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PREFACE

To TtHE author’s knowledge, a textbook on soil science
tailored to fit the needs of agricultural students in the Indo-
Pakistan subcontinent has not been available previously. Since
so many people in the subcontinent are associated closely with
agriculture, there can be little question as to the importance
of this subject and the need for its being understood widely.
It is hoped that this text will contribute to this end.

For the most part the material presented hercin is of a
fundamental nature and generally of universal application.
Where possible, factual information of local origin has been
used to illustrate and amplify basic points discussed, however.
It is believed that this practical approach will make this book
appreciably more¢ understandable and valuable to the student.

The degree to which various phases of the text material
have been emphasized derives principally from the author’s
personal evaluation of needs in the Asian subcontinent. It is
probable that this evaluation is somewhat biased due to inade-
quate familiarity with agricultural and educational facilities
throughout the subcontinent. The organization of the text
material represents an effort to treat the various individual
soil attributes separately and in an undetached manner. How-
ever, this approach can never be more than only partially
successful, for most soil properties are highly interrelated.
This fact becomes most obvious in the last two chapters on soil
development and classification, where general characteristics
of soils are shown to reflect the combined influence of various
individual and identifiable properties.

A majority of the textbooks on soil scicnce contain sections
devoted specifically to the subject matter areas of soil conserva-
tion and soil management. Such trcatments are largely of a
practical nature in that they generally discuss the application
of basic soil principles to the solution of problems in conserva-
tion and management, No such sections appear in this text.
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Instead, reference to these fields is made [requently in
connection with other related subjects.  This is not done as an
atternpt to de-emphasize these two very important aspects of
soil science, but to avoid repetition and to allow a more compre-
hensive treatment of fundamental concepts. Because of their
practical nature, discussions of conservation and management
could be treated most logically by onc with broad experience
in agriculture as it is practised in the subcontinent.

As is essential in the study of any science, the memorization
of some terminology and factual information will be found
necessary.  The knowledge gained by this procedure will be
uscless, however, unless the significance and application of the
facts are understood. This can be accomplished neither in a
short span of time nor merely by committing subject matter to
memory. With this thought in mind, discussions provided in
the text have been developed in a manner considered adequate
for a reasonable level of understanding without extensive
supplemental tutoring. However, completc comprehension
will still depend on the willingness of the instructor to assist
and cncourage the student in a sincere effort to learn.  But the
student’s background is equally important, and an under-
standing of the material presented will not be possible unless
he is alrcady familiar with the more important principles of
inorganic chemistry and with simple algebraic manipulations,

References to the literature occur periodically throughout
the text, but they have been kept to a minimum intentionally.
Those included have been selected to serve as a guide to students
interested in pursuing further some of the points covered in the
text in a somewhat cursory manncr.  The individual literaturce
citations are by the author and the date of publication of the
work to which reference is made. A separate listing of the
specific papers will be found starting with page 412.  Supple-
mental listings of references occur also at the end of the various
chapters. These are intended solely to provide additionat
reading matter where a more thorough understanding of the
subject material is desired,

Development and publication of this volume has spanned
a six-year period. This is sufficicnt time in our rapidly
changing world for many new discoveries to have been made
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and various concepts changed. Indeed, the author is keenly
aware that some information imparted in the following pages
is now no longer in vogue. The well-informed instructor will
recognize such instances and address his classes accordingly.

Perhaps more time than is justifiable has been spent in an
attempt to make the text material readable and editorially
correct, Errors undoubtedly remain, however, Their
presence can be largely attributed to impatience and weariness
on the part of the author who accepts full responsibility for
them.

R. L. HauseNBUILLER

Washington State University,
Pullman, Washington,
May, 1963,
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CHAPTER 6NE
THE GENERAL NATURE OF SOIL

In A worLD of rapidly increasing population, the importance
of maintaining a supply of food equal to or in excess of the
demand places greater and greater emphasis on the need for
carcful exploitation of soil resources, Modern civilization is
awakening to the fact that the ancient methods of farming are
no longer adequate for supplying even the minimum require-
ments of foodstuffs, Combating the problem requires efficient
use of the land not only to acquire abundant yields through
proper cultural management but, also, to preserve the soil
against deterioration in place or loss by erosion. To accom-
plish this requires a thorough understanding of the properties
of soil and their relation to its utihzation and preservation.
Thus a great responsibility is placed in the hands of the soil
scientist. He must work continually not only to learn how
to utilize the soil better but to conceive means of passing his
knowledge on to the cultivator. No amount of scientific
information will increase the productive capacity of soils if
the farmer is not taught how to benefit from it.

The student of soil science needs first to realize that soil
is a relatively complex substance displaying many interrelated
propertics. No single term or experimental value will describe
it. A soil is considered to be good when each of its various
components measures up to an ideal or optimum standard.
Since the soil is complex, its complete characterization is
difficult. Yet, if we are to understand the functioning of a
soil as a mcdium for plant growth, we must endeavour to relate
all of its many properties to its capacity for producing crops.
As we learn of those conditions which favour abundant pro-
duction, efforts then may be turned to developing them in
less productive soils. This may mean merely the application
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of fertilizer to infertile land or the drainage of water from
waterlogged areas, or improvement may come from several
corrective procedures applied at the same time.

The term ‘soil’ has various concepts. A soil may be
described in numerous ways—by its appearance, feel, position
on the landscape, or by its physical and chemical properties
as determined in the laboratory. To the cultivator, the soil
provides mechanical support for plants, nutrients for their
growth, and serves as a reservoir for the storage of water
which must be supplied continuously in relative abundance
throughout the life of the plant. To him a good soil is one
that is productive and, perhaps, easily tilled. While the
productivity of a soil is of utmost importance to the soil scientist
also, his primary interest is in determining ways of measuring
precisely and individually the numerous soil characteristics
which, when operating together, contribute to this produc-
tivity. The appraisal needed for establishing the relative
influence of the various characteristics and the interrelation-
ships among them requires examination of the soil through
chemical, physical, and biological means.

SOIL—A PRODUCT OF ENVIRONMENT

Soil usually is depicted as a layer of varying thickness
covering a large part of the carth’s surface and occurring in a
generally unconsolidated or easily disrupted form. It is highly
variable with respect to both its horizontal and vertical dis-
tribution. That is to say, soils may be noted to change in
outward appearance from area to areca and, at any one location,
also will vary noticeably with depth.

Soils also change gradually with time; so gradually, in fact,
that the diflerences affected may not be recognized during a
man’s lifetime. However, through the ages, the characteristics
of the original, raw soil material are altered as the result of
climatic, biological, chemical, and physical processes. The
new characteristics which result will depend upon the nature
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of the imposed processes and their duration and intensity.
The rate of change decreases with the passage of time and
eventually becomes essentially static. As this point of apparent
equilibrium is approached, we may consider that a soil in its
true sense has evolved. Its characteristics are no longer those
of the original material but now relate closely to the environ-
mental conditions. The characteristics are rather specific for a
given environment and provide for the soil an identity which
serves as a basis for its systematic classification.

Normally in the study of cultivated soils, we do not observe
conditions which reflect the state of near equilibrium referred
toabove, Ploughing the land alters the surface layer markedly.
New types of plants are introduced and are harvested rather
than being returned to the soil. Erosion may be accelerated
and chemical fertilizers and manures added frequently.  Owing
to loosening of the surface soil through cultivation, the inter-
change of air between the soil and outer atmosphere becomes
more rapid. The result of these and other alterations in soil
conditions from the natural state is usually an abrupt and rapid
change in soil characteristics. It may be stated generally
that, because of man’s apparent unwillingness to follow
proper practices in soil management, changes which follow
the introduction of cultivation are seldom of a beneficial
nature.

The most obvious component of soils is the pulverized,
mineral portion which generally constitutes the bulk of the
soil body. With few exceptions, this material is derived as a
consequence of the physical and chemical weathering of rocks
and minerals. The finely divided weathering products may
remain in place to accumulate as surface deposits of varying
thickness, or they may be transported and re-deposited else-
where. When these materials are subject to movement by
wind and water, the identity of their origin may be lost. For
those that remain in place, the extent to which weathering
has progressed often is recognized by the degree of conversion

of the original rock to finely divided soil material, especially
clay.
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In addition to the comminution of rock masses, weathering
releases gradually the chemical components of the original
minerals and, thus, tends to maintain in available form those
elements necessary for plant nutrition and growth.! It may
be scen, therefore, that an important part of weathering rests
with its being a continuing process. Unfortunately, often in
regions of high rainfall and warm temperatures, it proceeds
at an excessive rate. This results in the rapid and almost
complete removal of essential plant nutrients through
leaching and produces soils of a very low nutrient-supplying
PpOwECEr.

The accumulation of weathered mineral matter on the
land surface merely initiates the formation of soil. At this
stage of development, the soil is considered to be young or
immature. Through the gradual development of a cover of
plants and the accumulation of their decay products along with
those of other soil-inhabiting organisms, the organic matter
content of the soil will increase. The colour of the soil,
especially at the surface, will darken to the extent allowed by
the abundance of plant growth and other factors controlling
the accumulation of organic matter in the soil. Not until the
weathering processes are accompanied by noticeable biological
changes, such as the accumulation of organic matter, does the
weathered material assume characteristics of a mature soil.
The mature soil is one that is at apparent cquilibrium with its
environment,

The changes that have taken place in a deposit of soil
material may be assessed visually by observing a vertical
exposure or profile of thesoil. These observations may be made
in specially dug pits, or along road cuts or other openings which
bring to view both the surface and subsoil. The experienced
technician is capable of evaluating many inherent properties
of a s0il through observations of this type. The diverse nature

1 There are 16 chemical elements known to-bc necessary for the growth and
maturation of plants. Twelve of these essential plant nutrients are derived from
weathering 501l minerals. All are discussed in detail in later chapters.
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of soils as products of widely differing developmental conditions
is exemplified by the soil profiles diagrammed in Fig. 1-1.

Zone of accumula- :;? Recent deposit.

tion of oargamic
matter.
Zone of leaching. Deep, weakly deve-

Zone of accumula-
goen of  materials
leached from surface

joped profile result-
ing from the continu-
al burying of elder
soil material by fresh

deposits.  Seil pro-
perties are relatively
uniform with depth
although there may
he layers of different
textures due to varia-
tion in soil maferials.

soil.

Highly decompaosed
rock extending down
1o slightly weathered
to unaftered parent
rock.

1-1. Example soil profiles representing two widely diverse
conditions of soil development. Profile A, developing from
soil material produced by the weathering of parent rock in
place, shows the effect of itense disintegration and deconi-
position processes operating continuously. The effect of
percolating water, which dissolves materials and carries
them downward in the profile, may be noted particularly.
Profile B represents a soil developing from pulverized mate-
rials carried in and deposited by the action of wind or
water. Weathering and soil-devclopment processes operate
continuously bnt their cffects are covered up by the deposi-
tion of fresh materials on the surface. A distinct profile
does not develop. The characteristics of the soil correspond
more nearly to those of the original soil material. Proper-
ties of this soil show little relationship to the environment.

FI1G.

THE SOIL AS A THREE-PHASE SYSTEM

Many characteristics of soils important to their productive
capacity may be judged simply on the basis of their general
appearance and the way they feel when worked in the hand.
Frequently, however, many soils have essentially identical
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appearance and feel and, yet, are markedly different with
respect to their crop-producing powers. Thus, an cxamination
of less obvious physical, chemical, and biological characteristics
becomes necessary if the significant differences among them
are to be distinguished. Ultimately, differences may be found
to relate to the relative levels of chemical plant nutrients
present, or possibly they may be due to the occurrence of some
toxic substance in one soil but not in others. Many such
factors may be involved. Generally, the evaluation requires
the measurement of characteristics which permit comparison
with other soils having known properties and behaviour.
This approach is one in which the soil is considered as a material
distinct from though related to the environment in which it
has developed.

The properties of soil as a material are measured by the
same techniques used for examining other materials having
one or more corresponding properties. Thus, if we wish,
we may compare the water-holding capacity of a soil with
that of a sponge. If we were familiar with this property in
sponges we would have a basis for evaluating the absorbing
capacity of the soil. It would be more logical, however, to
compare the absorption of two different soil materials and
attempt to relate these absorption capacities to other factors;
the rate at which these soils will supply water to growing
plants, for instance.

Classified in the simplest of physical terms, the soil is
recognized as a system containing three phases—solid, liquid,
and gas, The first, or solid phase, consists of varying pro-
portions of mineral and organic matter. The soil water
comprises the liquid phase and contains varying concentrations
of dissolved salts, gases, and organic compounds. The gaseous
phase, or soil air, is a constantly changing mixture consisting
primarily of nitrogen, carbon-dioxide, and oxygen. Whereas
the solid portion of soil undergoes little apparent change with
respect to time, the soil air and water are continually changing
in both composition and amount. Their absolute quantities
depend upon the total porosity of the soil. An increase in the
amount of either one of these two phases is accompanied by a
decrease in the other.
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Qur study in this text will be found to consist of a detailed
consideration of the three phases comprising the soil. Each
contributes its own part to the development of growing plants.
Yet, they also function inter-dependently and so much so, in
fact, that variation in one alters the influence the other phases
have on plant growth.

The Solid Phase

The mineral and organic components of the solid phase
of soils occur intimately mixed and in varying proportions to
each other. The mineral portion persists in a wide range
of particle sizes grading from coarse gravels and sands, through
silts of intermediate size, and, finally, to clays which may extend
in size into the colloidal realm. The relative guantities of
sand, silt, and clay in a soil material determines its texture,
Knowledge of the texture is important since it provides a good
indication of the total pore space present and the relative
proportion of large and small pores in a soil. This, in turn,
can be related to the water-holding capacity and to the ease
of movement of water and air through the soil.

Individual soil particles, especially those of small size and
large total surface area, are strongly attracted to each other
so that they form clumps or aggregates of various types referred
to collectively as soil structure. The formation of these structures
in a soil having a predominance of small pore spaccs will
result in the establishment of larger pore spaces which have
a marked influence on water and air conduction. Good
structure 18 considered essential in a soil material having a
clayey textural configuration which tends to induce naturally
a condition of low permeability to water and air.

A unique feature of the mineral particles is that the
coarser fractions are comprised of fragments of original rocks
or minerals, They acquired their size as a result of the
physical breakdown of the original materials through weather-
ing. Their properties correspond closely to the original
minerals from which they form. Clays, on the other hand,
usually are derived from chemical as well as physical weather-
ing. The identity of the original materials has been lost
through mineral degradation, Most particles of clay size
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result either from simple change in the chemical and physical
structure of the original minerals or from the synthesis of new
structures through the recombination of decomposition products
of degradative weathering.

Although it is not always truc, the coarser soil particles
tend to remain unchanged because they are composed of
minerals, usually quartz, which resist chemical alteration.
Clays are relatively stable end products of chemical reactions
typical of a particular weathering environment and also
resist further change. We may conclude, therefore, that the
bulk of the mineral matter in mature soils is static with respect
to its basic properties. Any change that does occur will be at
an imperceptible rate.

Organic matter, the second component of the solid phase
of sails, has its primary source in the remains of a myriad of
plants and animals which normally inhabit the soil. The
residues, once incorporated inta the soil, underga extensive
modification as they are attacked by living soil organisms,
largely microscopic, secking carbonaceous compounds as a
source of cmergy. Some of the organic constituents are
resistant ta microbial decay, however. These substances tend
to accumulate along with relatively stable, synthesized end
products of the decay process to form an organic complex of
vartable composition known as fumus, This complex is
black in colour and occurs as a finely divided, colloidal subs-
tance. It darkens the soil but not necessarily in proportion to
the quantity present. Therefore, the colour provides only a
partially reliable basis for the estimation of the organic matter
content of a soil. Being colloidal, humus presents a large
total surface area and, consequently, has many of the properties
of fine clay particles.

Soil organic matter, when considered in foto, is comprised
of fresh and partially decayed plant and animal residues as
well as accumulated humus. As such, it plays a vital role in
soils. Various organic decomposition products act as binding
agents and serve to hold soil particles together in the deve-
lopment of soil structure. In this way, organic matter affects
the physical state of the soil. In addition, organic matter
contributes to the fertility status of soils. Nutrients ahsorbed



DR
THE GENERAL NATURE OF SOII, g9

and retained in organic plant tissae are not subject to leaching
loss. However, as the residues are decomposed, these nutri-
ents are again released slowly and become available to growing
plants. Morcover, nutrients absorbed from the subsoil by
roots are carried to the surface where they are released during
the decay process. As a consequence, the level of available
putrients in the surface soil may be increased materially
over that in similar soil material where no plants are growing.
This fact provides the basis for the frequent use of green manure
crops which are grown and ploughed back solely for the
improvement of physical conditions and the fertility status
of the soil.

One very important characteristic of inorganic and
organic soil solids is their ability to adsorb both water and ions
to their surfaces. Since the adsorption is a surface pheno-
menon, it will be found that this property is most noticeable
in the finer soil fractions which present the greatest total
surface area per unit of mass.

Adsorption of cations by soils, and particularly by the
clay they contain, is attributed to the accidental exclusion
of cations from their normal positions within the molecular
structure of the minerals, The omission results when these
structures are formed. Because of the shortage of positively
charged cations, the resulting soil particles normally have a
residual negative charge. Electrical neutrality must persist
in chemical systems, however, Therefore, a deficiency in
structural cations is compensated for by the adsorption of other
cations to the particle surfaces.

For the most part, adsorbed cations are held loosely and
may be replaced by others occurring in the soil solution which
bathes the particle surfaces. Thus, they are referred to as
exchangeable cations, which distinguishes them from those bound
securely within the structural units or those dissolved in the soil
solution.  Soil organic matter also has the capacity for retaining
cations in cxchangeable form, although the mechanism is
through weak chemical bonding rather than the resuit of an
electrical imbalance. :

Several of the cations retained on soil particle surfaces
are nutrients essential to plant growth. Thus, exchange
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reactions assume considerable importance in plant-nutrition
considerations, Indeed, the ability of many soils to supply
nutrients depends upon their total capacity to retain ex-
changeable cations. This capacity, in turn, is related closely
to the quantities of clay and organic matter the soil contains.

The Liguid Phase .

Water comprises the liquid phase of soils. The maximum
amount of water which may be retained by a soil depends
upon the total pore space present. The ability of the soil
to transmit water, on the other hand, is determined largely
by the relative proportions of the diflerent sizes of pores
occurring in the soil.

Water performs many functions in the soil. As a solvent,
it carries essential plant nutrients to absorbing roots and
brings about the solution of other ions or compounds from
mineral sources. It assists in the renewal of the soil atmosphere
by displacing air of low oxygen content from soil pores as
wetting takes place. In reality, these are secondary effects,
however, since the primary function of water in plant growth
is as a constituent of plant tissue. Nonetheless, water must
take part in all of ity varied activities if normal plant growth
is to be expected.

The water-absorbing and retaining characteristics of a
soil are very important to plant growth. Water lost in runoff
from the land surface is not only useless to plants but can cause
severe damage through erosional processes. Proper manage-
ment of surface soils can increase their ability to absorb rainfall
and thereby minimize this defect. Cultural practices can also
be applied which will improve the water-holding capacity
of soils and thus raise the total quantity of water stored therein.
That portion of stored moisture which can be utilized by plants
is designated as avatlable water. The ability to store water
in an available form constitutes one of the principal physical
characteristics of a scil and relates closely to its textural and
structural configuration and to its organic matter content.

The Gaseous Phase
The volume of air in a soil varies as the reciprocal of the
volume of water present. Thus, an increase in the moisture
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content will cause a reduction in the amount of air which
serves as a source of oxygen so important to the functioning
of plant roots. As water is removed by the roots, on the
other hand, fresh air will enter the soil to fill the voids created
thereby. This mechanism, along with gas diffusion, serves
to provide a supply of fresh air to the roots at all times. The
rate of gas interchange determines the state of aerafion in a soil.

Souls of low porvosity, such as those having a high pro-
portion of microscopic pores through which air movement is
slow, are characterized as having poor aeration. This em-
phasizes the need for the maintenance of good.soil structure
and a higher proportion of large soil pores within the soil
mass. Further, since excessive amounts of water in the soil
restrict air movement as eflectively as will small pore size,
conditions of waterlogging may be expected to limit soil
aeration considerably.

Nitrogen is the major component of the soil atmosphere.
As a gas, nitrogen is inert and has little effect on soil functions.
On the other hand, nitrogen also is an essential plant nutrient
hy virtue of its place in protein molecules. To be absorbed
and utilized by plants, however, nitrogen must be in an
inorganic form, usually as either the ammonium or nitrate
ion. Fortunately, a variety of soil microorganisms have the
capacity for converting atmospheric nitrogen to inorganic
form. This is a most important process because it accounts
for the bulk of the nitrogen made available to plants in un-
manured soils. Whether or not a soil is supplied with adequate
available nitrogen has a more significant bearing on plant
growth than does any other fertility factor.

Carbon dioxide, though present in small amount in the
soil air, serves a very useful function as a result of its ability
to form a weak acid in water. In the presence of an acid soil
solution, minerals are made more soluble and greater amounts
of certain essential plant nutrients may thereby be released
for absorption by plant roots.

The principal source of carbon dioxide in the soil is that
liberated by respiring plant roots and by soil organisms res-
ponsible {or the decomposition of organic residues. The
addition of fresh plant residues to the soil is followed almost
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immediately by an increase in the carbon dioxide content
of the soil air and by an equivalent decrease in the soil oxygen
supply.

When a sample of soil is taken to the laboratory for analysis,
it is usually crushed and dried. Two of its three naturally
occurring phases, air and water, are lost for further study.
Laboratory investigations, therefore, are found to involve
primarily the third or solid phase. An appreciation of this
fact alone will lead the student to an understanding of the
wide differences between the field condition of the soil and
that as observed in the laboratory. Qur studies of the soil
in the laboratory through physical and chemical means can
only approximate field conditions.

THE SOIL AS A BIOLOGICAL SYSTEM

Previous discussions picture the soil as a completely lifeless
body functioning rigidly under a system of physical and
cheinical reactions. In reality, the soil may be considered
as a living body if we take into account the microbiological,
plant, insect, and animal life it contains.

Overall soil conditions are governed markedly by the
presence of living organisms or #ivta, a grouping which includes
plant roots. The availability of nitrogen and other plant
nutrients is related closely to the activities of soil organisms.
The indirect eflect they have on soil structure through processes
of organic matter decay reflects in the soil wmoisture and
aeration conditions prevailing. Circumstances interfering with
biological activity have a profound influence on many soil
functions. We may consider a soil as ‘sick’ or ‘healthy’
depending upon its biologic behaviour.

Biological activity occurs primarily in the surface layer of
soil. Here the major interchange of moisture and air takes
place between the atmosphere and the soil, and between the
soil and the plant. Plant roots are most concentrated in this
zone, which accounts generally for the accumulation of organic
residues near the soil surface.

The build-up of humus and other organic components
in the soil is relatively rapid where conditions promote
abundant plant growth and the return of copious quantities
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of carbonaceous residues which tend to blacken the soil. Tt
is obvious, then, why the layman may consider a dark-coloured
soil to have a high capacity for producing crops. Since,
on the other hand, the soil scientist knows that soil colour
can be a misleading index to the arganic matter conteat, he
will tend to consider various other factors which contribute
to the crop-producing power of a soil. In the final analysis,
the most suitable guide is the general appearance of plants
which are growing on the soil in question.

EQUILIBRIA IN SOIL SYSTEMS

Many soil processes attain completion with the establish-
ment of equilibrium conditions governed by physical and
chemical laws. In chemical processes, the affinity between
reacting ions is responsible for their uniting to form new
compounds or substances. The union results in an arbitrarily
defined, forward reaction which takes place at a rate dependent
upon the specific affinity between reactants, their concentration
in the reaction medium, temperature, and perhaps other
factors. A reverse reaction normally opposes the forward
reaction through reformation of the original reactants. When
these two countering reactions proceed at an equal rate, an
equilibrium will have been attained. An example of a
chemical teaction of this type which ocours n soils 15 the
exchange of ions from the soil solution for those held on particle
surfaces. Physical reactions are involved in soil processes
also, and usually are brought aboutby the needfor anadjustment
in energy levels associated with water, air, or heat in a soil.

Since most soil processes involve the establishment of an
equilibrium, they may be expected to vary in rate with time.
Normally they proceed most rapidly when initiated because
the reactants will be in maximum concentration at that time.
As the equilibrium state is approached and the reactants
decrease in quantity, the reaction rate becomes progressively
slower and will stop when the equilibrium peint is reached.
Reaction rates associated with the many soil processes are
highly variable also. They range from the almost instantane-
ous chemical exchange reactions to those which may require
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centuries for completion, mineral weathering being an example
of the latter type.

Soil processes seldom attain a true equilibrium state largely
because environmental conditions are wvirtually always
changing. Even reactions that proceed rapidly and, therefore,
should have an opportunity to reach an end point, may not
do so. For instance, rapid exchange reactions and the process
of soil wetting, the latter tending toward the uniform dis-
tribution of water within the soil mass, must take place in an
environment which is undergoing coustant change as the
resuit of the removal of both water and ions by plant roots.
Mineral weathering, a much slower process, seldom can
praceed to completion because of the gradual removal of surface
material by erosion. Thus, residual products of weathering
forming at the surface are carried away, and fresh, weatherable
mineral matter is exposed from below to maintain the weather-
ing rate at a fairly high level. Likewise, organic materials
accumulate in the surface layer of the s0il to a maximum level
determined largely by imposed climatic conditions, However,
this maximum level, which would correspond to an equilibrium
state, cannot be recached if erosion continually removes small
amounts of topsoil with its accumulated organic substances.
Nonetheless, both organic matter accumulation and mineral
weathering do proceed to a point where the change in soil
properties they cause are just balanced by erosional losses.
When this point is reached, soil characteristics remain relatively
constant and would appear to be at equilibriuin with the
environment. Even so, the organic and mineral components
are involved in continuous and rather profound reactions
which have a decided effect upon soil behaviour, This state
is described as a dymamic equilibrium, and is assumed to reflect
rather precisely the influence of environmental factors control-
ling the development of a specific, mature soil.  For all practical
purposes, a soil at dynamic equilibrium with its environment
will undergo but little apparent change with time, at least
with respect to outward appearances.

