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Preface

Soil, though of tremendous importance to all men, is little understood
by most, including even those who gain their livelihood directly from it.
Many books have been written about soils, but a new approach to the
subject appeared desirable, and this has been attempted here.

The aim of the authors has been to describe the soil, its constituents,
properties, and actions, in intimate relation to the plants which it pro-
duces, while explaining what renders a soil fertile and a fertile soil pro-
ductive. To follow all the reasoning, a fundamental knowledge of
chemistry and biology is required, but the lay reader may skip the
chemical formulas and other highly technical paragraphs without losing
the thread of understanding. In other words, the scientific details given
may be taken on trust, but they had to be included to leave no doubt
about basic facts and to make it possible for anyone to check up for
himself.

The text endeavors to develop the theme in logical sequence from
the simple to the complex, so that the reader should find understanding
of the entire subject most easy when he starts at the beginning. Parts I,
II, and III, especially, should be read in their proper sequence. The seven
parts of the book have been given the greatest possible independence,
however, because of their varying importance for immediate practical
application. In order to assist those who pick out certain chapters for
separate reading, frequent references are made to other pages where
certain facts have been explained in detail. The nonscientific reader may
familiarize himself with the meaning and application of the terms and
expressions generally used in similar literature by referring to the
glossary.

More efficient crop production and more successful soil conservation
require greater knowledge of soil science. If this book contributes to the
production of better crops and to the easing of food shortages throughout
the world, the authors will feel amply repaid.

H. TEUSCHER
Montreal, P. Q. R. AbLEr
March 1960
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INTRODUCTION

The soil of the earth is “the great provider,” the storehouse of nature,
furnishing, as it does, the sustenance of all plants, animals, and men.

For uncounted geological periods soil has served in this manner, long
even before man appeared on the scene. Vast numbers of plants and ani-
mals—some of giant size—and finally men populated the earth, and the
soil supported them all, entirely without human assistance. Now, espe-
cially during the last few decades, ever-repeated and ever-more-urgent
warnings are heard that the soil is giving out or at least requires more
careful attention, that more food is urgently needed, and that millions
suffer from hunger. What are the reasons for this state of affairs? They
are manifold, and it is erroneous to assume that the present state of
world-wide unrest alone should be blamed. Unrest affects mainly distri-
bution; it is the supply which must be considered. No doubt remains that
in many parts of the world the supply of foodstuffs is reaching danger-
ously narrow and ever-diminishing margins of safe surplus.

That living standards have risen throughout most of the world and
that the simple and nourishing—though often monotonous—foods which
once sufficed are no longer generally acceptable cannot be denied. It is
also true that large quantities of food are wasted in the effort to please
finicky appetites. These, however, are no more than minor contributing
factors to the increasing food shortage.

The most important reason is the enormous and rapidly progressing
increase in world population, amounting to about 500 million additional
food consumers since the beginning of this century. This increase is due
largely to progress in medical science and the resultant improvement in
sanitation. Because of wider knowledge and more intelligent care, through
the employment of almost miraculously effective preventive and curative
medicines, and by means of advanced methods of surgery, untold numbers
of lives are being saved which formerly would have been lost. Infant
mortality as well as the death rate of mothers in childbirth has been
lowered to an astonishing degree, while, at the same time, the life expect-
ancy of adults has been raised considerably. These are great blessings to
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2 INTRODUCTION

mankind, but it is often overlooked that they impose an equally great
obligation. This obligation concerns the soil which has to feed and sustain
the increasing millions of humanity.

What are our soil resources? Of the approximately 37 billion acres of
total land area of the world, some 30 per cent is climatically suited for
food production. Only a variously estimated 10 per cent (or even only
4 per cent, excluding hay fallow) is actually so used. Naturally, the 10
per cent which is now under cultivation includes not only most of the
best-suited but also the most readily accessible areas. It is evident, even
from these merely approximate figures, however, that there is still con-
siderable room for expansion. Through work and knowledge, man may
well be able to refute the various prophets of doom who, of late, have
been loud with proclamations that mankind is headed toward starvation
because of overmultiplication of the human race.

Application of knowledge is needed, for instance, in farming practices
which, even in the agriculturally most highly developed countries, are
still capable of considerable improvement and intensification. A better
understanding and more intelligent treatment of the soil, fearfully abused
in the past, must be the first step.

It is sad, indeed, to contemplate the wide areas of formerly productive
soil in various parts of the world which have been turned into near-deserts
through ruthless exploitation and wrong methods of culture. Untold
millions of tons of invaluable fertile topsoil have been lost in this manner
through water and wind erosion, and other areas have been so impov-
erished that it simply is not worth while to try to raise crops on them.

All of these areas can be, and eventually probably will have to be,
reclaimed, but to accomplish this is slow, tedious, and expensive work. In
the meantime, these areas are temporarily lost to production. How much
better would it have been never to have lost them at all! The question
arises, how can soil be maintained in fertile condition in spite of the fact
that crops are continuously harvested from it?

Under natural conditions a balance is established under which the
soil carries as much—and not more—plant growth as it can nourish. Its
nutrient resources are being maintained at a fairly permanent level
through the gradual return of nearly all of the organic matter into which
the various nutrient elements have been transformed by the growing
plants and animals. If the supply of any of the critical elements becomes
low, the macro- and microflora and fauna adjust themselves in a slow
cyclic change, so that actual exhaustion of the soil does not take place.

When soil is used by man for the growing of crops, a large part of the
organic matter is removed in harvesting, and cultivation of the soil causes
some of the elements to form new chemical combinations in which they
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may no longer be as readily available to plants. This results in the soil
becoming poorer and poorer, the longer it is used. The main reason is
that all of the nutrient elements can be utilized by plants, men, or animals
only in certain strictly circumscribed combinations or compounds, and
that these latter definitely are exhaustible. In cultivated soils they must,
therefore, be continuously replenished, and their natural re-formation in
the soil must be furthered and encouraged through proper soil treatment.

This principle, though it is so frequently sinned against, is by no
means & recent discovery. The Chinese practiced soil conservation, long
before the Christian Era, by adding manure as well as wood ashes and
the composts of plant refuse to the soil of their fields. In ancient Rome
and in other countries of antiquity, the application of animal and human
manure as fertilizer was frequently regulated by law. Homer, in his
famous “Odyssey,” mentions the use of stable manure for agricultural
purposes, and the great historian of antiquity, Xenophon, gives definite
directions as to how stable manure should be mixed with plant refuse in
order to produce a rich and fertile compost.

