were subjected in river-beds or on the
sea-shore. Conglomerates are not abundant in South Africa. The most
important is that found in the Waterberg and Potgietersrust districts. In
these areas it disintegrates to form a very poor, stony, sandy soil. The

E



50 SOIL FERTILITY

gold-bearing quartz-conglomerate of the Witwatersrand is another example
of this type of rock, but it differs considerably from the ordinary
type.

Of the organogenic sediments, limestone and dolomite are the two most
important rocks.

The chief constituent of limestone is carbonate of lime (CaCOj). Accord-
ing to its origin and the admixture of sand, clay, iron compounds, phos-
phate, &c., limestone can vary considerably in colour (white, grey, brown,
blue), in hardness, and in composition. The purer the limestone is, i.e. the
more carbonate of lime it contains, the poorer the soil that originates from
it. Apart from the fact that it can be the parent rock of soils, limestone
is also important as building material, agricultural lime, mortar, &c. Lime-
stone weathers comparatively easily and thus limestone mountains are
characterized by their steep cliffs, ravines, and caves. The Karoo forma-
tions do not contain much original limestone. However, apart from these,
limestone is fairly abundant in South Africa. The following are some of
the places where it is found:

Cape Province: Piquetberg, Bredasdorp, Robertson, Oudtshoorn, Cra-

dock, Taungs.

Orange Free State: Kroonstad, Vrede, Harrismith.

"T'ransvaal: Pretoria, Ventersdorp, Marico, Lydenburg.

Natal: Weenen, Ladysmith, Undeni.

Dolomite. The chief constituent of dolomite is a mixture of calcium and
magnesium carbonates. If the ratio of the two constituents is approxi-
mately as it is in the mineral dolomite, we have an actual dolomite rock.
Usually however, especially in South Africa, it contains considerably more
lime than magnesia and then it is called a dolomitic limestone. Dolomite
occurs especially in the Transvaal (Irene, Lichtenburg, Potgietersrust) and
in Griqualand West.

On weathering, dolomite forms a poor sandy soil, but, like limestone,
the rocks can be used for agricultural as well as industrial purposes. Both
rocks are fairly porous and permeable to water, i.e. ground water moves
easily in such rocks and appears on the surface in the form of springs,
where the limestone or dolomite formation adjoins an impervious rock
formation.

C. METAMORPHIC ROCKS

Metamorphic rocks are thus named because they are rocks that have
undergone a metamorphosis or change. Usually the rock has become
harder, contains new minerals, and often assumes a stratified structure. We
will not attempt to discuss the complicated geological aspect of the matter
here, especially as metamorphic rocks are not of great agricultural impor-
tance in South Africa because they occur so seldom. The following are
examples: Quartzite is metamorphic sandstone; marble is metamorphic
(crystalline) limestone; and gneiss is metamorphic slate or, sometimes,
granite.
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Geological formations

Before concluding this chapter we would like to say something about
the geological history of the earth’s crust. If we were to look at a geological
map of South Africa we would notice immediately that most of its surface
consists of sedimentary rocks. Most of these rocks were formed as marine
deposits and to-day they may be far in the intetior. Most of these sediments
are also very thick. The Table Mountain Sandstone, for example, in some
places consists of a layer 5,000 feet in thickness. There are many proofs
that the earth’s crust has undergone many changes during countless ages.
Movements and folds in this crust caused high mountain ranges where,
previously, there had been a level surface. Other mountain ranges and
plateaux again were worn away by the eroding action of wind, rivers, and
glaciers and from their sediments new rocks originated. What was once
the bed of the ocean became dry land and vice versa.

According to the nature and succession of sedimentary rocks and
especially according to the fossils (petrified remains of animal and vegetable
organisms) which many of them contain, geologists attempt to determine
the approximate age of every big deposit. Such a deposit which originated
during a certain Geological Age is called a Geological Formation or Series
and it is given a special name which is usually taken from the place where
the particular rock sediment was first noticed and studied. Thus there
exists the Malmesbury Series, the Bokkeveld Series, the Pretoria Series, &c.
A group of Series again forms a System such as the Cape System, the
Karoo System, &c.

Even the age of igneous rocks that occur at the surface can be estimated.
Thus we know that the granite of the Western Cape Province is younger
than the Malmesbury Shale but older than the Table Mountain Sandstone,
because we find everywhere that the granitic magma penetrated the
Malmesbury Shale but not the Table Mountain Sandstone.

On a geological map of South Africa the sequence and distribution of
the different geological formations can easily be seen. (The best book on
the geology of South Africa is that of Alex L. du Toit, The Geology of
South Africa.)



CITAPTER VII
THE ORIGIN OF SOILS
WEATHERING OF ROCKS AND MINERALS

ANY agencies act together to change rocks into arable soil.

Although these factors will be discussed individually, it must

be borne in mind that usually several of them are active simul-
taneously.

Under weathcring of rocks we understand the physical, chemical, and
biological processcs which bring about the disintegration of rocks and
changes in their chemical composition. Thus weathering may be said to
consist of the breaking down or disintegration of the original rock matecrial
(i.c. a purcly physical process) as well as the chemical change or decom-
position of this material.

Physical weathering agents

It is a general physical phenomenon that objects increase in size (volume)
when they are heated, i.c. they expand, and they decrease in volume on
being cooled, i.c. they contract or shrink. Every chemical substance also
has a specific rate of cxpansion or contraction for a given change in
temperature. We say that every such substance has a definite coefficient
of expansion. This change in volume as a result of change in tempcrature
is actually very small under ordinary conditions. However, taking into
consideration that rocks consist of different minerals, each with a different
cocfficient of expansion and rcmembering that these changes in volume
take place day after day and year after year, it is clear that this process can
have a marked effect. The outer layers of exposed rocks are heated and
cooled more than the inner layers. This irregular expansion and contrac-
tion of the different minerals and of the different layers in rocks, which is
constantly taking place, causes a tension within the rock material, with the
result that rocks crack, crumble, and the outside layers ‘peel off’. Naturally
this slow crumbling process can only take place in exposed rocks and it
is much faster when the range in temperaturc or amplitude is great and
changes arc sudden. This is especially the case on high mountains and
in desert regions. Such ‘pecling’ and crumbling of rocks is especially
noticeable when a sudden thunderstorm cools down heated rocks.

When at freezing-point water changes from a liquid into its solid phase
(ice) its volume is increased by about g per cent. Thus, if water freezes in
a confined space it exerts a terrific outward pressure, equal to about 150
tons per square foot. During cold seasons, when night temperatures drop
below freczing-point, water, freezing in cracks and fissures in rocks, may
cause such rocks to crack apart and so start their disintegration.

Disintegration of rocks and stones by abrasion takes place in running
river-water and in glaciers. Especially when in flood the river causes the
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rocks to bump and rub against each other so that pieces may be broken off
and the surfaces of such rocks are worn down by surface friction. These
rocks acquire the typical smooth round shape common to river stones. At
the same time gravel and sand are formed and transported by the water
until they are deposited lower down as sand-banks and alluvial soils. The
steeper the gradient of the river-bed and the greater the volume of water,
the faster is the rate of disintegration. We see the same mechanical
weathering process along sea-shores wherc crumbling takes place, and
rocky shores are slowly but surcly worn away by the action of the waves in
rolling loose stones against one another and against firm coastal rocks.
Along low shores the sand is then partly washed out at high tide and,
together with broken shells, it forms sand-dunes. During dry seasons this
sand may be blown inland. This is the origin of the soils on the Cape Flats
and of many other sandy coastal arcas.

In Arctic regions and in the high mountains of cold countries glaciers
have the same pulverizing effect on rocks which they carry along with them
and over which they move. During and after the Ice Age, which preceded
our present geological era in the Northern Hemisphere, large areas in that
hemispherc were covered with so-called glacial deposits from which glacial
soils were formed.

Finally, sand carried by strong winds may wear down exposed rocks by
surface friction. This phenomenon can be seen especially along the sea-
shore and in deserts.

Chemical weathering agents

The chemical changes which the minerals in rocks and soils undergo
are of a varied and complicated nature. Here we shall only discuss briefly
the most important chemical factors responsible for such changes.

Water is the first cssential for most of the chemical changes in rocks and
in the soil. Water on its own accord brings about changes in minerals
although we must remember that the reactions take place very slowly. We
must never lose sight of the fact, however, that in nature’s laboratory
changes are brought about over excecdingly long periods. Thus, according
to ordinary laboratory tests, we are quite justified in saying that silicates,
which we know as the most important rock-forming minerals, are insoluble
in water. Nevertheless, a very small amount of silicate will dissolve in,
say, a gallon of water. When these minerals are in contact with water or
moisture, from year to year, as in the case in deeper soil levels and with
underground rocks, they dissolve to a considerable extent over along period
of time.

The solvent action of water on silicates is accompanied by a splitting
of the silicate molecule. A process known as hydrolysis of the silicates takes
Place. In the case of orthoclasc this process may be represented as follows:

K;0.Al,04.6S5i0,+11H,0 = Al,0,.2Si0,.2H,0+4H,SiO,+2KOH.
Orthoclase an¢’ Water give Kaolin (clay) and Silicic acid and Potash.



54 SOIL. FERTILITY

All the other silicates are changed by water in a way similar to that in
which orthoclase is changed. It is a very important reaction for two
reasons:

1. Clay, silicic acid, and bases are the substances found in ordinary soils

and some of them are available as plant food.

2. The reaction causes the hard mineral to be changed to soft and
partly soluble substances so that the structure of the rock is disinte-
grated into a gravel. This fact can be observed very well in partly
weathered granite, norite, shale, &c.

In sedimentary rocks we sometimes find minerals, such as gypsum, that
are readily soluble in water. Such rocks weather very easily. Some
minerals again absorb water (water of hydration), forming new compounds.
Thus hematite is hydrated to form limonite.