Some soil processes are subject to rapid change and also
to control by man, frequently to his personal benefit. Out-
standing among these is the status of fertility and moisture
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in soils, both of which involve reactions taking place at or
adjacent to soil-particle surfaces. The fertility status may
be altered through the application of fertilizers and manures
to the soil. Moisture levels may be controlled by conservation
practices which reduce water loss resulting from runoff, through
drainage of waterlogged lands, and through the addition of
irrigation water to arid-region soils. Frequently where these
processes cannot be controlled, the growth of economic crop
plants becomes impossible.

In summary, the soil is an entity which may be described
in terms of physical, chemical, and biological characteristics
each of which is subject to some degree of change. If these
characteristics are not conducive to abundant plant growth,
the soil they describe will have but limited crop-producing
capacity. The true value of such a soil will be determined,
therefore, by whether or not the undesirable features are
subject to ready and practical modification by man.

Virtually all soils have one or more features important
to crop production which can be improved upon through
proper management. A primary purpose of this text is to
suggest means for obtaining such improvement. In pursuit
of this goal, treatment of the text material in the following
chapters is intended to provide a basis for understanding and
evaluating the contribution each of the many soil attributes
make toward plant growth, and to suggest means for improve-
ment of any of them deemed to affect plant growth adversely.
Whether or not improvement can be made in a specific instance
will depend largely upon the availability of facilities and
materials needed and upon the ingenuity of the individual in
applying the corrective measures judiciously. :



CHAPTER TWO

PHYSICAL PROPERTIES OF THE SOIL AND THEIR
MEASUREMENT

A coNsIDERATION of the soil from the standpoint o
its crop-producing ability usually involves two aspects:
(1} the chemistry, as it affects the supply of plant nutrients,
and (2) the physical condition, or filth. Soil fertility has
received by far the greater attention in efforts to improve the
crop-producing capacity of soils. Undoubtedly this results
from the fact that effects of adding supplemental plant
nutrients are recognized easily. However, soil scientists realize
that the physical state of the soil can be just as impor-
tant a consideration in crop production as is fertility. Only
" if the physical condition of the soil is good can one expect an
otherwise fertile soil to support abundant plant growth.

The importance of the physical state of soil is more appa-
rent if we consider a number of the principal soil attributes
it influences. Dependent upon the physical condition are :

1. The ease with which the soil may be cultivated.

2. TIts capacity to hold water and some of the readily

avaiiable plant nutrients.

3. Its state of aeration, or the rate of intake of O, which
is needed by plant roots, and release of CO,, which,
though a product of root respiration, is toxic in
excessive amounts.

4. The ease with which roots penetrate the soil, and its
ability to support the plant mechanically,

5. Resistance of the soil to erosion by wind or water.

6. Soil temperature.

Physically the soil may be characterized in many ways.
Each method attempts to evaluate soil properties as they
relate to one or more of the six attributes listed above. Some
of the major physical properties which, when considered
together, define rather completely the physical state of the
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soil are (1) consistence, or the relative resistance of the soil mass
to deformation, (2) texture, or the proportions of the different
sized particles which make up the soil, and (3) structure, or the
size and shape of aggregates formed as a result of the particles
clinging together.  Many specific measurements made on soils
relate to and serve as a means of evaluating the effects of
the above properties. Several of the measurements will be
discussed in the sections which follow.

THE SOIL SEPARATES

The mineral portion of the soil may be divided into size
groups which are referred to collectively as soil separates. 'The
three major scparates are sand, silt, and clay. However,
since soil particles occur in an infinite number of sizes, it
should be possible to divide or segregate them into an un-
limited number of separates. In so doing, each separate
would consist of particles of a very narrow range in size.

A soil sample may be described on the basis of the quan-
tity of each of the soil scparates it contains. Many of the
physical properties of soil may be related to these quantities
also. However, rcadily detectable changes in properdes do
not occur except through rather large changes in particle size.
Therefore, the range in particle size within the wvarious
separates can be fairly large and, as a consequence, the
separates into which soils are divided normally are limited in
number.

Since the changes in properties related to particle size
arc gradual, it has been diflicult to select meaningful points
along the particle-size scale to represent where the different
size-fractions should be scparated. It should come as no
surprise, therefore, that numerous systems for particle-size
classification have been proposed. Yet, only two schemes
are in common use by agriculturists today. These arc the
International system, as accepted by the International Society
of Scil Science, and that used by the U.S. Department of
Agriculture. Both systems consider the clay fraction to include
those particles having an effective diamcter of 0°002 mm.
(2 microns) or less, and set the upper size limit of sand at

2
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2:0mm. The systems differ as to the point of division
between silt and sand, and in the number of sub-divisions
made within the sand range. These systems are compared in
Table 2-1.

Table 2-1. The classification ol soil separates according to the inlernational
system and that of the U.S. Department of agriculture (after soil
survey staff, 1951, p. 207). ’

Diameter limits of separate
Scparate US.DA. International
system system
mm. mm.
Gravel Above 200 Above 2:00
Very coarse sand 2:00—1-00
Coarse sand 1-:00-—0-50 2:00—0-20
Medium sand 0-50—0-25
Fine sand 0-25—0-10 0-20—0-02
Very fine sand 0-10—0-05
Sile 0-03—0-002 0-02—9-002
Clay Below 0-002 Below 0-002

On accasion, further sub-division within the various size
groups is made. Silt may be separated into two or more
sub-groups. The clay fraction may be subdivided further into
coarse and fine separates, with the fine particles often being
referred to as colloidal clay.!

1The term c¢olloid carries numerous connotations. For our purpose, a

'old may be considered as a particle so small that it cannot be seen in the

ary mitroscope. A diameter of 0-0005 mm. approximates the upper size
“soil colloids.
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PHYSICAL PROPERTIES RELATED TO PARTICLE SIZE

Appearance and Feel

The designation of sands as a distinet size-group of particles
originated because of man’s ability to see and feel the individual
grains. Being coarse they have a gritty, harsh feel. We may
refer to sand as a ‘coarse-textured’ material. The finer the
sand grains, of course, the more difficult it is to distinguish them.
The perception by touch of sands which are sharp and angular
will be somewhat easier than if the surfaces of the grains have
heen worn smooth through abrasion.

The individual particles of siit and clay can be neither
seen nor isolated by feel. Silt in bulk is recognized by its
smooth, powdery feel. Usually clays are characterized by
their stickiness and pliability when wet, but the degrec of exhibi-
tion of these properties is related to mineralogy as well as to
particle size.

ohesion and Adhesion

Cohesion is the result of attraction between like substances
and is a surface phenomenon primarily. We note little
ccherence in either sands or silts because their total surface
area is small. Clays, on the other hand, present a relatively
large surface area per unit of mass. If a cube-shaped piece
of gravel 1 cm. long on each edge is broken down into cubes
having edges of (-001 mm., which is within the range of clay-
sized particles, the total surface area will have been increased
10,000 times. Because of their extremely high surface area,
closely packed clay particles display outstanding cohesive
qualities. -

The coherence among particles will depend not only on
their total surface area but also upon their shape and chemical
make-up. If the particles have a high proportion of flat surfaces,
more extensive contact between surfaces may be made. This
results in greater cohesion than when rounded surfaces are
dominant, This is particularly true if orientation of the
particles can take place so that the flat surfaces come into close
contact with one another (see Tig. 2-1}.
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FIG. 2-1. The effect of particle shape and orientation upon
cohesion. The point-to-point contacts, as in A and B,
afford only a minimum of surface contact and cohesion,
Strong forces of attraction will occur between particles in
Q, where flat, adjacent surfaces lie parallel to each other,
The overlapping of particle surfaces in G also adds
strength to the structural unit. A relatively large part of
the silt and clay in the Indo-Gangetic basin soils should
have this plate-like structure,

Clay wetted with sufficient water to form a paste behaves
as a viscous fluid. As long as thick layers of water separate the
particles, cohesive forces between them will be at a minimum.
The clay will have a slick feel. The force of adkesion, or the
attraction between unlike substances, plays an important role
at this moisture level. This is evident from the manner in
which the clay will stick to metal or glass, or to the fingers.
As the moisture content is decreased, the fluid-like properties
become less pronounced. At the same time, cohesiveness
increases and, finally, a point is reached where this property
overshadows the force of adhesion. The clay mass no longer
sticks to the fingers. Instead it may be worked into various
shapes which are retained readily. This pliability of clay is
an outward cxpression of plasticity. It is the plastic quality
‘of clay which makes it a prized material for use on the potter’s
wheel.

Many clay materials, when formed into a shape while
moist and then dried, will all but defy further deformation.
They can no longer be nioulded or bent, only broken into frag-
ments by shearing or crushing. During the drying process,
surface tensional forces in the water films adhering to the clay
‘operate to pull the particles together, while orientation of the
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particles occurs when in the moist state. As a result of inti-
mate contact among the particles, cohesional forces attain
their maximum intensity as the soil dries out. This explains
why clayey soils, when ploughed wet and then allowed to dry,
form clods which break down under further cultivation only
with extreme diffcalty.

The chemical nature of the clay will affect its cohesive
properties. Clays formed during long periods of intense
weathering, as are found more often in the humid, tropical
areas, do not have the cohesive qualities of those which have
formed as a result of a moderate weathering of primary
minerals. As will be discussed in Chapter 4, the clays of the
tropics tend to be of the kaolinitic type or occur as free oxides
of Fec and Al.  These substances have inherently low cohesive-
ness, since the highly weathered particles are more nearly
spherically shaped and the total area of contact among them
is limited.

Organic matter in the soil produces variable effects upon
consistence properties. In bulk, well-decomposed organic
materials are neither sticky nor plastic. As a general rule,
increasing the organic matter content will cause the soil to
crumble more readily and to present a more open or porous
appearance. Clay soil can be made noticeably less sticky and
plastic if a sufficient quantity of decomposed organic matter
is added to it.

Certain gum-like substances, which accur both in fresh
organic materials and as by-products of organic matter decay,
have a binding effect upon the soil particles. Thus, groups of
individual soil grains may become bound into relatively small,
stable aggregates due to the cementing aetion of these
substances. From all outward appearances, cohesive forces
within thesc aggregates are strong. This process is important
in clay soils because stabilization of aggregate forms provides
permanence to the relatively large pore spaces which have been
created. This normally results in an improvement in the rate
of movement of air and water through the fine-textured soil
material,

The binding effect of organic compounds can be of benefit
to  coarse-textured soils also. Sand grains, when bound
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together, are less subject to ecrosion by wind and water,
However, organic matter contributes most to sandy soils by
increasing their water-holding capacity and their nutrient-
supplylng power.

SOIL CONSISTENCE

Consistence has served as a basis for the general characteriza-
tion of physical properties of soil through the ages. Defined
briefly, consistence is the manifestation of cohesion and adhesion
as they affect the ability of the soil to resist deformation by
externally applied pressure. By judging the consistence of a
soil, the experienced field man can gain some idea as to the
approximate proportions of the various size separates the soil
contains. However, this is not always a completely reliable
procedure. This latter fact may be understood more clearly
after careful consideration of the previous discussion concerning
the effect of organic matter and clay type on cohesive properties
of the soil. A soil high in a clay formed as a result of only a
limited degree of weathering may be highly plastic. A second
soil of similar texture but containing clay that has been wea-
thered very extensively may be essentially void of plastic
properties,

Consistence measurements permit the qualitative
evaluation of a soil with respect to a number of its physical
properties. Some insight into the relative amount of pore
space ig possible. This will, in turn, relate to such features as
the water-holding capacity, the freedom of water movement
through the soil, and the state of aeration. Whether or not
the soil is sticky or plastic will serve as an index to its ease of
cultivation. Flufliness of the surface layer of a dry soil is often
used as an indication of a high level of salts in waterlogged areas.

Normally, evaluation of consistence properties requires
examination of the soil at various levels of moisture. Plasticity
in clays cannot be determined on the dry soil. Aggregates or
weakly cemented granules of clayey soil may have the consis-
tence of sand when dry., Upon rmoistening and rubbing
between the fingers, however, these aggregates usually will
break down and the true characteristics of clay then will
become apparent.
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Terminology in Consistence Measurements

Consistence properties in soils are customarily evaluated
at three different moisture levels; wet, moist, and dry. These
three levels are defined rather loosely. In the wet state, the
soil should contain somewhat more moisture than would be
desirable for ploughing. Further, if sufficient clay is present,
plastic properiies will usually be readily discernible. The
moist state is considered to approximate as wet a condition as
is suitable for ploughing. More ofien than not, this state is
observable a few inches beneath the surface of the soil in the
field and after a few days following a wetting rain or irrigation.
At this moisture level the soil should be neither sticky nor
plastic. Observations as to whether or not the soil is amenable
to cultivation would be made at this moisture state, The
dry state denotes a sufficiently low moisture content so that there
is a noticeable difference in soil colour from that apparent in
the moist state.

Consistence When Wet: The degree of stickiness and
plasticity is determined on a soil in the wet state. 'The usual
procedure for plasticity evaluation in the field is to determine
the ease with which the soil may be rolled into a rod-shaped
form and the resistance of this form to subsequent deformation.
The test for stickiness must, of course, be carried out at a higher
moisture content than is used for the test for plasticity. For
sticky, plastic soils, greater carc must be exercised in selecting
the proper moisture condition for cultivation. These soils will
be high in clay and may form very hard clods on drying
if ploughed when too wet.  Sandy and silty soils will not display
extreme properties of stickiness and plasticity.

Consistence When Moist:  In the moist state, observations
arc normally made as to the structural condition of the soil.
Desirable consistence is in evidence when, under pressure,
the soil crumbles into small, soft granules. This condition is
denoted by the term friable. A soil with a discernible amount
of clay usually will form a coherent cast when squeezed in the
hand. Sandy soils, due to their lack of cohesion, will not form
a cast and are considered to be foose. Moist soils which can be

crushed only through the application of considerable pressure
are described as being firm.
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Consistence in the Dry State: ‘The consistence of dry soils
is described by the terms loose, soft, and Aord. Generally, these
terms denote the stepwise variation from sandy to clayey soils.
Thus, hard soils usually contain a high proportion of clay. At
the same time, however, a clay soil in a desirable physical
condition can be somewhat loose or soft when dry. Usually
this condition will be observed only when the organic matter
level of the clayey soil is reasonably high.

50I11. TEXTURE

The texture of the soil is a property attributable to the
combined effects of the various size fractions present. Coarse,
medium, and fine are general terms used to denote texture. The
size separates do not have equal influence on the textural quali-
ties of the soil. For instance, the addition of a small quantity
of fine-textured material will have a much more profound effect
upon soil physical properties than will the addition of an equal
quantity of coarse material such as sand. Perhaps this is the
result of our expressing the amount of the separates occurring
in the soil on a weight basis. Contributions to the physical
properties are largely a function of surface area of the fractions
present, not of their weight.

The origin of the term, soil texture, undoubtedly predates
attempts to cvaluate it quantitatively. Any cultivator will
recognize textural qualities of the soil even though he may not
be able to define them. Because of the close relationship be-
tween the proportionate amounts of the different size fractions
and consistence, textural designations will relate to the work-
ability, feel, and appearance of the soil. In many instances,
it is possible for an experienced person to approximate soil
texture in the field as a consequence of observing comsistence
-properties.

Sot! Textural Classes

Soils are seldom, if ever, composed of but a single size
separate. Even those soils which contain a predominance of
a single separate are relatively limited in number. All of the
fractions present contribute to the physical properties of the soil.
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The textural class into which a soil sample is placed depends
upon the size of particles which dominate its mineral complex.
The class names, on the other hand, allude not only to particle
size but also to consistence properties as determined by feel and
workability. Thus, we find three general class names in use
today ; sandy soils, loamy soils, and clayey soils,

A consideration of the general class names would suggest
that soils are comprised principally of sands or clays, or of a
mixture of the two. Thus, we may assume the loam class to
correspond to a combination of properties approximately
intermcdiate between the extremes of those peculiar to sand
and clay. This beiug the case, soils with a very high silt content
will fall naturally among the loamy soils.

The entire range in properties within each of the three
broad classesis quite large. It is possible to subdivide the major
classes into less broad categories and still have each group
retain a distinguishing set of physical characteristics. The
names of the soil separates which contribute materially to the
properties of a soil are included in the name of its textural class.
Some of the class names in common use today are as follows :

Sandy soils Loamy sotls Clayey soils
Sand Sandy loam Sandy clay
Loamy sand Loam Siity clay

Silt Clay

Silt loam

Sandy clay loam

Silty clay loam

Clay loam

Because of the noticeable differences among the various size
fractions of sand, it is customary to express the textural class
name on the basis of the dominant sand separate present.
Thus, we will find frequent reference to such class names as
fine sandy loam, coarse sandy clay, etc.
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The Determination of the Textural Class of Soil

Before a soil can be placed in its proper textural class, the
amount of each of the soil separates it contains, or the particle-
size distribution, must be determined. The steps involved consti-
tute the particle-sice analysis? of the soil. The procedure includes
(1) dispersion of the soil in water so that the individual particles
will be separated from one another, and (2) grading of the parti-
cles into the various size groups. A more complete discussion
of mechanical analysis will be found in later paragraphs.

Satisfactory agreement among soil scientists throughout the
world has not been reached relative to the identification of soil
textural classes. The problem arises from attempts to relate
these classes, described in terms of percentages of clay, silt, and
sand they contain, to physical properties formerly used to des-
cribe them. In the first place, textural designations of loam,
etc., are abstract terms not readily defined in absolute values.
Secondly, soil separates of different origin often contribute to
textural characteristics differently. As discussed previously,
two soils of identical textural composition may appear to
belong to diflerent soil classes because of dissumilarities in the
physical properties of the clays they contain. Lastly, a
universal system for expressing size limits of the soil separates
is not used. For example, recall that the system used in the
United States includes appreciably larger sized particles in the
silt range than does the International system (see Table 2-1).

Procedures for converting mechanical analysis data to
textural class names are variable. Less useable systems are
comprised of tables listing the range, in percent content, of each
separate within each designated textural class. A less compli-
cated procedure involves the use of rectangular co-ordinates
for expressing the percentages of the separates within each soil
textural class. Such charts are shown in Figs. 2-2 and 2-3.
Not only can the class of a soil be readily determined from these
figures, but the relation to the other classes also may be seen
at a glance. It should be noted, hawever, that use of thesc
diagrams is possible only when all sand particles are determined
or expressed as a single separate. If the individual sand

1 Cammonly referred to as ‘mechanical analysis’.
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fractions are measured separately, tables must be used for an
accurate textural classification.

It should be realized that the class designations in the
figures are tentative and will probably continue to change from
time to time, as they have in the past. It must be remembered
that Fig. 2-2 is based on the measurement of silt as having a size
range of from 00002 to 0'02 mm., whereas the upper limit of
0-05 mm., as prescribed by the U.8.D.A. system, is to be used
with Fig. 2-3. Note also that Fig. 2-3 shows two additional
soil classes, silt and sand, which are not included in the Inter-
national system.

The two schemes differ not only with respect to the particle
size ranges for the sand and siit separates but also in that the
textural classes defined by them do not represent the same pro-
portion of each of the separates.  Asa consequence, comparison
among soils is possible only if all have been classified by the
same system. It is essential, therefore, that the presentation
of textural analysis data include a notation as to which scheme
has been used in the classification.

Particle-Size Analysis

The procedure for particle-size apalysis consists of
dispersing the soil in water and then measuring quantitatively
the amount of each separate present. The dispersion is effected
mechanically by stirring or shaking the soil-water suspension,
Chemieal dispersing agents are added to aid the process.

Dispersion may he hindered by cementing substances or
binding agents which secure the individual particles in aggre-
gate form. Among these agents are organic matter, lime, and
oxides of Fe and Al. For accurate results, therefore, it is consi-
dered necessary to remove these substances by appropriate
chemical treatment prior to mechanical dispersion. It would
be pointless, of course, to remove them from soil samples which
contain these substances as a dominant fraction of the soil since
they would contribute materially to soil properties.

Dispersed, suspended mineral particles settle at a rate
dependent upon their size. Therefore, with the passage of time,
the quantity remaining in suspension decreases gradually as
successively smaller particles settle to the bottom, We can
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FIG. 2-2. Diagram for determining the textural class of a soil

based on the International method of textural analysis in
which particles in the silt fraction range from 0-002 to
0:02mm. in diameter. To use, draw a horizontal line
corresponding to the percent clay and a vertical line
corresponding to the percent sand in the sample. These
two lines will intersect within the box representing the
textural class of the sample. (Adapted from the Potash
Pocket Book (1957}, Internationai Hondelmaabschappij
voor Mestoffen, N. V. Keizersgracht 333, Amsterdam C,
Holland.)
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FIG. 2-3. Diagram for determining the textural class of a scil
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of textural analysis in which clay particles are less than
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sand {rom 0'05 to 2:0 mm. For use, refer to Fig. 2-1i,
(Adapted from the Soil Survey Manual, Soil Survey Staff,
1951, p. 209).
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calculate how long it takes for a particle of a certain size to
settle out. Thus, by sampling the suspension after this spccific
time, we can measure the quantity of particles which are smaller
than this size and, therefore, remain in suspension. By sampling
at different times we can measure the quantities of any number
of size fractions occurring in thesoil. Relating these quantities
to the weight of the original sample allows for the estimation of
the percentage of each fraction the soil contains.

The equation from which settling velocities are calculated
is based on Stokes’ Law. It expresses the force acting on a
sphere of a certain radius, r, in terms of the velocity, V, at
which it moves through a liquid medium of viscosity, n. The
velocity is proportional to the difference between the particle
density, D, and the density of the liquid, D, and to the
acceleration of gravity, g, as shown in the equation
2 (D,~D)rg

Ve=z

2.1
9 n @0

For practical use it is desirable to express this equation so
that we may calculate more readily the time, T, required for
a particle of specific size and density to fall through a specified
distance, L. This may be done if we replace the velocity term
by its equivalent, or the distance divided by time (L/T).
Furthermore, we may replace the radius, r, by diameter, d,
since this is the common method of measurement of particle
size, and substitute the acceleration of gravity (980 cm./sec.?)
for g. Following this, equation 2-1 reduces to

0-031nL
— i~ = a9
(D,—D)d?
where T is measured in minutés; n, in poise; L, in cm.; D,
and D, in g./cc. ; and d is expressed in mm. The value for
d is an effective diameter or the diameter of a sphere which would
fall at the velocity of the particle in question.
In using the equation, the viscosity of the settling medium,
which 1s temperature dependent, must be obtained from tables.!
At normal laboratory temperatures, using a density value of

T (2-2)

tSuch tables are found in reference handbooks for chemisiry and physics.
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one g./cc. for water is satisfactory. The particle density value
of 265 g./cc, is suitable in most instances, except where the
soil particles are made up largely of minerals high in Fe. In
this latter case, particle-density values must be determined
separately.

The Practical Value of Particle-Size Analysis

The complete physical characterization of a soil is not
possible unless we know its textural classification. Conversely,
knowledge of the textural class alone, though highly valuable
when used as a basis for judging the general physical behaviour
of a soil, is not entirely suitable for this purpose. Other infor-
mation needed for a complete evaluation includes the organic
matter content of the soil, the degree of aggregation of soil
particles, and the stability of these aggregates. Since removing
a sample of soil to the Iaboratory will alter its original physical
state (i.c., its natural structural form), a part of the evaluation
must be made in the field.

Information on the particle-size distribution is most useful
in predicting the potential behaviour of a soil under a specified
set of conditions. For instance, we may recognize in a sand the
ability to conduct water rapidly, to erode readily, and to bhe
drouthy. We would know that no practical treatment applied
to a deep sandy soil would create in it the capacity to hold
impounded water, as is done commonly in the culture of rice
under irrigation. A clayey soil, on the other hand, would be
expected to behave oppositely. Here, however, many other
factors such as the organic matter content and the state of soil
particle aggregation often are more important in detcrmining
overall soil properties than is texture alone.

A soll which is sticky and plastic by virtue of its high clay
content may be difficult to plough. It may have a high
water-holding capacity but, more than likely, will conduct
water only slowly through the small pore spaccs it contains.
A second soil may have the same amount of clay, but because
of a concurrent, high organic matter content and good physical
state, it may-be ploughed without difficulty and could conduct
water with relative ease. Although these two soils may
possess essentially the same capacity for storing water for plant



32 PRINCIPL.ES OF SQIL SCGIENCE

use, their ability to supply the water and to support plant
growth could differ markedly. This comparison emphasizes
further the limits we must placc on soil-texture values as indexcs
to soil behaviour, and it gives us further understanding as to
why we must study thoroughly the various components or
attributes of a soil if we are to characterize it adequately.

SOIL STRUCTURE

The arrangement or grouping of individual particles with
relation to each other, or soil structure, greatly modifies the
influence of texture on other soil properties. Without know-
ledge of structural configuration, application of data on
textural composition is not practical.

The cause of structural development is not clearly under-
stood. Since the soil structurcs assume various, rather distinct
forms, it is probable that more than one mechanism 15 respon-
sible. Factors contributing to the formation of structure
include (1) the proportion and type of soil separates present,
(2) the influence of actively growing roots and burrowing
organisms, (3) the decay and accumulation of organic matter,
(4) the expansion and contraction of the soil mass resulting
from variation in the moisture content and in temperature,
and (5) cultivation, particularly as it affects frcquent alteration
in the structural conditions within the surface layer of the soil
These factors, as well as others, will operate together in the
creation of structural units which fit into a rather well defined
system of classification.