Though these ancient people did not know the reasons underlying the
effects of natural fertilizers, they had undoubtedly observed that excre-
ments of animals produced greater soil fertility in the spots where they
happened to be dropped. Many ancient scripts make mention of the fact
that manure which accumulated in places where domesticated animals
were penned up for the night was later spread evenly over the fields.

Green manuring (the plowing under of green plants to increase soil
fertility) was likewise well known and widely practiced in various parts
of the world long before the Christian Era.

An important step forward in the understanding of plant nutrition
was initiated by the discoveries of Justus von Liebig, who in 1840 ad-
vanced a new theory based on a large number of analytical investigations
of the ashes of plants from which he determined their mineral contents.
Von Liebig explained and demonstrated that the inorganic elements which
the plants had extracted from the soil could be replaced in the shape of
artificially produced inorganic fertilizers, and that in this manner the
fertility of the soil could be maintained or even increased. In his classical
work “Die Chemie und ihre Anwendung auf Agrikultur und Physiologie”
(“Chemistry and its Application in Agriculture and Physiology”) he
mentions also that stable manure and compost, by themselves, are not
sufficient to restore complete soil fertility. He insists that certain inorganic
compounds which are readily assimilable by plants, in particular certain
ones containing phosphorus and potash, must likewise be incorporated
in the soil. He describes, in the main, the very same procedures which
today are generally accepted and applied, and which consist in the chem-
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ical decomposition of natural and artificial phosphates, through the action
of sulfuric acid, as well as in the application of readily soluble com-
pounds of potash.

Liebig’s ideas were accepted with particular enthusiasm in England,
where such men as Flemming, Proctor, Ryland, Muspratt, and others
established commercial enterprises for the wholesale manufacture of such
“artificial fertilizers” from bone meal and mineral phosphates. Great
advances have been made since then, and the vast extent of the modern
fertilizer industry in all countries is common knowledge.

It may be of interest to trace at least a few of the steps which have
led to the present state of understanding of this matter. In 1842, two
years after the appearance of Liebig’s fundamental work, the English
farmer John Bennet Lawes was awarded his now historically famous
patent No. 9353 for an “artificial fertilizer” which he had invented, and
which he had tested on his farm in combination and in comparison with
various other fertilizers. In cooperation with Sir J. H. Gilbert, Lawes
continued his experiments relating to the maintenance and increase of
soil fertility for nearly half a century. One year before his death he dedi-
cated and deeded the farm, on which all his work had been carried out, to
the services of humanity. The experimental station, which, with the assist-
ance of various scientific institutes was established on this farm, and the
agricultural experiments which have been carried out there now for over a
century, have made the name Rothamsted, a nearby manor at Harpendcn,
Herts, England, known and famous all over the world.

The oldest experimental field in the United States is at Urbana, Illi-
nois, where, in 1876, G. H. Morrow commenced systematic investigation
of the result of soil treatments in relation to crops. He proved that con-
siderable increases in yields could be produced through correct soil
management.

Similar and numerous agricultural experiment stations now exist in
nearly all countries of the world. Usually, they are government main-
tained, which signifies that their great importance for the well-being of
the population is fully recognized. One of their main activities, besides
the breeding and testing of improved plant varieties, is the scientific study
of the soil—its fertility, its productiveness, and the means by which it
may be maintained in the best condition. The results of these investiga-
tions are then made available to the practical farmers and plant growers,
so0 that they may improve their methods.

Many excellent, instructive, and helpful pamphlets, which may be
obtained from these stations on request and without charge, are at the
disposal of all who wish to make use of the information they contain. By
necessity, however, these pamphlets usually are limited in scope, and, in
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most instances, they confine themselves simply to giving directions on
how one must proceed in order to obtain certain well-defined results.

The claim is justified, however, that the farmer and gardener will be
in a much better position to practice what science teaches if he is told
not only how he should proceed but if he understands at the same time
why the variously recommended measures are likely to lead to success.
This remark is not meant to imply a criticism of the above-mentioned
pamphlets, which would become too voluminous and repetitious if detailed
explanations of the underlying reasons were included. Besides, there is a
vast amount of literature on the composition and the proper treatment
of soils contained in voluminous handbooks as well as in numerous scien-
tific journals, and in these the why of the matter is usually set forth very
clearly. Unfortunatcly, the practical farmer and gardener usually does
not have access to these publications and, if he manages to obtain them,
he is likely to find them too technical for easy understanding.

Facts which are only partly understood or misunderstood, however,
are likely to lead to odd notions, fads, and fancies, and frequently result
in practices which may do considerable harm. Such is human nature. The
focus of the most heated discussion is on the choice of the “correct” type
of fertilizer.

One faction considers the application of artificial fertilizers as the
most important requisite for high crop yields, since this offers a ready
means of replacing the nutrients, in particular nitrogen, phosphorus, and
potassium, which have been removed from the soil with the crop. That
this reasoning is correct in principle has been proved beyond doubt
through the doubling and tripling of yields in many countries since the
advent of artificial fertilizers.

The opposing faction considers the application of artificially produced
chemicals to soil not only as unnecessary but even harmful, and it bases
its whole faith on so-called natural fertilizers, such as stable manure,
compost, and green manure. Its shibboleth, frequently preached with
fanatical ardor, is a sort of “return to nature.”

There is no need of going into details here on these opposing claims,
since it will be explained later on in this text where both factions are
right and where they are wrong. It will be shown that high production
can be reached and soil fertility maintained most readily if both natural
and artificial fertilizers are used, with careful control of their proportions
by frequent determination, through analysis, of the soil’s needs. To know
at all times the actual needs of the soil is more than half the battle won.
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1. THE ORIGIN AND FORMATION
OF FERTILE SOIL

That soil is vastly complex, that it is, in fact, the most complex sub-
stance on the face of the earth, is the first truth to be understood in a
study of the soil. This becomes readily evident when one considers how
soil came to be what it is.