2Fe,05+43H,0 = 2Fe,0;.311,0.
Hematite and Water give Limonaite.

The solvent and hydrolysing actions of water are largely aided by a
second chemical weathering agent, namely, carbonic acid. All natural waters
contain carbonic acid and thus the hydrolysis of silicates, which is so
important in the formation of soil from rocks, takes place much faster than
when the reaction is dependent on water alone.

Carbonic acid is, however, also responsible for some other characteristic
changes. Firstly, it changes the bases or hydroxides (hydrates), which are
set free in the previously mentioned silicate hydrolysis, to carbonates or
salts of carbonic acid. This process is known as carbonation. For example,
when plagioclase, augite, &c., weather in the above-mentioned way, lime
is set free. The carbonic acid then changes the lime to carbonate of lime.

Ca(OH),+H,CO, = CaCO,+2H,0.
Lime and Carbonic acid give Carbonate of lime and Water.

The small concretions of carbonate of lime which are found in turf
soils in the Transvaal, originated in this way from norite. In dry areas
so-called surface limestone may even form in the soil in this way.

Iron hydroxide, one form of which is called limonite (hydrated ferric
oxide), is another base which originates from the weathering of silicates
containing iron and of other iron minerals. The changes which iron
compounds (mainly iron hydroxide) undergo when reacting with carbonic
acid are slightly more complicated than is the case with other bases.

Firstly, two groups of iron compounds exist: ferric compounds which
are stable in the presence of oxygen; and ferrous compounds which are
the so-called reduced forms, i.e. a portion of their oxygen has been
removed. Ferrous compounds are fairly soluble in water and hence move
about more freely in soils (Latin ferrum = iron). They are formed in the
absence of oxygen (air) and in the presence of organic matter in soils.
Thus, if soils are waterlogged or submerged for any length of time, i.e. if
they contain too much water and too little air, ferric compounds are
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changed to ferrous compounds which are comparatively soluble in car-
bonic acid. Ferrous bicarbonate (Fe(HCO,),) is then formed in the soil.
When the topsoil dries out, soil water rises from the deeper layers with
iron in solution. When the ferrous compounds are brought to the top
layers where there is oxygen (air) they are oxidized, i.e. they take up oxygen,
and insoluble iron hydroxide (ferric hydroxide) is precipitated. This re-
action may be represented as follows:

2Fe(HCO,),+0-+H,0 = Fe,(OH);+4CO,.

Ferrous bicarbonate and Oxygen and Water give Ferric hydroxide and
Carbon dioxide.

This process is repeated every rainy season and iron is brought up from
the lower soil layers to layers nearer the surface. During the dry season
these precipitates change into hard, dark-brown pellets of limonite. Over
very long periods, in some soils these pellets become cemented together
and hard layers of ironstone gravel or ouklip® arc formed. The concretions
of limonite pellets and of ironstone gravel are typical of many agricultural
soils in South Africa. They are clearly due to the alternating wet and dry
seasons and indicate that the soils in which they appear are acid because
free carbonate of lime prevents the movement of iron in soils. Drainage-
water from acid soils contains iron bicarbonate and iron hydroxide is then
precipitated in ditches and at natural drainage outlets. The brown film
on such water, which eventually forms a sediment when present in suffi-
cient quantities, is iron hydroxide.

Calcium carbonate (and also magnesium carbonate) dissolves fairly
readily in water containing carbonic acid. All natural waters contain car-
bonic acid so this fact is of considerable importance.

CaCO;+H,CO; = Ca(HCO,),.
Calcium carbonate and Carbonic acid give Calcium bicarbonate.

Thus limestone, when dissolved, forms calcium bicarbonate. Spring and
river waters which originate from calcareous formations (rocks and soils)
are hard—so called because they do not lather easily with soap. As is
commonly known, when such water is heated in boilers or for household
use, calcium carbonate is precipitated. Hence the ‘scale’ or ‘fur’ of calcium
and magnesium carbonates in kettles and boilers. The process is exactly
opposite to the process that takes place when carbonate of lime dissolves
in soil water. Carbon dioxide escapes and the calcium bicarbonate is again
changed to calcium carbonate (carbonate of lime).

Ca(HCOa)Z = CaCOs+C02+H20.
Calcium bicarbonate gives Calcium carbonate, Carbon dioxide, and Water.

In nature, a continuous dissolving and precipitating of carbonate of lime
takes place. Limestone is gradually dissolved and hollowed out by circu-
lating water. In this way caves or grottoes are formed in limestone and

g
! ‘Laterite’ according to Pendleton ; often used as building stone in South".Alﬁéa.
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dolomite (magnesium limestone) mountains. In the caves carbonate of
lime is again usually separated from the slowly evaporating water, stalac-
tites and stalagmites being formed. In soils of dry regions carbonate of
lime is also deposited, because rain-water which has percolated deep into
the soil rises to the surface again as a result of evaporation, bringing up
calcium bicarbonate in solution from deeper levels. The more calcareous
the parent rock, the greater is the amount of lime deposited in the topsoil
layers in comparatively arid regions. In this way, hard secondary layers
of limestone can be formed in dry regions. This occurs in many parts of
South Africa (Pricska, Postmasburg, Somerset East, &c.). In humid
regions no limestone, either in the form of hardpans or even in the form
of small concretions, is formed because soil water moves mostly downward
and any dissolved lime is transported by seepage water into rivers.

Apart from water and carbonic acid, the oxygen dissolved in soil water
is another important chemical weathering agent. One hundred grammes
of water will dissolve about 3 c.cm. of oxygen gas from the air at ordinary
temperaturc. Thus, water circulating in soils and rocks usually has oxygen
in solution and it is mainly in this dissolved form that oxygen brings about
chemical changes (oxidation).

It is principally certain iron mincrals which undergo changes when
combining with oxygen. We have secn that there are two groups of iron
compounds. The ferrous compounds combine readily with oxygen to form
ferric compounds. The ferrous compounds of rocks (such as the minerals
biotite, augite, hornblende) have a bluish-black colour. When they
oxidize or combine with oxygen, they change to yellowish-brown or rusty
colour to which fresh dark-coloured rocks such as dolerite and norite
change when subjected to weathering. Thus the colour of the rock is a good
indication of whether it has started weathering chemically or not, becausc
the iron in rocks is mostly present in the ferrous form. In the case of iron
sulphide or iron pyrites, both the iron and the sulphur are oxidized and,
together with the action of water, limonite and sulphuric acid are formed.
Sulphuric acid, however, is a very strong acid and immediately dissolves
other bases with which it comes into contact, sulphates being formed;
thus gypsum (calcium sulphate) may be formed.

In the soil itself many other weathering agents, produced mostly by soil
microbes, are present. They cause further changes in minerals and the
primary products of weathering. Growing plants also aid in changing rock
material in subsoil layers both chemically and physically. Plant roots
grow through the minutest cracks and fissures in rocks and stones and as
the roots increase in size these cracks are widened, the rocks being literally
broken apart and changed physically. Plant roots also secrete carbonic
acid which dissolves rock material chemically. We call these agents the
biological weathering agents.

Enough has been said for us to realize clearly at least two facts: firstly
radical changes must take place before rock material can be changed into
soil and, secondly, these natural weathering processes take place very
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slowly. If we bear these facts in mind and consider what an immeasurable
period of time has to pass for a few feet of soil to be formed out of rock, we
will value our soil more and do everything possible to prevent its loss,
either by water or wind erosion.

TRANSPORTATION OF SOIL MATERIAL

Soils still resting on the parent rock out of which they were formed by
weathering are called primary or sedentary soils or #n situ soils. Such soils
are generally found on the more or less level plains of the Great Karoo,
Western Free State, and Transvaal. Even such soils, however, often
contain a large percentage of material deposited by wind. In mountainous
and hilly areas and also in dry desert regions, soil material is, to a large
extent, transported from one place to another, so that secondary or trans-
ported soils occur extensively.

The transportation of soil material from one place to another is mainly
due to the topography of the earth’s surface. With the exception of wind,
the force of gravity is responsible for the transportation of the bulk of soil
material, i.e. the soil is transported from higher to lower levels. Because
the interior of South Africa is largely a level or undulating plateau, the fall
to the coast is very steep. Consequently the rivers flow very fast—when
they have water. Apart from this, the soil surface of the interior is only
covered with a sparse vegetation and rains are mostly in the form of
thunderstorms which often occur after lengthy dry periods. The result
of all this is that soil erosion takes place extensively and enormous amounts
of soil material are transported from higher to lower levels.

We have already quoted certain findings of the ‘Drought Investigation
Commission’, viz. that nine of thc biggest rivers in the Union annually
transport about 187,000,000 tons of soil from the interior. This amount of
soil is equal to a layer one foot in depth covering an area of 91 square miles.
The direct harmful effects of soil erosion must be very clear to everyone
and may be summed up as follows: loss of valuable agricultural soil that
took thousands of years to form; destruction of plant growth; lowering of
the ground water table and desiccation of soils by gullies (dongas); intensifi-
cation of droughty periods; silting up of expensive irrigation dams and
reservoirs; floods, and destruction of valuable settlement farms as a result
of such floods.

Under no system of permanent agriculture can extensive transportation
of soil be tolerated and it must be combated with all our resources; but
transportation of soil material has been going on since the beginning of
time, and thus we find to-day, in our coastal districts and other mountainous
regions and along river-banks, large tracts of land consisting of transported
soil material. These soils may be classified under the following headings,
according to the agent by which they were transported.