In its original state, soil material is often without structure.
The particles may persist in a single-grained state if there is no
tendency for them to become bound together.  This condition
is exemplified by loose sand. If, however, there is fine-textured
material or other hinding substance present, a massive state may
be assumed. TIn this condition the soil occurs as a weakly
bound, continuous mass which, under the influence of crushing,
breaks into irregular pieces having no particular shape
or size.
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Siructural Classes

Although definite structural forms are not always evident
in soils, they are observed very frequently where soil profile
development 1s pronounced. Soil structural units may be
classified on the basis of shape and size of individual fragments
which may be pried or broken out of the soil profile from a
freshly made exposure. The common structural types listed
by the Soil Survey Staft (1951) are as follows:

1, Plaly, or arrangement of particles along a plane.
Normally, individual fragments tend to break out
into thin sheets.

9.  Prismiike, with the main structural unit being longer
along its vertical axis and with external surfaces
being rvelatively flat. This category is divided into
two subgroups depending on the shape of the upper
surface of the prisms, le.:

(a) Prismatic, with the upper surface assuming a
nearly level plane,
{h) Columnar, with the upper ends distinctly rounded.

3. Blocky, in which the structural forms approximate
cubes but may have irregular surfaces. Such units
comprising the soil mass fit closely together. The
blocky structure is also classified into two subgroups:
(a) Angular blocky, in which the individual surfaces

join as sharp angles, and
(8) Subangular blocky, in which the sharp angles are
replaced with rounded corners and edges.

4. Spheroidal, in which case the particles are arranged
in a more or less spherical configuration, Two
subtypes are recognized :

(@) Granular, which consists of relative compact,

nonporous aggregates, and

(6) Crumbs, which are porous and easily broken down.

The various types of soil structure are illustrated in Fig. 2-4,

Note that the prisms and columns are the largest structural

forms, whereas the spheroids are often quitc small. The

relative sizes shown in Fig, 2-4 have little relationship to the
actual sizes observed in the field.

3
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FIG. 2.4, Some of the major soil structural forms,

Formation of Soil Structure

The mechanisms of structure formation cannot be ade-
quately explained. The forces responsible for establishing
one type of structural unit do not necessarily apply to others.

Spheroidal crumbs and granules are most readily formed
in the surface soil where chemical and biological activity is
high. Factors contributing to their formation are (1) alternate
wetting and drying of the soil, (2) the activity of plant roots
and burrowing animals and insects, (3) decaying organic
matter, particularly as affected by the formation of mucila-
genous organic compounds capable of a cementing action,
and (4) the presence of polyvalent cations capable of
uniting adjacent particles because of their multiple positive
charge.

Hydration and dehydration influence structural deve-
lopment by causing a physical shifting of the particles within
the soil mass. Some types of colloidal clay tend to expand as
they become hydrated and contract as the moisture disappears.
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Furthermore, in the moist state, a certain degree of freedom
of movement is afforded the particles allowing them to orient
or group themselves and, under the influence of cohesion, they
are capable of forming compact aggregates (Sideri, 1936).
The particles are drawn into closer contact as the thin water
flms covering their surfaces disappear during dehydration.
The fact that rehydration of the colloids will occur at a
slower rate than dehydration lends a certain degree of stability
to the aggregates,

The physical activity of roots and animals assists the above

rocesses by mechanically disturbing the arrangement of the

soil particles, Expansion of growing rootlets exerts a com-
pressing effect on the Joose aggregates surrounding them.
Furthermore, the massive network of roots characterizing
many plant spccies will create countless lines of weakness
throughout a volume of soil which occurs in an otherwise
nonaggregated or massive state. The roots permeate the soil
with relative thoroughness and, by their wedge-like action,
fragment the soil mass. By this means, granulation may be
assisted or initiated.

Subjecting a ‘puddled soil’! to repeated cycles of wetting
and drying can create in it a decided granular structure.
Freezing, which in itself is a form of dehydration, and thawing
a moist soil is as effective in granule formation as is the actual
wetting and drying process. These processes will ameliarate
to some extent cloddy conditions in plouged soil.

The devclopment of a crumb or granular structure does
not in itself have a permauent effect on the soil. For this,
stabilization of the structural forms is necessary. Stabilization
is encouraged by orientation of the particles so they are in close
contact, or through cementation by various substances, parti-
cularly by organic matter, lime, and iron and aluminium
oxides. It is the purpose of this discussion to refer to these
facts only and not dwell at length on the subject. For the

! A puddled soil is one in which the particles are in a disperscd, nonaggregated
form. . The term ysually is applied to the finer-textured soils. Puddling produces
undesirable characteristics in that pore spaces are smafl and acration and water
movement retarded. On the other hand, in rice culture, puddling is a practice
often lollowed prior to transplanting.
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interested student, reference i3 made to the thorough
consideration of granule stabilization as presented by
Baver (1956).

Whereas granules and crumbs are observed more often in
the surface layers of soil, the larger structual forms, such as
prismatic, columnar, and blocky, occur principally in the
subsoil. "This undoubtedly relates to the lower level of physical
and biological activity in the subsoil, a high level of activity
apparently being necessary for the formation of morc finely
divided granules.

The principal direction of root extension in the subsoil
is downward, and the development of lateral roots becomes
less frequent there. Thus, the predominant effect of roots in
splitting the soil mass will be along vertical planes. In addition,
the formation of cracks due to cxpansion and contraction of
the soil mass will occur in vertical rather than horizontal planes.
Thus, one would expect natural cleavage lines, corresponding
to the boundaries of structural units, to be more pronounced
in a direction parallel to the vertical axis of the soil
mass.

Aging or stabilization of the structural forms which develop
in the subsoil usually consists of their becoming coated with
a thin layer of nonplastic organic matter. Union at the
contact surfaces between structural units is weakened by this,
and subsequent cleavage takes place more readily. Such a
condition characterizes the prismatic, blocky, columnar and,
to a lesser extent, subangular blocky structural forms, Because
of the presence of an organic coating, the surfaces of these units
of structure are often much darker in colour than are their
interiors,

The above-mentioned macrostructures may be broken
out of the soil mass along the weakest planes of cleavage. In
addition, however, they are normally permeated by various
other horizontal and vertical cleavage planes along which
separation is more difficult. Nonetheless, gentle crushing will
normally result in the disintegration of the macrounits into
successively smaller fragments of prismatic or blocky coufi-
guration.
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OTHER PHYSICAL PROFPERTIES RELATED TO STRUCTURE

Bulk Densily

Whereas particle density expresses the mass per unit
volume of individual soil particles, bulk density is the mass per
unit volume of total soil, pore spaces included (sec Fig. 2-5).

A B

FIG. 2-5. Diagram illustrating the relationship between (rue
density and bulk density of soil. Cube A represents a
volume of soil as it might occur in the field. If it were
I cc. in volume and weighed 1+3 g., its density, which
would include the air in the pore spaces, would be 13 g.
per cc. This would be the bulk density. If the cube were
compressed so that all air was forced out, as in B, the
weight of the soil would remain the same. Shonld the
final volume now be (-5 cc., the density of the compressed
soil would be 26 g. per ce.  This would correspond to
the particle density of the soil particles.

It follows that bulk density is a highly variable quantity since
it depends upon the degree of aggregation and porosity of the
soif,

Bulk density is a highly useful measure because it relates
so closely to the pore-space content of a soil. Compaction,
or compression of soil, represents a reduction in pore space
and an increase in bulk density. Bulk density iz measured
in soil profiles as a means of determining the occurrence of
compact layers, particularly in the subsoil. The presence of
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such layers may indicate the downward movement of clay or
clay-forming substances by percolating water, and the lodging
of these particles in pore spaces within the subsoil. Compac-
tion of the subsoil is considered to occur frequently as the result
of the pressure exerted by overlying strata, Likewise of great
importance is the very serious effects arising from the trampling
of hoofed animals. The destruction of vegetation by penned
or tethered animals is attributable to a large extent to the
compacting effect they have on the soil underfoot. Layers
having a high bulk density may result also from the chemical
precipitation of cementing agents, either from percolating
waters or at the surface of a fluctuating water tablc. From the
standpoint of plant growth, compacted or cemented layers in
the subsoil represent zones resistant to penetration by water
and roots.

An interesting observation on the bulk density of soils
near Rawalpindi has been made by Hamid.? The value
increases with depth from about 1-3 g. per cc. near the surface
to about 1°7 g. per cc. in the subsoil.  There is a parallel
increase in the lime content of the soil with depth. The
increased density of the subsoil appears to be the result of the
accumulation of CaCOy leached from the surface layers and
re-deposited in the pore spaces of the subsoil. In other adjacent
areas, where the surface soils have been removed and the
calcareous subsoils exposed, the bulk density of the upper soil
layers also approximates 1*7 g. per cc.

The bulk density of soils is usually lowest in the surface
soil and particularly after ploughing. However, as settling
of the cultivated land takes place, this value increases once
again. The compacting effect of machinery and animals,
especially when the soil is wet, will increase the bulk density
appreciably. The surface layer of dispersed, puddled soils
of low porosity may be expected to have a high bulk density.
The effectiveness of cultural treatments designed to improve
the physical condition of such soils may be determined by
observing changes in bulk-density values.

1 Abdul Hamid (1957), unpublished data from the A. €. Section, Punjab
Agricultural College, Lyallpur, West Pakistan,
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Pore Space

The volume of pore spaces in the soil is not constant
but varies according to changes in soil structure. This is most
important in the surface layer of soil where ploughing has a
loosening effect and causes at least a temporary increase in the
total porosity. Pore spaces are classified into two groups
depending upon their relative size; the large or macrofpores, and
the small or micropores, Differentiation between these two groups
usually is on an arbitrary base.

A number of factors are known to affect the total porosity
of the soil and the proportionate amounts of each of the two
pore-size groups present. The total pore space can be shown
to be related to the degree of aggregation, Itisdependent upon
texture and organic matter content of the soil, amount and
type of cultivation and, in certain instances, the kind of plant
grown. Pore space usually attains a maximum volume under
continuous grass vegetation, This is attributable to the intense
microbiological and root activity occurring beneath sod as
well as the high level of soil organic matter produced by fibrous
grass roots.

The determination of total pore space requires knowledge
of the bulk density of the soil and the mean density of the
particles comprising it. From these values the absolute volume
occupied by the discreet soil particles may be calculated, The
difference between this volume and the total soil volume
represents pore space. It may be determined by the formula :

Db
Percent pore space = (1 —D-—p) 100, (2-3)

where Db is the bulk density of the soil and Dp is the density
of the mineral soi] particles.

It will be found that from one-third to two-thirds of a
volume of soil is occupied by pore spaces.  Clayey soils generally
have a higher total pore space than do sandy soils because of
the greater aggregation and, consequently, lower bulk density
in them, A major difference noted between these two textural
types is the fact that, although lower in total porosity, there is
an appreciably higher proportion of large pore spaces in sands.
This is to say, the ratio of macropores to micropores in sands
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is higher than in clays, This is decidedly important in the
matter of acration, for the rate of air flow is greater through
large pores. In clayey soils, therefore, it is often found desirable
to attempt increasing the average size of pores through culturaf
practices which will increase aggregation. A large number
of investigations have been conducted to determine the rela-
tionship between plant growth and the porosity of fine-textured
soils.

Assessing Soil Structural Development

The degree of development and type of soil structure have
a profound effcct on the movement of water and air through
the soil, and may determine to a large extent the vigour with
which plants can grow. The degree of structural development
is often observed readily in the field by the recognition of
structural forms visually or by fecl, or by observing the rate at
which water moves into and through thé soil. These methods
are strictly qualitative, however. Frequently 1t is importfant
to measure rather accurately differences in structural develop-
ment and permanence in different soils. Discussions con-
cerning such measurements are found in the text by Baver

{1956).

Relationships between Soil Structure and Plant Growth

Cultural operations in crop production can influence the
structure in the surface soil to a large extent but will have little
effect on the subsoil. Generally, structure of the surface soil
falls into a limited number of types and may be described by
such terms as puddled, cloddy, granulated, etc.

The state of structural development in the surface soil
serves as a measure of sei/ #ith, Tilth refers to the physical
condition of the soil as it relates to plant growth. A soil having
good tilth may be characterized as one persisting in a state of
granulation which permits not only intimate contact between
seeds and soil but also one in which pore spaces are large enough
to allow for a ready exchange of gases essential for seed germi-
nation and root growth. In a cloddy soil, pore spaces where
seeds come to rest will be large. Excessive movement of air
within the pores results in a rapid loss of moisture to the
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atmosphere and prohibits, to a large extent, the absorption of
adequate water by the seed pieces for germination, Thus, a
soil properly prepared for a seed bed will have been worked
to a point where a major proportion of the soil aggregates are
small or crumbiike,

An opposite eflect is noted in puddled soils, or in weakly
aggregated clayey soils. Pore spaces are of minimum size and
very good contact occurs between the soil parficles and seed.
However, due to restricted exchange of gases, the level of
0, available to the seed may be so low as to inhibit or complete-
ly prevent germination.

A good example of the effect of porosity on germination
is presented by Baver and Farnsworth (1941) in which the stand
of sugar beets sown to a clay soil was found to be closely related
to the content of large, noncapillary pore spaces. As the
noncapillary pores increased from a minimum of about 2%,
of the soil volume, the improved conditions of aeration ensuing
brought about a marked increase in the number of seedlings
emerging. The relationship is shown in Fig. 2-6.

The influence of soil structure on plant growth is generally
of an indirect nature and relates primarily to soil moisture
and soil air conditions. Direct influences occur, however,
where structures of a compact, impervious nature prevent
satisfactory root penetration. Furthermore, the downward
movement of water may be so inhibitcd as to cause waterlogging
of the soil above the impervious layer. Under this set of
conditions, plant growth will be restricted both by limitation
of the downward extension of the roots and the exclusion of
air from the root zonc saturated with water.

S0IL COLOUR

The colour of a soil will depend initially on the type of
material from which the soil is forming. As weathering and
soil developmental processes alter the original material,
accumulations of weathering products and organic matter
tend to bring about a change in the colour of the soil.  Thus,
this visible characteristic often will serve as an index to the
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FIG. 2-6. The relationship between soil acration and sugar
beet stand. An increase in noncapillary pore spaces results
in better aeration and more successful germination (from
Baver and Farnsworth, 1941).

intensity and duration of the processes of mineral weathering
and soil development.

A large part of the minerals in the surface crust of
the earth are light in colour. Soils developed from them
will be light in colour in their early stages of formation. As
organic matter accumulates, the colour of the soil darkens,
passing successively through various shades of brown and,
finally, to black or brownish black. If climatic conditions
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encourage abundant vegetative growth, the return of relatively
large amounts of organic residues results in' a more rapid
darkening of the soil. If, at the same time, conditions are
favourable for the breakdown of soil minerals, other changes
in colour will take place. This is usually the result of the
formation of highly coloured oxides of Fe which may occur
as coating over the original minerals, or, if degradation of the
original minerals has been extensive, these oxides may comprise
the bulk of the mineral skeleton of the soil. Iron oxides range
in colour from yellow, through brown, to red. The more
intense these particular colours in soils, generally, the more
extensive has been the weathering of the original minerals
from which they arc derived.

Red iron oxides are either low in water of hydration, or
they may occur as the completely dehydrated mineral. Those
that are more highly hydrated generally have a yellow colour.
Thus, reddish soils often are associated with good drainage.
Yellow soils, on the other hand, are assumed to have heen
formed under conditions of inadequate drainage which permits
hydration of the minerals as they are formed.

Red and yellow soils are observed in some locations where
they obviously have not been subjected to extensive weathering.
Qutstanding in this respect are the widespread deposits of
reddish materials occurring throughout the arid to semi-arid
uplands in the northern and western reaches of the Indo-
Pakiston  soboominent Y1 appears that these maienials
acquired their characteristic colour in ages past and in areas
where more intense weathering was possible. They occur
today where they have been laid down by waters which carried
them from their original point of formation.

Oxides and other types of Fe compounds produce charac-
teristic colours which serve to indicate the presence of water-
logged conditions in soils. Generally the bulk of the soil
material subjected to long contact with water will have a
gray to blue-gray cast. This is attributed to the occurrence

1 These deposits constitute the Siwalik and other formations as described by
Wadia (1939). They skirt the southern edge of the Himalayan Uplands and
occur as extensive beds in the Salt Range and in the mountainous regions of
West Pakistan,
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of Fe in a reduced state, the result of exclusion of Oy from the
water-filled soil pores. Where at least periodic access to O,
is possible, some of the Fe will have been oxidized to rust-
coloured, more highly hydrated forms. Iron is observed in
this form as spots or strcaks in the otherwise grayish soil
material,

The texture of the soil will influence the intensity of colour,
particularly where Fe compounds and organic matter occur
as thin coatings over the mineral particles. This relates to
total surface presented by the soil particles, The colour of
sands may be affected more than is the colour of clay by a
given quantity of Fe oxide or organic matter spread evenly
over the surfaces of the individual grains. The same amount
‘of colouring matter spread over a like volume of clay would
occur as much thinner films over the greater total surface
presented by the finer particles. Moisture influences soil
colour, generally by causing the soil to appear darker than
when it is dry.

Often it 3s assumed that a soil high in organic matter is
fertile. As indicated previously, inclusion of organic matter
in sandy soils usually will serve to improve them as media for
plant growth, Since well-decomposed organic matter is black,
or nearly so, a common tendency is to judge its level in the
soil on thec basis of colour. The relationship between colour
and organic matter content is only qualitative, however.
Highly dispersed organic substances may occur as films over
a large part of the surface of soil particles and will impart a
comparativcly intense black colour to the soil mass. The
same quantity of organic material occurring in aggregate form
rather than as surface coatings may darken the soil only slightly.
The soils of the Potwar Plateau in northern West Pakistan
are examples which show a relatively intense black colour
even though the organic matter content is low (19, or less).

Colour has a direct effect on behaviour of the soil only as
it influences soil temperature. It is a well known fact that
dark-coloured objects absorb heat readily and that light-
coloured materials reflect it. Thus, dark soils warm up more
quickly and attain higher temperatures when warmed from an
externa) source than do light-coloured, reflective soils. At the
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same time, the dark-coloured soils radiate heat more readily
and, therefore, tend to cool more rapidly when the source of
heat is removed.

In summary, then, soil colour is a readily observed feature
which may serve as an index to other soil characteristics.
Howcver, conclusions concerning the soil which are drawn as
the result of observing soil colour usually must be considered as
tentative until proven or disproven by other facts.

SOIL TEMPERATURE

The temperaturc of the soil is important because it influ-
ences various chemical, physical, and biological processes.
Within practical limits, microbiological and root activity
within the soil are observed to increase with increasing heat.
The rate of water movement will vary measurably with the
temperature, Evaporation from the surface of the soil is also
a function of tempecrature, although other factors are more
important in governing water loss by this process.

Factors Affecting Soil Temperature

The temperature of a soil is dependent upon several factors
operating jointly to determine the rate at which heat is gained
or lost. Major factors influencing soil temperaturc are the
angle of incidence of radiation from the sun and altitude. These
factors will be modified, somectimes to a large extent, by
colour of the soil, the temperature of the air and its rate of
movement above the soil surface, water content of the soil
and rate of evaporation, and the amount of cover or
shade.

Soils will receive maximum energy through solar radiation
if they lie in a plane perpendicular to the rays of the sun.
Thus, heating of the soil will be greatest if it occurs in equatorial
regions. In the Northern Hemisphere, those soils occurring
on south-facing slopes will be warmer than those on north
slopes because of the more favourable angle of incidence of
the sun’s rays. At tlie samc time, however, radiation from
the sun must travel a greater distance through the atmosphere
to reach land surfaces in the Northern Hemisphere. Thus,
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the farther north one goes, the less effective the sun becomes
as a source of heat, a

Aside from effects caused by variation in the angle of
incidence of radiation, the temperature of a soil will be in-
creased as the soil colour becomes darker and as the moisture
content decreases. Dark-coloured soils absorb considerably
more heat than do light-coloured, reflective soils. Water
influences temperature in that it has not only a higher specific
heat than the soil particles but, through its evaporation from
the surface, will tend to maintain a cooler temperature.

Cover over the surface of the ground intercepts solar
radiation and prevents its absorption by the soil. Cover is
provided both by growing plants and their residues which
accumulate on the surface of the ground. Clouds may be
more effective in reducing soil temperature than plants,
because they influence markedly the temperature of the air
in contact with the soil. At higher elevations and in the
more northern latitudes, snow affects soil temperature by limi-
ting the depth to which frost will form. Iurthermore, by
reflecting the sun’s rays, snow will prevent the early warm-up
of the soil in the spring season.

Soil which is thoroughly protected by plant cover will
acquire a temperature more nearly equal to that of the air
above., However, if moisture at the surface is plentiful, eva-
poration may reduce the temperature to below that of the
atmosphere. Exposed soil intercepting the direct rays of the
sun may be as much as 36° to 40°F. above air temperature, The
difference is appreciably greater with dark-coloured soils
than it is with those of light colour,

Heat Conductance in Soils

The components which make up most soils do not vary
markedly in their ability to conduct heat, Of greater im-
portance is the texture and moisture content of the soil and,
to a lesser extent, structure.

Heat transfer through a solid mineral is facilitated by the
fact that the constituent atoms are in close contact with each
other, If a solid block of the mineral is broken into small
grains, its capacity for conducting heat will be decreased.
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Transfer through the individual grains is as rapid as before.
However, transfer from grain to grain must occur largely
through the small contact points which are decidedly limited
in their ability to conduct heat.

Air molecules within the pore spaces will conduct heat
from grain to grain also but, because of the low density of air,
this mode of transfer is much less than through the solid
components. The finer the texture of the soil the greater is
the rtesistance to heat flow. The greater the number of
particles per unit volume of soil the greater the number of
grain-to-grain contact points through which the heat is
channelled.

Water will increase the ability of the soil to conduct heat.
This arises largely from the fact that water is more dense than
the air it replaces in soil pores when the soil is moistened.
Structure will affect heat transfer through the influence it has
on the solid-liquid-gas relations within the soil. In this
respect, compaction of the soil will increase the rate of heat
transfer by increasing the number and closeness of contact
points between adjacent particles.

Heat conductance in soils influences the rate at which a
soil body is warmed or cooled as the external temperature
changes. A dark-coloured soil may absorb heat readily but,
if it has a characteristically low conductivity, the soil beneath
the surface will not warm up rapidly. This may influence
the speed with which deep-planted seeds germinate, an im-
portant factor in crop production in areas of cool climate and
short growing season.
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REVIEW QUESTIONS

Define very briefly the terms texture, structure, and consistence
as they apply to soils.

What are the size limits of sand, silt, and clay under the
International and U.S.D.A. systems of particle-size classifi-
cation ?

What is meant by a disperse system, and explain how disper-
sion of a soil is accomplished ? What is a suspension ?
What is meant by the particle-size analysis or mechanical
analysis of a soil ? How does this relate to the textural class
of a soil ?

Of what value is it to know the textural class of a soil # Name
some of the other physical and chemical soil properties that
are related to texture ?

‘What is meant by true density of soil particles and bulk density
of a soil ?

What is the relationship hetween particle density and rate of
settling when soil is suspended in water ?

Examination of a soil profile shows it to be lime free and
relatively high In organic matter in the surface soil. The
subsoil has an appreciable amocunt of lime. If you were
interested in knowing whether or not the texture was uniform
throughout the profile, would you remove lime and organic
matter prior to mechanical analysis or not > Why ?

What is meant by massive structure, macrostructure and
microstructure ?

Name the major structural classes.

Name four factors which contribute to the formation of
structure,

How can you calculate the percent pore space if you know the
bulk density and particle density of a soil ?

Does a high bulk density mean high or low total pore space ?
What is meant by aggregation ?

Explain the difference between macro~ or noncapillary and
micro- or capillary pore spaces.

What is the significance of the term aggregate stability ”
What is the meaning of soil tilth ?

What is aeration ?
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19. In determining soil consistence, what properties are observed
in the wet soil ? the moist soil ? the dry soil ?
20. Which soil separate affects consistence to the greatest extent ?
21. The particle-size analysis of 5 soils shows the following per-
centage contents of four particle-size ranges. What is the
textural class of each soil as determined by the International
and U.S.D.A. methods of textural analysis ?
Size range of particles in mm.
~8oil No. 2:0—05 0502 02— 002 002
1 30 27 21 22
2 3 14 32 - 49
3 25 28 27 20
4 19 24 27 30
5 42 14 33 il
22. Using equation 2-2, determine the time required for particles

having diameters of -05, ‘02, and ‘002 mm. to settle to a 10-cm.
depth in a water column. For convenience in calculation,
consider the viscosity and density of water to both equal I,
and the particle density to equal 2-65.
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CHAPTER THREE

MOISTURE RELATIONSHIPS AND
AERATION IN SOILS

Two vERY important functions of the soil are those of
providing water and air to plant roots. Each of these
functions is highly dependent upon the pore-space relationships
in the soil. Not only do the pores provide a storage place
for water, they serve also as the means whereby both water
and air may be replenished from external sources. This
requires, then, that the soil contain a suitably high total
volume of pore spaces for water storage, and, at the same time,
that the pores be of a size suitable for the ready movement
of either water or air. Since soils with fine pores have the
greater capacity for retaining relative large volumes of water
and large pores offer the least resistance to water and air
movement, the soil ideally will contain pore spaces of both
sizes. An excess of either usually results in the display of
undesirable moisture or aeration relationships.

Water plays an extremely important role in a wide
variety of chemical, physical, and biological processes in the
soil. Its presence is cssential for the solution of soil minerals
and the transport of nutrients to roots and within the plant,
and it serves as a medium for the various chemical reactions
which take place both in the soil and in the plant. Harmful
effects can result as the consequence of excess water, for it
may create conditions of poor aeration or, if it passes through
the soil, will leach valuable plant nutrients from the root zone.
Moisture excesses also contribute to a high water table which,
in addition to promoting conditions of poor aeration, may
encourage the accumulation of toxic salts in arid-region soils.
Thus, while water is absolutely essential to soil and plant
functions, it may serve also as major detriment to plant growth.
Correct water management, and that affecting aeration as
well, requires a thorough understanding of soil characteristics
as they influence water and air relationships.
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Capillary Concepts Important to ‘Soil Moisture Discussions

Capillarity is a phenomenon familiar to most everyoue.
This process is responsible for the drying action exhibited by
cloth or blotting paper and the rise of oil in a wick. A classical
example of capillary action is the lifting of water in a vertically
oriented capiilary tube, this analogy being used frequently as
a basis for explaining the retention and movement of water
in soils.