Decomposed Rocks

Soil consists, first of all, of decomposed rocks—all the different types
of rock on earth containing all the minerals known to occur on earth.
Decomposition of rock results from the simultaneous action of several
vital forces which can be grouped into mechanical forces—such as action
of water, changes of temperature, and grinding by ice—and chemical
forces, consisting of chemical reactions of one mineral substance with
another. The combined action of these forces causes not only progressive
breakdown but also the formation of completely new substances not
originally present in the rocks. It is in this manner, for instance, through
a series of complex chemical processes, that clay is produced, and it need
not be emphasized that clay is one of the most important components of
a fertile soil. The fact that during this very same series of reactions
such minerals as potassium, manganese, calcium, magnesium, and iron
are freed from the rocks and converted into soluble salts leaves no doubt
about the importance of these forces of decomposition.

Decomposed Organic Matter, Humus

Higher plants cannot as yet live on the above-described purely mineral
mixture, because one vital component is still missing. This is organic
matter, more commonly known as humus, which is required by most of
the important soil microorganisms as a source of energy, besides fulfilling
various other important functions, as described in Chapter 3.

9



10 COMPOSITION AND CONTENTS OF THE SOIL

Derived in the beginning from dead bacteria and algae, humus gave
first water plants and then land plants their chance for a start. Even at
present, algae and bacteria, and after them mosses and lichens, are the
first humus formers in a mineral soil, preparing the way for higher plants.
The terms humus and organic matter, however, cover a vast variety of
substances, derived from the dead and decomposed bodies of all kinds of
animals, as well as from the remains of dead plants, including huge trees,
minute algae, and anything in between. This description indicates that a
soil containing organic matter may include, besides any known type of
mineral, just about any kind of organic compound known to occur on
earth.

Complexity of Soil Mixture

When one now considers the results of volcanic upheavals, which
during the formative period were common all over the earth, covering
vast areas with volcanic ash, as well as the combined action of water,
wind, and ice which over eons of time have ground, shifted, and mixed
all of this soil material, often transporting it for hundreds or even thou-
sands of miles and depositing it wherever chance permitted, one has an
explanation for the great variety of soils, differing in composition and
behavior, which may be encountered in various places. Climatic condi-
tions, often entirely local in effect, contributed still further to differen-
tiation. It is evident that the further development of a soil depends also
on whether it became covered with forest or with prairie grasses for
perhaps thousands of years, whether the water table was high or low, or
whether rainfall was abundant or scanty.

Classification of Soils

As explained in Chapter 16, the great number of different soil types
have been classified and are platted on soil maps, though these latter
can never be more than a preliminary aid for the practical farmer and
gardener. As should be rather clear from the foregoing, different types
can be defined clearly only in large groups, and, the smaller the subdi-
visions become, the less well defined can they be, since these unavoidably
merge into each other.

The fundamental distinction should be made between mineral soils
and organic soils, depending upon the proportion of organic matter which
they contain. A clear and sharp division between these two types, how-
ever, cannot be expected either, and gradual transitions from one type to
the other are generally found wherever soil supports plant growth. In



ORIGIN AND FORMATION OF FERTILE SOIL 11

general, a soil is designated as organic when it contains 20 per cent or
more of organic matter.

A study of soil—what it is and how it acts—must by necessity com-
mence with a survey of individual contents, and, since in evolutionary
sequence the soil minerals had to be present before plants and animals
and, therewith, humus could develop, the mineral soil constituents will
be considered first.



2. THE MINERAL SOIL
CONSTITUENTS

ELEMENTS REQUIRED IN PLANT NUTRITION

Some 64 elements have been identified as being contained in the tissues
of living plants, though the presence of about half of them appears to
be merely incidental; at least, so far, it has not been possible to assign a
useful function to more than 25 or possibly 30 of these elements, as far as
plant life is concerned. This does not necessarily mean that all the others
are definitely and entirely superfluous. The importance of some of those
elements which now are considered to be required nutrients has been only
recently discovered, and it is possible that more will eventually be added
to the list.

Elements of Prime Importance

According to the present state of scientific knowledge, the following
14 elements must be considered as of prime importance, because they are
absorbed by plants in relatively large amounts: carbon, oxygen, hydrogen,
nitrogen, phosphorus, potassium, sulfur, calcium, magnesium, iron, silicon,
aluminum, chlorine, and sodium. Likewise known to be required for
healthy plant development, though absorbed by plants only in very small
amounts, are the following 7 elements: boron, manganese, copper, zinc,
molybdenum, cobalt, and probably vanadium. Very commonly contained
in plant tissues, though usually only as minute traces, are: uranium,
radium, thorium, actinium, iodine, cesium, barium, strontium, lithium,
chromium, nickel, arsenic, fluorine, and selenium.

The following is meant to serve merely as a general survey, pointing
out the nature and significance of the various elements. Their actions in
the soil and the factors which control their availability to plants are
described in Parts III and IV.

Carbon. Carbon is always available in ample amounts, since plants

12



MINERAL SOIL CONSTITUENTS 13

are endowed with the ability to assimilate through their leaves the carbon
dioxide of the air. As is explained later (see photosynthesis, page 100),
the plant leaves use only the carbon fraction of the carbon dioxide, and
the freed oxygen is returned to the air. The properties and actions of
carbon are detailed in Chapter 24.

Oxygen. Most of the oxygen which is utilized by plants enters by
way of the roots in the soil water, though a certain amount is taken also
from the air.

Hydrogen. Hydrogen, which, like carbon, is required in photosynthesis
to produce carbohydrates (especially sugar and starch), is acquired by
the plants directly from the soil water (H,0) which, as the formula
shows, is a compound of oxygen and hydrogen.

Nitrogen, Phosphorus, and Potassium. Nitrogen, phosphorus, and
potassium occupy a rather unique position as far as soil fertility is con-
cerned. These are the “big three”” of plant nutrition, or, as they also have
been designated, “the trio NPK” (derived from their chemical symbols).
Since natural production of the soluble compounds—the only form in
which these elements are available to plants—proceeds in the soil rather
slowly, and since growing plants absorb them in comparatively large
amounts, they are highly exhaustible. Their annual removal with the
harvested crops is, therefore, a matter of much more serious concern than
is true of most other elements. In fact, when nitrogen, phosphorus, and
potassium are not replaced regularly through the application of fertilizers,
either artificial or natural, a lack of these indispensable elements will
show itself sooner or later in the growth of the plants/ For this reason
these critical elements are treated in considerable detail in later chapters.
(See Chapters 18, 19, and 20 and Part V.)