Colluvial soils (Latin colluvies = a mixture) are found on mountain
slopes and at the foot of steep cliffs. Continuous rains or heavy thunder-
storms may cause landslides on mountain slopes, especially when they are
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not sufficiently covered with vegetation to bind the soil. Loose rocks may
slip down carrying soil and stones with them. Although water is usually
the primary cause, a colluvial soil is not considered to be one transported
by water, but rather material which was loosened and moved downward
purcly by force of gravity. Colluvial soils differ radically from alluvial
soils (which will be discussed later) in that they contain much coarse rocky
material, such as sharp-edged stones and rocks. They are usually inferior
for crop production, but, provided climatic conditions are suitable, they
may be uscd for afforestation and if they are not too stony or steep, olives,
fruit-trees, and vines may be grown on them.

Alluvial soils are transported and deposited by water. The distance
which a stream can transport an object will depend on the size and specific
gravity of the object, on the rate of flow of the stream, and, in the case of
fine material, on the chemical composition of the water.

At a given rate of flow, material will be transported according to its size
and specific weight. We can also say that the faster the rate of flow, the
coarser and heavier the material that can be transported. The following
table gives the approximate relationship between rate of flow and size of soil
particles that can be transported:

Speed of stream in inches Size of particles transported
per second or moved by water
4 Silt and clay.
8 Fine sand.
12 Coarse sand.
24 Fine gravel.
36 Coarse gravel.
72 Stones up to 1 Ib. in weight.

In a subsequent chapter the particle sizc of the soil constituents will be
defined more cxactly. A rate of flow of 72 inches persecond is about 4 miles
per hour. Many South African rivers flow even faster than this when they
are in flood. The relationship between rate of flow and size of transported
soil matcrial is, briefly, that the water sorts out the transported material
according to its particle size. If we take as an example a river which has
its source in the mountains and which has no big tributaries, we find that
near the mountains where the incline is steep and the water flows rapidly,
the river-bed will be strewn with round boulders and stones; farther down
where the river widens out and the bed is more level flow will be slower
and first the coarse sand and then the fine sand is deposited. When the
river is in flood, these materials are transported farther down or left along
river-banks in the form of sand-banks. Fine soil particles such as silt and
clay can remain in suspension for a long time and may even be transported
to the sea. In the salt-water of the sea, the suspended fine particles are
eventually flocculated. At many level shores where the tide reaches far
up the river rich delta soils are formed in this way (Nile, Mississippi, &c.).

In the centre of the river and on the outside of river bends the speed of
the streamis greatest. That is why sand-banks and stony deposits are found
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along the edges of rivers and on the inside of river bends. When the river
is in flood it may overflow and fine silt and clay may then be deposited in
lower-lying areas along the river-banks. That is how the alluvial soils
(mostly sandy silt soils) originated along the banks of our big rivers (Vaal
River, Orange River, and Fish River). If the water in the river is low, or
if the river dries up, prevailing winds can blow the fine sand from the
river-bed. That is how sandy aeolian soils and even sand-dunes along
river-banks originate. Thus alluvial soils may contain a considerable
amount of material transported by wind although it was in the first place
brought to the vicinity by water.

Thus alluvial soils may differ widely in their mechanical make-up, and
in a single spot alternating layers of silt, sand, and gravel may be found.
This is especially the case in an arid country such as South Africa where
torrential rains and long dry periods may cause a considerable mixing of
alluvial material. An accurate soil survey of such deposits is essential before
large sums are spent on irrigation settlements.

As regards the effect of the chemical composition of river-water on its
ability to hold fine so1l particles suspended we find the following: hard
water contains calcium (and magnesium) compounds and soon causes
flocculation of transported silt, clay, and humus; thus the particles settle
and the river-water becomes clear. Such river-waters are scarce in South
Africa. More generally the water is slightly alkaline containing a little
soda and other brak salts. Such water has a suspending effect on soil
particles which are being transported, i.e. the particles remain in suspension
and the water remains muddy until it reaches the sea. The Great Fish
River and other Karoo rivers are examples of this. When in flood, the
Great Fish River sometimes contains as much as 10 per cent. silt at
Cradock—a terrific amount.

Finally, there are the acid, dark-coloured river-watcrs of the wooded
coastal areas, such as George, Knysna, and Elgin. Such waters keep soil
particles in suspension and they also contain a considerable amount of iron
and humus which give the coffee colour to the water.

Aeolian soils originate as a result of wind (Latin Aeolus = God of
Wind). Coastal and inland dunes and the sandy soils in their vicinity are
excellent examples of aeolian soils. Especially fine soil particles (smaller
than o-25 mm.) can be blown away (by dust storms) in arid areas and can
settle again if the speed of the wind decreases or if it rains. In South Africa
most soils contain some fine wind-borne material.

After the Ice Age which existed in the Northern Hemisphere in the latest
geological era, prevailing winds transported fine soil particles from glacial
and other soils for centuries, and deposited them in parts of Europe and
especially in Asia. The famous deep and fertile Loess in these countries
is said to have originated in this way.

Wind erosion, just as erosion by water, has many bad effects and it
should be prevented in all possible ways. Again in this case a plant cover-
ing is the best protective measure, because plant roots bind the soil and
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the vegetal covering breaks the force of the wind on the soil surface.
Cultivated soils, subjected to strong winds, should be protected by wind
breaks (avenues of trees, &c.) as far as possible. Rows of maize or rye,
planted across the direction of prevailing winds, are very effective in
preventing the blowing of sandy soils in young vineyards, orchards, and
vegetable gardens; such blowing sands may cause great damage to crops.

The Division of Forestry conducted a survey of soils which are subject
to wind erosion and found them to comprisc an area of about 92,000 acres,
situated mainly in the coastal districts of Bredasdorp, Riversdale, Caledon
(‘Strandveld’), Cape, Malmesbury, and Clanwilliam (‘Sandveld’).

Soil erosion will be discussed in detail in Chapter XVI.



CHAPTER VIII
FORMATION AND DECOMPOSITION OF HUMUS IN SOILS
THE ORIGIN OF ORGANIC MATTER IN SOILS

Y organic matter we understand material or substances produced in
B the first instance by living organisms (either animal or vegetable).

According to our definition every agricultural soil contains a certain
amount of such substances. Because organic matter always contains carbon
it is combustible, and the approximate organic matter content of any soil
may be determined by heating a certain amount of absolutely dry soil in a
crucible until the weight of the heated soil remains constant after cooling.
This loss of weight on ignition may be calculated by weighing the crucible
and soil before and after hcating and it is approximately equal to the
organic matter content of the soil.

In virgin soil the organic matter content is derived from animal and
vegetable life in and on the soil. The root systems of plants are naturally
in the soil and after a plant dies the organic matter of the roots becomes
part of the soil. The above-ground portion of the plant falls on the soil
surface after the death of the plant. Insects and other small animals that
live in the soil, such as ants, termites, spiders, earthworms, &c., take this
plant residue into the soil bit by bit to be used in their nests or as food.
Sometimes this only takes place after the plant matcrial has been decayed
by fungi. On low-lying soils, leaves and branches, &c., may be covered by
soil deposited on them out of running water during the rainy season and
in this way they will bc incorporated with the soil. The excrement of these
small soil creatures and their bodies after death are additions to the organic
matter of the soil.

In cultivated soils organic matter is added to the soil when weeds, in-
cluding shrubs, or green-manure crops are ploughed into the soil or when
farm manure or compost is applied. Usually animal excrements are
nothing but digested and undigested plant material. Even when an agricul-
tural crop such as wheat is reaped from a land, the stubble and roots remain
behind on the land. In the case of cultivated soils almost all the organic
matter put into it is usually of vegetable origin. Some fertilizers containing
organic matter, such as whale guano, dried blood, and government guano,
are of animal origin but as sources of humus they are of minor importance.

ORGANIC WEATHERING AND FORMATION OF HUMUS

A moist agricultural soil teems with microscopic living organisms, the
so-called micro-organisms or microbes, and they belong chiefly to the vege-
table kingdom. The two most important groups of soil microbes are the
bacteria and fungi. If living conditions for them are favourable they
multiply surprisingly rapidly. Their food consists mainly of the residue of
dead plants and animals. Thus it is clear that if, for example, a green-pea
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crop is ploughed into the soil, all the soil microbes will immediately be
supplied with an abundance of food and will devour it greedily. We know
from experience that about a month after a green-manure crop has been
ploughed into the soil there will be hardly any visible remains of plant
material in the soil except perhaps some hard stems, provided the soil was
kept sufficiently moist by rain or irrigation. This destruction of organic
matter is called decay or also decomposition or fermentation, but because
a special meaning is attached to these terms in bacteriology we shall call the
process organic weathering.

What then has happened to the organic material, i.e. the leaves, stems,
and roots of the crop of peas that was ploughed into the soil? In order to
answer this question it is nccessary that we should again turn to the com-
position of plants as we discussed it in Chapter II. Carbohydrates and
proteins are the two groups of organic constituents that are present in the
largest quantitics in plants. The soil microbes utilize carbohydrates and
proteins both as encrgy-giving food and as building material for their
‘bodies’. Like animals, thc majority of the soil microbes need the organic
carbon of plant matcrial for carbonaceous food. However, for every part of
carbon that the microbes utilize in the production of new cells, at least two
parts of carbon are lost in the oxidation process (respiration) that supplies
them with the necessary encrgy for their activities. "T'he products of this
process of oxidation or combustion are the usual products of respiration,
carbon dioxide and water.

Plant carbohydrates consist of different compounds such as sugars,
starch, cellulose, hemicellulose, and lignin. Strictly speaking, lignin is
not a carbohydrate. Careful investigation has proved that soil microbes
digest these compounds more or less in the order in which they are given
above. The sugars are the easiest to digest or decompose and lignin is
the most difficult to decompose. Many microbes do not seem to be able to
decompose lignin at all. The result is that it remains in the soil for a
relatively long time and is to-day considered to be the most important con-
stituent, in a changed form, of the so-called humus in soils. The older
plants become, the less sugar and starch their tissues contain and the
richer in cellulose and lignin they become. Thus the composition of plant
material is important in connexion with the amount of humus that can be
formed from a specific weight of plant material.