The weight of water held in a capillary pore increases
with the height of rise above a free water surface. This weight,
which results from the downward pull of gravity, is supported
initially by a strong force of adhesion which attracts water to
the wall of the pore and thereby pulls it upward from the free
water surface below. Since the rising water also flls the
centre of the pore, this same weight must be supported by the
cohesive forces which hold together all of the water molecules
forming the column. Specifically, cohesion among water
molecules at the surface 1s most important because it must
support the weight of the entire column. Cohesion at this
point in the column is a manifestation of surface-tensional forces.
These forces are of constant magnitude for a given temperature
and are of considerably lower value than are adhesive forces
responsible for lift. Thus, the height to which water will rise
in a capillary pore is limited by the magnitude of surface-
tensional forces, for they are capable of supporting only a
certain, limited weight of water per unit of surface at the
air-water interface.=

Whenever an object is subjected to the influence of forces
pulling in opposite directions, a state of fension is created
therein; that is, there is a tendency for the object to be
pulled apart. However, no separation occurs so long as
cohesional forces exceed the applied pulling forces. Tension
is created in capillary-held water by the opposing forces of
gravity and capillary lift. The tension is at a maximum at
the surface of a capillary water column where its effects are
Jjust balanced by surface-tensional forces which hold the water
molecules together.
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As may be noted in Fig. 3-1, the surface of water held
in a capillary pore is slightly higher along the wall than it is

N/

FIG. 3-1, The influence of pore radius upon the height of rise
of water in a capillary tube. Shown are the radius {r) and
height (h) factors which serve as a basis for calculating the
weight of water forming a column above the free water
surface (FWS). The weight, in turn, expresses the total
downward pull supporied by surface-tensional forces.
Because of the concave shape of the surface film, total down-
ward pull per unit of surface area is greater near the pore
wall than it is in the centre of the pore.
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in the centre of the pore. Thus, tension at the surface is
somewhat greater around the circumference of the pore, and
it is here that surface-tensional forces first become limiting to
the height of rise. Since the magnitude of surface-tenstonal
forces and the circumference of a pore can be determined,?
one can compute the net lifting force in a given capillary system
through use of the equation

Total lift in dynes=2nrt, (3-1)

where 7 is the radius of the pore in cm., and ¢ is the surface
tension in dynes per cm.

The downward pull exerted by a water column is pro-
portional to its weight and can be expressed algebraically as

Downward force in dynes=w=r*hdg, (3-2)

where 712 is the cross sectional area of the column, £ its height
above a free water surface, 4 the density of water, and g the
acceleration due to gravity, When the water in a pore stands
at its maximum or equilibrium height, net upward and
downward forces are equal as indicated by the equation

2wrt=nr2hdg. (3-3)

Since the radius of a capillary tube can be determined,
the height to which water will rise in it may be obtained by
solving equation 3-3 explicitly for % ; thus,

2t U

ﬁ_%zﬁ (3-4)

It can be seen from this equation that % and r are related
inversely. Therefore, as is illustrated in Fig. 3-1, the smaller
the radius of the tube the higher water will rise in it by capil-
larity.

Since all molecules in a capillary water column are sub-
jected constantly to the opposing forces of lift and of gravity,
they persist continuously in a state of tension. The magnitude

! The surfacc tension of water at room temperaturc is approximately 72
dynes per cm., a dyne being defined as the lorce necessary to give a one-g. mass
an acceleration of 1 cm. per sec. per sec.
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of the tension at any point within the column will be propor-
tional to the weight of water occurring below that point.
Thus, the higher the level above a free water surface the
greater will be the tension among water molecules. As sug-
gested previously, maximum tension will be developed at the
surface where the weight of the entire column must be supported
by capillary forces.

One general and very important concept outlined in the
foregoing discussion should be emphasized at this point. As
shown in equation 3-2, the greater the height of a capillary
column of water the greater is the downward pull which can
be opposed successfully by limiting surface-tensional forces.
This is to say, then, that the smaller the pore the greater is its
capacity for retaining water against a force of removal. While
gravity opposes the force of retention in the vertically oriented,
uniform capillary tube, forces exerted by roots which result
in the actnal removal of water is the more common pheno-
menon observed in field soils. Thus, when filled pores in the
soil are of large diameter, the force of retention for water is
low and removal by plants will take place without particular
difficulty. When the water is retained in small pores only,
on the other hand, a much greater force must be applied to
permit the transfer of water from these pores into the roots.
If the force of retention by the soil becomes too great, roots
may not obtain sufficient water to prevent wilting. This
condition occurs when the moisture content of the soil is quite
low. At this time, most of the water present forms only thin
films over particle surfaces where it is held against removal
by strong adhesional forces.

Tension in Soil Moisture

When the amount of water in a soil is insufficient to fill
all pores, that present will fill those pores of relatively small
diameter only and will occur also as films of varying thickness
over particle surfaces which form the larger, unfilled pores.
The thickness of these latter films determines the extent to
which adhesional forces of attraction for water are satisfied.

Unsatisfied adhesional forces tend constantly to extract
water from filled pores nearby. However, surface-tensional
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forces at the air-water interfaces prevent emptying of the pores,
and, when unsatisfied adhesional forces and surface-tensional
forces are the same, an equilibrium in moisture distribution
between filled pores and films is obtained. Even so, these
two forces oppose each other constantly and create a state of
tension among the water molecules, As the moisture content
of the soil decreases, pores of smaller diameter only remain
filled and total capillary forces of retention at the air-water
interface increases. At the same time, films in the unfilled
pores become thinner and unsatisfied adhesional forces increase.
Thus, with larger opposing forces at play as a result of the
decreasing moisture content, tension among the water mole-
cules incrcases. When the moisture content becomes so low
that the residual water occurs only as thin surface films,
unsatisfied adhesional forces are very large and the resultant
moisture tension very high. Conversely, as the moisture
content increases to where all pores become filled and the
adsorptive forces for water are more nearly satisfied, tension
drops to zero.

In poorly drained soils with a high water table, a subs-
tantial part of the system of interconnected pores above the
free water surface is filled due to capillary rise. Here the
development of tension corresponds to that in the uniform
capillary system as illustrated in Fig. 3-1. Tensions under
waterlogged conditions are generally low, particularly near
the surface of the water table. Here, a minimum tension
value of zero is observed at the free water surface.

Expressing Motwsture Tension Values

The direct relationship between tension values and the
height in a capillary pore above a free water surface allows
use of the height measure as asimple, direct means of expressing
moisture tension. Although any unit of linear mecasurement
might be used for this purpose, designating tension values in
terms of height expressed as cm. of water has been a very
common practice. Applied to actual moisture conditions
in the soil, tension values expressed in this manner normally
range between zecro, where the soil is completely wetted, to
somewhere near 10 million cm. of water when the soil is in
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an air-dry state. Under the latter conditions, it is probable
that only submicroscopic pore spaces within soil particles
are filled ; the bulk of the small amount of water present
will exist as thin films over particle surfaces.

Because expressing tension in dry soils in terms of cm.
of water sometimes requircs the manipulation of large, unwicldy
numbers, Schofield (1935) proposed, as an alternative, the use
of their logarithms to the base 10 and termed these derived
values as the pF of soil moisture, This method of expression
has been adopted by many soil scientists, particularly those in
Europe. The relationship between tension values expressed
as pF and as cm. of water is shown in Table 3-1.

Tension values may be expressed also in normal pressure
terms. As noted in equation 3-2, the net downward force
in a water column is equivalent to =r2hdg. This total force,
exerted as downward pull against surface-tensional forces, is
applied over the entire cross sectional area {7+2) of the column.
Thus, since pressure {P) is equal to force (¥) per unit area
(4), then,

¥ xrihdg
P‘_KA_ 11'7'2 Ehdg- (3-5)

Therefore, pressure, like tension, increases in proportion to
the height within a water column, and either pressure or
height terms may be used to denote tension values.

The most popuiar pressure term used in soil moisture
work has been the standard aimosphere (atm.) which is equal
to 14-7 1bs. per sq. in. The bar, which has almost the same
value as the standard atmosphere, has come into rather frequent
use in recent years. In practical considerations, either an
atm, or a bar of pressure is assumed to be essentially equivalent
to 1000 em. of water,! the relationship among these values
being shown in Table 3-1,

! More preciscly, one atm. pressure is exerted by a water column 1033 cm.
(33f.) high.
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Table 3-1. The relationship among various methods of expressing moisture
tension values.

o ke e
0 1 -001
1 10 01
2 160 3|
3 1,000 1-0
4 10,000 100
5 100,000 100.0
6 1,000,000 1,000-0 -
7 10,000,000 10,0000

The pressure! in any liquid system at rest, whether
capillary or noncapillary, can be calculated through use of
cquation 3-5. If we assume 4 and g in the equation to be
constants with a combined value of £, then the equation
becomes simply P=#fk  As noted above, £ refers to the
height above a free water surface when dealing with a
capillary system. In a noncapillary or open body of water,
on the other hand, £ refers to the depth below the free
water surface.

As illustrated in Fig. 3-2, the hydrostatic pressure at a
frec water surface is zero. 'The pressure below this surface is
positive and increases with increasing depth. If the depth is
measured in cm., then it is convenient to express the corres-
ponding pressure as cm. of water. Atmospheres of pressure
can be used also, of course. An identical relationship between
values of P and % occurs in a capillary water column above
the free water surface. However, since the water is lifted by
capillary forces in opposition to gravity, the pressure developed

! Pressure in a liguid at rest is referred to normally as Aydrestatic pressure.

It is sometimes called Apdraulic pressure, although the latter term usually denotes
pressure within or exerted by a liquid in motion.
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is negative ; that is, a state of tension is produced. The
greater the distance above the free water surface the greater
the tension or negative pressure as 15 noted also in Fig. 3-2.
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FIG. 3-2. Pressure and tension relationships in a continuous
capillary-noncapillary system where pressure and tension
are expressed as cm. of water. Pressure values increase
positively below the free water surface, whereas they increase
| negatively above this reference level. Tension is equivalent
to negative pressure although of opposite algebraic sign.
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Moisture tension values in most agricultural soils support-
ing growing plants vary between zero and 15 atm. As mention-
ed previously, zero tension corresponds to the moisture level
where all soil pores are filled with water. In well-drained
soils, this condition will occur only rarely and then only during
a brief interval when the soil is being wetted by rain or irriga-
tion. The 15-atm. value correspouds to the average maximum
tension normally developed as a consequence to the removal
of water from the soil by plants. By the time this tension value
is attained, most plants are being seriously deprived of water
and are wilting or at least very close to this stage,

Expressing the Soil Moisture Content

Whereas the force with which water 1s held in 2 soil is
expressed by tension values, the quantity of water present
under a specified tension is denoted by a percent moisture
content, Percentage values in moisture work are referred to
the oven-dry weight of soil since this provides a constant point
of reference. Thus, 2 soil sample which weighs 120 g. in the
moist state and 100g. after oven-drying! will contain 20 per cent
moisture. The range usually encountered is from 2-10 per
cent in air-dry soils to 50-60 per cent in clayey soils which
have all pore spaces filled. Highly organic soils, having both
a low mean particle density and a low bulk density, may
retain water in quantities equivalent to several times their
oven-dry weight.

Characterizing Moisture- Refention Properties in Souls

Differences in moisture-storage and moisture-delivery
capabilities among soils is related to textural variation for the
most part. This fact is illustrated in Fig. 3-3 by the charac-
teristic moisiure curves for two soils of different texture. Cons-
truction of these curves involves the plotting of corresponding
values of tension and moisture content, usually throughout

* Drying is accomplished at 105-110° C. to an essentially constant weight.
Normally, the process is assumed to be complete alter 48 hrs. Omnce a drying
cycle is well underway, fresh, wet samples sheuld not be placed in the aven with
those being dricd,  Otherwise the humidity of the oven is raised undul;.and the
required drying time prolonged.
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FIG. 3-3. Characteristic moisture-retention curves for soils of
two textural classes.

the 0-15 atm. range. It can be ascertained at a glance from
these curves that the finer-textured soil has the higher total
capacity for holding water. Further, calculating the quantity
of water lost as the tension is increased to 15 atm. indicates
that this same soil will release a greater amount of water
before the point is reached where wilting occurs. Thus,
characteristic moisture curves provide a basis for the ready
comparison among soils with respect to their moisture-supplying
propertiecs. Data for such curves are obtained virtually always
on soil samples taken into the laboratory. The procedure
involves the measurement of the amount of moisture held by
the soil at different tensions developed by subjecting the samples
;to known forces of moisture removal.
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The Field Measurement of Moisture Tension

One of the most useful instruments for measuring tension
in field soils is the fensiometer (Richards and Gardner, 1936).
The apparatus, which is illustrated in Fig. 3-4, consists of a
porous ceramic cup that may be buried in the soil at any
pre-selected depth and which is connected to a mercury
manometer or vacuum gauge through a water column. When
water from the interior of the cup passes through the pores
and makes contact with the soil, it creates a continuous liguid
system extending through the soil and into the tensiometer.
Suction created in the system by the surrounding soil is
reflected by a rise in the mercury column. The height of the
mercury column, denoted by 4 in Fig. 3-4, provides a continu-
ous measure of the soil moisture tension, therefore.

Ceramic materials used for tensiometer cups contain pores
of an average size which permits the relatively rapid transfer
of water but which also limits the measurement of tension to
about 850 cm. of water only (Richards, 1949). Thus, ten-
siometers will give reliable readings if their use 15 restricted to
soils kept fairly moist. If, as the soil dries, tension becomes
so great that even the small pores of the cup are emptied by
movement of water into the dry soil, air is drawn from the
soil and into the interior of the tensiometer. Omnce air is
trapped inside, the reliability of the tensiometer is destroyed.
This is because air, unlike water, will expand or contract with
changes in pressure and will not allow the true moisture
tension to be shown by the manometer or vacuum gauge.

The moisture content of the soil may be measured in-
directly by electrical means. Devices commonly employed
are gypsum, nylon, or fiberglass blocks which are placed in
the soil and which change in moisture content as the moisture
level of the surrounding soil varies (Bouyoucos and Mick,
1940, 1947, 1948 ; Bouyoucos, 1954). The blocks contain
two electrodes, and electricity will flow between thcm under
the influence of an applied electrical potential in an amount
dependent upon the moisture content of the blocks. Electrical
characteristics vary from block to block. This requires that
the blocks be calibrated individually by placing them in a

——
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FIG. 3-4. Simplified diagram of a tensiometer:
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soil and measuring their resistance at different, known moisture
contents, Details on calibration are given by Kelley (1944).

Unlike the tensiometer, resistance blocks are most useful
where tensions are high. Even then, changing salt concen-
tration of the soil solution will affect the resistance of the
blocks and thereby will imit their usefulness in many instances.
Largely because of the technical problems involved in the
use of tension- and moisture-measuring devices and because
of their relatively high cost, they are employed primarily
by the research scientist.

Motsture Stress

Moisture tension measurements take into consideration
only the physical forces of attraction between soil solids and
water, Where plants are involved, removal of moisture from
the soil requires over-coming not only these physical forces
but, also, those duc to osmotic pressures caused by dissolved
salts. The summation of all forces which operate to prevent
removal of water by plants is called moisture stress. If the
solute concentration is negligible, the moisture stress is equal
in magnitude to the moisture tension.

THE MOVEMENT OF SOIL MOISTURE

TFor convenience in the discussion of water movement,
the moisture level in the soil is normally described by one of
the two generalized terms, These are saturation, where all
pores are filled, and unsaturation, where, obviously, the volume
of soil voids is shared by varying proportions of water and
air. In a strict sense, saturation refers only to a single,
maximum moisture content. Practically, however, this abso-
lute moisture level is seldem observed in field soils and, therefore,
the term is used also to denote near saturation, a condition
arising from the presence of trapped gases in a limited number
of pores within an otherwise saturated soil mass.

Forees Causing Moisture Flow
Qualitatively, the rate of transfer of water through soil
pores is a function of the magnitude of the forces causing
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movement and the conductive capacity of the soil. Both
factors vary with changes in the soil moisture level and its
pattern of distribution within the soil body.

Forces responsible for moisture movement in soil have
their origin in four primary sources. These include gravity,
which provides a force of constant magnitude, and variation
from one point to another within the soil body in either moisture
tension, vapour pressure, or osmotic pressure. Since all may
exert an influence at the same time, their separate effects are
additive.

Differences in osmotic pressure and vapour pressure
seldom cause effective moisture flow within a soil mass.
Osmotic cffects are of consequence only in soils seriously
troubled with accumulating salts. While vapour-pressure
differences can cause the diffusion of water vapour, such
variations within the soil normally are too small to be of
particular value, especially in contributing to plant growth.
As a consequence, practical considerations of moisture flow
may be concerned only with that caused by gravitational
influences and moisture tension differentials.

In unsaturated soil, water tends to be distributed uniformly
so that capillary forces everywhere are satisfied to the same
extent. This state of balance, characterized by uniformity
in tension throughout the soil, is disturbed if water is removed
from or added to one point but not to the remainder of the
soil mass. As a consequence, movement will take place and
continue until an equilibrium state is established once again.
Typical of any reaction which is completed when equilibrium
is attained, moisture movement is most rapid when the degree
of unbalance is large and slows gradually as equilibrium
conditions are approached. Practically, however, since water
is either added to or removed almost continuously from the
soil, an equilibrium state is virtually never attained.

The degree of moisture unbalance in unsaturated soil is
denoted by the tension gradient. 'This gradient is expressed as
the difference in tension between two points divided by the
distance between these two points. The steeper the gradient
the greater is the motivating force influencing flow.

5



66 PRINGIPLES OF SOIL SCIENCE

Gravity as a factor in moisture movement has little
influence in unsaturated soils holding moisture at high tensions.
As saturation is approached, however, the influence of gravity
becomes more important and, at saturation, provides the only
significant force for movement. The magnitude of the force
causing saturated flow is expressed in terms of the fAydraulic
head, or the difference in elevation between points along a
free water surface. The hydraulic head divided by the
distance through which its influence is felt is designated as
the hydraulic gradient, As the tension gradient affects unsatu-
rated flow, movement of water between two points in a satu-
rated soil increases with increasing hydraulic gradient.

Gravitational effects operate in a downward direction
only. Lateral flow due to gravity occurs, of course, but only
where such movement results also in the transfer of water
from higher to lower elevations. As opposed to this fact,
moisture flow along a tension gradient may occur in any
direction and will be from points of low tension toward points
of high tension. Thus, movement may be into drier soil
zones around roots where active absorption is taking place ;
or it may be in an upward direction toward the soil surface
where a high tension is created by drying through evaporation.
Downward movement in response to a difference in moisture
tenston occurs during the normal process of soil wetting by rain
or irrigation water. In this instance, movement is from the
surface, where tension is near zero due to the abundance of
water, toward zones of higher tension in the drier soil beneath.
Gravity contributes to this movement but its effects are signi-
ficant only where a saturated condition is promoted temporarily
during the application of water,

Permeability as a Factor in Moisture Flow

Tension gradients or hydraulic gradients do not function
alone in determining the rate at which water will flow through
a soil because different soils have different abilities for trans-
ferring water from one point to another under the influence
of a given gradient. The ability to allow moisture transfer
by a soil is referred to as its permeability or conductive capactity
and may be characterized under both saturated and un-
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saturated conditions. It is a finction of the total volume of
conducting pore spaces, their mean size, and the degree to
which these pores are filled with water at the time they are
serving as the conducting medinm.

The dependence of flow rate uwpon moisture content is
celated to changing total frictional losses with varying moisture
sontent. The rate of flow of water through a channel is
dlowest along the wall where frictional loss is the greatest.
The minute size of any soil pore thus imposes restriction on
motsture flow in that all molecules must move in relatively
close proximity to pore walls. Even so, whether or not water
-an pass through the centre of the pore, a condition possible
anly when the pore is filled, will have a marked influence on
the conductive capacity of that pore under a given motivating
force. Thus, as the moisture content of a pore is reduced
and the proportion of water flowing near the wall increases,
frictional losses per unit quantity of water transferred through
the pore must increase. As a .consequence, the unsaturated
permeability of soil decreases with decreasing moisture content.

Pore spaces in coarse-textured soil material are predom-
mantly large, When filled, movement of water through
these pores suffers less frictional loss than will movement
through the smaller pores dominant in fine-textured soils.
Therefore, so long as saturation is maintained, the volume
of water flowing in these coarser solls will be greater than it
will be in finer-textured materials when the motivating force
in each is the same. With increasing tension and degree of
unsaturation, however, the large pores of coarse-textured
soils are soon emptied. The pores which do remain filled
with water are small and limited in number and may not
provide an interconnected system through which the water
may flow in an uninterrupted manner. Therefore, the
conducting capacity of the soil ‘will drop off sharply once the
continuous system of water-filled pores is broken. This
condition can occur at tension$ of less than -1 to 0-2 atm.
in sandy soils. ;

Fine-textured soils contair# a large proportion of small
pores which retain water under relatively high tension. As a
consequence, the unsaturated permeability of these soils does



68 PRINCIPLES OF SOIL SGIENCE

not drop off as rapidly with increasing tension as it will in
coarser materials. At the same time, however, the small
pore size prevents rapid transfer of water even at saturation.
Summarily, then, the conductivity of coarse-textured materials
is greater than that of finer materials at saturation but the
reverse is true under conditions of high soil moisture tension.
The generalized relationship between permeability and
increasing temsion as affected by variation in soil texture
is illustrated in Fig. 3-5.

|
i |
|

Rate of water transfer

Low
High Low

Relative mopisture content

FIG. 3-5. The effect of soil texture on moisture conduction with
variation in soil moisture content. At high moisture levels,
the large pores remain, filled and conduct water most
capidly. Finer-textured soils conduct the greatest amount
of water at lower moibture levels because they contain
a high proportion of sinall pores which remain filled for
longer periods as the maisture tension increases.

SOIL. WETTING

Because the adsorptive forces for water in a dry soil are
largely unsatisfied, the application of free water under low
tension at the surface results in the relatively rapid entry into
the soil. The drier the soil the greater will be the differenee
in tension between the water held originally in the soil and
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that applied at the surface. Thus, the inltial moisture content
will be a determining factor in the rate at which the water
moves into and through the soil pores. QObviously, the ability
of the pores to conduct the water, a property dictated by pore
size, is important also in controlling the rate of water movement
from the surface to the unwetted portion below. Further,
as the wetting process continues and the thickness of the
wetted zone increases, water continually must move through
a greater distance to reach the dry soil. Thus, as the depth
of wetting increases, the tension gradient decreases and the
net resistance to flow increases, both effects resulting in the
gradual reduction in the rate of movement from surface to
qubsoil layers. ‘

When the application of water at the surface ceases, water
will continue to move toward the zone of higher tension
pelow. However, the only source of water for movement
into the dry soil below now is the filled or nearly filled pores
near the surface. Consequently, as these pores drain, the
tension there increases and tends to oppose continued moisture
removal. Further, as the moisture content of the wetted zone
decreases through loss of water to the subsoil, the rate of water
conduction also is reduced. Either of these factors will result
in a lowering of the rate of flow, and when their influence
becomes sufficiently large, the drainage rate becomes negli-
gibly small. Because of this, a moisture content is attained
eventually which remains relatively unchanged in time, and
therefore, corresponds to the maximum amount of water the
soil will hold under the specified conditions of drainage. It
is referred to as the field capacity of the soil and normally is
considered to represent the upper limit of available water to
plants, Each time the dry soil is wetted, this essentially
constant moisture content will be re-established. Under usual
conditions in the field, water removal by vigorously growing
plants easily will exceed the loss by further drainage after
the level of field capacity has been attained.

Sotl Texture and Field Capacity Values
The concept of field capacity is not equally applicable to
all soils, Those of a sandy nature, for instance, become
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nonconducting after a relatively short period of drainage and
also at fairly definite moisture levels. Because drainage is
inherently slow in fine-textured soils, the point in time where
the drainage become negligible is not so precisely defined.
This is illustrated in Fig. 3-6 where reduction in the moisture
content and increases in moisture tension in the surface layers
of thoroughly wetted fine- and coarse-textured soils are plotted
against time, It will be noted that drainage in the sandy soil
is complete for all practical purposes after about two days.
The resultant moisture content of about 12 per cent represents
the field capacity in this soil. No such point of relatively
constant moisture content is observed for the silty clay loam.
It may be noted also in the lower diagram of Fig. 3-6, that
the initial increase in tension in the sandy soil is very rapid
but does not increase above the relatively low value of about
0-1 atm. The tension in the silty clay loam, on the other hand,
continues to increase duc to continued water loss even though
after 8 days the tension has risen to above 0-3 atm.

Soil Stratification and the Field Capacity

The above discussion concerning wetting and the estab-
lishment of the field capacity has application primarily to soil
profiles of relatively uniform texture throughout. Many soils,
on the other hand, are not uniform but consist of intermixed
Iayers of different texture. Thus, in wetting, water must move
at times between layers having different effective pore sizes
and, therecfore, different capabilities for attracting water by
capillarity.

As water moves downward through a dry soil, the most
advanced portion of the wetted zone, defined as the wetting
Jront, has a comparatively low moisture content. Thus, if a
wetting front advances through a fine-textured soil material
to an underlying layer of coarse material containing pre-
dominantly large pores, transfer of water will not take place
to any extent so long as the tension at the junction of the two
soil layers remains high. This is because the large, empty
pores below cannot extract water by capillarity from the
smaller ones above until these small pores become essentially
filled and the moisture tension therein is decreased to a low
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FIG.

3-7. The wetting of a fine-textured soll material containing
a layver of sand. The line marked &3 hr. shows the semi-
circular shape of the wetling front when it reached the sand
laver,  Only after about | 5 hrs., when due to a gradual
increase in the moisture content the tension at the werting
front became very low, was movement into and through the
sand laver possible, (Photograph by courtesy of Dr. W. H.
Gardner,  Washington State  University, Pullman,
Washington. |
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level. As a result of this, the wetting front will remain sta-
tionary at the boundary until more water moves in from
behind to reduce the moisture tension there. This sequence
of events is illustrated vividly in Fig. 3.7 where downward
movement is impeded temporarily when the wetting front
passing through a fine-textured soil material contacts a layer
of sand. Once movement into the sand layer commences,
it will continue without further interference.