Sulfur. Sulfur, which appears to be involved in the nitrogen metabo-
lism of plants, has long been known to be essential for healthy plant
development. Most soils contain it in sufficient amounts, and, in addition,
it is a component of many commonly employed fertilizers which serve
to replenish the supply. In certain regions, however, for instance on the
Atlantic and Gulf coasts of North America as well as on the coasts of
northern Europe, soils deficient in sulfur do exist; application of sulfur
under such conditions has produced marked increases in crop yields.
From numerous investigations it appears that sulfur serves mainly as an
agent in making other nutrients more readily assimilable, though it also
seems to have a direct effect on plant metabolism, exerting an influence
on the type of carbohydrates and proteins which are formed. Since this
element, furthermore, has a pronouncedly favorable influence on the
healthy development of nitrogen-fixing bacteria—as well as of other soil
microorganisms—it is not surprising that sulfur applications are fre-
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quently found to be very beneficial in the culture of various legumes,
such as alfalfa. That overabundance of sulfur—which may develop when
sulfur is applied repeatedly to an already somewhat acid soil—may have
toxic effects must not be overlooked. General application of sulfur as
fertilizer, without previous soil analysis, is not advisable. (For further
details, see Chapter 22.)

Calcium. Calcium is of considerable importance in plant nutrition and
is a required nutrient. Since its availability depends upon many other
factors, however, which are discussed in Chapter 31, and since liming
procedures and liming effects are explained in Part VII, no further details
need be given here.

Magnesium. Magnesium has long been known to be indispensable for
the development of the green coloring matter of the leaves (chlorophyll),
but its actual role in this complex process has been revealed only recently.
Evidently, magnesium is prominently involved in the production of
adenosine triphosphate (see photosynthesis, page 102) as well as of other
polyphosphates which are essential for many enzymatic syntheses within
the plant. (See enzymes, page 79.) In nature, magnesium is nearly
always associated with calcium, and, for this reason, is commonly present
in soils. It is added incidentally when lime is applied in the form of
powdered limestone (especially dolomitic limestone, sometimes called
horticultural limestone). Deficiency, however, is by no means as rare as
might be expected. Especially in very sandy soils, and in particular in the
culture of tobacco, potatoes, and other plants with ample leaf develop-
ment, a lack of magnesium has been observed quite frequently. Such a
deficiency is revealed by a yellow discoloration of the leaves, caused by
a lack of chlorophyll and termed chlorosis. The minimum soil level of
magnesium content, below which deficiency symptoms are likely to
appear, is 25 lb/acre. A magnesium level of approximately 100 Ib/acre is
considered to be most generally favorable. Experiments carried out in
various parts of North America, as well as elsewhere, with many different
types of soil have shown that many other kinds of crop plants, besides
the two mentioned above, are measurably benefited by application of
readily available magnesium. (See page 317.)

Iron. The importance of iron for plant nutrition is thoroughly estab-
lished, but it is not as commonly recognized by the practical farmer and
gardener as it deserves to be. Most soils contain sufficient amounts of this
element, but in cultivated soils it is easily converted into unavailable
forms or is leached away. In addition, physiological interference by other
elements, especially calcium, may prevent plants from moving sufficient
amounts of iron to their leaves, so that iron-deficiency symptoms appear

1 Ingraham, L. L. and Green, D. E., Science, 128, 310 (1958).
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in spite of the fact that sufficient iron in available form is present in the
soil. The conversion of iron from one form to another and its interaction
with other elements, which has a vital influence on plant growth in gen-
eral, are treated in considerable detail in Chapter 23. (See also page 318.)

Silicon. Silicon is contained in the stems or leaves of all plants as well
as in the husks or shells of fruits. In the grasses, such as the cereals or
sugar cane, and others, it supplies structural strength. It has been sug-
gested that silicic acid in colloidal form facilitates, in some as yet unex-
plained manner, the assimilation of other elements by plants. Though
this is well within the range of possibility, no definite proof of such action
has so far been obtained. Since silicon is one of the most common and
most abundant of all elements, however, forming, as it does, the chief
constituent of the earth’s crust, it is always present in ample amounts,
and its addition to the soil for fertilizer purposes need not be considered.

Aluminum. Aluminum is a component of all types of clay (argillaceous
earth), and is almost omnipresent in all soils. Though this element has
been found quite generally in all plant ashes, being present in fairly large
amounts especially in green leaves and in flowers, it is not certain, as yet,
whether aluminum actually is required as a plant nutrient. That still
more is to be learned about the importance of aluminum is indicated by a
report which tends to show that the presence of aluminum in nontoxic
quantities contributed measurably to the healthy development of orange
and other citrus trees. Otherwise, little is known about this element except
that it appears to influence the flower color of certain plants, of which
the hydrangea (“four season”) is best known. A surplus of available
aluminum in the soil is harmful to plants and may cause serious damage.
Active aluminum frequently is the main detrimental factor in crop pro-
duction on acid soils. This fact should be borne in mind, especially when
aluminum sulfate is added to soil in order to increase its acidity. (See
pages 234 and 416.)

Chlorine. Chlorine, present in nearly all soils in the form of chlorides,
shows much similarity to sulfur in its effect on plant life. In the first
place, it is equally common in its distribution, and soil is rarely deficient
in it. Chlorine also is precipitated from the air by rain and snow and is
contained as chloride in various fertilizers. Its role in plant nutrition is
not perfectly clear, but it appears to have an influence similar to that of
sulfur, i.e., assisting in the absorption of other important elements, pro-
vided that it is not present in large, and therefore toxic, amounts. Experi-
ments tend to show, furthermore, that chlorides exert a favorable influence
on the water economy of plants.dt has been found that during dry seasons
chloride fertilizers give results superior to sulfate fertilizers, whereas the
latter were more effective when the precipitation rate was high. It also
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appears that there is a definite linkage between the assimilation of
chloride and nitrogen. Systematic experimentation® established that
chloride fertilizers affect the protein metabolism of plants favorably in
the presence of nitrate (NO,) and unfavorably in the presence of am-
monia (NH,). This interaction is so pronounced and reliable that appli-
cation of nitrate can be recommended as a remedy for chloride injury.
Soil deficiency in chlorides is so rare that it is of little importance.