The proteins, the second important group of organic substances in
plants, are very complex compounds and contain nitrogen. Soil microbes
can split up these substances into their simpler constituents, the so-called
amino-acids. The amino-acids contain the four elements carbon, hydrogen,
oxygen, and nitrogen and microbes can utilize amino-acids as nitrogenous
food. However, when the easily digestible carbohydrates that supply
energy and carbon have been used up, the microbes are forced to turn to
the amino-acids for energy-giving food. Ammonia (NHj) is then released
as a by-product, together with carbon dioxide and water. This ammonia,
or rather the compounds formed from it, is then changed by another
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group of soil bacteria, the nitrifying bacteria, to nitrates. This and other
interesting material changes for which soil microbes are responsible will be
discussed in greater detail in a subsequent chapter.

From the above it is clear that when fresh plant material or animal pro-
ducts are incorporated with moist soils a rapid decomposition of most of
their constituents is brought about by living microbes. Numerous new
microbe cells are formed in this process but the majority of the constituents
are ‘mineralized’ or changed into simpler substances such as carbon
dioxide, water, ammonia, &c. Dry vegetable matter such as wheat-straw,
chaff, maize stalks, and woody material such as sawdust and woody shrubs
do not decompose as quickly in the soil. They may take six to twelve
months and even longer if the soil remains dry for lengthy periods. In the
case of rotted farm manure the quick decomposition has already largely
taken place in the kraal with the result that such organic matter also dis-
appears comparatively slowly in soils. Old Karoo manure decomposes
very slowly in the soil.

After the relatively rapid decomposition of the above-mentioned organic
substances a small, variable residuc that is very fine and mainly dark in
colour is left in the soil. This residue is called Humus, a word which we
have already used several times and which we now wish to define more
clearly.

Humus is a very complex mixture of fine organic substances and both its
formation and composition are not yet fully understood.

Undoubtedly it contains, among other ingredients, ligneous compounds
and naturally also a mass of microbial products, i.e. dead microbe cells.
Thus humus may be described as a mixture of the very fine (colloidal)
organic residue and the newly formed organic products, mainly proteins.
It is generally dark in colour and no longer recognizable as plant tissue
under the microscope. It is thoroughly mixed with the mineral particles;
in other words, it constitutes an inherent part of every agricultural soil. It
not only contains the ordinary elements that are present in organic matter
such as carbon, hydrogen, oxygen, and nitrogen, but also the so-called
mineral constituents such as phosphorus, sulphur, potassium, calcium, &c.
The composition of humus varies in diffcrent soils and under different

climatic conditions, but in round figures humus contains more or less the
following :

Carbon . . . . . . 50 per cent.
Oxygen . . . . . . 35 ’
Hydrogen . . . . . 5 ’
Nitrogen . . . . . 5 '
Mineral constituents . . . 5 .

THE DECOMPOSITION OF HUMUS
Humus can be considered as a comparatively permanent constituent
of every agricultural soil, but it also undergoes a further slow decom-
position by new generations of soil microbes. As in the case of the rapid
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decomposition of fresh organic substances, the inorganic or mineral
products, carbon dioxide, water, ammonia, and nitrates, phosphates, and
sulphates of potassium and calcium, &c., are also formed in the case of the
slow decomposition of humus.

Apart from the nutrients that organic substances contain, the soil mi-
crobes also need certain conditions for their development, such as sufficient
moisture and air in the soil, a suitable soil temperature, and soil reaction,
i.e. the soil must be neither too acid nor too alkaline. As these conditions
improve, both the rapid and the slow weathering of organic matter are
speeded up; in other words, not only is humus formed more quickly in the
soil, but it is also decomposed more quickly. As a result of continuous
cultivation of soils in order to incorporate fertilizers, control weeds, and
bring about the most desirable physical condition for plant growth, the
humus content of a soil may become dangerously low. Therefore, in order
to maintain a sufficient humus content in the soil one should constantly
apply fresh amounts of organic matter in the form of farm manure, green
manure, straw, &c., to the soil. The continuous single-cropping system
(monoculture) practised in South Africa, in which either only maize or
only winter cercals are grown, has resulted in a severe depletion of the
humus content of our older agricultural soils. T'o this their present low
productivity and their erodibility can chiefly be attributed. It is easy to
realize that such systems are disastrous in South Africa because here the
‘slow’ decomposition of humus takes place comparatively rapidly as a result
of our warm climate. The importance of a sufficiently high humus content
in soil fertility and how it may be maintained will be discussed in a sub-
sequent chapter.

To sum up, we wish to explain again a few of the terms used in this
chapter. The organic matter of soils includes the humus and it is the
combustible portion of the soil that corresponds approximately with the
loss in weight that soils undergo on ignition. All the humus is organic mat-
ter, but all the organic matter is not humus. The residue of leaves, stems,
and roots that can still be distinguished as such in the soil is not humus.
Humus is only the very fine, difficultly recognizable, organic products in
soils that are intimately mixed with the soil and which undergo a slow
further process of decomposition. The larger the supply of organic matter
to soils and the less favourable conditions are for the development of
microbes, the higher will be the humus content of the soil. Thus marshy
soils and other soils with a very high water content usually have a high
humus content because certain plants grow luxuriantly on such soils but
they contain too little air and are too acid for active microbial life.

Topsoils usually have a higher humus content than subsoils because
roots grow mainly in this layer and plant residues and organic manures are
also incorporated with the surface soil. Soils consisting chiefly of in-
organic or mineral particles, as is the case with most South African soils,
are called mineral soils although they may contain up to 10 per cent. organic
matter. If the soils consist largely of organic matter they are called peaty
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soils. Such soils only occur in very moist localities and so they are seldom
found in South Africa. In the northern parts of Europe, Asia, and North
America peaty soils are common and they have originated mostly from
‘water’ plants growing in marshes and shallow lakes.

‘Turf’ soils. This is a specific South African name and does not signify
a peaty soil. A ‘turf’ soil means a dark-coloured clayey soil that is very
sticky and plastic when wet. It occurs fairly commonly in certain areas of
the Northern Provinces, especially the Transvaal, and it does not contain as
much humus as its colour would indicate. Usually it contains about 2—4 per
cent. humus. The word ‘turf’ does not refer to the humus content, but
rather to the ‘heaviness’ of the soil. Hence the name red turf for a heavy
red loam. The name ‘turf soil’ should only be used to indicate a dark-
coloured clayey soil because it is a definite and very interesting soil type in
South Africa. We should call a heavy reddish soil a red-loam or a red-clay.
The following analyses give the percentage of organic matter, mainly
humus, of surface soils (accurate analyses).

Organic matter
Grain land—been cultivated for a very long time (Moorrees-

burg) . . . 0°88 per cent.
Grain land—about 25 years under cultlvatlon (Caledon) . 225 »
Grain land—virgin soil (Swellendam) . . . . 418 .
Maize land—(Ermelo) . . 075 »
“Turf’ soil (Springbok Flats, Tvl) Dr J. J Theron . 193 '
Red-loam (Springbok Flats, Tvl.) Dr. J. J. Theron . . 220 ’
Sandy loam (Ladybrand, O.F.S.) . . . . 074 »



CHAPTER IX
THE MECHANICAL COMPOSITION OF SOILS

F we were to inspect the solid particles of an agricultural soil we would
I notice immediately that they vary in size. The soil contains coarse
sand grains and somctimes small and large stones. However, a portion
of the soil usually consists of particles that are so fine that they cannot be
distinguished with the naked eye. The proportion of coarse to fine particles
calculated on cither the volume or the weight of soils will vary considerably
in different soil types. By the mechanical composition of a soil is meant the
relative quantities in which different-sized soil particles are present in the
soil. The term textureis also used instead of mechanical composition. When
sand particles preponderate in a soil (sandy soils) we say that the soil has a
coarse texture. A clay soil again is said to have a fine texture on account of
the fineness of clay particles. In between these two extremes arc the loams.
From an agricultural point of view the mechanical composition of soils
is a very important factor because on it all the physical properties such as
temperature, aeration, and water-holding capacity will largely depend.
With a little practice a fair idea of the texture of a soil may be obtained by
rubbing a small amount of the moist soil between one’s fingers. However,
in order to estimate the proportions of particles of different sizes accurately
it is necessary to analyse the soil mechanically.

THE MECHANICAL ANALYSIS OF SOILS

An ordinary agricultural soil consists of particles of diverse sizes varying
from, say, a quarter of an inch in diameter to much less than one-millionth
of an inch in diameter. In soil science the millimetre is used as unit when
indicating the size of soil particles (25 millimetres = 1 inch). Soil scien-
tists have also agreed that soil particles should be divided into certain
groups of definite sizes. Such groups are called fractions. In the past there
was little uniformity in this respect and different countries not only had
their own methods of mechanical soil analysis, but they also adopted
different groupings of fractions. Since 1924, however, an International
Society of Soil Science exists and now there is greater uniformity. The
following is the approved international classification of the soil fractions.

Maximum and minimum

Name of fraction diameter of soil particles
Gravel or stones . . Larger than 2 mm.
Coarse sand . . . 2-0'2 mm.

Fine sand . . . 0°2—0'02 mm.
Silt . . . . 0°02—0°002 mm,
Clay . . . . Smaller than o-002 mm.

If we were to think of a method by which to divide soil particles into
groups of different sizes our thoughts would probably turn immediately to
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sieves. Actually sieves made of metal or cloth are used in the mechanical
analysis of soils, but unfortunately even the finest sieve is still so coarse
that it can only separate particles with a diameter of more than about
o2 mm. That means that finer soil particles have to be separated by some
other means, and sedimentation in water is very suitable for this purpose.
The bigger and heavier the soil particles are, the quicker will they settle
in a column of water of given height. There is a well-known mathematical
relationship (Stokes’s law) which expresses the relation between particle-
size and weight on the one hand, and the velocity of fall through a
column of liquid at rest, such as water, on the other. Actually this law only
applies to spherical particles of the same specific gravity, and in the soil
we have particles with diverse shapes and with different specific gravity.
However, Stokes’s law is also with a fair degree of accuracy applicable to a
soil suspension in water.