A sand layer, because of its inability to extract water
unless the tension is very low, will interfere also with the
eventual drainage from the overlying layer. This is due to
the fact that only a slight increase in the tension above the
sand layer will again prevent movement into this coarser
material. As a result, drainage will stop while the finer
material is still very nearly saturated. A rather constant and
relatively high moisture content corresponding to a field
capacity value would thereby be established for the overlying,
fine-textured material,

As opposed to the above example, a layer of fine-textured
material in an otherwise coarse soil also impedes the downward
movement of water during wetting and during subsequent
drainage. However, the effect is the consequence of the
relatively low permeability of the finer material even if the
moisture level is near saturation, Water under high tension
at the wetting front will move into the small pores of the fine
material readily, but the transfer out into the coarse material
below again will occur only if the tension is comparatively low.
Thus, a clay layer in a normally well-drained sandy soil may,
through impeded saturated flow, maintain the profile in a
relatively moist state. If, because of this effect, excess water
is retained in the soil above a slowly permeable subsoil layer
for a prolonged period, a condition described as a perched
water fable results.

A Practical Consideration of Field Capacity Values

Realization that the ficld capacity denotes the maximum
amount of water a soil will store against free drainage makes
it a very important and useful concept. If negligible water



72 PRINCIPLES OF SOIL SCIENCE

is lost from the root zone once the field capacity is attained,
then this value marks the upper limit of available water to
plants, Thus, the field capacity serves as a means of charac-
terizing partially the moisturc-supplying ability of a soil.
A limitation to this arises where one is unable to determine
precisely the field capacity in slowly permeable, fine-textured
soils,

Where land is cropped to vigorously growing plants,
water removal by roots will take place while the water is
being applied and during the drainage period which follows.
Thus, even before drainage is completed, water will have been
used by plants which cannot be related to a field capacity
percentage. However, during the initial period following
wetting, loss of water from the root zone is predominantly by
the drainage process rather than through root absorption.
It is not until the drainage rate becomes very slow that plant
uptake becomes the principal agent for removal. Therefore,
under these circumstances, drainage will proceed to the point
where further water lass by this pracess is no greater than the
loss caused by root absorption. The moisture percentage at
this time is considered to correspond to a practical and useable
field capacity value which approximates the upper limit of
available water to plants.

According to Viehmeyer and Hendrickson (1949), the
field capacity is obtained in a thoroughly wetted field soil after
a drainage period of about 2 to 3 days. This arbitrary
standard is used most frequently as the basis for the experimental
determination of field capacity values. For soils of medium
texture, a tension of about one-third atm. will have been
created as a result of 2 to 3 days’ drainapge (Coleman, 1947).
In coarse-textured soils, where the large pores become rela-
tively nonconducting at low tensions, the valuc after this
drainage period may be no greater than about 0-15 atm.
(Richards, 1949).

INFILTRATION

The movement of water into a soil during an irrigation
or rain is referred to as nfiltration, and infiltration rates are
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commonly measured to determine this capacity in a soil.
Initially, at least, the infiltration rate is affected by the original
moisture content of the soil and its texture and physical state
of the surface.

Infiltration can be controlled somewhat by tillage and
soil management. As shown in Table 3-2, for instance, the
rate of infiltration of water into well-granulated sod land is
maintained at an appreciably higher level over a longer
period of time than it is in cultivated maize land having a
plow layer in a somewhat less stable state of aggregation.
This may be of particular significance where the quantity of
rain water absorbed by the soil is a function of the infiltration
rate. Obviously, water that is not absorbed will drain away
over the surface and will not become available for plant use.

Table 3-2. The effect of crop {cultural practice} en infiltration of water into
an otherwise uniform soil.

Duration of Infiltration Rate (in./hr.)
Weiting {Hours) Maize Grass sod
0 110 1-10
i 45 -80
2 -28 -50
3 20 37
5 18 30

As granulation affects infiltration rates, so will soil texture.
In either case, the rate is largely a function of the conductive
capacity of the soil where water is being applied continuously
and, therefore, where transmission through the surface layer
may be within pores that are essentially saturated. Subsoil
layers which restrict the transfer of water also will, in time,
affect infiltration rates when these layers are reached by the
moving water.

Textural and layering effects are illustrated by the following
tabulated comparison. Shown are infiltration rates obtained
after the soil material in question has been subjected to an
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initial wetting of sufficient duration so that the wetting front
will have reached any restrictive layer in the subsoil :

Soil Material Group Infiliration, Rate
in,fhr,
Coarse to medium fexture
Deep, well drained *30—r40
Shallow over restrictive layer 05—"15

Fine texture {Clayey)
Well aggregated 05—10
Dense, dispersed Negligible

The above values are, of course, subject to a great degree of
variation depending upon hoth the textural and structural
configuration not only of the main soil body but also of the
subsoil layers present.

THE RISE OF WATER FROM A WATER TABLE

A classic example of unsaturated flow is the rise of water
from a water table. This process can be observed in a simple
demonstration consisting of columns of soil placed in contact
with a free water surface. If several columns are used and
contain soils of different textures, an observation as to the
effect of the texture on rate and extent of rise can he made.
It will be noted that, because of differences in pore size, the
initial rate of upward flow in sand is more rapid than in fine-
textured soils. However, significant movement is maintained
for longer periods of time in the latter fine soil materials.
These differences, which have certain similarities to the drainage
patterns illustrated in Fig. 3-6, are shown in idealized graphic
form in Fig. 3-8, Here soils of three textural grades are
represented ; sand, loam, and clay. The initial rapid rate
of rise in the sandy soil results from the lower resistance to
flow in the large pores. The same large pores, on the other
hand, developing but limited capillary Ilift, also restrict the
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FIG. 3-8. The theoretical rise of water from a water table as a
function of soil texture. The coarser the texture the more
rapid the initial rate of rise. The finer the texture the
higher the water will ascend before movement becornes
negligibly slow.

height of rise. The maximum height to which water wili
rise 15 greater in the soil with the finer pore spaces, therefore,
and this height is noted to vary inversely to the rate of flow
during ascention.

The tension with which water is held in soil pores increases
with the distance above a water table. Thus, water that
has risen to appreciable distances by capillarity will occur only
in the finer soil pores and its movement through these pores
is relatively slow. For this reason, plants must approach
reasonably close to the surface of a water table before the
rate of water movement to them is adequate for normal plant
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functions, The rooting habits of plants is all important,
therefore, in determining whether or not they can survive if
the principal source of water is from a water table,

DEEP PERCULATION

When more water infiltrates into a soil than can be
stored in the root zone, the excess will move into the substrata
below. Here it may be added to a permanent water table
or it may create a condition of temporary waterlogging until
natural drainage removes the excess. The loss of water through
deep percolation increases with increasing rainfall or with
increasing application of irrigation water. Any treatment
which raises the infiltration rate of a soil or reduces the amount
of water lost as runoff will increase the percolation loss. Deep
percolation is negligible in areas of low rainfall or where
careful irrigation practices are followed.

Most soil profiles give visible evidence of the extent of
percolation to which they have been subjected for long periods.
For instance, soils of humid regions which have been influenced
by considerable leaching are generally free of soluble salts.
Many of their less resistant mineral components will have been
dissolved and carried away in drainage water. Such soils,
when placed under cultivation, suffer equally intense if not
greater leaching loss unless removal of natural plant cover
has resulted in an increase in the runoff of rain water.

Actively growing plants tend to reduce percolation loss
through utilization of the water stored in the root zone. Thus,
under comparable periods of precipitation, land well covered
with plants may be expected to suffer less percolation loss
than would occur were it under fallow. Countering this effect,
however, is the fact that the cover provided by abundant
vegetation may reduce the total runoff from sloping land and
thereby increase total infiltration.

As a general rule in the subcontinent, most precipitation
comes during the monsoon season and at a time when many
plants are growing with relative vigour. The tendency would
be, then, for these plants to lessen the intensity of percolation
loss. Nonetheless, in Bengal, throughout the Himalayan
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submontane iracts, and elsewhere in regions of high monsoon
rainfall, even the presence of abundant vegetation will have
but an insignificant influence on total percolation loss. This
is quite apparent from the highly leached appearance of the
upland soils in these areas,

Nutrient ions absorbed by plant roots will not be subject
to loss from the soil via the percolation stream. Therefore, a
dense plant cover with a well-developed root system can con-
tribute much toward the conservation of these nutrient ele-
ments. The effect involving nitrate-nitrogen is particularly
noticeable since this jon is readily leached. Growing plants
conserve nitrate because it is subject to rapid absorption by
roots and in relatively large amounts.

While little control over percolation losses in humid
regions is possible beyond the continual maintenance of a
plant cover, this problem in irrigated lands can be held to a
minimum by judicious irrigation practices. Often, where
irrgation water is in abundant supply, the general tendency
is to apply more water than is needed. This results not only
in the loss of soluble plant nutrients but also in the intensi-
fication of waterlogging so common In irrigated areas. Prob-
lems of aeration, therefore, would increase through over-
irrigation. Further, the accumulation of salts in toxic
quantities in the soil as a result of the capillary rise of salt-
bearing water from the water table would be encouraged
also.

Where losses due to percolation are extensive, it 1s impera-
tive that careful management practices be followed to ensure
maximum conservation of essential plant nutrients present
in the soil. This is particularly true where these nutrients are
supplied in expensive and scarce fertilizers or manure,
Practices such as the use of forms of plant nutrients least
subject to leaching, or their application to the soil in a way
which will reduce leaching loss to a minimum should be
followed wherever possible. These aspects of soil management
are considered in greater detail in later chapters.
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MOISTURE UTILIZATION BY PLANTS

Plants differ in their ability to utilize stored moisture
particularly from the standpoint of depth of rooting. Further,
when subjected to different environmental regimes, a single
plant species may display a high degree of diversity in utilizing
soil water effectively. It is important to recognize, therefore,
that the soil alone will not determine the total quantity of
water made available to plants during a particular period.

The Role of Water in the Plant

A single, continuous liguid system is formed by water
which moves from storage points in the soil and into and
through the roots, stems, and leaves of plants, A change in
the moisture status at any one point will be reflected subse-
quently throughout the whole of the system. As in the soil
alone, the effect results from the tendency for water to distribute
itself uniformly in an effort to equalize differences in tension
within the system. Therefore, loss of moisture from the plant
increases moisture stress within the plants cells and encourages
a more rapid rate of replenishment from the soil. Conversely,
increases in the soil moisture tension as the moisture content
of the soil decreases may be expected to reduce the rate of
flow into the plant. Regardiess of the cause of variation in
the rate of flow, it must be maintained at an adeguate level
to supply the needs of the plant for water at all times.

Water enters into numerous processes within the plant.
It serves as a solvent in which organic and inorganic com-
ponents can react or can be transported to the various plant
parts. It is used directly in photosynthesis where, with
carbon, it becomes a component of many organic compounds
such as sugars, starches, and cellulose. Water has an important
role also in limiting variation in temperature of the plant,
both by virtue of its high capacity for absorbing heat without
marked temperature change or through the cooling effect
accompanying evaporation. One of the main functions of
water is to keep plant cells in a fully expanded or turgid condi-
tion, Loss of turgidity, recognized visually as wilting,
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interferes noticeably with physiological processes responsible
for growth and reproduction.

In spite of its essential nature and frequent short supply
in the soil, the use of water by plants is a relatively inefficient
process. Normally, less than 0:59, of all the water taken up
by a plant is retained in plant tissue. Most of the water is
Jost to the atmosphere through stomatal openings which occur
;n highest concentration on leaf surfaces. The process of
water loss by this means is known as transpiration. Basically,
it is an evaporation process and is influenced by such atmos-
pheric factors as temperature, humidity, and wind, just as is
evaporation.

Forces causing transpirational lass are often of very great
magnitude. In terms of tension, the pull created by dry air
on leaf-held water may exceed 1000 atm., Although plants
normally have some morphological features which provide for
reducing the rate of transpiration at times of great stress, the
main defense rests with the continual flow of water at an
adequate rate into roots. Obviously, then, where problems
in supplying moisture to plants are common, it is of utmost
importance to recognize those characteristics of soil which
contribute materially to water storage and delivery to
plants.

FACQTORS AFFECTING THE SUPPLY OF AVAILABLE
WATER IN BOILS

While physical characteristics (i.e., texture) of a soil
contribute materially to the storage and supply of water to
plants, they are not the sole factors controlling these functions
important to plant growth. The quantity of water infiltrating
into a soil and efficiency of utilization of stored water by plants
also play significant roles in determining the total delivery
of water to plant roots. Al of these factors must be considered
in any evaluation of the potential moisture-supplying power

of a given soil under a specific set of environmental and cropping
conditions.
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THE LOWER LIMIT OF AVAILABLE WATER—
THE WILTING FOINT

*  Water will be subject to absorption by plants if it can
contact root surfaces while at a tension below that of the root-
held water. Soil moisture tension, then, can serve as an
index to the availability of water, for it relates to the force of
retention by the soil. Further, since tension is related inversely
to the unsaturated permeability of a soil, it will indicate also
the relative difficulty encountered in moving water from
points of storage up to the roots, The rate of delivery to the
root appears to be as important a factor in determining moisture
availability as is the force of retention exerted by the soil,

Water absorption continues even as a plant wilts. How-
ever, the rate of absorption at this time is inadequate to keep
pace with loss through transpiration. The moisture content
of a soil at which this phenomenon occurs defines the wilting
point, and it may be as low as 2 to 3 per cent in sands and
as high as 15 to 20 per cent in clayey soils,

Numerous studies have shown that most succulent plants,
when grown on a single soil, will reduce the moisture content
of that soil to the same point at wilting, Thus, a wide variety
of plants might be used for determining the wilting percentage
of soils. The standard procedure, however, involves growing
sunflowers (Helianthus annuus) in a container filled with the soil
and protected against loss of water through evaporation from
the soil surface. The moisture content is determined when
the plants wilt permanently. Logically, the moisture will
not be distributed uniformly within the soil mass at wilting
since the degree of removal will vary with the distance from
the root surfaces. Greatest uniformity in moisture distribution
within the soil and maximum removal will be attained if the
wilting point is approached slowly during the test, therefore.

While the moisture percentage at wilting varies widely
among soils of different textures, the moisture tension at the
wilting point differs to but a limited extent from soil to soil.
It may vary between 12 and 18 atm., but it is so often near
15 atm. that this value is considered as an almost universal
expression of the wilting point in practical considerations,
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It must be emphasized, however, that no single value expresses
the tension precisely at all points within the soil mass at wilting,
Indeed, tensions at the most distant points from root surfaces
will be somewhat below the value for the whole soil, while,
at root surfaces, they may be as high as 50 to 60 atm. at wilting,

Roots are actually capable of reducing the moisture
content of the soil to very low levels, They do so by creating
relatively steep tension gradients in the soil. This is possible
because tensions developed at root surfaces are high and they
must operate through relatively short distances in moving
the stored water. Again, however, as the moisture content
and the unsaturated permeability are reduced through ab-
sorption by roots, the rate of transfer under a given tension
gradient decreases. Eventually the rate becomes inadequate
to meet plant needs and wilting follows. This point is reached
in sandy soils at lower tensions than in finer-textured soils
because the large pores they contain are emptied and become
nonconducting at lower tension values.

If, in a sandy soil, the instantaneous demand for water is
great, wilting may occur even though the tension is no higher
than about 12 atm. Plants can remove water from these same
soils up to appreciably higher tensions if the wilting point is
approached slowly and if the root system of the plants per-
meates the soil thoroughly so as to tap the maximum number
of storage points within the soil mass.

Estimating the Available Water Supply in Soils

Any water held within the root zone at a tension less than
that describing the wilting point may be considered as available
to plants. Since the field capacity is deemed to denote the
upper limit of moisture availability, total available moisture,
then, may be computed as the mathematical difference between
the field capacity and wilting point values. Ifthe field capacity
and wilting point values are expressed as percentages, the
available water content will be a percent value also and will
represent the mass of available water held per unit mass of soil.
If bulk density values are included in the calculations, available
water supply can be expressed on the basis of soil volume
rather than soil mass. This, in turn, may be used in conjunc-

6
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tion with soil or root-zone depth to estimate the total quantity
of available water which may be stored in a field soil. The
field capacity value used for these calculations will be that
moisture percentage determined in the field soil 2 to 3 days
after the conclusion of a thorough wetting either by rain or
irrigation water.

Calculations used in determining the available water
contained within the root zone of a soil may be adapted also
to computing the amount of water necessary to raise its moisture
content to the field capacity. By this means, overirrigation can
be avoided to a large extent, an important factor where water
is in short supply and where excessive additions will result in
deep percolation or will raise the level of a subsurface water
table. The need for the eflicient use of irrigation water in
many areas of the subcontinent emphasizes the desirability of
understanding and using this procedure as a basis for the
efficient use of irrigation water.

Textural Effects on Availoble Water Storage

Both the field capacity and wiliing point values are de-
pendent on total porosity and pore size distribution of soils.
These features, in turn, are most closely related to soil texture.
To a degree, structural configuration and organic matter content
also will have an important bearing on the magnitude of these
two values,

Significantly, both the field capacity and wilting per-
centages increase with increasing fineness in soil texture.
However, soils of medium texture generally have the greatest
capacity for storing available water. As shown in Fig. 3-9,
the difference between field capacity and wilting point values
is 2 minimum in soils of either very coarse or very fine texture.

The storage of but limited available water in sands
results primarily from their low retentivity at the field capacity.
The limitation in fine-textured soils comes from a more rapid
elevation in wilting point values with increasing fineness of
texture without a corresponding increase in the field capacity
values. This would appear to be due to the fact that changes
in the wilting point are related specifically to pore size through-
out the entire range of soil texture, whereas ficld capacity
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FIG. 3-9. The generalized relationship between soil texture and
ability to store available water. Water held between the
limits of the field capacity and wilting point percentages is
considered to be available. (Adapted from the U. S. Dept.
Agr. Yearbook for 1955, p. 120)

values increase only slowly after the average pore size attains
a certain minimum. This would relate to the fact that the
rate of drainage immediately following the wetting of fine-
textured soils becomes so very important in determining field
capacity values. Thus, since drainage rates are very low,
even in silty or sandy clay loams, further reduction in average
pore size as a consequence to an increase in fineness of texture
would not be expected to alter cither drainage rates or field
capacity values materially.

Cther Factors Conirolling the Total Supply of Available Waler
Total annual precipitation and its distribution throughout
the year are Important factors in determining the quantity of
water which will be taken up by the soil to later become
available to plants. In arid regions, the mere fact that the
total amount of rainfall is low results in only a very limited
wetting of the soil profile, Often, the rain that does fall is
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of a torrential nature and much of it is lost as runof! to limit
further the available water supply.

Where the total precipitation infiltrating into the soil is
inadequate for maximum plant growth because significant
amounts of that received are lost as runoff, the initiation of
moisture-conserving practices may be advantageous. Some
of the procedures used are designed to increase infiltration by
slowing the rate of runoff so that contact between the applied
water and the soil is increased. Some of the programmes may
be carried out by quite simple means. They may include
maintaining the soif surface in a roughened or cloddy condition,
Similarly, a natural barrier to runoff is provided by grassland
vegetation. Thus, overgrazing, particularly by destructive
goats and sheep, can result in the serious loss in the productive
capacity of native rangeland of drier regions. Not only will
the removal of plant cover reduce the amount of water retained
for infiltration, but it also usually results in the irreparable
erosion of valuable top soil. QObviously, self-imposed grazing
restrictions which prevent the excessive removal of native
plant cover at any one time are highly essential in the sub-
continent.

Not all plants utilize soil moisture with the same efficiency.
Differences in rooting habit, especially with respect to rooting
depth, are responsible for this primarily. Decply rooted
plants such as lucerne are capable of utilizing moisture from
depths of 12 to 15 ft. or more. Shallow rooted plants, potatoes
and onions being examples, may, on the other hand, satisfy
virtually their entire requirement for moisture from the surface
2 to 3 ft. of soil. They generally will do no better on deeper
soils which have a larger total volume for moisture storage.
Such crops do poorly when grown under conditions where the
shallow soil reservoir cannot be replenished with water fre-
quently, however.

Environmental conditions including the actual soil
moisture status during the growing season may have a marked
influence on plant-root development and ability to utilize
effectively the total quantity of stored water. For instance,
Bennett and Doss (1960) observed that frequent irrigations
cause roots of forage plants to be distributed generally at
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shallower depths than when irrigation, though adequate,
was performed at less frequent intervals. Limiting the dis-
tribution of roots by this process conceivably could subject
the plants to later injury should an extended period of drought
subsequently occur. Kmoch e al. (1957) observed that wheat
grown under dryland (barani) conditions develops a more
extensive root system and may grow to depths of up to 13 ft.
when adequate moisture is present during the early stages of
growth. When moisture is suboptimal in the early season,
of course, root growth may be less extensive. An adequate
level of plants nutrients will affect root development in much
the same way as does the supply of moisture.

The average moisture-supplying characteristics of soils
determines to a large extent the type of vegetation which
occurs naturally in a specific climatic zone, In arid regions,
plants are limited to desert species which are of short-life span
or which have roots capable of exploring large volumes of soils
for available moisture. They may also have leaf forms which
minimize the loss of water through transpiration. At higher
levels of total available moisture, desert species give way to
grasses and, eventually, forest vegetation becomes dominant
in areas of abundant precipitation. In transition zones
between major vegetation groups, abrupt changes in soil
characteristics are often observed to cause equally abrupt
variation in vegetation type. Such effects are very closely
related to the moisture-retaining characteristics of the specific
soils involved.

Soil Moisture Level and Plant Growth

Roots can extract water held under relatively high
tensions if the water can move to them rapidly. This is
demonstrated by the fact that, where tensions are of sufficient
magnitude so that the conductivity rate is somewhat limited,
extraction from soils of fine texture is greater than from those
of coarser texture. This relates to the greater capability of
the small pores to remaim more nearly filled and to conduct
water at the higher levels of tension. This fact has been used
previously to explain why the tension at the wilting point often
may be comparatively low in sandy soils.
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In some of the earlier work on soil moisture-plant use
relationships, Martin {1940) and Kramer (1941) showed that a
reduction in the amount of available water in the soil reduced
the rate of movement of moisture through the plant. Such an
effect, of course, does not necessarily indicate a corresponding
change in plant-growth functions. In relating more directly
plant growth to soil moisture levels, Wadliegh {1955) observed
a gradual decrease in the rate of leaf elongation of pot-grown
cotton as the moisture level was decreased to the wilting point.
The growth of leaves was resumed, however, when the soil
moisture content was increased through irrigation (see Fig.
3-10). Allmendinger ef al. (1943) demonstrated that the more
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FIG. 3-10. The effect of change in level of available soil mois-
ii'gge )on the rate of growth of cotton leaves (after Wadliegh,
5).
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complete the depletion of the available water supply prior to
its replenishment through irrigation the greater the reduction
in shoot clongation of young apple trees. It was noted also
in this trial that the rate of photosynthesis, as measured by
consumption of GO, by the apple leaves, was not aflected
unless 90 per cent or more of the available water was used
hetween irrigations.

A consideration of the characteristic moisture curves for
soils allows for a semi-guantitative inference as to the effect
of tension level on moisture availability. The slope of these
curves normally is relatively gentle at the lowest range of
tension. This suggests, of course, that the percent moisture
content of a soil at its field capacity or above can be reduced
materially without a marked, initial increase in tension. For
example, the moisture held in available form by the sandy
clay loam considered earlier in Fig. 3-3 is approximately the
difference between 20 per cent (15 atm.) and 60 per cent
(0 atm.)?, or 40 per cent of the oven-dry weight. 1f, through
plant removal, the moisture content of this soil were reduced
to the 40 per cent level, approximately one-half of the available
water would have been lost. At the same time, however, the
soil moisture tension would have risen to only 2 atm.
Obviously, the removal of the remaining half of the available
water would elevate the tension to near 15 atm,

So long as the soil moisture tension remains low, neither
the force required to remove the water nor the inability of the
water to move rapidly up to the roots should limit plant
functioning materially. The transpiration rate and turgidity
factors should be the first to reflect the effect of increasing soil
moisture tension. Photosynthesis, which is largely a chemical
process, logically would not be directly affected by even a
moderately high stress within the plant, on the other hand.
This process very likely would suffer only from such indirect
influences as a reduced supply of CO, following the closure
of stomata as the stress within the plant increased.

*Yor simplicity, the upper Yimit of available moisture is assumed here to
be equal to that hefd at a tension of 0 atm. rather than that held at some slightly
higher value which would correspond to the field capacity.,  The moisture content

of this saif at its field capacity must be determined experimentally in the feld
and could easily be as low as 55 per cent.
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Apparently, a degree of risk is involved in crop production
if the soil moisture is not maintained at an adequate level at
all times. Indeed, vegetative growth in the field has been
observed in some instances to decrease slightly when tension
throughout the root zone becomes greater than 1 atm. Certain
plants are affected more seriously than are others, particularly
if they are at a critical stage of growth, Maize, for instance,
may never set seed if subjected to excessive stress at the time
of pollination. On the other hand, high stress during the
period of crop maturation is of little consequence, a fact that
applies equally well to most crop plants.

A mild moisture stress is sometimes desirable in the
production of non-vegetative growth. Itisknown that certain
species of grasses and legumes, when grown in soils kept
continuously moist, tend to reproduce vegetatively by rhizomes
rather than through the formation of seeds. Obviously,
where a plant of this type is grown specifically for seed
production, a limited moisture shortage may be essential for
satisfactory seed yields. The stress should not occur, of course,
before the plants have made substantial vegetative growth.