Sodium. Sodium is very much misunderstood and is frequently even
considered to be generally toxic to plants. Actually, it becomes toxic only
in fairly high concentrations, and small amounts have a distinctly bene-
ficial effect on many crops. Responses to the application of sodium
chloride (NaCl, common salt), however, are better with good drainage
than with poor and in a wet season than a dry one. Investigation and
experimentation® have shown that crops may be divided into four cate-
gories of sodium (Na) response:

(1) Little or none, even with insufficient potassium supply: cucumber,
lettuce, onion, parsley, peppermint, spearmint, spinach, squash, straw-
berry.

(2) Slight to medium, even with insufficient potassium supply : aspar-
agus, broccoli, sprouts, carrot, chicory, horse-radish, tomato.

(3) Slight to medium, even with ample potassium supply: cabbage,
celeriac, kale, kohlrabi, pea, radish, rape.

(4) Large response, even with ample potassium supply: celery, Swiss
chard, mangles, beets, turnips.

It appears that in those crops which were found most responsive to
sodium, the latter assists in the function of potassium—not merely replac-
ing it—and the sodium seems to be quite as much of a required nutrient
as potassium.

Greenhouse experiments with cotton,* on the other hand, have shown
rather clearly that, with this crop at least, sodium was able to replace
potassium. The application of sodium chloride to sand cultures of cotton
increased growth by an average of 53 per cent, as long as potassium was
absent. The beneficial influence of the sodium remained noticeable only
as long as the potassium (K;O) content of the sand was less than 300
Ib/acre and that of soil less than 72 1b/acre. The inference is that sodium
is likely to act in a similar manner also with various other plants.

At any rate, it is certain that sodium cannot simply be considered as

2 Buchner, A., Z. Pflanzenernihr. Diing. u. Bodenk., 55, 124 (1951); 57, 1 (1952).

3 Harmer, P. M., and Benne, E. J., J. Am. Soc. Agron., 33, 952 (1941); Soil Sci.,
60, 137 (1945); 76, 1 (1953).

+Holt, M. E,, and Volk, N.J., J. Am. Soc. Agron., 37, 821 (1945).
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an undesirable soil constituent, except when it is present in such large
amounts that it creates high alkalinity and interferes with the availability
of other elements. That sodium is a very common constituent of plant
ash suggests that this element fulfills a useful function in plant life. Un-
fortunately, it is still not possible to define clearly in each instance what
this function is, since it appears to vary. Sodium should be applied only
when soil analysis shows a definite lack and when the crop plant to be
raised is known to be benefited by sodium.

Trace Elements

The seven elements which are to be discussed next are the most im-
portant ones of the so-called trace, minor, or rare elements. All—though
now definitely known to be required by plants—are usually present in
the soil as well as in the plants only in very small amounts, or traces,
hence their designation. Actually, their importance is entirely out of pro-
portion to the minute quantities which satisfy the needs of plants, and to
overlook them is a grave error which may lead to damage or loss.

Boron. Boron, of which a great deal has been heard of late, occupies
a rather singular position in plant life. On the one hand, it is indispens-
able in plant nutrition; on the other, it is never required in large amounts.
Even a small surplus of this element in the soil may cause serious
damage. This fact renders the correction of boron deficiency rather diffi-
cult. In at least one case, where an attempt was made to do so, the appli-
cation of the small amount of 50 Ib of borax/acre resulted in the death
of potatoes and tobacco.

On the other hand, the same amount of borax per acre applied to an
apple orchard, suffering from the deficiency disease called internal cork
of apples, had extremely favorable results and produced complete control
for over 3 years. Deficiency in boron causes various other symptoms,
such as stem cracking of celery, heart rot or dry rot of beets and turnips,
stunting and malformation of cauliflower heads, and partial breakdown
of the leaf tissue of tobacco with resultant curling and distortion of the
leaves. Certain crops, such as cucumbers, beans, and strawberries, are
very sensitive to a slight overdose of boron and are easily injured,
whereas beets, caulifiowers, and turnips are quite tolerant and are not
injured by relatively heavy applications. Most other crops are inter-
mediate between these extremes. The physical condition of the soil, the
acidity, and the content of organic matter, as well as other factors, have
a decisive influence on the toxic or nontoxic effect of a given boron con-
centration. Great caution, therefore, is advisable in the use of boron. (See
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page 320.) Fortunately, experiments have shown that boron toxicity,
caused by overapplication, disappears from most soils after a period of
2 months.

Boron plays an important role in cell division and appears to be di-
rectly involved in various metabolic processes such as protein synthesis
and carbohydrate metabolism.

Manganese. Manganese, which, according to recent findings, plays an
important role in the synthesis of proteins within the plant and may
have other functions as well, is unquestionably essential to plant growth.
Most soils contain it in sufficient amounts, though it is likely to leach
away from acid soils and to become available with more or less difficulty
in alkaline soils. Physiological deficiency may occur in the same manner
as with iron in the presence of surplus calcium and can be corrected
through application of ammonium sulfate. (See page 246.) True man-
ganese deficiency has been observed, especially in sandy soils, on to-
bacco, tomatoes, and soybeans, resulting in chlorosis (yellowing and
spotting of the upper leaves). Organic soils, such as those used for celery
culture, are quite frequently deficient in manganese, and under such con-
ditions manganese deficiency may cause a decrcase in yield without the
appearance of deficiency symptoms. Unfortunately, as is the case with
boron, a surplus of freely available manganese in the soil may likewise
cause serious injury, and warning must be given never to apply man-
ganese to the soil without previous careful analysis. Special caution must
be practiced when applying manganese to a truly acid soil, because this
element is highly soluble at low pH levels, and even a slight surplus may
cause damage. (See page 318 for manganese application in case of
deficiency.)