There is still another difficulty which must be overcome if we wish to
separate soil fractions accurately by means of sieves and water. Fine soil
particles always adhere to one another and to bigger particles. It is easy to
prove this to ourselves by sieving a certain amount of soil through a 1-mm.
sieve, after having broken up all visible clods, until no more soil will pass
through the sieve. If we now allow water to trickle through the soil on the
sieve and catch it up in a glass beaker it will be noticed that the water is
turbid and that fine sand settles on the bottom of the beaker. These bigger
aggregates consisting of groups of small particles are called soil crumbs or
granules (not clods!). Naturally, these crumbs are small: most of them pass
through a 2-mm. sieve. For the fertility, or rather productivity, of a soil
these granules are of paramount importance as will be discussed later. For
the purpose of a mechanical analysis, however, these crumbs should ob-
viously be broken up. There are many reliable ways in which a soil sample
may be dispersed into its individual or ultimate particles. It may be boiled
in water or mixed with water in a porcelain dish and rubbed with the fingers
or with a rubber pestle or with a small hard brush against the sides of the
dish. A better method than these is to take a quantity of soil, say 10 gm.,
and to stir it into water containing a small amount of ammonia or sodium
carbonate.

There are many methods (and new ones are constantly being suggested)
by which the sample, prepared as shown above, can be analysed mechani-
cally, but because most of these methods require special apparatus we will
only describe a simple decantation method here. However, we would first
like to discuss briefly how soil samples should be taken in a field, orchard,
or garden.

HOW SOIL SAMPLES SHOULD BE TAKEN AND PREPARED
It is of the utmost importance that a soil sample to be analysed, either
mechanically or chemically, should be representative of the field from
which it was taken. To the casual observer it might not be so noticeable
but, nevertheless, soils differ considerably even at short distances apart,
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especially if they are alluvial or situated on sloping ground. Thus it would
usually be wrong to take a sample at one spot (one hole) only.

For an average agricultural soil 6-12 holes or pits, 2-3 feet in depth, are
usually made at spots spread evenly over the field to be sampled. The holes
are about 2 feet square and the faces are spaded down vertically. There are
several reasons why it is better to make the holes when the soil is moist
than when it is completely dry. The difference in colour, for example,
between the topsoil and subsoil is much more noticeable in a moist soil than
in a dry one. On account of its higher humus content the topsoil will
usually be darker in colour than the subsoil. While the holes are open and
before samples are taken, observations should be made in connexion with
the soil profile (the vertical section). One should notice whether the soil
profile is the same in all the holes, whether there is a sharp distinction
between topsoil and subsoil, how deep the dark-coloured topsoil is, and,
if possible, how decp below the surface the parent rock is. In the case of
alluvial soils the texture of the different layers at different holes will often
vary considerably.

If the soil profile is approximately the same at all the holes, the topsoil
sample is first taken as follows: Loose leaves and litter are scraped away
from the surface of the soil. A spade is then dug straight down as deep as
the topsoil (6-9 inches) and a sod removed and placed on a clean bag or
wheelbarrow. Similarly sods are taken from the topsoil at all the other
holes, mixced well on the bag or wheelbarrow, and the clods, if any, broken
with aspade. A few big handfuls (2-61b.) of this mixed topsoil are putinto a
clean linen or paper bag and labelled. Such a sample is also called a com-
posite sample and it should be representative of the whole picce of ground.
Where there are hillocks (heuweltjies) on a piece of ground or where there
are widc variations in soil type on one and the same land, a drawing of
the land should be made on a piece of paper indicating the areas where the
different types occur and then a scparate composite sample should be taken
of each type.

The subsoil sample is taken in a similar way after the topsoil has been
removed somewhat and the hole cleaned out. The depth to which a sub-
soil sample should be taken, and whether different samples should be taken
at different depths, will depend on the nature of the subsoil and on other
considerations. When the ordinary field crops are grown it is sufficient to
take the subsoil sample to a depth of 1 foot in the subsoil and then a note
should be made on the nature of the subsoil farther down. In orchards and
especially in alkali (brak) soils it is necessary that the composition of the
subsoil should be known to a depth of some 6 feet.

Samples can also be taken with a soil auger or a soil tube of which
several types are in use. In stony and also in dry soils most types are un-
satisfactory and in any case a much better view of the soil profile is obtained
if a pit is made with a spade.

The composite sample is spread out on a firm piece of paper in a labora-
tory or any other clean room, or even outside if there is no wind, in order to
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become air-dry. While a moist clayey soil is drying all clods should be
broken because when quite dry they may be very hard and cause un-
necessary trouble.

The air-dry soil is mixed well once more and 1 kilogram (about 2 1b.) of
it is weighed off and passed through a 2-mm. round-hole sieve. The
pebbles and coarse sand grains (together called stones or gravel) that
remain behind on the sieve are then (still on the sieve) washed under a tap
until the water runs through clear. They are then transferred to a piece of
paper to dry. When dry they are again sieved on a 2-mm. sieve and then
weighed. From this weight the percentage of gravel in the original soil may
be calculated. Often it is possible to decide what the parent rock of the
soil concerned is, by determining what rock fragments and minerals are
present in the gravel fraction. Naturally, this is only applicable to residual
soils.

The rest of the soil sample may now also be passed through the 2-mm.
sieve and the coarse residue discarded. The soil particles that are smaller
than 2 mm. in diameter arc known as the ‘truc’ soil or fine earth, and after
mixing them well once again they may be placed in a clean glass container
or tin and labelled. All subsequent analyses arc made on this soil.

The beaker or decantation method of mechanical soil analysis: 10 (or 20)
gm. of air-dry, ‘true’ soil are weighed into a porcelain dish and mixed to
a paste with water. The paste is worked with the finger or with a rubber
pestle for a few minutes and then it is washed into a clean glass beaker. The
soil from the finger and the pestle should also be washed carefully into the
beaker. The glass beaker should be approximately 10 cm. in diameter and
12 cm. deep. A piece of gummed paper is then stuck on the outside of the
beaker, 10 cm. from the bottom. About 10 c.cm. of dilute ammonia is
added to the water and soil in the beaker and the mixture is stirred for a
short while. Now fill the beaker with ordinary clean water up to the
10-cm. mark, stir it well with a glass rod, and leave the suspension standing
for exactly 4 minutes 48 seconds. The turbid suspension is now decanted
or poured off with a steady movement without disturbing the sediment
unduly. Enough water should be poured off to leave about } cm. in the
beaker. Fill the beaker again up to the mark, stir, and leave again for
exactly the same time, after which the turbid suspension is again decanted.
Repeat this performance until the water is quite clear after having stood for
4 minutes 48 seconds, i.e. until no mineral soil particles remain in suspen-
sion after 4 minutes 48 seconds. In the case of a sample containing com-
paratively fresh organic matter fine particles of crushed roots, &c., will
still be in suspension at the end, but they need not be taken into considera-
tion because they are eventually burnt away. In order to ensure that all the
crumbs disintegrate, it is advisable to add a small amount of ammonia
again after having poured off the suspension, say, four times.

By this process of sedimentation and decantation all particles with a
diameter of less than 002 mm. are removed. The remaining sediment is
washed back into a porcelain basin and after a few minutes almost all the
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water can be poured off and the soil is now carefully dried on a sand bath or
over a slow flame. Then the basin with soil is heated over a stronger flame
in order to burn away any organic matter that may be present. Allow the
soil to cool and place it on a sieve with meshes of about 0-2 mm. square.

If no such sieve is available the cloth of a very fine flour sieve may be
stretched over a tin from which the bottom has been removed.

Sieve all the fine sand through as thoroughly as possible on to a smooth
shect of paper and weigh it. The coarse sand on the sieve is now weighed.
We have thus separated the true soil into the following three fractions:

1. Coarse sand: 2-0-2 mm. in diameter.

2. Fine sand: 02-0-02 mm. in diameter.

3. Silt and clay: less than 0-02 mm. in diameter.

The percentages of coarse and fine sand are calculated. By subtracting
this sum from 100 we obtain the percentage of silt and clay. However, this
latter figure includes the organic matter and hygroscopic moisture that
arc present in the true soil. In order to determine the combined silt and
clay fraction accurately, it is necessary to heat, say, 10 gm. of the original
soil strongly. After cooling and weighing, the combined percentage of
organic matter and hygroscopic moisture may be calculated and hence also
the actual percentage of silt and clay.

If the silt and clay fractions are to be separately determined the method is
somewhat more cumbersome because now the original suspension may only
be decanted off after 8 hours. By this the clay fraction, i.e. particles with
a diameter of less than 0:002 mm., is removed. Only if the suspension is
clear after having stood for 8 hours is the time changed to 4 minutes
48 seconds. The turbid decantations must now be collected in a large glass
beaker or dish so that the percentage of silt can be determined directly
after settling, drying, ignition, and weighing. The percentage of clay is
again calculated indirectly.

If sieves with openings of 1 and o'5 mm. are available, the dry sand
sediment may be passed through these and the o-2-mm. sieve and thus it
will be separated into coarse sand, medium sand, fine sand, and very fine
sand. However, the most important distinction seems to be the o-2-mm.
size limit, and therefore separation of sand into two fractions, as shown
above, should be suflicient for practical purposes.

The inclusion of the hygroscopic moisture in the percentage composition
is a small inaccuracy in the method described above. This may be avoided
by first determining the percentage of hygroscopic moisture in the air-dry
soil (see later) and then taking a quantity of soil, which is equal to 10 gm.
of over-dry soil, for the mechanical analysis. The above-mentioned
inaccuracy is only of practical importance in the case of peaty soils and
clay soils.