The Pattern of Moisture Removal by Plants

Plants growing on a soil of uniform moisture content
remove water from surface layers more rapidly than from the
subsoil. Taylor and Haddock (1956) explain this by noting
that the more rapid removal of water occurs where root density
is the greatest and where the distance through which water
must pass within the roots and up to the plant stem is the
least. As the water content of the surface soil is decreased,
the resultant increase in tension requires that more work be
done there by plant roots to extract the remaining water.
As a result, it becomes just as easy for the plant to remove
water from greater depths even though more work is required
to transport it through the longer roots. It is possible for
crops to reduce the moisture content of the surface soil to
the wilting point while active absorption continues in the
subsoil. Although the rate of growth may be reduced at this
time, the plant does not wilt until the moisture content of the
entire root zone approaches the wilting percentage.
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The pattern of removal of water by sugar beets from a
soil that had been thoroughly wetted by an irrigation is shown
by Taylor (1957). His data are presented in graphic form
in Fig. 3-11 where the length of the horizontal bars shows the
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FIG. 3-11, The pattern of utilization of soil moisture by sugar
beets during a 4-week period following an irrigation.  The
length of the bars represents the average water removal from
successive 6-in. layers of soil expressed in in. of water per
day for each of the 3 week-long periods shown (after Taylor,
1957).

rate of water removal in inches per day for each six-inch depth
of soil up to 4 ft. During the first week, maximum water loss
occurred in the surface 12 in. of soil. During the second
week after much of the surface soil moisture had been nsed,
water was taken up at the fastest rate from the second foot of
soil. Finally, during the fourth week, moisture absorption
proceeded at the fastest rate at the third-and fourth-foot
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depths. By this time, the rate of delivery of water had de-
creased to the point where some reduction in growth of the
sugar beets was occurring.

Taylor (1957) considers moisture removal by plants to be
governed by the total surface of actively absorbing roots, the
rate at which these surfaces are increased through root growth,
and the rate at which water moves through the soil to the
roots. He points out that if the rate of water movement were
constant at all levels of tension, the uptake of water would
then depend strictly upon the ability of the root to adsorb
it against the given tension level.

The Water Requirement of Plants

The total amount of water that must become available
during a growing season depends on the type of plant and
the conditions under which it is grown, particularly with res-
pect to the climate, Generally, the larger the plant and the
greater its total leaf surface the greater will be its need for water,
However, a large, broad-leaved plant grown in a continu-
ously cool, humid atmosphere may use appreciably less water
than a much smaller plant grown in a hot, arid environment,
Climatic factors are all important in determining the amount
of water a plant will absorb and transpire into the atmosphere.

In the past, the water requirement of plants has been
expressed as the ratio between the quantity of water used by
planis and the amount of dry matter they produce. Since
the amount of water used corresponds closely to that transpired,
the value is referred to specifically as the #ranspiration ratio. This
value provides a basis for comparison among different plant
species when grown under the same set of environmental condi-
tions. However, beyond this type of comparison, evaluation
of the transpiration ratio is of little practical significance
because of its high degree of variation from one climatic zone
to another. For instance, small grains grown in the drier
parts of the subcontinent will have transpiration ratios varying
between 500 and 600 (500 to 600 lbs, of water transpired for
each lb. of dry plant material produced). The same plants
grown under the more humid climate of England have trans-
piration ratios of approximately one-haif of these values.
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Contcmporary assessment of the water rcquirement of
lants usually involves consumptive use measurements. Such
evaluation has its greatest application under irrigation where
water input can be controlled so that water shortages do not
Jimit growth. Consumptive use is equivalent to the total
quantity of water either transpired by the plants or evaporated
from the soil surface (evapo-transpirational loss) during the
period of growth of the plant.

Neither evaporation nor transpiration can be controlled
effectively in normal crop production. Under careful irriga-
tiort, however, other sources of water loss such as deep percola-
tion and runofl can be effectively minimized. These latter
losses, therefore, are not considered as contributing to con-
sumptive use. They are not an essential part of crop production
in other words,

Consumptive use values will vary for a particular crop
grown under different conditions just as will the transpiration
ratio. The climatic factor, particularly rainfall and average
humidity, is responsible for a large part of the variation.

A major advantage of consumptive use measurements is
that they provide an estimate of the total amount of water which
must be supplied to the soil for a particular crop during a
single growing season. They have their greatest application
in irrigated areas where an assessment of the total water
requirement for a piece of land is of great importance to the
overall planning of farming operations. Consumptive use
values are expressed conveniently as the number of inches or
feet of water necessary for optimum plant growth during
normal growing season. :

AERATION AND DRAINAGE IN SOILS

The process of aeration is closely related to the moisture
conditions in soils, Good aeration provides for the replenish-
ment of oxygen so essential to biological processes, and for the
rapid removal of carbon dioxide released by these same
processes.

An adequate supply of oxygen is necessary for both root
and microbiological activity. Summarily, limited oxygen
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in the soil atmosphere may restrict plant growth either directly
or indirectly in the following ways:

1. By inhibiting the uptake of plant nutrients by roots,
since nutrient absorption involves the expenditure of
energy and requires oxygen for its continuation.

2. By limiting the exploration of the soil mass by roots
since it is known that root growth is suboptimal where
oxygen is limited. Roots restricted to a small soil
volume will deplete the supply of available plant
nutrients more rapidly than if they permeated a
larger volume of soil.

3. By reducing the rate of decay of organic matter which
is-a microbial process wherein oxygen is needed for
utilization of organic carbon compounds. Plant
nutrients retained in organic residues cannot be
released if these residues do not undergo decay.

4. By promoting the chemical reduction of iron and
manganese to the ferrous and manganous forms.
The solubility of these two metals in the soil solution
may thereby be increased to the point where they are
toxic to plant roots.

3. By encouraging the reduction of sulfate to sulfide,
the latter ion being toxic to plants.

6. By preventing the conversion of the ammonium ion
to nitrate, since the presence of nitrogen as nitrate
often determines its availability to plants.

Other factors could be added to this hist, but its present length
should indicate clearly the importance of aeration ta plant
growth.

Composition of the Soil Atmosphere

As in the outer atmosphere, inert nitrogen gas molecules
make up continuously about 79 per cent of the soil air. Thus,
variation in the composition of the soil atmosphere is caused
primarily by concurrent changes in the carbon dioxide and
oxygen contents. A change in the concentration of one
of these gases causes essentially a proportionate though inverse
change in the concentration of the other.
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The normal levels of carbon dioxide and oxygen in the
atmosphere are 0:03 per cent and 21 per cent, respectively.
A ten-fold increase in carbon dioxide to (3 per cent will cause
an almost negligible change in the oxygen level. This is not
to say, however, that major changes in the oxygen concentra-
tion do not occur. At considerable depths in many soils, the
oxygen content frequently may be as low as 5 per cent. At
the same time, accumulating carbon dioxide may make up
about 15 per cent of the soil air. This concentration of
carbon dioxide probably could be tolerated by most plants
without injury if the oxygen content were maintained near
its normal level of 21 per cent. However, plant growth often
will be impaired somewhat if the oxygen content falls to
15 per cent, and may come to a virtual standstill if the con-
centration drops to as low as 5 per cent.

One of the primary determinants of the state of aeration
in soils is the level of moisture present. Soil moisture as a
key to aeration has its major influence in filling pores which
normally would contribute to the transfer of gases between the
soil environment and the outer atmosphere. Clayey soils of
low permeability to water often drain so slowly that aeration in
them frequently presents a problem. Medium- to coarse-
textured soils, on the other hand, drain more rapidly and
normally do not retain water at a level above the field capacity
for prolonged periods of time. Thus, restriction in air move-
ment in them due to ecxcessively wet conditions will be of
relatively short duration. In fact, the rapid interchange of
air in very sandy soils may promote drying to the point where
moisture loss by evaporation becomes a serious problem.
This is particularly true when plants are in the seedling stage
and provide little ground cover as protection against evapora-
tion. Obviously, then, extremes in the textural grade of soils
are the least desirable as far as soil aeration is concerned.

Oxygen shortages develop within a few hours after
conditions of saturation are established in a soil. While these
shortages are of a perennial nature under conditions of per-
manent waterlogging, the eflect may be quite noticeable even
where only temporary flooding occurs. The oxygen present
In a saturated soil is limited to the small quantity dissolved in
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the water. Not only does this disappear rapidly but, also,
the concentration of dissolved carbon dioxide builds up with
equal spced and may accumulate to where it constitutes one-
half or more of the dissolved gases present. The adverse rela-
tionship between carbon dioxide and oxygen concentrations
is related partially to the greater solubility of the carbon
dioxide in water.

Aeration problems are associated with conditions other
than those of complete saturation. Boicourt and Allen (1941),
for instance, found that aerating soils once a day doubled the
growth rate of rose plants when the moisture content of the
soil was maintained constantly at levels somewhat above the
field capacity but appreciably below saturation. This may
be related to the fact that moisture films on root surfaces
allowed for only very slow transfer of oxygen to the roots,
Oxygen will diffuse at a much slower rate when dissolved in
water than it will when it occurs as a gas. Its low solubility,
in water accounts for this to a large extent.

Inadequate acration likewise may be associated with
conditions of poor tilth, particularly in fine-textured soil
materials. So-called puddled soils, which by virtue of their
lack of aggregation have a preponderance of small pore spaces,
restrict the movement of air just as they impede the flow of
water. Periods of low oxygen supply also may occur at other
times when large quantities of easily decomposable organic
residucs have been added to the soil. Microorganisms res-
ponsible for organic matter decay seem to have first call on the
oxygen present in the soil and thereby offer serious competition
to plant roots for this essential element, The fact that microbes
usually are more widespread in the soil probably accounts for
this to a large degree.

The Adaptability of Plants to Waterlogged Conditions

‘The ability of crop plants to withstand conditions of poor
aeration varies considerably. Many woody species withstand
waterlogging to but a very limited extent. Cotton and
numerous vines and trees fall in this category. Certain more
succulent plants may survive submersion for considerable
periods and may even produce some growth under these
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circumstances. However, irrigated rice is the only crop plant
of importance which appears to require continual submergence
for satisfactory growth. Dryland rice, like most other crop
plants, requires a favourable oxygen balance in the soil atmos-
phere for satisfactory growth.

Following flooding and the rapid depletion of the oxygen
supply in the soil, roots of sensitive plants become inoperative
and finally degenerate and die. Those plants which can adapt
to these conditions are ones capable of developing new root
systems having the morphological feature of large internal spaces
for the transfer of gases. Thus, the new roots are supplied with
oxygen acquired by the leaves and then passed downward
through the large, internal passageways. Growth of the adap-
table species appears to be hampered to the greatest extent
during the period when the new roots are being formed.
Where adaptation does not follow flooding but results only in
the deterioration of the roots, death may be traced largely to
the decreased uptake of nutrients and water even though the
degenerating roots are bathed continuously in water.

Drainage Requirements and Plant Growth

In regions where rainfall or irrigation provide adequate
moisture for plants, the presence of a water table too near the
surface normally will induce conditions of poor aeration in the
soil. The most obvious effect is the restriction placed on the
depth of root penetration. The lower limit of the root zone
will correspond rather closely to the upper boundary of the
capillary fringe, or that zone immediately above the free water
surface which is saturated due to capiilary rise of water. The
thickness of the fringe will depend upon soil texture, which
controls the rate of capillary rise from the water table, and the
rate at which water is removed from the upper boundary of
the fringe by plant roots.

Data of Elliott (1924} illustrate the sensitivity of one crop,
maize, to conditions of waterlogging. Ohservations were made
where this crop was grown on land troubled with a high water
table but where this condition was partially overcome through
the installation of a system of file drains. As is typical with
such systems, the greatest reduction in the level of the water
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occurred directly above the tiles. Thus, as shown in Fig. 3-12,
the depth to the water table varied measureably over relatively
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FIG. 3-12. The effect of depth to a water table on extent of

rooting and top growth of maize (adapted from Elliott,
1924).

short distances within the field. The effect on root develop-
ment and top growth of the maize was very evident. Roots
maintained a distance of 18 in. above the surface of the water
table regardless of the depth to the latter. Further, the deeper
the rooting the greater was the growth of the above-ground
portion of the maize,

Tt is regarded generally that, where aeration is potentially
a problem, a water table should be no nearer than 5 ft. from the
land surface. However, the rooting habits and oxygen re-
quirements of plants differ materially, as does the state of
acration over the water table in poorly drained soils of different
texture. Thus, no single value can be assigned to indicate the
most satisfactory minimum depth to the water table which will
apply cqually well to all conditions where drainage is restricted.



MOISTURE RELATIONSHIPS AND AERATION IN SOILS a7

The Water Table as a Source of Moisture for Plants

Under certain circumstances, it 15 necessary for crop plants
to acquire needed water primarily from subsurface sources.
Where this is true, the presence of 2 water table may be consi-
dered as essential.  Here, the depth factor is even more critical
since a suitable balance between moisture supply and aeration
must be maintained. Again, because the proper depth is de-
pendent upon various factors, only generalizations can be relied
upon as a basis for determining this depth value.

In coarse-textured, naturally well-aerated soils, the
water table need not be as deep as in more poorly aerated,
clayey svils, For instance, soil of coarse fexture supporting
grass with a rather limited root system may supply inadequate
moisture if the depth to the free water surface exceeds 15 to
30 in. In clay soils with a thick capillary fringe, on the other
hand, growth may be hindered as a result of poor acration if
the distance to the water table is less than about 35 to 40 in.
On either soil type, even greater depths may be desirable for the
production of horticultural or other crops grown in rows.
Under these conditions, only a part of the land surface is covered
with the crop plant and, therefore, an excellent opportunity is
offered for weed growth because of the continually moist
conditions of the soil,

A water table serving as a source of moisture to plants will
be of little value if it occurs at depths in excess of 5 ft.  This
relates to the inability of the soil to conduct water upward at
= wafficienily rapid rate o tneet plant demands. Yacerne,
even with its deep rooting habit, frequently will respond to sup-
plemental irrigation if it has as a primary source of water a water
table occuring at a depth of 5 f. or more. Wheat and small
grains, having a shallower root system, may suffer from drought
if the water table is at a depth of more than 3 ft. This is
particularly true during the early stages of growth before the
root system is fully developed.

The Improvement of Aeration Through Drainage
Many lands in the subcontinent are aflected by a
water table. 'The broad flood-plains associated with the major
rivers and their tributaries are particularly troubled. In the
7
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more arid regions to the north and west and in the central
Indian peninsular area, the introduction of extensive irrigation
systems has intensified the waterlogging problem. This arises
from both the greater opportunity for seepage due to the estab-
lishment of irrigation canal systems and from the increase in
the total amount of water applied to the land as the result of
irrigation, Unfortunately, these induced high water tables
commonly result from the build-up of subsurface waters of high
salt concentration. Rise of the water from the water table
and its subsequent evaporation has added, through the accu-
mulation of salts, a problem of equal importance to that of poor
aeration which also follows the creation of conditions of poor
drainage.

Since the primary causes of these problems cannot be eli-
minated in their entirety, solution rests largely with the
improvement of drainage. This, in turn, requires the rapid
removal of excess water from the soil so that a reduction in the
level of the water table is possible.

Drainage problems, because of their extensive nature,
normally cannot be dealt with successfully by any single person
or even a small group of individual land owners. Correction
must come from cooperative action financed largely by the
government ; for drainage systems, to be effective, generally
must be capable of reducing the level of subsurface waters
over wide areas.

Causes of Waterlogging

Whether or not a water table will be found under a given
set of soil conditions depends upon a variety of factors,
Basically, a water table is created where the input of water into
a soil mass is at a rate in excess of the rate of removal. In
general, the water may be derived primarily from one of two
sources ; that is, seepage for permanent or semipermanent
waterways, and that applied to the surface of the land by various
means. Where both of these sources are functioning
concurrently, the problems arising from waterlogging normally
attain their most serious proportions,

The creation of a water table through seepage from a
permanent waterway is illustrated in Fig. 3-13A. In this
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3-13. (A) Diagram illustrating the maintenance of a
permanent water table by seepage from a waterway. Dotted
fine a represents the free water surface in coarse soil of high
conductivity for water. Dotted line b represents the water
surface in fine-textured material where low conductivity limits
the distance of scepage. (B) Theinfluence of surface-applied
water on the level of a water table derived initially through
seepage {rom a permanent waterway. (C) The creation of
a perched water table over a slowly permeable subsoil.
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instance, the movement of water within the soil mass is away
from its source. Under these conditions, the induced water
table will occur over a greater distance from the source of
seepage if the conducting soil material is open and porous.
Where the water is derived entirely from seepage, the level of
the water table will decrease with increasing distance from the
waterway.

Surfacc-applied water also may contribute to the level of
the water table as shown in Fig. 3-13B. 'When water from this
source is added to a water table derived initially from seepage,
the net movement will be toward the open waterway, Due to
the increase this causes in the level of the water table, condi-
tions of poor aeration may be more critical than where seepage
alone is responsible for the waterlogging.

A temporary or perched water table is illustrated in Fig,
3-13C. As shown in the diagram, such a condition may occur
over a rclatively impermeable subsoil material. The degree
and duration of waterlogging induced by this mechanism will
depend upon the amount of water added and the rate at which
it drains from the saturated zone by lateral movement, The
ultimate disposition of the water may be into soil zones of better
internal drainage or into open drains which border the water-
fogged area.

Evaporation of water from the soil surface and loss by plant
absorption and transpiration will affect the level of the water
table. These causes of water loss may be of relatively large
magnitude and of considerable importance where the input
rate into the waterlogged zone is slow, Thus, during periods
of high evapo-transpirational loss, the level of the water table
may be observed to fall gradually. In fact, the variation in
water level may be sufficiently great so that it can be measured
readily on a daily basis. Where this is possible, a rather sudden
and rapid increase in the subsurface water level normally
follows the harvesting of the plants largely resporisible for the
removal of water. If] on the other hand, the waterlogged soil
is coarse textured and exhibits high saturated permeability,
scepage into it from a permanent waterway will be rapid.
Thus, the rate of replenishment of water lost through plant
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absorption will normally be adequate to maintain an essentially
constant water level,

Drainage Principles

A consideration of the factors causing waterlogging leads
logicaily to the conclusion that the correction of this condition
requires either a decrease in the rate of water input into an area
or an increase in the rate of its removal, In the first instance,
reduced input rates can be attained practically in but two
ways ; through a reduction in the rate of application of irriga-
tion water, or through the minimization of seepage from water-
ways. Should such control be impossible, then the only alter-
native is to attempt to increase the rate at which excess water
is removed from the affected area.

A reduction in the level of the water table through drainage
involves the transfer of water through the soil up to the point
of discharge into a natural or man-made drainage system.
Natural drainageways include, of course, streams and rivers
which normally lead to the sea,

Artificial drains are of two general types: open systems as
represented by ditches, and closed systems consisting of a net-
work of buried pipes or similar channels which lead eventually
into an open drain. Any artificial system is designed to inter-
cept water below the surface of the water table and conduct
it to natural drainage systems at a rate appreciably faster than
would be possible by normal lateral movement through the
soil alone. In essence, then, the primary purpose of drain
installation is to hasten the rate of lateral flow of water in a
waterlogged soil,

While the rate of discharge of water into a drain is a
function of the conductive capacity of the soil material, it will
depend also upon the characteristics of the drain, If the level
of the water in an open drain is as high as that of the adjacent
free water surface, no hydraulic head exists to promote the flow
of water out of the soil body into the drain. Thus, basic to the
success of the process is the rapid removal of the waste water and
the associated requirement that the drain providing this
removal has sufficient capacity and slope to carry away rapidly
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the water discharged into it. Restriction to flow as caused
by accumulating silt or weeds must be carefully avoided.

Movement of water in the waterlogged soil itselfis governed
by the principles of saturated flow ; thus, textural effects are
of paramount importance. Coarse gravelly and sandy
materials, by virtue of their large pore spaces, are characterized
by a high rate of flow when saturated. Water movement
through them and into a drain will be sufliciently rapid so that
the level of the water table will correspond closely to the level
of the water in the drain. In other words, the depth of the
drain becomes a primary controlling factor in determining the
level of the water table in permeable soil materials. Further,
the influence of the drain on the water table is observed over
large distances in such soils. As a consequence, the drains
themselves need not be spaced too closely. Often, half-mile
intervals between them are adequate for suitable drainage
control.

With increasing fineness of texture, the resistance to lateral
water movement in the soil increases, Thus, to bring about a
reasonable reduction in the water level, drains must occur at
more frequent intervals. In clayey soils, drain spacings of
50 ft. or less may be necessary. Where such narrow spacing is
required, a system of open drains becomes impractical because
of the large area of land taken out of cultivation when the
drainage system is installed. Although they are costly, cement
or tile pipes constitute the only materials which provide for a
suitably durable, closed drainage system. Thus, economics
will determine whether or not their installation is possible.



REVIEW QUESTIONS

. Why do we evaluate the force of attraction between soil
and water in terms of moisture tension ? Why may we
express tensions either as centimetres of water or atmos-
pheres of pressure ?

Define the wilting percentage ; field capacity ; available
moisture range or percentage.

As the moisture content of a soil decreases so does the rate
of moisture movement under a given tension gradient.
In which would you expect the rate of flow to decrease
most rapidly, a sandy or clayey soil 7 Why ?

Explain why tension and negaiive pressure have the same
meaning.

What are the principles of operation of the tensiometer
and moisture block used in measuring soil moisture or
moisture tension ? What are the limitations of these
two types of apparatus ?

Why does the tension gradient decrease as the depth of soil
wetting increases ?

In which would salts probably accumulate more rapidly
in the surface soil if a salty water table occurred 2 ft.
beneath the soil surface — a clay loam or sandy loam
soil 2 Why ?

. The field capacity of a uniform soil is 20 per cent and its
wilting point is 4 per cent. If the bulk density of the soil
is 100 lbs. per cu. ft. and it contains a uniform moisture
content of 1 per cent, to what depth would the moisture
content be raised to the field capacity by a 3-in. irrigation ?
The available moisture in the upper 6 ft. of soil prior to
irrigation corresponds to how many inches of water ?
The available water in the surface foot after the irrigation
corresponds to how many inches of water ? (Nofe : a
cubic ft. of water weighs 624 Ibs,)

Explain why moisture is absorbed by plants more rapidly
from the surface soil than from the subsoil.
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10.

11.
12.

13.
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Assume the moisture content of the two soils referred to
in Fig. 3-3 is 20 per cent. If they are placed in contact
with each other, in which direction will the water flow
and why ?

Why may a water table at 3 ft. have a more serious effect
on plant growth in a clayey soil than in a sandy soil ?
Name four ways in which inadequate 0, in the root zone
may influence plant growth.

Why may we say that the quantity of air in a soil is
controlled by the moisture level ?
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CHAPTER FOUR

THE MINERAL FRACTION OF SOILS

Most materials from which soils are formed are derived from
weathered rocks and minerals. Weathering through physical
breakdown of the original rock and mineral formations results
merely in the formation of smaller fragments of the chemically
unaltered materials. Where chemical weathering has been
effective, characteristics of the original minerals other than
size will have been changed. New products are formed as
the result of chemical weathering. Since the comminution
of mineral materials to clay-sized fragments usually involves at
least a degree of chemical change, most clays are alteration
products. Generally they are more resistant to weathering
than are the unweathered minerals from which they form ;
thus, they tend to persist in a soil body for longer periods than
do most original mineral particles of like size.

Unweathered or moderately weathered minerals in soils
serve as a reservoir of chemical elements necessary for plant
growth (essential plant nutrients). The ability of a soil to supply
nutrients in amounts adequate for plant growth depends upon
the type and quantity of specific minerals present and the rate
at which they succumb to weathering. Except where extensive
weathering and leaching have occurred, soils generally contain
the more common nutrient-supplying minerals in relative abun-
dance. Even so, many of our agricultural soils are incapable
of supplying all nutrients in adequate amounts, and, therefore,
chemical fertilizers and manures are used frequently to sup-
plement those derived from the soil minerals,

According to Clarke (1924), at least 959 of the outer
10-mile crust of the earth consists of essentially unweathered
rocks. Although these rocks are comprised of many different
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types of minerals, they are made up largely of those few shown
in the following list:

Feldspars 59%,
Hornblende and augite 179%,
Quartz 12%
Biotite +%
Other minerals 8%

1009,

Except for quartz (Si0,), the above minerals are alumino-
ilicates which serve as important sources of the Ca, Mg, Na,

, and Fe in soils. The feldspars and the micas' contain
a, K, and Ca as principal cationic components. Hornblende
nd augite, memhers of the ferromagnesium mineral group,
re important sources of Fe and Mg. Quartz, which occurs
n many crystalline forms, is not a source of nutrient elements
o growing plants,

Rocks in the Earth’s Crust
Rocks are classified primarily on the basis of their mode
Ef formation, Three major groups occur: igneous, sedimentary,
nd metamorphic.
Igneous rocks arc decidedly more abundant within the
arth’s crust than are the other two rock tpes They are
ade up of mixtures of minerals which, for the most part,
rystallized from molten magma during the early stages of
ormation of the earth.? They are found largely beneath
the earth’s surface where contact with the atmosphere, hydros-
phere, and biosphere is limited. Major exposures of massive
igneous rocks are observed in mountainous regions where
weathered detritus is removed continuously by erosion.
Sedimentary rocks are formed as the consequence of the
accumulation of weathered, fragmented mineral substances in
layered deposits of varying thickness, very often beneath water.
After deposition they become consolidated to varying degrees
through cementation by precipitated calcium carbonate, silica,
! The two most common micaceous minerals are biofite and muscopile.

* Minerals formed through crystallization of magma often are referred to
as primary minerals.
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or even iron and aluminium oxides. Sedimentary rocks
range in texture from conglomerates, which include gravelly
materials, through sandstones, and clayey shales. Those con-
taining a large proportion of calcium and magnesium carbo-
nates are limestones,

Metamorphic rocks consist largely of the same minerals
found in igneous rocks. However, whereas igneous rocks
have resulted from the initial solidification of mineral matter
in the cooling crust of the earth, metamorphic rocks form
through recrystallization of melts deep within sedimentary
deposits. Due to the depth of these sediments, heat and
pressure develop sufficiently to impart at least temporary
fluidity to the mineral constituents. Eventual removal of the
overburden through erosion again reduces the heat and
pressure allowing the minerals to recrystallize into metamorphic
rock formations. Normally, these rocks have a stratified or
streaked appearance inherited from the layered sedimentary
deposits in which they have formed.