Copper. Copper compares with manganese and boron in that it is
present in nearly all soils (in amounts between 1 and 100 ppm) and is
contained in the ashes of most plants. It has been found in comparatively
large amounts particularly in seeds, and carefully controlled experiments
have shown that, without small amounts of copper, many plants actually
are unable to produce seeds. Copper deficiency of pasture plants has
been observed to result in lowered elasticity of the wool of sheep. Ab-
normalities in plant growth, for which copper deficiency was blamed,
have been observed in particular on peat or muck soils, though deficiency
appears to be not uncommon also in acid sandy soils. It has been reported
that the application of 25 lb/acre of copper sulfate produced a definite
improvement in the development of lettuce and various other plants
which were being raised on peat soils in Florida and New York. The
addition of copper to the average mineral soil is advisable or advan-
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tageous only under very special conditions and should be carried out
only when analysis points to a definite deficiency. (See page 321.)

Zinc. Zinc is a very common component of plant tissue (in amounts
varying from 1 to 50 ppm), and the fact is pretty well established that
the presence and availability of this element is an important requirement
for the satisfactory development of grain crops, beans, buckwheat, and
other plants. Unfortunately, the correction of zinc deficiency is as diffi-
cult as is that of boron and manganese, since, like the other two, zinc
is extremely toxic even in a very small overdose.

Careful experiments have shown that zinc appears to be required by
plants for the maintenance of certain growth substances (auxins) and
is involved in protein synthesis. Its lack results in various growth ab-
normalities. Zinc deficiency has been studied in particular on fruit trees
such as apples, peach, cherry, pecan, and grapes, where it causes the so-
called little leaf or rosette disease. On grapefruit and other citrus as well
as on avocado, it causes mottle-leaf. Zinc sulfate-lime sprays, applied
either to the leaves or to the soil, have been found to be most effective
in correcting such a deficiency without causing injury. Dormant sprays
of zinc sulfate are employed also. (See also page 321.)

Molybdenum. Various investigations® have supplied proof that mo-
lybdenum has a decisive influence on the efficiency with which plants
absorb and utilize other elements, most of all nitrogen but possibly also
iron and phosphorus. There is convincing evidence that molybdenum acts
as a catalyst in the nitrogen fixation of the nodule bacteria of legumes
as well as of free-living nitrogen-fixing bacteria, and that it plays an
equally important role in the nitrogen assimilation of all higher plants.
It appears that molybdenum is essential for the production of certain
enzymes involved in the reduction of nitrate to ammonia within the plant.
The formation of glutamine, one of the steps in protein production, also
requires molybdenum.

It was further found that application of more than 14 lb/acre of
molybdenum trioxide (MoQOs) to soils with a pH below 6, or more than
14 1b/acre to soils with a pH above 6, is likely to raise the molybdenum
content of hay to a point where it becomes toxic to cattle (10 ppm mo-
lybdenum content of dry plant material is sufficient to cause trouble).
Ingestion of such hay by cattle causes tart disease, the main symptom
of which is extreme diarrhea. In experiments carried out in Australia,
where molybdenum deficiency was observed, application of 14 to 1 0z/

5 Mulder, E. G., “Plant and Soil,” I, p. 94 (1948); Evans, H. J., Ph.D. thesis,

New Brunswick, N.J., Rutgers University (1950). Also Nicholas, D. J. D., and Nason,
A., J. Biol. Chem., 207, 353 (1954).
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acre of molybdenum trioxide gave beneficial results with legumes, espe-
cially clover. Applied to the soil in the form of a spray, 1% lb/acre of
sodium molybdate (Na;MoO,-2H,0) has also been found effective in
correcting molybdenum deficiency.

The whiptail disease of caulifiower is believed to be a symptom of
molybdenum deficiency.

Cobalt. Cobalt is readily absorbed by plants, and it was discovered
in New Zealand that a serious cobalt-deficiency disease (bush sickness)
of sheep could be completely controlled—with restoration of perfect
health to the animals—through top-dressing of the pastures with 2 lb/
acre of cobalt chloride together with superphosphate, or, better still, with
200 Ib/acre of cobaltized superphosphate (equivalent to 16 oz of cobal-
tous sulfate). The beneficial effect of such an application persisted for
3 to 6 years. Similar symptoms of cobalt deficiency of cattle have been
observed in the New England States as well as in Canada.

Recent investigations suggest that cobalt is much more of an essential
element than was formerly believed. It is now known to be required for
the formation of vitamin B,,, which contains 1 atom of cobalt in each of
its molecules and which has been termed “one of the most powerful
factors in the health of all living things” (including plants). This vita-
min appears to be intimately involved in the processes of sexual repro-
duction, and has come into medical prominence as being effective in the
treatment of pernicious anemia of humans. (See also page 40.) In view
of these facts, it can be expected that the cobalt nutrition of plants will
receive increasing attention in the future.

Vanadium. Vanadium, though nearly always present in the soil as
well as in the ashes of plants, has not as yet been connected with any
specific function as far as the growth of plants is concerned. There are
indications that this element plays a possibly important role in the life
cycle of nitrogen-fixing bacteria, and it is very likely to be prominently
involved in certain synthetic processes within the living plant. In spite
of this uncertainty, vanadium has been included here because the
chances are considerable that its influence is of significance equal to that
of the other trace elements. The fact that this element appears to be
present everywhere, and is always absorbed by plants only in minute
traces, renders exact observation extremely difficult.

Uranium, Radium, Thorium, and Actinium. Uranium, radium, tho-
rium, and actinium are likewise nearly always present in the soil and are
absorbed by plants in very small amounts. Experiments carried out in
Europe tend to indicate that radioactive elements are required by plants.
(See page 44 for influence exerted.) It has been estimated that the
radium content of the average topsoil—though it is so low that it is very
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difficult to measure—exceeds the needs of plants for optimal growth
about 3,000 times.

Other Trace Elements. The actual importance, if any, of iodine,
cesium, barium, strontium, lithium, titanium, nickel, and chromium is
still rather uncertain. Iodine has been reported to stimulate growth in
plants when applied as potassium iodide in a highly diluted overhead
spray. Cesium, barium, strontium, lithium, and titanium may be active
in certain physiological processes connected with the transport of other
elements within the plant. Nickel is suspected of being involved in the
synthesis of certain vitamins (vitamin P, for instance). Of chromium it
has been reported that, in sand and water cultures, very small amounts
of chromium salts produced a slight stimulation. Larger amounts of
chromium proved to be toxic, and natural chromium toxicity has been
observed, for instance, in certain soils of South Africa. Though most
plants contain traces of these last-named eight elements in their tissues,
the salts of most of them—even when applied in very small amounts—
are quite toxic to plants.