The following examples show the results of mechanical soil analyses as
determined by the above simplified beaker method. The gravel-percentage
was calculated on the original soil but all the other figures are based on the
‘true’ soil.
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TABLE 8
Mechanical Composition of Air-dry Soils
Hygroscopic
Gravel |moisture and| Coarse Fine sand | Silt and
content organic sand 0:2-0 02 clay
Soil type >2-0 mm. matter 2-0°2 mm. mm. <0-02 mm.
% % % % %
Coarse sandy soil 5°5 14 577 366 43
Fine sandy soil oo 17 7°4 879 30
Sandy loam 2°5 40 30°4 457 19'0
Clayey loam . 00 9°'5 206 245 454




CHAPTER X
THE IMPORTANCE OF THE SOIL TEXTURE

KNOWLEDGE of the exact texture or mechanical composition of
soils enables us to classify them and to gather valuable information
in connexion with their agricultural possibilities and weaknesses.
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Fi1c. 3. Diagram from which the texture of soils can be deduced.

Soils may be classified from various aspects. In previous chapters we
have already classified them according to their origin into primary and
secondary soils, and according to their humus content into mineral soils
and peaty soils. For scientific purposes, the classification according to
the chemical composition of the soil profile, which is the result of parent
rock, climate, vegetation, and topography, is considered to be the most use-
ful. However, for practical agriculture the classification of soils according
to their texture is one of the oldest and also the most useful. Texture can
be used as a basis for soil classification because it cannot be altered by
ordinary methods of soil cultivation and improvement. Usually that can
only be done on a small scale and at great expense, e.g. the changing of a
sandy soil to a sandy loam by heavy applications of silt or clay, and the
application of a large amount of sand to a clay soil in order to render it more
open and friable.

We can differentiate between many different types according to the rela-
tive proportions of the four chief soil fractions—coarse sand, fine sand, silt,
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and clay. If we consider the coarse and fine sand as one fraction we have
three main fractions and then we can make use of the foregoing diagram
in order to determine to which class any particular soil belongs. The dia-
gram is a modification (by the Soil Division, Pretoria) of the original
representation by Whitney (America).

We can differentiate between four main soil classes and every class can
again be subdivided so that we have a total of ten soil types (if the gravel
content is not taken into consideration).

1. Sandy soils (more than 8o per cent. sand).
1. Coarse sandy soil (more than 50 per cent. of the sand is coarse sand).
2. Fine sandy soil (more than 50 per cent. of the sand is fine sand).
I1. Sandy loams (50-80 per cent. sand).
3. Coarse sandy loam (more than 50 per cent. of the sand is coarse
sand).
. Fine sandy loam (more than 50 per cent. of the sand is fine sand).
Loams (up to 50 per cent. sand and less than 30 per cent. clay).
. Ordinary loam (30-50 per cent. sand and less than 20 per cent. clay).
. Silt loam (up to 50 per cent. sand and less than 20 per cent. clay).
. Clay loam (20-30 per cent. clay and 20-50 per cent sand).
. Silty clay loam (up to 30 per cent. sand and 20-30 per cent. clay).
1V. Clays.
9. Ordinary clay soil (more than 30 per cent. clay and less than 50 per
cent. sand).
10. Sandy clay soil (20-30 per cent. clay and more than 50 per cent.
sand).

When the total sand fraction in a soil rises above 50 per cent. it is
important to know whether the sand is mainly coarse or fine. Hence the
subdivision of the sandy soils on this basis. If the fine sand fraction
predominates, cultivated soil has a tendency to form a hard crust on
the surface on drying after rain or if the soil has been irrigated. This is
especially liable to happen if the soil has a low humus (and lime) content.

This classification is only arbitrary and far from perfect. The different
proportions in which the four fractions can be grouped in nature are so
infinite that we are forced to adopt only a few for practical purposes. Even
in this limited number we often find cases where soils have almost the same
physical properties and yet, according to our scheme, they are grouped
under different types. It is only when one of the four main fractions abso-
lutely predominates that a soil has distinctive properties.

In this scheme the content of stones or gravel is not taken into con-
sideration. Many of our soils, especially in the coastal regions of the
Cape Province, contain a high percentage of such constituents, and thus the
gravel must be taken into consideration when describing such soils.

Thus we have gravelly sands, gravelly loams, gravelly silt loams, and
also true gravel or stony soils with over 70-80 per cent. gravel or stones.
Especially the more or less colluvial soils on mountain slopes belong to this
class.

Oy N M
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A further difficulty which upsets strict adherence to the triangular dia-
gram is the fact that organic matter and the hygroscopic moisture usually
constitute a portion of the sum of the percentages in the mechanical analysis.

The following table gives a complete mechanical composition of some
South African soils (according to an older grouping of fractions).

74

TABLE g
Mechanical Composition of Some South African Soils
No. 1| No. 2 | No. 3 | No. 4| No. 5| No. 6
% % % % % %

Stones (>2 mm.). 41°1 1'4 | 350 2'5 2'5 12
Hygroscopic moisture o5 o6 15 06 43 77
JLoss on 1gnition (organic matter) 15 32 35 31 | 1079 73
Coarse sand (2—0'2 mm.) 150 81 | 220 | 616 52 | 19'7
Fine sand (0'2-0'04 mm.) 652 | 49'5 | 24'5 | 19'T | 10°T | 150
Silt (0r04-0 01 mm.) . 47 | 1009 | 11°0 30 91 6°3
Fine silt (0-01-0'002 mm.) 36 79 | 192 29 | 146 6-8
Clay (< 0'002 mm.) 95 | 198 | 183 97 | 458 | 372

Locality from which sample was taken:

No. 1 is from a grain land in the Moorreesburg district.

No. 2 1s from a tobacco and grain land in the Stellenbosch district.
No. 3 is from a grain land in the Caledon district.

No. 4 is from the Ermelo district, T'ransvaal.

No. s is a red-clay soil, Koedoespoort, Transvaal.

No. 6 is a turf so1l, Transvaal.

SOIL TEXTURE AND PHYSICAL PROPERTIES
The results of mechanical soil analyses enable us to gather valuable
information in connexion with the physical properties of soils. The most
important of these physical properties will be discussed later in more
detail. Here we shall show how different properties vary in degree in the
case of the four usual soil fractions. Gravel and stones will exhibit the
physical properties of coarsc sand to a greater extent.

Degree in which the soil fraction concerned
exhibits the property i
Physical property Coarse sand | Fine sand Silt Clay
Water capacity Very low | Medium High Very high
Capillarity . Very low | Good Great Very great
Rate of water movement Very fast Fast down | Slowly down | Very slowly
down and up and up down and
up
Absorption capacity (for
gases, water, and plant
nutrients) Very slight | Slight Good Very high
Cohesion and plast1c1ty None Slight High Very high
Relative temperature ‘Warm Fairly warm | Cold Very cold
Aeration . . « | Very good | Fairly good | Poor Very poor
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This summary shows clearly why a soil consisting mainly of one or even
two closely related fractions would be less suitable for plant growth than
a soil that contains moderate quantities of all the different fractions. As the
proportion of any fraction increases such a soil becomes more suitable
for plant growth in some respects and less suitable in other respects. For
example, if a soil contains a large proportion of sand it heats up quickly, it
is well aerated, excessive moisture drains away easily, and the soil is easy
to cultivate. However, such a soil retains too little moisture and plants
quickly suffer from a lack of moisture. Plant nutrients also leach out of
such a soil very easily. If a soil has a high clay content it retains moisture
and plant nutrients well but, on the other hand, such a soil is cold, badly
aerated, easily becomes waterlogged, and is difficult to cultivate.

The intensity of the physical properties of fine sand and silt lies between
those of coarse sand and clay—as may be seen from the summary. Thus it
is easy to understand why sandy loams (that contain all the soil fractions in
favourable proportions)are considered the most productive agriculturalsoils.

Finally, the soil texture also enables one to draw certain conclusions
with regard to chemical composition of soils. Generally speaking, the sand
fractions contain very little plant food such as potash, lime, magnesia, and
phosphate, while the silt and clay fractions are considerably richer in these
nutrients. Of course, the reason for this is that sand consists mainly of
quartz and other minerals that have undergone little if any chemical
weathering. Thus sandy soils are usually poor soils. The nitrogenous food
of a soil depends on its humus content and not on its texture.

Investigation in South Africa has shown that in regions with a fairly high
rainfall, say 25 inches or more per annum, sandy soils are more acid than
loams and clay soils so that there is also a relationship between acidity and
soil texture.

Because different agricultural crops need different quantities of water
and plant food and because the root system of every plant species is typical
as far as development and respiration are concerned, we find that a certain
crop will give the highest yield on soils with a certain texture. Thus ex-
perience has taught us that wheat and barley grow best on the ‘heavier’
soils, while oats and rye prefer sandy soils. Potatoes also prefer sandy soils;
maize prefers sandy loams; peaches and oranges do best in good loams;
pears also grow best in loams, but also grow very wellin clay soils. Apricots,
plums, and even apples grow well in sandy and gravelly soils. Vines also
generally prefer an ‘open’ soil such as gravelly granite or shale soils.

From this discussion it is evident that the mechanical analysis of soils
enables us to come to important conclusions in connexion with their agricul-
tural possibilities. Enough stress can hardly be laid on the necessity for
taking into consideration the nature of the subsoil as well as that of the
topsoil. For reasons which will be easier to understand later, it is nccessary
that we should not only have a knowledge of the mechanical composition of
soils, but also of their humus and lime content, in order to draw the correct
conclusions in connexion with the physical behaviour of soils.
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The next paragraph is a summary of the characteristic properties of
sandy and clay soils—the two extremes in soil texture. In the case of
the different types of loams the following properties will vary between
those for sand and clay.