There are various types of metamorphic rocks. Some are
similar to specific igneous rocks and contain well-defined
crystals of feldspars, quartz, mica, and ferromagnesium
minerals. Sandstones high in quartz are converted to guartzite
through metamorphosis, whereas shales are altered to fine-
textured slate. Metamorphic rocks are more resistant to
weathering than are their sedimentary counterparts.

The major occurrence of metamorphic rock, like igneous
rock, is beneath the earth’s surface, Therefore, only a small
proportion of soils in the major agricultural areas are developing
on materials derived principally from these rock types.
Sedimentary deposits, including the unconsolidated formations
laid down by nver and stream action, are estimated to cover
75%, of the total land surface. It is on these materials that a
major part of the agricultural soils are found. Because of their
previous contact with the atmosphere and hydrosphere, the
minerals in sediments have been subjected to varying degrees
of weathering prior to initiation of specific soil-forming
processes.!

* The formation of soils is the result of several processes including mineral
weathering. These processes are discussed in detail in Chapter 13.
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WEATHERING PROCESSES

Rocks and minerals in the earth’s crust begin to weather
when subjected to environmental conditions under which they
are no longer stable. Thus, igneous rock buried deeply within
the crust of the earth persists in its original form until exposed
to air, water, and biological action through removal of the
surface layers above. The type and extent of change in
mineral form which follows exposure will depend on the
magnitude and type of change in environmental conditions.

Essentially, weathering is a process whercby minerals
alter in a tendency to achieve an equilibrium with a new
environment. Generally, weathering is viewed as a process
which brings about the gradual destruction of original minerals
and the loss of their components in water percolating through
the weathering mass. However, weathering will occur even
in the absence of water or, at the other extreme, it will take
place in completely submerged sediments. Under the latter
conditions, ions from the water may be taken up to replace
those lost in a previous weathering cycle. Thus, where
chemical change is involved, constructive as well as destructive
alteration may occur. Nonetheless, the requirements of plants
for a continual supply of nutrients necessitates their release
from minerals as a consequence to destructive weathering
reactions. The following discussions on weathering are con-
cerned with the degradative aspects of the process.

Physical Weathering

Physical weathering occurs predominantly as the conse-
quence to abrasion during periods of movement of rock
materials. Weathering in place is attributable largely to
chemical rather than physical processes. Perhaps the only
significant physical weathering in place results from the wedging
action of growing roots and forming ice. However, this will
take place only in pre-existing cracks or fissures, and the effect
will be one of extending or enlarging such breaks in rock masses,

Abrasive weathering, which occurs as two rock surfaces
strike ecach other or are rubbed together, expedites chemical
weathering markedly. It does so by increasing the proportion



110 PRINCIPLES OF SOIL SCIENCE

of fie-textured particles and total surface where chemical
reactions may take place. The principal agencies of abrasive
weathering are (1) moving ice (glacters), (2) moving water,
(3) wind, and (4) landslides. The first two means are consi-
derably more important than the last and are responsible for a
large part of the fine-textured soil materials distributed over
the earth’s surface.

Water, wind, and ice in themselves have little effect on
the disintegration of rocks and minerals. As forces of transport
of movable rock fragments, however, they bring about a grind-
ing action among the fragments which they are transporting.
During glaciation huge quantities of fragmented materials
are moved en masse. Pressures within the moving mass are of
great magnitude and cause rapid fragmentation and abrasion
of the transported materials. Glacial #ll, the pulverized
deposits from glacial activity, forms a very important soil
material in the northern areas of the Northern Hemisphere
and in mountainous regions where snow and ice accumulate,
Gravelly soils and sediments in northern India and Pakistan
are evidences of strong glacial activity in the subcontinent in
times past.

Glaciation currently is a direct factor in physical weather-
ing in the subcontinent only in the higher reaches of the
Himalayan Mountains. The effects of this process are felt
throughout the Indus, Ganges, and Brahmaputra River areas,
however, because the pulverized debris is carried by stream
action for subsequent deposition in the valleys of these great
rivers. Further abrasion of rock fragments occurs during
this latter period of transport.

Wind action undoubtedly has contributed much to the
physical disintegration of soil materials in the subcontinent,
particularly in the arid regions of the western parts. Not only
does the wind bring about a reduction in the size of grains
being moved, it also sorts them. Those particles of small
diameter may be carried great distances, whereas the coarser
grains are left behind. For this reason, much of the Thar and
Thul Deserts are comprised of sands which are virtually free
of clay or silt particles. The finer materials are deposited at
varying distances from their point of origin depending upon
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the size of the particles and the velocity of the wind carrying
them.

Chemical Weathering

The processes of chemical weathering differ from those
of physical weathering in that they result in the change in
composition of the original rock substances. The extent of
degradative alteration depends upon the intensity of weathering
reactions and their duration. Changes may be no greater
than slight modification in the structure of the original minerals.
However, extensive chemical weathering will result in
virtually complete breakdown of mineral structures. Readily
soluble products of such reactions normally will be carried
away from the point of their formation by leaching water.
Resistant alteration products, which are more stable in the
weathering environment, remain and tend to replace the less
resistant original minerals as the major constituents of the
weathering mass.

Jackson and Sherman {1953) list five factors which control
the rate and direction of reactions in chemical weathering.
These are (1) temperature, (2) the quantity of water contacting
the weathering surfaces, {3) the acid content of the solution,
{4) biological forces, particularly as they affect the acid and
cation status of the water, and (5) the oxidation state, or
the aerobic-anaerobic relationships within the decomposing
medium. All of these factors work simultaneously during
mineral decomposition,

Solution Effects: Whereas most siliceous minerals dissolve
to but a very limited extent in pure water, their solubility
increases with an increase in the concentration of H ions, or
the acidity of the hydrosphere. All water permeating the
weathering mineral mass contains at least small quantities of
CO, which, upon solution, forms carbonic acid {H,COy).
Although this is a weak acid, its continual presence in the
weathering medium has a telling effect upon the permanence
of the minerals present.

An important effect associated with reactions between
H ions and minerals is the hydrolytic release of the metallic
catons Na, Ca, K, and Mg into the surrounding solution.
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Uniess these cations are removed from the sphere of weathering,
they tend to accumulate in the carbonate form. The increase
in concentration of the cations in the solution phase reduces
the tendency for the release of additional cations from the
minerals. Furthermore, their occurrence as carbonates sup-
presses the ionization of H,CO,; and thereby minimizes the
quantity of H ions present in the solution phase. For degra-
dative weathering to be a rapid and continuing process, there-
fore, removal of the soluble reaction products, including Si
and Al, is necessary, For this reason, the quantity of water
passing through the weathering zone determines to a large
extent the rate at which chemical decay will proceed.

Where plants have become established, respiring plant
roots and micro-organisms involved in the decay of organic
residues contribute considerably to the level of CO; in the
hydrosphere. The acid this produces, as well as small quan-
tities formed as microbes oxidize sulphur and ammonium
compounds, all increase the capacity of the hydrosphere to
bring about the chemical breakdown of minerals. Thus,
biological activity, which is deemed essential to soil formation,
hastens mineral decomposition.

During weathering, removal of alkali and alkaline-earth
cations 1s more rapid than that of Si, Fe, and Al. This probably
is due to the fact that these latter ions are capable of reforming
new silicate structures which are relatively stable in the existing
environment, FEven these compounds are somewhat soluble
and tend to disappear as leaching continues. Normally,
silica is the more readily soluble and, therefore, disappears
more rapidly than do either Fe or Al. As a consequence, the
residual minerals occurring now primarily as clay-sized particles
become progressively enriched in Al, or in Al and Fe, Because
of this, the extent of weathering has been approximated
frequently through determination of the ratio of Si to Fe-}-Al
in the clay fraction of the soil. This ratio, known as the
stlica : sesquioxide ratiol, wvaries {rom about 4:1 in slightly

1 The gravimetric determination of these ions involves measuring the weight
of their oxides, Since Fe and Al commonly are precipitated and weighed together,

they are often referred to jointly as sesquioxides and are represented symbolicaily
as R,0,. Silica is SI0,.
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weathered mineral materials to less than 1 : 1 where weathering
has brought about extensive mineral alteration.

Oxtdation Reactions: Oxidation reactions important in
mineral weathering are thosc involving the heavy metals Fe and
Mn, and the conversion of C to CO,. The latter reaction
contributes CQ, to the soil atmosphere and hydrosphere as
discussed above.

Oxidation reactions involving heavy metals are exempli-
fied by the change in Fe in the mineral crystal from the ferrous
to the ferric! state. The conversion results in the gain of a
single positive charge (i.e., Fet*—e—>Fe'?). This creates
in the crystal an elecirical imbalance which can be compensated
for only by the loss of other cations. For this reason, the
ferromagnesium minerals are among the first to decompose
during weathering.

Temperature Effects: As with an increase in moisture,
elevation of temperature also brings about more rapid mineral
transformation. This relates not only to the spced of inorganic
reactious, which are temperature respomsive, but also to
reactions within the biosphere, including the decomposition of
organic substances and the biological oxidation of inorganic
compounds. Since conditions within the humid tropics
correspond to relative high temperatures and high levels of
available moisture, weathering there proceeds at a comparative-
ly rapid rate. Transformation of minerals to resistant products
is swift as evidenced by the generally high proportion of
sesquioxides in soils of these areas.

Effect of Time : In the strictest sense, degradative weather-
ing is complete only when all components of the original
materials have become solubilized and carried away in leaching
water, Practically, however, we may assume an end-point
to have been reached when original minerals, unstable in an
imposed environment, have been converted to residual products
which undergo further change at a very slow rate.

The initial conversion of minerals to more resistant
products will occur at a rate depending upon the intensity
factors of temperature and the quantity and composition of

! Tnerganic oxidation is the loss of electrons by an atom or ion which results
In an increase in positive charge.

8
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leaching water comprising the hydrosphere. Thus, if environ-
mental conditions vary as a consequence to a reduction either
in temperature or the degree of leaching, conversion will require
a longer period of time for completion. Within a limited
degree of variation in environmental conditions, time, then,
may be thought of as compensatory for low weathering intensity.

WEATHERING RATES OF MINERALS

The rates of decomposition among the various minerals
differ. Knowledge of this fact is important in understanding
why specific minerals disappear or persist within certain size
fractions of actively weathering soil materials, The rate of
weathering serves only as a partial basis for predicting the
quantity of a specific mineral which may be found under
a certain climatic environment, however, Important also
will be the proportions of individual minerals initially present,
their particle size, the nature of the weathering environment,
and the intensity and duration of weathering processes. A
mineral matrix high in easily weathered minerals may be
expected to change most rapidly under a given weathering
environment.

Goldich (1938) has classified the more common minerals
in soil-forming materials as to their relative rates of chemical
breakdown. For particles of similar size, the ferromagnesium
minerals and the calcium and sodium feldspars will disappear
most rapidly. The micas and potassium feldspars assume an
intermediate position, whereas quartz is relatively resistant,
Since quartz does not contribute essential nutrients to plants,
its slow rate of weathering is of little consequence to plant
nutrition in agricultural soils.

Because of the differential in resistance to weathering
among minerals, they may be expected to disappear from
soil-forming materials at different rates. Since comminution
to smaller particle size increases the rate of chemical weathering,
usually the minerals in the clay fraction of soils which remain
essentially unaltered from their original form will be of the
more resistant types. The presence of easily weathered
minerals as dominant constituents of clays indicates that
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physical rather than chemical weathering has been instrumental
in bringing about the breakdown ol minerals into the smaller-
sized particles.

Mineral weathering in arid regions is dominated by
physical processes which tend to produce coarse-textured soil
materials and clays that result from but limited chemical
alteration of the original minerals. In more humid regions,
soils are characteristically finer textured and contain clays as
products of extensive mineral alteration. Under either climatic
condition, the length of the weathering period will determine
partially the nature ol the weathering products, of course,

Most agricultural soils are formed on transported mineral
matter. Because of their being moved, these materials often
are mtroduced into a climatic and weathering environment
entirely different from that occurring at the point of their origin.
Thus, prior weathering may determine the characteristics of the
transported minerals to a greater extent than do weathering
effects following transport, For instance, the nature of
water-laid materials in the Indus, Ganges, and Brahmaputra
River Valleys often relate more closely to the weathering
conditions at the site of their origin in the Himalayan Uplands
than to the environment in their present location. In the
Indus and Upper Ganges Basins where aridity and low
weathering intensity persist, river-deposited materials show
evidence of greater alteration than do those formed as the vesult
of the influence of local climate on rock native to these same
areas. In the eastern reaches where weathering intensity is
greater by virtue of more abundant rainfall, soil materials
formed on local, upland rock are weathered to a much greater
extent than are the river deposits. Obviously, the time factor
in weathering has been important to the development of these
observed differences. For example, the flood-plain deposits
along the rivers are of relative recent origin, whereas the
upland soils have been subjected to local weathering influences
for a sufficient time so that they exhibit properties which may
be related closely to the cxisting environment.

As indicated above, minerals occurring in the soit as
alteration products of degradative weathering acquire a degree
of stability not recognized in their original, unweathered
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predecessors. Generally, those that have undergone greatest
change have done so under the influence of intense weathering
imposed for relatively long periods of time. Since these
reconstituted minerals occur principally in the clay fraction of
soils, they have been referred to commonly as the “clay
minerals”. While this is a most convenient connotation, it
should be realized that the minerals referred to actually may
be of silt or even sand size. Thus, the term clay mineral
generally suggests a mode of origin of the minerals or refers
to properties not particularly related to size.

The previous discussions on mineral degradation and
resynthesis have been limited to processes wherein some of the
weathering products are lost through leaching and do not
recombine as new mineral compounds within the weathering
mass. The most readily soluble components are lost primarily
and the residue consists of compounds relatively more stable
than the original minerals. However, readily soluble ions
can be rcturned to positions within the crystalline structure
of alumino-silicate minerals to form stable products also. For
example, partially weathered mineral particles which accu-
mulate in marine sediments often recombine with soluble
K and Mg present in abundance in the sea water. These
new products are similar to some of the original minerals
commonly present in igneous rocks. While stable in the
saline water, they succumb rapidly to weathering in a leaching
environment. Thus, elevaiion of the sediments to above sea
level will, once again, initiate their breakdown. Minerals of
this type are important in soils developing on sediments of
marine Orlglﬂ.

PROPERTIES OF S0OIL MINERALS

Mineral particles occur in the soil in a wide range of sizes.
A decrease in the average size of these particles usually is
accepted as denoting two conditions in that the smaller the
particle and the greater the total surface area (1) the more
reactive the mineral material is, both chemically and physically,
and (2) the greater is the probability that the particles occur as
resynthesized mineral matter produced in the course of mineral
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weathering. The larger soil particles, then, are viewed
generally as consisting of relatively unaltered mineral fragments
derived from the physical breakdown of larger masses of like
chemical compounds. This concept relegates to a subor-
dinate position large mineral particles derived through precipi-
tation and cementation processes (i.e., granules of precipi-
tated lime, silica, and the sesquioxides). Such coarse-textured
particles are common to many soils, however, and contribute
materially to soil characteristics where present.

Mineral particles of clay size are observed to consist
predominantly of resynthesized alumino-silicates and oxides
and hydroxides of Fe and Al. As products of weathering
under inumerable environments, one would expect these
derived mineral compounds to exist in an almost unlimited
number of structural forms, particularly those falling within
the alumino-silicate group. While this is true to a degree,
the manner in which Al and Si ions associate in molecular
structures is relatively invariable. As a consequence, there
are basic similarities among many of the compounds of this
type in soils. Mineral types that are synthesized during
weathering, then, are sufficiently uniform to permit their
classification into a small number of groups which display a
minimum of variation among the members contained within
any of these groups. The system of classification, as will be
discussed in more detail shortly, is based primarily on differences
in molecular structure of these crystalline compounds. Intrinsic
properties of the minerals are relatable to their structural
forms. As a matter of fact, these properties served as the
principal means of classification of microcrystalline and
amorphous, colloidal mineral particles for many years.

Means of Characterization of Soil Minerals

Coarse mineral particles in soils are identified with relative
case. Often examination under the ordinary microscope
discloses their identity. Usually, however, mecasurement of
their optical properties with a special petrographic microscope
and polarized light is helpful in distinguishing between species
that appear to be similar from all outward appearances.
Separation into specific-gravity groups by flotation in heavy
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liquids is resorted to very frequently as a preliminary step in
identification by microscopic procedures.

Mineral particles of clay size are not identified easily by
visual means. It is for this reason that early recognition of
differences in clays depended upon total chemical analysis and
measurement of other readily discernible physical and chemical
characteristics.

Formerly, essentially all minerals comprising clays were
thought to be amorphous. It was not until the development
of methods for X-ray analysis that this opinion was shown to
be false. Distinct X-ray diffraction patterns' are obtained for
many of the minerals in clays just as they are for other sub-
stances known to be crystalline. Deductions have been made
from such studies as to the molecular structure of the individual
submicroscopic, mincral particles. In recent years, physical
dimensions of the various groups of clay-sized mineral particles
have been measured accurately through use of the electron
microscope (sec Figs. 4-3 and 4-4),

Structure in Stlicate Minerals

It has been learned through X-ray analysis that silicate
mineral particles consist of small structural units composed
essentially of oxygen ions (or hydroxyls) enclosing one of several
cations. The enclosed cations are most often Si and Al,
but other cations are present frequently also, The ability of
oxygens to enclose a cation depends, among other factors,
upon the charge of the cation and its size or radius. Size of
the cation is important because it determines the feasibility of
satisfactory enclosure within the spaces between closely packed
oxygen ions. If the oxygens are held too far apart, the crystal
structure they form will not be stable.

The occurrence of Si in silicate minerals is in association
with four O ions which are packed closely to form a four-sided
tetrahedron (see Fig. 4-1B}. By sharing O ions, numerous
tetrahedra may be linked together to form a continuous
structural system of relatively large size. The growth pattern
may be organized in a manner characteristic of the particular

! Identification of crystalline structures through use of X-ray diffraction
analysis is discussed in most modern textbooks on Physical Chemistry.
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FIG. 4-1. Basic structural units of alumino-silicate minerals.
Diagram A represents an octahedron formed by the enclosure
of an Al ion by six hydroxyl iors, Diagram B illustrates
the method of enclosure of a 8i ion by four oxygen ions to
from a tetrahedron. The octahedral and tetrahedral config-
urations are denoted by Jines drawn between centres of the
outer ions. Diagram C denotes the method of union between
the two structural units wherein an oxygen ion from the
tetrahedron takes the place of one of the hydroxyl ions in the
octahedron. These diagrams are expanded and distorted
somewhat to expose the enclosed cations.

mineral species of which the silica tetrahedra are a part.
Where only these tetrahedra comprise the mineral, one of the
many forms of silica (Si0O,)} will result, quartz and amethyst
being specific examples. If the pattern of growth is irregular,
the resulting siliceous material will be amorphous.

Cations other than Si occurring in silicate minerals also
forms mall structural units with O or OH ions. Aluminium
ions, for instance, occur most frequently in minerals in asso-
ciation with six oxygen or hydroxyl ions which form eight-sided
octahedra (see Fig, 4-1A). Unless the alumina octahedra are
linked directly to silica tetrahedra, the corner positions normally
are occupied by hydroxyl ions (i.e., as in the mineral gibbsite,
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Al(OH),). Again, sharing of corner ions between adjacent
Al octahedra allows for the development of a continuous
octahedral system necessary for crystal growth, either in
aluminium hydroxide crystals or those of the various alumino-
silicate minerals.

Alumino-silicate minerals which develop within a weather-
ing mineral mass are formed essentially through co-precipitation
of Si and Al in their respective tetrahedral and octahedral
configurations and in a layered arrangement. These layers
are not separated, however, but are joined as the result of
utilization of one Oion from a Si tetrahedron also as a corner
ion for an adjacent Al octahedron. The bonding between a
single Si tetrahedron and an Al octahedron may be pictured
diagrammatically as:

O\ HO \AI/OH
0/ HO/ \

The spacial relationship between the tetrahedron and the
octahedron is illustrated in Fig. 4-1C. It is possible for two
tetrahedra to be associated with a single octahedron., In this
case, the octahedral portion is enclosed between the two
tetrahedra as follows:

0 OH o
0=>si o >Al< sic” 0
o HO OH ™0

Either of these two configurations results in a stable chemical
union. Where the ratio of tetrahedra to octahedra is 1:1,
as in the first diagram above, the resulting mineral is said to be
of the 1:1 type. Where two tetrahedra occur for cach
octahedron, the mineral is of 2 2:1 type,

In the diagrams above, concurrent vertical extension of
the Si and Al portions may be visualized as corresponding to
crystal growth. The crystals formed are composed, therefore,
of two separate parts, the silica sheet (or sheets) and the alumina
sheet. The mixed layer of O and OH ions is considered as
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the boundary of these sheets, but, in reality, the mixed layer
is shared by both. The completed structure formed by the
tightly bound silica and alumina sheets is referred to commonly
as a crystal unit.

The spacial arrangement of ions within a crystal is desig-
nated as the crystal lattice. Tons within a specific crystal species
occur repeatedly in the same spacial relationship to each
other and, thereby, form a characteristic lattice structure for
that mineral. Those composed of sheets of tetrahedra and
octahedra are known as lgyer-lattice minerals. Such structural
form is characteristic of the bulk of alumino-silicate minerals
which form in soils during weathering. Except for physically
comminuted particles and precipitates of silica, lime, and the
sesquioxides, layer-lattice minerals constitute a major part
of the clay {raction of most soils.

A discreet layer-lattice mineral particle usually consists
of more than a single crystal unit. Indeed, a particle within
the range of clay sizes may have a thickness equalling several
hundred times that of one of the crystal units comprising it.
As might be expected, stacking of the platelets provides a means
of crystal growth among the layer-lattice minerals along with
lateral extension of the individual silica and alumina sheets,
The physical stability of the stacked particles of layer-lattice
minerals is a function of the force of bonding between adjacent
crystal units,

Layer-lattice silicates are not limited solely to combined
Al and Si sheets. Minerals formed particularly in environ-
ments rich in Mg may contain sheets composed of oxygen or
hydroxyl octahedra with enclosed Mg ions rather than Al ions.
Such layers are classed as brucite sheels.

Partial substitution for the Si and Al normally held in
tetrahedral and octahedral positions occurs commonly during
layer-lattice mineral formation. These substitutions are by
ions of essentially the same size but often are of lower positive
charge than are the Al and Si ions they replace. The resultant
crystalline product, then, may be electrically unbalanced and,
if so, will possess a residual negative charge. This charge
deficit is compensated for partially by adsorption of positively
charged cations to the surfaces of the crystalline particles.
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CLASSIFICATION OF LAYER-LATTICE MINERALS

Consideration of previous discussions should indicate to
the student that major differences in layered silicate minerals
occur between those of 1:1 and 2:1 types. Within these
major divisions, variation due to type and extent of cation
substitution in the tetrahedral and octahedral layers provides
a basis for further distinction among different minerals. Lastly,
a separate and rather complex group of mixed layer minerals
are recognized also. Basically, mixed layer minerals consist
of 2:1 crystal units interlayered with other structural forms
(i.e., brucite sheets).

The Kaolinite Group

Members of this group of silicate minerals conform to the
1:1 type of lattice structure. The presence of but a single
silica sheet for an alumina sheet in each crystal unit indicates
a narrow Si0Q, : R,0, ratio for these minerals, and suggests
that they are the products of a relatively high degree of weather-
ing. It is not surprising, therefore, that the principal member
of this group, kaolinite, is a mineral prevalent in many highly
weathered soils. It occurs in at least trace amounts in virtually
all soils.

The structure of kaolinite, represented diagrammatically
in Fig. 4-2, approaches an idealized 1:1 form in which
negligible cation substitution for Al and Si has occurred.
The lattice structure tends to be electrically balanced,
therefore, Even so, this mineral does have some capacity for
adsorbing cations, and the mechanism appears to involve a
negative charge derived from broken oxygen bonds? at the
edges of the crystal platelets. In acid soils, these sites are
filled normally with H or Al ions which may be displaced by
other cations.

The cystalline nature of submicroscopic particles of
layer-lattice minerals is exemplified particularly by kaolinite.
Electron photomicrographs, as presented in Fig. 4-3, show
these mineral particles to be hexagonally shaped crystals for

1 These bonds, if occurring in the interior of the crystalline structure, are
those responsible for the union of adjacent octahedra or adjacent tetrahedra.






124 PRINGIPLES OF SOIL SCIENCE

the most part. The well-defined edges and corners of the
particles suggest strongly that they are products of crystal
growth, and that they have not acquired their particular size
through physical comminution. One would expect clay-sized
particles which have formed as the result of abrasion or grinding
to display irregular cdges and rounded corners,

The view of the kaolinite particles shown in Fig. 4-3
is perpendicular to the silica and alumina sheets. A side view
of the crystals would provide some indication of their layered
or stacked nature.

Discreet particles of kaolinite minerals generally are
relatively large. This is due to the fact that the bonding
between adjacent platelets is strong. The bonding force is
derived largely from the sharing of H ions from OH groups
in the alumina sheet in one crystal unit by the outer layer of
tetrahedral oxygen ions in a neighbouring crystal unit, Thus,
the stacked platelets arient themselves so that the silica and
alumina sheets occur as alternating layers throughout the
entire thickness of the particle.

The platelets making up the kaolinite crystal are bound
together so tenaciously that ions and water cannot move in
between them. If water could migrate between the platelets,
the individual particles would swell on hydration and shrink
on drying, However, the dimensions of kaolinite particles
remain relatively constant throughout a wide range in moisture
content, a fact which makes kaolinitic materials highly useful
in the manufacture of pottery and other ceramic products.
Occurring as relatively large particles with inherently low total
surface area, kaolinitic materials display limited plasticity and
stickiness. Because of a low degree of coherence among
particles, soils containing a predominance of kaolinite show only
a minimum capacity to form hard clods upon drying.