Application of Trace Elements. Occasionally, the suggestion is made
that the trace elements be added to the soil in the form of salts, and
preparations of this type are sometimes offered under special trade
names. Such a procedure is not advisable and actually is fraught with
danger, since applications should be made only if one is sure that a de-
ficiency exists, and amounts must then be very carefully controlled.
That even a slight overdosage, or a local overconcentration, is likely to
cause damage has been pointed out in the cases of boron, manganese,
and zinc, as well as with several of the other trace elements. The best
procedure to assure availability of trace elements will probably always
be proper soil management, since in most instances the deficiency of
trace elements is the result of wrong soil treatment. (See page 319 for
fritted trace elements.)

FERTILIZERS. The fact that so little is known about the trace elements
has caused them to be regarded by many in the light of a mystery, which
has resulted in some rather strange notions. One of these is the fre-
quently repeated claim that the use of “artificially” produced fertilizers,
which are designated as consisting of “chemically pure” salts, would
cause a deficiency of trace elements. This claim is easy to refute, since
many of these maligned fertilizers, such as superphosphate, sodium ni-
trate, calcium nitrate, potassium nitrate, and others, have their origin in
naturally formed mineral rock and, for this reason, do contain the trace
elements. In other words, they simply are not chemically pure salts.

There are only comparatively few fertilizer salts—such, for instance,
as the completely artificially produced ammonium sulfate or ammonium
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nitrate—which do not contain admixtures of trace elements, but these
are rarely used persistently by themselves. Greater use of synthetic fer-
tilizer salts, which will almost certainly become necessary in future, how-
ever, will increase the need of minor-element addition. ’

Manure or Compost. The advice to incorporate stable manure, com-
post, and other organic fertilizers in the soil, because these materials
contain the trace elements, is perfectly sound. What should, however, be
considered by those who advocate the exclusive use of organic fertilizers,
and what usually is completely overlooked, is the fact that compost con-
sisting of plant matter derived from a deficient soil is, by necessity, like-
wise deficient. So is the manure of animals fed on plants which were
raised on deficient soil. In other words, locally produced compost or
manure will serve to replace, at least in part, the elements which were
taken out of the soil, but, except when feed for the animals is imported
from elsewhere or when refuse from vegetables not raised locally is added
to the compost pile, they cannot serve to add trace elements which were
missing originally. The combined use of both organic and inorganic fer-
tilizers will always remain the safest procedure.

POISONOUS ELEMENTS

Certain elements which are harmful to man, animals, or plants, such
as arsenic, selenium, and fluorine, are also quite commonly present in the
soil and are absorbed by most plants, The average amounts presént or
absorbed are so small that generally they can do no harm, but, in certain
regions of the earth, one or another of these three poisonous elements is
contained in the soil in amounts larger than can be considered safe.

Arsenic. Arsenic is contained in most soils but is generally absorbed
by plants only in very small amounts, varying from 0.1 to 10 ppm, de-
pending on plant variety and so1l condition. No cases are known where
plants have absorbed sufficient arsenic to be harmful to man or to ani-
mals, and this danger actually does not appear to exist. Injury, however,
may be caused to the plants. Since plants absorb only limited amounts
of arsenic even when plenty of it is present, it is evident that the injury
must be indirect, and evidence is accumulating that large amounts of
arsenic in the soil interfere in some manner or other with the availability
of zinc. It has been observed that the annual spraying of orchards with
arsenate of lead produced a rather considerable accumulation of arsenic
in the soil, and that, when such an orchard was removed and the area
was plowed for the culture of other crops, the soil proved unproductive
(alfalfa especially, but also most cereals, showed retardation of growth
or stunting) unless small amounts of zinc sulfate were applied.
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On the other hand, it has been reported that certain crops, such as
asparagus, potatoes, carrots, and tobacco, are tolerant of fairly hi@.
arsenic soil content; FIVing good results in spite of it. This would suggest
that these plants are able to overcome the interference of arsenic with

their zme supply.

It appears, gurthermore, that the composition and texture of the soil
have a considerable influence on what concentration of arsenic may cause
plant injury or may be tolerated. It was found that harmful effects from
arsenic resulted much more readily in sandy soils than in clayey soxls

The suggestion has been made to apply ferrous sulfate to alkaline
soils or to lime acid soils in order to reduce the solubility of arsenates
and therewith the injurious effects they are likely to produce. Such pro-
cedures cannot be generally recommended, however, since their effect
depends upon a complexity of factors which are very difficult to assay.

Curiously enough, experiments have shown that low concentrations of
arsenic (applied as calcium arsenate) are beneficial to plants, producing
noticeable stimulation of growth which is believed to result from some
sort of catalytic action.

In general, it appears that accumulation of arsenic in the soil is not
as serious a danger as it is sometimes believed to be, though the avail-
ability of zinc will have to be watched.

Selenium

Considerable interest has been aroused by the fact that fairly large
amounts of selenium are found in the soil in certain regions, and that the
long-known_alkali disease of horses_a: “and steors actually 1s a selemum

sttt

oisoning. Fortunately, such soils are comparatively rare and oceur only
In regions with low annual rainfall, though selenium is present in small
aMounts 0 §oils over very large areas. An interesting feature of this
problem is that not all plants readily absorb selenium in toxic quanti-
ties. Those which absorb it in largest. amounts require it for healthy
development and _grow_only in regw}:r(Mment_xg present
These_latter .plants—-—over 30 have been recognized—can therefore be
used &s indicator plants which Teyeal the presence of i selenium, Tt ha:
furthermore been found that these same plants serve as converters anc
play an important role in the production of toxic concentrations of sele-
nium compounds in crop and forage plants.® W@
selenium compounds not a_!gg_lg.ble to other species and, in decaying intc
humus, leaves the selentum in a form Which Is readily taken up by othe
plants. Certain legumes, especially certain species of Astragalus, are mosi

€ Moxon, A. L., Olson, O. E., and Searight, W. V., S. Dakota State Coll. Agr
Ezpt. Sta. Tech. Bull. No. £ (lQ@O),and others.
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notorious for acting in this manner and must, therefore, be considered as
highly dangerous and undesirable weeds on seleniferous soils.