Sandy soils are well aerated, easy to cultivate, well drained, and they are
warm soils, but they have a low water-holding capacity and as a rule they
are poor in all the different plant foods. With even a moderately high rain-
fall sandy soils can also be very acid especially if they are dark in colour, i.e.
if they have a high humus content. Sandy soils also have a very low cohe-
sion with the result that soil particles lie loosely against one another. Thus
prevailing winds easily blow such particles from one place to another (wind-
blown soils) unless the soil is covered with plant growth or protected by
wind breaks. If satisfactory crops are to be reaped on sandy soils they
should be watered regularly, reccive medium applications of all three of the
esscntial plant food elements, and, where necessary, lime should be applied
regularly but with caution. Applications of organic matter to sandy soils
give them body, in this way increasing their capacity for retaining water and
plant nutrients. Thus it is important that farm manure or green manure
should form the basis of manuring in such soils.

Clay soils retain water and plant nutrients well. The soil particles have
a relatively high cohesion, and such soils arc comparatively rich in plant
nutrients (except phosphates). On the other hand, clay soils usually drain
very slowly with the result that they arc apt to become waterlogged, thus
being badly aerated. Clay soils expand when moistened and shrink to
the same cxtent on drying, with the result that often during a dry season
large cracks appear in this type of soil. They should only be cultivated
when they have the correct moisture content. If cultivated when too moist
they puddle and afterwards form hard clods and big cracks. If cultivated
when too dry they break up into large clods and the ploughed soil is quite
unsuitable for a seedbed. Under the same rainfall conditions they are not
as acid as sandy soils and yet, under intensive cultivation, they require more
lime than sandy soils. In this case the lime also renders the clay more open,
more friable, and easier to cultivate. For the same reason regular applica-
tions of organic matter (farm manure, straw, green manure) are advisable
in the case of clay soils.



CHAPTER XI
SOIL COLLOIDS AND THEIR PROPERTIES

ent soil types it is necessary that we should have a sound, albeit an
elementary, conception of what is meant by soil colloids and their
properties.

In connexion with the mechanical analysis of soils we have seen that if
a soil sample is prepared for mechanical analysis, as outlined, and then
shaken up in water, it forms a ‘soil suspension’, i.c. a dispersion of the soil
particles in water. The larger soil particles (the sand) quickly settle on the
bottom of the beaker, but the water remains turbid as a result of the finer
particles that do not settle immediately. With most soil types we will find
that the suspension is still turbid after days or even wecks or months. It
is to-day a well-known fact that there are particles in our soils that are so
small that they will remain in suspension almost indefinitely and that the
force of gravity of the earth which tends to pull ‘everything’ down has no
effect on them. These extremely fine soil particles are called colloids.
Literally colloids would mean glutinous substances (Gr. kolla = glue), but
we should rather forget this derivation because it is only when they are in
a certain condition that they act like glue or gelatinous substances.

Thus the sub-microscopic size or fineness of matter characterizes the
‘colloidal condition’ of substances and any chemical substance may become
a colloid if its particles could only be reduced to the desirable size. What,
then, is the most important physical property characterizing a substance
that is in such an extremely dispersed condition? If a piece of chalk, or
any mineral that does not dissolve in water, is taken and a cube with edges
I cm. in length cut from it, the cube will have a total outside area of
6 sq. cm. If it is suspended in water 6 sq. cm. of the cube will come into
contact with water.

If the cube is now broken up and ground in a mortar and the fine
particles are then suspended in water, the substance will still have a total
volume of 1 c.cm. but the surface area of this substance coming into contact
with water will now be considerably greater than 6 sq. cm. The total
surface of a substance divided by its total volume will give us its specific
surface. Because substances which are in colloidal state have such a minute
particle size they have a large specific surface and this is their most impor-
tant physical characteristic. When such a substance is suspended in water
it has properties that it never had when its size was still such that it could
be seen with the naked eye. Thus its particles may remain suspended in
water and, practically speaking, they do not settle out at all; they show a
peculiar (Brownian) movement when seen under a good microscope and
the ‘solution’ may have a colour that the substance did not have in its
coarse state. However, for us the most important property of colloids is

IN order to understand many of the characteristic properties of differ-
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that they may have an electric charge which can either be positive or
negative depending on the chemical nature of the substance and on the
reaction (acidity or alkalinity) of the liquid.

At what degree of fineness does a substance exhibit these and other
colloidal properties? The answer is that there is no definite size at which
the particles suddenly begin showing these properties. In soil science we
consider the clay fraction, i.e. particles smaller than 0-002 mm., to be
colloidal although the finer portion of the silt also has colloidal properties
but not to a very marked degree. Similarly the coarser clay particles, i.e.
those with a particle size not much smaller than 0-002 mm., show colloidal
properties to a lesser degree. In colloid chemistry particles are actually
only classified as true colloids when they have a diameter of less than
o-00or mm. (about 1/250,000 of an inch). Such particles pass through the
finest filter paper. Thus there can be different kinds of clay, not only
chemically, but also as far as the fineness of the particles is concerned.

The word molecule is used in science to indicate the smallest portion of
a substance that still exhibits the chemical properties of that substance. If
a molecule were further divided we would get the atoms of the substance
and in the case of all substances consisting of two or more elements the
atoms would be totally different chemically from the original substance.
If a small amount of cane-sugar is stirred in water the sugar particles dis-
solve in the water and we get a true or molecular solution with the sugar
molecules distributed evenly throughout the water. The sugar particles
are then split up into their separate molecules. One property of true solu-
tions is that they are absolutely clear even if they are coloured.

With substances in the colloidal state the splitting (dispersion) does not
go as far as the molecular stage, but every particle still consists of a group
(aggregate) of molecules. This is the fundamental difference between a true
and a ‘colloidal solution’; the latter also always exhibits a slight turbidity.

Until now we have assumed that the small colloidal particles that float
about in the water are solid particles. However, certain liquids can also
exist in the colloidal state when shaken up with another liquid such as
water. Good examples of this are the oil sprays including ordinary paraffin.
We call such a solution an emulsion and the term suspension is used when the
suspended particles are solid. In science the terms suspension and emul-
sion are only used when the particles or droplets (liquid) are fairly large
(more than o-0oor mm.) and are still microscopically visible. Examples
would be silt and coarse clay in water (suspension) and milk (emulsion, fat
globules in water). If the particles have the true colloidal size, the ‘solu-
tions’ are called suspensoids and emulsoids. In this last classification it
does not really matter whether the colloidal particles are solids or liquids
because this can hardly be differentiated, but it is of importance whether
water molecules attach themselves to their surface or not. Emulsoids have
a large affinity for water and suspensoids have none. True soil colloids fall
largely under emulsoids. For our purpose we will, in future, only use the
term suspension to designate a fine dispersion of soil colloids in water.
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The substances that we find in the soil in the colloidal state are hydrated
aluminium silicates which, collectively, we usually call ‘clay’, and also silicic
acid, humus, iron hydrate, and aluminium hydrate. They originate in the
soil from the weathering of minerals and, in the case of humus, from the
decomposition and other changes which organic matter undergoes.

Of the many properties of colloidal substances there are two that are
important for the behaviour of soils.

1. Flocculation. If we take a turbid clay suspension that has been stand-
ing in a glass beaker for a few days and add a knifec point of slaked lime and
stir it up in the suspension, we will notice after a few hours that the clay
particles have settled on the bottom of the beaker in the form of visible
flakes or ‘crumbs’ and that the water is now absolutely clear. 'This settling
of suspended particles is called flocculation. The same thing will happen
if we add a small quantity of any salt (e.g. common salt or gypsum) or of
acid (e.g. hydrochloric acid) to the turbid clay suspension and stir it up.
In nature this process takes place on a large scale when muddy river-waters
mix with sea-water. This flocculation of silt and clay causcs the formation
of delta soils at the mouth of large rivers, e.g. the Nile.

Flocculation may be explained as follows: Wec have already mentioned
that colloidal particles suspended in water are clectrically charged. In the
case of a clay suspension all the particles are negatively charged and, as is
well known in electricity, the particles will repel one another when they
come into contact with one another. Chemistry tcaches us that if one of
the above chemicals (electrolytes), such as table salt, is dissolved in water
the molecules of such a substance split up (dissociate) into two parts. The
one part (the cation) is positively charged and the other part (the anion)
is negatively charged. The change may be represented as follows:

NaCl - Nat+4-CI-.

The common salt molecule splits up into sodium cation and chlorine anion.
If asmall quantity of the salt solution is added to the turbid clay suspension,
the cations with their positive charges are attracted (absorbed)' by the
clay particles with their negative charges. The charges on the clay particles
are thus neutralized and if the clay particles now come into contact with
one another (because they continually move about in the liquid) they
adhere to one another. In this way more and more particles combine to
form groups (aggregates) and eventually they become so large and heavy
that they settle on the bottom of the beaker.

If a colloid exists in this flocculated or coagulated condition we call it a
gel and in the suspended or deflocculated condition it is called a sol. This
phenomenon is illustrated in Fig. 4 overleaf (the particles are drawn very
large in proportion to the dimensions of the glass beaker).

The colloid may again be changed from the gel to the sol condition. If
the clay gel is poured on to a paper filter and the clay granules scparated
from the liquid (they are too big to pass through the filter paper) and the

! To-day this explanation is slightly different and more complicated.
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gel is now washed on the filter with a dilute ammonia solution, we shall
find that the clay particles will again pass through the filter and if caught
up in a beaker we will again have a turbid clay suspension (sol). Thus
alkaline solutions (except lime) have a deflocculating or dispersive effect on
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FIG. 4. Flocculation of soil suspension.

the ordinary soil colloids. (Compare the preparation of a soil sample for
mechanical analysis.)