The danger of human poisoning through the consumption of flour
from grain grown on seleniferous soil is quite negligible, since selenium
soils are always local, and flour mills usually process vast amounts of
grain originating from various regions, thereby producing a thorough
and safe mixture. Cases of human selenium poisoning have been reported
from Mexico where vegetables were consumed which had been raised
on highly seleniferous soil, while the local water supply, at the same
time, had an unusually high selenium content.

Fluorine

The fluorine content of soils varies widely, from traces to as much as
7,000 ppm. A soil content from 100 to 200 ppm of fluorine is quite
common. Altholgh this may seem rather alarming, since fluorine in itself
1smonous, no actual danger appears to exist. This is because land
plants always contain only very minute amounts of fluorine, and these
amounts remain quite constant regardless of the fluorine content of the
soil. No harmful effects on man or animals have so far been reported,
even when plants which had been raised on soils with known high fluorine
content were used for food.”

The fluorine content of phosphates appears to be without significance,
except that phosphorus availability decreases in proportion to increasing
fluorine content. (See page 206.)

7W. O. Robinson and Glen Edgington report [Soil Sct., 61, 341 (1946)1 the flu-
orine content of plants raised on soil containing 137 ppm near the surface and 172
ppm in the subsurface as follows: alfalfa, 2.1 ppm; cabbage, 34 ppm; lettuce, 11.3
ppm; and spinach, 28.3 ppm.




3. THE ORGANIC CONTENTS
OF THE SOIL

MAIN GROUPS OF ORGANIC SUBSTANCES

Organic matter, often called humus, is one of the most important con-
stituents of living soil, as far as plant growth is concerned. For practical
purposes as well as for a clear evaluation of the relative availability of
humus, it is necessary and important to distinguish between two main
groups of soil organic substances which differ vitally from each other in
biological and physiological properties.

The total amount of organic matter contained in a given soil consists
of: (1) rescrve organic matter, viz., that part which is still undecomposed
or is in process of decomposition and which, through continued chemical
and biological influences, gradually changes into humus; and (2) humus,
viz., that part which is fully decomposed to the colloidal state and which
thercfore is able to fulfill the important functions outlined on pages 27
and 178.

To know at all times in what proportion reserve organic matter and
humus are contained in his soil is of vital importance for the practical
farmer and gardener, since, without this knowledge, he cannot properly
gauge the condition of his soil, on which present and future productive-
ness depend. The reserve organic matter is determined by establishing
the amounts of total organic matter as well as of humus and by sub-
tracting the latter from the former.

GENERAL PROPERTIES OF HUMUS

The many excellent qualities of humus materials are described below;
it is well to remember that in open field culture—the only type of plant
culture which really matters in the world’s food produetion—humus is
well nigh indispensable.

25
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Significant, however, is the fact that the level to which the organic
content of soil can be raised by adding compost or manure, or both, does
not depend upon the amount added but is governed by climatic condi-
tions. The mean temperature is the main deciding factor in establishing
a humus-content level through its influence on the speed of the break-
down of organic matter. Soil nitrogen level also has an important in-
fluence.

Use of Inorganic Fertilizers to Increase Humus Content

It is frequently stated that inorganic fertilizer alone cannot maintain
the soil in permanently healthy condition and may, in fact, ruin it if the
humus content of the soil is not maintained at a reasonably high level.
This statement is quite true in itself but contains the danger of possible
misinterpretation. The unintelligent use of artificial fertilizers, without
previous soil testing, can indeed reduce the productivity of a soil, espe-
cially if only one type of fertilizer is chosen and is used too freely or
repeatedly. On the other hand, it has been proved that artificial fertilizer
alone, if used correctly—which means based on soil tests and in such a
manner as to establish a proper nutrient balance—actually raises the
humus content of the soil. The more vigorous development of the plants
and the farther spread of their roots result in larger amounts of plant
residues—dead organic matter which turns into humus—being left in the
soil after the crop is removed. Over a 15-year test period, during which
a number of different types of crops received only mineral fertilizer every
year and no organic fertilizer, the humus content of the soil increased
by over 40 per cent (West Virginia Agricultural Experiment Station).

This example shows that so-called artificial fertilizers need not ruin
a soil. If used intelligently, they can even bring about a steady improve-
ment. The emphasis placed on the increase in humus content of the soil
shows, however, that much more is at stake than merely the supplying
of freely available nutrients.

Living soil is an immensely complex matter which, for proper treat-
ment, must be understood in all its aspects. To focus attention on one
point only and to argue for or against mineral fertilizers or organic fer-
tilizers is futile. Both are of indisputable value and importance, and, for
soil improvement and the maintenance of soil fertility, the two must be
brought into proper relation with each other.

Values of Humus

The qualities of humus which are of greatest interest and value for
the practical farmer and gardener must be considered first. The subse-
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quent discussion of the chemical constituents of organic matter will then
be much easier to follow.

One of the most valuable qualities of humus is its ability to absorb
and retain water, thus holding it in reserve and preventing it from being
lost in percolation or through surface runoff. At the same time, humus
acts as a sort of filter, retaining a large part of the nutrient salts dis-
solved in the soil solution, even after the water has disappeared, and
releasing the nutrients again slowly when water is added. Its colloidal
character (page 29) gives it cohesive power, which means that it is
able to hold soil particles together. In this manner it serves to render
light sandy soils more retentive of water and nutrients, whereas in heavy
clay soils it increases the pore spaces by tying the very small soil par-
ticles together into groups. (See Chapter 11.) Increased pore space means
better aeration and improved drainage. This two-way action in different
soil types is as curious as it is important, though it is readily understand-
able that the incorporation of raw fibrous organic matter will result in
the loosening up of heavy soils.

The dark color of humus also is of value to plant growth. Black
absorbs and retains heat, whereas white reflects it and remains cool. The
dark humus, therefore, serves to render heavy, cold soils warmer, and
tends to equalize the often sudden and very undesirable fluctuations of
temperature in light soils.

CHEMICAL CONSTITUTION OF SOIL ORGANIC MATTER AND HUMUS

From the chemical viewpoint, soil organic matter consists of unde-
composed, decomposing, and decomposed organic matter, though newly
formed organic compounds are included in the end product.

As is apparent fro