In agricultural soils we want the colloids always to be in the gel condi-
tion. The reason for this will be discussed in the next chapter. Here we
shall only mention a few properties of gels. They arc usually jelly-like,
voluminous, elastic, and sticky and can retain a large amount of water
when fully saturated. When such a gel dries out it shrinks immensely and
has a tough appearance as if covered with a ‘skin’. A small amount of
gelatine or agar-agar, of which a jelly has been made, shows these proper-
ties very well. This behaviour of gels is responsible for the expansion of
ordinary clay soils (that contain much clay gel) on moistening and their
shrinkage and cracking on drying. This property also explains why clay
soils are plastic and mouldable when wet and why they form hard clods
when dry.

2. Absorption and exchange of cations. It has been known for a long time
that pigments and certain salt constituents are retained by soils when solu-
tions containing such substances are filtered through soil. For example,
dark beer or liquid manure or brackish water may be filtered through a
column of soil in a glass tube and the filtered solution inspected afterwards.
To-day we know that the colloidal gels are responsible for retaining or
absorbing the said substances. For soil fertility the absorption of basic
constituents or cations of salts is very important. It is called cation
absorption.

We have already said that colloids flocculate because they absorb cations.
In an ordinary soil the colloids are in the gel condition and thus they are
saturated with cations. Usually we find that the following five cations are
present: hydrogen, calcium, magnesium, potassium, and sodium. In con-
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nexion with the behaviour of soils it is essential to know which of these
cations predominate in the colloidal complex as it is called. From this point
of view agricultural soils may be divided into three classes:
(@) Acid soils in which absorbed hydrogen ions predominate.
(b) More or less neutral or sweet soils in which calcium (and magnesium)
predominates, i.e. divalent cations.
(¢) Brackish soils in which absorbed sodium (and potassium) predomi-
nates, i.e. univalent metallic cations.

H_A~CA
H
H

N

K
K
K

MG

H H MG
Sour soil (a). Sweet soil (5). Brak soil (c).

F1G. 5. Absorbed cations.

Figuratively the state of affairs may be represented as above; every
colloidal particle of the soil concerned has these cations predominantly
attached to its surface (see Fig. 5).

We will discuss the properties of the three soil types afterwards and
here we shall only mention some facts in connexion with this phenomenon
of absorption. In ordinary slightly acid agricultural soils all five cations
are present and the calcium and hydrogen ions predominate more or less
as shown in the b diagram. If such a soil is fertilized with potassic fertilizers
we find that potash (potassium) is retained by the soil (actually the soil
colloids), but an equivalent amount of a previously absorbed cation, usually
calcium, has been released in the soil solution. Thus an exchange or
release of one cation takes place simultaneously with the absorption of
another cation (in this case potassium). This exchange of cations is of
great agricultural importance. Previously the term ‘base exchange’ was
used but it is more correct to say ‘cation exchange’. As in the case of
potassic fertilizers the ammonium portion (NH,) of ammonium-containing
nitrogenous fertilizers is retained by soils. This shows that actually we
fertilize the colloids. In other words we are augmenting the rescrve supply
of the nutrient concerned, when we apply soluble plant nutrients to the

G
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soil. Thus there is no danger of such nutrients being leached out of the
soil provided it contains sufficient colloids, i.e. provided the soil contains
sufficient clay and humus. However, the nutrient absorbed in this way
remains available to the plant because at any given moment a small amount
of the nutrient will always be dissolved in the soil solution—again the
result of this exchange phenomenon. The general rule is that the more
the colloidal complex is saturated with a specific basic plant nutrient, the
more of it there will be in the soil moisture or solution, and hence the
larger the available supply to plants.

When lime is added to an acid soil the absorbed hydrogen, which is the
cause of soil acidity, is exchanged by calcium and rendered harmless.

The main thing for us to realize is that the colloidal gel is, figuratively
speaking, the soul of the soil and that it regulates (buffers) the concentra-
tion of dissolved chemical substances in soils in a marvellous way. Not
only the chemical but also the physical properties of soils depend on the
amount of gel and the kinds of cations that are attached to or absorbed on
its surface. Ilumus and clay are the two most important substances that
are present in the soil in the colloidal state. 'I'heir behaviour is not exactly
similar and both are essential for a good soil. However, too much of either
or both is also undesirable because then certain properties such as stickiness
and immense water absorption come to the fore and the soil becomes too
difficult to cultivate, badly aerated, and cold during wet periods. Sand, as
the inactive or inert skeletal portion of a soil, is therefore also absolutely
essential as a diluent, for a productive agricultural soil.



CHAPTER XII
THE STRUCTURE OF SOILS

OIL texture refers to the size of the soil particles, but soil structure
S refers to the arrangement of the particles, especially the finer soil
particles. There are two extremes in soil structure with intermediate
conditions betwcen them. The one extreme is a so-called single-grain
structure of which the best example is, perhaps, a pure sand containing very
little clay and humus. As a result of the relatively high weight of every
sand grain such a soil settles and becomes very compact. Another example
is a loam or a clay soil of which the colloidal particles are in the defloccu-
lated or sol condition. Here also we find that the soil becomes very com-
pact and because the fine particles form such an important part in these
soils, they block the bigger openings or pores in between the larger particles
with the result that the remaining pores are very small (see B in Fig. 6,
p- 84). The disadvantages of these two types of single-grain structure in
agriculture are different and we will discuss them presently.

The other extreme in the arrangement of soil particles is a crumb
structure. In this case groups of the soil colloids are united with other
finer soil particles into small granules, aggregates, or crumbs. The result
is that such a soil has both very small and relatively large openings or
pores. This is the ideal condition for an arable soil. The crumb condition
of soils may be likened to that of freshly baked bread. The dough has
risen well and in the bread there arc hundreds of air spaces. This very
desirable condition of an arable soil is known as good tilth:* ‘soil tilth
has often been defined as something every farmer can recognize, but no
scientist can describe’ (E. W. Russell).

The diagram on p. 84 illustrates these structures.

A sandy soil with little humus naturally has a single-grain structure
or, rather, it is structureless. As we will see later in this chapter its total
pore volume or space in between the particles is relatively small but the
individual pores are relatively large. The disadvantage to agriculture of
this class of structureless soils is that water and plant nutrients pass
through them and leach out of them too easily. The result is that they are
poor soils with a very low water-holding capacity. Applications of large
amounts of organic matter to add humus colloids to the soil, which will
aid to build up a crumb structure, are essential.

If loams or clayey soils tend to have a single-grain structure, rain and
irrigation water do not penetrate readily. The result is that run-off is
relatively high and hence such soils erode easily. Because the soil particles
settle so closely together, individual air spaces—the soil pores—are very
small with the result that excess water cannot percolate through the soil

! Good tilth must not be confused with ‘good heart’. A soil in good heart is one

which, in addition to possessing good tilth, is well supplied with organic matter
and plant nutrients.
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rapidly enough during wet weather. All the soil pores are then filled with
water and the soil contains no air, i.e. 1t 1s waterlogged. Seeds do not
germinate 1n such a soil and the roots of growing and dormant plants,
such as fruit-trees, die because they cannot breathe normally. Beneficial
so1l microbes also cannot function properly in such soils with the result
that thete 1s a deficiency 1n nitrates. Thus we have all the disadvantages
of soils that are too wet including the fact that they puddle when tilled.

F1c 6 (After Stebutt)

A Coarse sandy so1l with single-grain structure.
B == Clayey loam with single-grain structure
¢ = Clayey loam with crumb structure

If such soils dry out to such an extent that plants can grow 1n them, roots
encounter great resistance 1n their downward development because the
so1l 1s so compact. The result 1s that the plants are compelled to have a
shallow root system with all 1ts disadvantages.

Of course, soils can also become waterlogged as a result of an almost
impervious stratum in the subsoil such as a layer of potclay, compact 1ron-
stone, or a hardpan. One should always determine whether the water-
logging is due to an impervious layer or a bad structure. This may be
done by digging holes.

If the heavier types of soils are cultivated when either too dry or too
wet the existing crumbs are partially destroyed. If a clayey soil is ploughed
when too wet 1t puddles; the soil crumbs are compressed and the structure
1s destroyed 1n very much the same way as when a piece of freshly baked
bread 1s pressed together between the fingers. If the soil 1s ploughed when
too dry, hard clods and an unsuitable seedbed are produced and the fine
dust that 1s formed 1s later washed in between the soil particles with the
first rain so that the soil becomes very compact.

The crumb structure at the surface of soils, of which colloids are apt to
be in a deflocculated condition, 1s chiefly destroyed by rain and irrigation
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water. Also cultivated sandy soils that contain a high percentage of fine
sand very often acquire a hard crust on the surface when they dry after
rain or irrigation. It is a common phenomenon that rain-drops and, the
more so, hail falling on a bare soil destroy the exposed soil crumbs purely
by their mechanical pelting effect. Only a vegetal covering or a layer of
trash, straw, manure, or a similar ‘mulch’ can protect the surface soil
layer against such destruction of the crumb structure. Otherwise the
hard crust should be loosened with suitable implements in order to re-
establish a granular soil mulch.

Brak (alkali) soils may acquire a very poor structure, or rather, they may
become structureless if they are heavily irrigated with pure water and
drained afterwards. The reason for this is that the sodium clay defloccu-
lates or changes to the sol condition as soon as the soluble sodium
salts are washed out. However, the clay colloids need not be saturated
with sodium in order to possess this disadvantage. Even soils in which
more than 10-20 per cent. of the cations, absorbed by the clay, consist of
sodium tend to become structureless and compact. Some of our arable
soils belong to this class by nature and others can be brought into this
condition by wrong fertilizing. Chilean saltpetre (sodium nitrate), karoo
manure, and karoo ash are fertilizers that contain a high percentage of
sodium and therefore they should not be applied in large quantities to
soils that are clayey and apt to become very compact.

CR