The intrinsic characteristics of kaolinitic crystals, then,
tend to impart to soils rather desirable physical properties.
Howcever, because of their limited abality to hold cations
important in the nutrition of plants, they do not contribute
materially to the maintenance of soil fertility. Furthermore,
occurring largely under conditions where weathering has been
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the lattice is negligible, an electrically balanced structure is
obtaincd. Such a structure is shown in Fig. 4-5 and cor-
corresponds to that of the layered mineral pyrophyllite. This
mineral does not appear to be an important component of
soils, however,

FIG. 4-5. Schematic diagram showing the approximate structure
of the pyrophyllite crystal lattice. The replacement of
hydroxyls normally occurring in association with aluminium
by tetrahedral oxygens is very extensive. Both upper and
lower sufaces of the crystal unit are composed only of oxygen
ions, a condition typical of the montmorillitic group of lay-
ered silicates. ’

The mineral montmorillonite, which is very widespread
in soils, has a structure very similar to pyrophyllite except
that about onc-sixth of the positions normally held by AlT®
are filled with Mg+?. This substitution results in a charge
deficiency which tmparts to montmorillonite the capacity to
adsorb cations to the outer surfaces of the crystal units, An
essentially insignificant negative charge may result also from
the presence of broken oxygen bonds occurring at the edges
of the cystal units,

Nontronite is a second pyrophyllite-like mineral in the
Jmontmorillonite group. It is characterized as having com-
ﬁlgte or nearly complete replacement of the four central Alt#
. ions\by an equal number of Fe*? jons. This type of subs-
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titution, of course, does not create a charge deficiency within
the lattice. However, nontronite does have about the same
capacity for adsorbing cations as does montmorillonite, and
this is the result of the replacement of Si** by Al*? in the
tetrahedral layer,

A second series of minerals occurs within the montmoril-
lonite group also, Its members differ from the pyrophyllite-
like minerals in that six divalent rather than four trivalent
cations occur in the central octahedral layer for each eight
silicon ions. Magnesium and divalent iron are common
cationic components of the middle sheet. When only Mg ions
are present, the central layer is a typical brucite sheet. The
2: 1 mineral formed through the union of a brucite sheet with
two silica sheets is tale.  Its structure is shown diagrammatically
in Fig. 4-6. Like pyrophyllite, the lattice of talc is electrically
balanced and is without a residual negative charge,

FIG. 4-6. Schematic representation of the crystal lattice of talc.
Six divalent Mg ions are necessary to maintain electrical
neutrality whereas only four trivalent Al ions are required for
this in pyrophyllite and similar minerals. Talc-like minerals
in soils have physical and chemical properties very much like
those of montmorillonite,

Probably the most common talc-like mineral in soils is
saponite. Its typical structure appears also to have positions
within the central octahedral layer filled completely with Mg.
However, as in nontronite, a negative charge essentially equal

-~

4
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to that typical of montmorillonite results from the substitution
by Al™? for Sit* in the tetrahedral layers. Other members
of this mineral series are hectorite, which results from the partial
substitution of Mg*2 by Li*, and sauconite, in which Zn*?
occurs in the place of Mg'? in the octahedral layer,

Aside from montmorillonite, none of the above-named
minerals appear to occur in soils in significant quantities.
Another mineral is referred to frequently which has the pro-
perties of montmorillonite and seems to be reasonably wide-
spread in soil materials, however., This is beidellite. Struc-
turally, beidellite is not markedly different from montmoril-
lonite, although it has some iron in the octahedral layer and is
thought to acquire some of its negative charge from substitutions
for 8i** in the tetrahedral layer,

As may be noted in Fig. 4-5, crystal units of 2: I minerals
have outer layers of oxygen ions only. Thus, in the absence
of H bonding as occurs in the kaolinite crystal, attraction
between adjacent platelets in montmorillonitic particles is weak.
As a consequence, water and ions can move readily in between
individual platelets making up the crystalline particles of the
montmorillonitic minerals. Hydration and movement of water
into the interlayer spaces causes swelling of the individual
particles and of the soil mass containing them. This gives
rise to the descriptive classification of members of the mont-
morillonite group as expanding latfice minerals.

Because their constituent platelets are split apart easily,
montmorillonitic minerals persist in a higher state of dispersion
than do kaolinitic minerals. As may be noted from electron
microphotographs (see Fig, 4-4), montmorillonitic particles
consisting of but a very few platelets are not rigid ; instead,
they are capable of flexing and conforming even to irregular
surfaces. The close contact this allows results in a relatively
high degree of coherence among particles. As might be
expected, soils high in clays composed largely of easily dispersed
montmorillonitic minerals tend to be sticky and plastic when
wet and to form hard clods when dry. They have a relative
high capacity for adsorbing cations and water, the latter
capacity contributing to the high degree of swelling they
display. According to Wear and White (1951), those members
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of the montmorillonite group which are characterized as
having more extensive cation substitutions within the lattice,
particularly within the silica sheet, are noted also to have a
high capacity for adsorbing cations.

Those montmorillonitic minerals containing Fe or Al
as the principal octahedral cation have a higher 8510, : R,0,
ratio than do the members of the kaolinite group. This relates
to the fact that the first-named minerals occur in soils which
have undergone a lower degree of weathering. However,
since some of the expanding lattice minerals contain normally
very limited arnounts of the sesguioxides, #t 15 not safe wo
characterize the degree of weathering in all soils through
evaluation of the Si0, : R,0, ratio of the clay fraction only.

The Iilite Group

As with montmorillonitic minerals, members of the
illite* group are composed of stacked 2:1 crystal platelets.
These two general groups differ markedly, however, in that
illitic minerals are ron-expanding. This results from the fact
that an appreciable number of K ions are retained in the
interlayer spaces and scrve to bind platelets together as do
H ions in kaolinitic crystal packets. Illite formed as the result
of normal weathering appears to result from slight modification
of original layered minerals high in K also (i.e.,, micaceous
minerals). Thus, the presence of a high proportion of illite
in the finer soil fractions is assumed usually to indicate that
weathering of the mineral matrix containing it has not been
extensive. On the other hand, many illite-like minerals are
assumed to have formed in sediments through the adsorption
of K ions by expanding lattice 2: 1 minerals while in contact
with K-rich sea water.

The rather unusual ability of the K 1on to bind platelets
together results from the fact that its size permits it to fit more
snugly in depressions occurring in outer layer of oxygen ions
in the 2:1 mineral lattice. These outer layers are not filled
completely with oxygen ions but, instead, consist of a network
of hexagonally shaped holes bounded by tetrahedral oxygen

1 As vet, iilitic minerals are not classified completely. They are referred
to frequently as kydrous micas.

9
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distance equal to about one-half their diameter. Thus, the
remaining half of the adsorbed ion protrudes above the surface
and will fit equally well into a hexagonal hole in the oxygen
layer of an adjoining platelet. Sharing the charge of the
K ions tends to pull the platelets together. Because of the
precise fit of the K ion, neighbouring platelets may come
into intimate contact and are bound together tightly as a
result. Other ions of essentially equal size to K, particularly
NH,, are capable of binding together platelets of 2 : 1 minerals.
Potassium, however, occurs naturally in much larger quantities
than does NH, and, therefore, scrves as the major bonding
ion in illitic minerals.

The ability of a 2: 1 mineral to display properties charac-
teristic of the illite group depends partially upon the nature
of the negative charge within the basic lattice structure. The
ability to adsorb K with sufficient tenacity to bond adjacent
platelets securely increases apparently with major substitution
in the silica sheets. According to Wear and White (1951),
those minerals in which principal substitution takes place in the
alumina sheet exhibit a limited force of attraction for the adsorb-
ed ion. This is because of the distance from the site of the
negative charge to the adsorbing surface would be greater than
if the substitutions were predominantly in the silica sheet.
Substitution for Si** in the tetrahedral layer by Al'? occurs
extensively in illite.

Physical and chemical properties of illitic minerals are
intermediate between those of the kaolinitic and montmoril-
lonitic groups. Since adsorption of ions occurs mainly on
external surfaces of the non-expanding crystal packets, this
capacity in illite will be less than that for montmorillonite,
The loss of K ions from interlayer positions leaves sites for
adsorption of other ions, however.

Vermiculites

Vermiculites of various types are widespread in soils.
Structurally, they are 2:1 minerals with a limited capacity
for expansion upon hydration. Since they do expand, cations
can migrate in between layers of the crystal units where they
may become adsorbed. Vermiculites, like illite, have a
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characteristically high degree of ionic substitution within the
silica sheets and a high cation-adsorbing capacity. The high
affinity for cations contributes to their limited ability to expand.
As a matter of fact, when placed in K-rich media, the adsorp-
tion of K within oxygen-layer holes results in a detectable
contraction of the micelle because of thestrong attraction
between adjacent platelets and the K ions. The K ions held
within the holes are not easily displaced and are said to be
fixed. The fixation of K converts vermiculite into a non-
expanded micelle with properties much like those ofillite. The
ability of vermiculite to adsorb other cations in interlayer
posttions is reduced measurably as a consequence to K fixation.

Montmorillonite, like vermiculite, will adsorb K in
positions of fixation also. However, actual fixation and
contraction of the micelle does not occur unless the mineral
is dehydrated thoroughly, as by heating. Vermiculite, on
the other hand, contracts and fixes K while in the moist state,
The difference between these two minerals is attributed to the
fact that the negative charge arises largely from the central
alumina sheet in the montmorillonite crystal, whereas a more
effective charge in vermiculite is derived from substitutions
in the silica sheets. This allows for a much stronger force of

attraction between the vermiculite platelets and the adsorbed
K ions.

Chlorites

Members of this group of silicate minerals are representa-
tive of the mixed-layer types. The idealized chlorite structure
is depicted as consisting of alternating layers of brucite and a
2:1 crystal unit {i.e., talc)., The development of the chlorite
crystal appears to result from the deposition of the brucite
layer within a pre-existing 2: 1 lattice mineral in a Mg-rich
medium ; for instance, chlorite is a common mineral in soils
derived from oceun scdiments. Aluminum may substitute for
Mg in the brucite layer of chlorite. Being a non-expanding
2: 1 mineral, chlorite possesses many characteristics which are
similar to those of illite. The configuration of chlorite does

not give rise to retention of K ions in oxygen layer holes,
however.
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Iron and Aluminum Minerals in Soils

Various Fe and Al compounds occur in soils. The
dominant forms are the oxides, hydroxides, and oxyhydroxides.
Since the two hydroxy forms lose water on heating and are
converted to oxides, they sometimes are referred to as hydrated
oxides. As a matter of convenience, it is customary to refer
to this group of compounds as the sesquioxides.

The sesquioxides assume various crystalline forms in the
soil, but all have one general feature in common ; they consist
of many layers of O or OH ions enclosing the metal cations,
Fe or Al. These layers may build up through crystal growth
in any direction and, as a consequence, can cause the formation
of relatively large particles. In fact, in highly weathered soils
where large quantities of these compounds have accumulated,
almost continuous layers of crystallized Fe and Al compounds
may be found. Often gravel-sized concretions of these
materials occur scattered throughout the profile of some
moderately to intensely weathered soils.

Ideally, the structures of sesquioxide crystals are electrically
balanced. There should be little tendency, therefore, for them
to adsorb cations if interatomic spaces within the lattice are
filled completely. Some sesquioxides have been observed to
adsorb appreciable quantities of cations, however, a charac-
teristic assumed to result from a shortage of Fe and Al ions
within the lattice structure (Kanechiro and Sherman, 1956).

Like kaolinite, Fe and Al compounds accumulate as a
result of extensive weathering whereby silica has been lost
more rapidly than have the sesquioxides. Since the sesqui-
oxides normally have a low capacity for adsorption of cations
and water, the highly leached soils in which they commonly
occur are noted for their inherently low level of fertility.

Where present in the soil in abundance, the sesquioxide
minerals are characteristically well aggregated. Clays com-
posed largely of these minerals, therefore, are not sticky,
plastic, or clod-forming. The sesquioxides can occur in a
finely divided, colloidal state, and often, when in this form,
appear as thin films over less-weathered mincral particlcs.
The more common forms of Fe and Al oxides are, respectively,
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hematite and gibbsite. These minerals impart vivid red and
yellow colours to soils.

ENVIRONMENT AND 30IL MINERAL TYPE

Some very general relationships are known to exist between
specific weathering environments and type of mineral clays
persisting in soils. Environment affects the occurrence of
organic colloids in the soil also. Both the production of plant
residues and their accumulation or disappearance from the
soil are closely related to soil environment, particularly as
influenced by climate. The weathering environment cannot
be expressed solely in terms of externally imposed factors of
weathering, such as amount of leaching water and temperature,
Involved as well are contributing factors such as the composi-
tion of the rock being weathered and the nature and amount
of organic residues present.  Consideration must be given also
to the depth in the weathering profile when speaking of
specific environments, for, as leaching waters are changed in
composition while they pass through the profile, so is the
weathering environment of which the leaching waters are a part.

The course of chemical weathering depends not only upon
the quantity of leaching water passing through the weathering
medium but also upon its content of acid- or base-forming
ions. If the rate of water flow is slow, there is greater oppor-
funity for solution efects to bwld uvp 2 substantial soluble
cation concentration. This tendency will slow the rate of
weathering. If, on the other hand, the quantity of water
entering the weathering zone is large, percolation may be
relatively rapid, and the concentration of soluble reaction
products seldom reaches a significant level. This enhances
weathering. Because of this behaviour, we may express the
rate of weathering qualitatively in terms of the total amount of
water which percolates through the weathering zone. The
cffect of variation in the amount of leaching water, then, is
one of controlling the level of base-forming cations, silica, and

other reaction products which may accumulate in the hydro-
sphere.
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Base-forming cations influence weathering reactions
through the neutralization of acids. An increase in acidity
not only encourages hydrolysis and dissolution of the weathering
minerals, it also influences the solubility of reaction products
and the rate of their removal from the zone of weathering
through leaching. This fact appears to account partially for
the differential removal of either silica or the sesquioxides
from the weathering mineral mass.

Neither kaolinite nor the sesquioxides appear in quantity
in the clay fraction of soils forming predominantly under
conditions of limited leaching. Where K-rich minerals weather
and the soluble products are not lost, illite-type minerals
appear in considerable abundance. If chemical weathering is
limited, the clay fraction of the soil may contain a relatively high
proportion of physically disintegrated mineral particles. With
an increase in weathering and leaching, but not to the point
where soluble weathering products are removed rapidly from
the profile, montmorillonite may become one of the more
dominant minerals in the clay fraction, This is particularly
true if there is an abundant supply of divalent cations, espe-
cially Mg, in the system. It is assumed often that illite is
formed first under these conditions and, through eventual loss
of interlayer K, is converted subsequently to montmorillonite
or passibly to vermiculite,

Whereas the faregoing ahserved telations tefer primarily
to gross climatic effects, local variation in the environment,
both external and internal, may alter these effects markedly.
For instance, the weathering of limestone rock rich in Ca and
Mg may result in the formation of montmorillonite even
though soils in neighbouring areas, which are forming on
igneous rock, may contain substantial quantities of kaolinite
or gibbsite, A{OH),.

Topographic conditions often contribute to pronounced
differences in weathering. Soil-forming materials on stee?
slopes lose much of the precipitation they receive as rusoff.
Thus, in the light of limited percolation, only a minimd™ of
mineral transformation may be expected, Furde€Tmore,
s0ils occurring on steep slopes are subject to excessive €TOSION.
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As a consequence, new minerals resulting from weathering
reactions may be lost about as rapidly as they are formed.
Under these conditions, then, the prevailing climate would
not serve as a wseful index to the apparent rate of weathering.

An additional interesting example of the effect of topo-
graphy is the formation of kaolinitic minerals in red soils of the
Deccan Plateau and of montmorillonitic clays in adjacent
black soils lying in lower positions. Whereas the red soils
are well drained, the black soils are not. Drainage waters
from the higher-lying areas tend to accumulate in the lower-
lying positions and, because of their relatively high content
of divalent cations carried in from the more elevated positions,
encourage the formation of the montmorillonite mineral
(Mukerji and Agarwal, 1943),

The generalized relationship between the effects of different
weathering intensities and resultant soil mineral type has led
to the characterization of the degree of weathering in terms
of the dominant mineral type in the clay fraction of the soil.
Simply, this means that easily weathered minerals persist in the
clay fraction of the soil only if chemical weathering has been
essentially negligible, and that the more stable minerals are
dominant if the weathering has been intense or of long duration
(Jackson and Sherman, 1953). It is obvious, of course, that
if the materials on which a soil is forming have been trans-
ported from other areas, their observed form may be more
closely related to their previous rather than their present
environment.

It is concluded that when weathering is intense, mineral
transformation will proceed in an orderly manner starting
with the unaltered forms and will pass through the various
intermediate forms until only the more resistant compounds,
including the sesquioxides, remain. The sequence of stepwise
transformations normally is depicted as occurring in accordance
with the following scheme :

Unweathered {Chlorite Montmorii-

minerals Tlite ~ { Vermiculitej - lonite

Kaolinite — Sesquioxides.
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Mineral weathering will not necessarily proceed through
all intermediate stages until the stable sesquioxide form appears.
Frequently, transformations to highly stable products occur
which bypass various of the intermediate stages. For instance,
Jackson (1957} observed vermiculite to form directly from
mica without passing first through the illite stage. If ilhte
were an intermediary mineral in this case, its transformation
to vermiculite was too rapid to permit accumulation in
significant quantities. Tanada (1944) observed that, in re-
latively uniform material of volcanic origin in Hawaii, either
kaolinite or the sesquioxides formed directly from the original
minerals. Kaolinite occurred if rainfall was sometimes
limited, but gibbsite formed directly where rainfall was
abundant and leaching essentially constant.

Sherman (1952} concludes that the exact nature of mineral
transformation during weathering will depend upon the fre-
quency and duration of alternating wet and dry periods.
Under counditions where free leaching occurs during periods
of moderate to high rainfall, the normal trend in weathering
is toward the formation of gibbsite. Intermediate products,
montmorillonite and kaolinite, will form if dry periods occur
which permit at least temporary retention of silica in the
weathering medium. The longer the periods of drouth the
greater is the tendency toward montmorillonite formation.

It should not be concluded from these considerations that
degradative weathering of soil minerals results always in
eventual conversion to the sesquioxides. Should illite be
stable in the weathering environment and should this en-
vironment persist indefinitely, there is no reason to assume
that alteration to other forms would take place.

As has been noted in an earlier section, at least three-
quarters of the soil-forming materials are of sedimentary
origin. The history of the sediments will determine to a 1»8¢
extent the type of clay minerals present in soils forming from
them. It is known that normal weathering processes arc
reversed during the period when the sediments are submerged
in saline waters. Powers (1954) and Grim and jones (1954)
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recognize the formation of chlorite and illite from montmoril-
lonite and vermiculite in marine sediments. Weaver (1957)
indicates that alterations of this type probably result from very
simple chemical reactions within the submerged deposits.
In his opinion, the changes may be no more extensive than the
reabsorption of K and Mg ions by expanding lattice minerals
to reform illite and chlorite, 1t appears probable that much
of the illite-type of clay minerals present in soils have been
inherited from sediments and occur less frequently as products
of degradative weathering of other, less stable mineral com-
pounds.
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REVIEW QUESTIONS

Why is it important to the nutrition of plants for soil minerals
to decompose slowly through weathering reactions ?

Differentiate briefly among the three major types of rocks
occurring within the earth’s crust. Which type serves as the
principal source of soil-forming material ?

Explain the major differences between physical and chemical
breakdown of rocks and minerals. Specify conditions which
determine the predominating influence of either of these two
processes in mineral weathering.

What is probably the most important consequence of physical
breakdown of mineral matter ?

Define till, alluvium, and loess. Explain why wind-laid
deposits frequently contain particles of limited variation in size.

Explain why mineral solution is largely a hydrolytic process.
Why is chemical weathering most effective if soluble products
are carried away in percolating water ?

What is the relationship between the time and intensity factors
in mineral weathering ?

Explain the reason why layer lattice minerals possess a negative
charge and how this charge is neutralized. Why does the
negative charge vary from mineral to mineral ?

What are the similarities and differences between the methods
of platelet bonding in kaolinitic and illitic minerals ? What
is the relationship between the strength of bonding between
platelets and (1) mean particle size of the layer silicate minerals,
{2} the casc of dispersion, and (3) swelling and shrinkage ?

Explain the statement “Mineral weathering results in the
formation of compounds which tend to be stable in the en-
vironment of their formation.” How can this concept be
applied to explain formation of illitic minerals either from
degradative or constructive weathering processes ?
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CHAPTER FIVE

EXCHANGE REACTIONS AND pH CONTROL
CATION ADSQORPTION AND EXCHANGE

CaTions adsorbed to the surfaces of soil mineral particles by
the negative charge within the crystal lattice are held much
more loosely than are the ions occurring as a component part of
the lattice structurcs.  As a consequence, they may be displaced
with relative ease by other ions which, in turn, serve then to
neutralize the lattice negative charge. Since the surface-held
ions may be replaced by other ions, they arc said to be
exchangeable. By this definition, they are distinguished from
both nonreplaceable ionic components of the crystal lattice
and from soluble ions occurring in the soil solution adjacent
to soil particle surfaces.

The fact that ions occur in exchangeable form is of great
importance to the nutrition of plants. Thcse ions are subject
to ready release to plant roots and, yet, they are not lost rapidly
from the soil through leaching. If this were not true, it would
be essentially impossible to maintain the fertility status in areas
where leaching water passes through the soil in relatively
large amounts.

The negative charge of minerals derived from ion subs-
titution and from broken oxygen bonds does not serve as the
only mechanism for cation adsorption in soils. Important
are various organic materials which, by virtue of carboxyl
(-COQOH) and phenolic hydroxyl (-OH) groups they contain,
are capable of exchanging cations also. Exchange reactions
take place through the displacement of H ions from these
organic groups. However, since these H ions are chemically
bound in the organic groups, they are not easily replaced by
metallic cations in acid media where the concentration of
H ions is significantly high. Nonetheless, these exchange
positions in organic matter are important in cation retention
and, with those contributed by the mineral fraction, form the
exchange complex of the soil.
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The Nature of Exchange Reactions

The fact that cations held at soil particle surfaces and
those in the soil solution are in constant mation accounts for
their entering exchange reactions. The movement of adsorbed
ions away from the particle surfaces, which is nothing more
than ionization, leaves exchange sites vacant which then may
be occupied by other cations derived from the adjacent solution.
The retention of a soluble ion with the resultant exclusion of
the one originally held constitutes a completed exchange
reaction. Obviously, the probability of its ever taking place
is increased with increasing numbers of ions in the solution
phase. Thus, when soluble ions are added to a soil, exchange
will take place to an extent depending upon the total number
of ions added., The exchange reaction will proceed until an
equilibrium between the adsorbed and soluble forms of all
ions present is attained, and there will be a positive relationship
between the final proportions of the various adsorbed ions
and their respective concentrations in the surrounding solution,
As an example, the exchange equilibrium which results when
only two cations are involved is described qualitatively by the
expression

Aad —~ Asol
=== ==, 5-1
Bad Bsal ( )

where A,q and B,g are quantities of the two different cations
adsorbed by the exchange complex, and Agq and Bgy their
respective concentrations in the associated solution which
bathes the soil particle surfaces. We may see, then, that
increasing either A or B in the solution phase will change the
proportions of these two ions present in soluble form and,
in turn, will result in a shift in their proportions on the exchange
complex.

Equation 5-1 serves to describe a variety of exchange
reactions. If B is the added cation and is accompanied by an
anion which precipitates the original exchangeable cation, A,
then the concentration of A in the soil solution is maintained
at a low level. As a consequence, the added cation is adsorbed
more completely. If an ion such as one in a fertilizer salt
is added to the soil and then washed benecath the surface
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where it enters into an exchange reaction, the displaced ion
originally on the exchange complex will be swept downward
by the percolating water. Thus, at the point of exchange,
the concentration of the displaced ion is kept at a minimum,
and the ion added in the fertilizer salt is taken up readily on
particle surfaces in the upper soil layer,

The ions from even a very dilute solution can be adsorbed
completely in the upper soil layers as they percolate through
the soil. Because of this, a weakly acid percolate, such as
water charged with a small quantity of dissolved CQO,, is very
effective in removing the original, adsorbed ions. This pheno-
menon accounts for the relatively complete removal of basic
cations during weathering under high-leaching regimes.

Different cations are held by the soil with different tena-
cities. A tightly held ion will displace one loosely held with
comparative ease. Considered in another way, if equal
concentrations of two different ions are added to and mixed
with the soil, the one for which the soil has the greatest affinity
will be adsorbed in greater amounts. Cations have been
rated as to their relative power of replacement and, generally,
are found to conform to the following series :

Al > Ca = Mg > K = NH; > Na,

The H ion will occur also in this series, but its position is open
to question. It once was thought to be adsorbed more tightly
than either Ca or Mg. The difficulty in determining the
place for H arises from the fact that, when added to the soil,
it enters into numerous reactions which are not exchange
(7., hydralysis and solution of soil minerals).

The relative adsorbability of an ion is related to its charge
density, which is a function of the valence and effective diameter
of the ion. A polyvalent ion with small effective diameter
will have a high charge density, thercfore.

The principal ions held by the exchange complex in soils
are those shown in the above replacement series. The cations
Zn, Mn, and Fe, which also are essential plant nutrients, occur
as exchangeable ions in but very small quantities only. Their
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scarcity both on the exchange complex and in the soil solntion
is due to the fact that they tend to form insoluble compounds
in the soil. ‘

Exchange Reactions and Actdity end Alkalinity in Seils

The degree of acidity or alkalinity in soil is a function of
the H-ton and Ol-ion concentrations in the solution phase.
The concentration of these two ions is controlled largely by
the type and amount of the various cations which are adsorbed
in exchange positions., Being rather loosely held and subject
to displacement in accordance with exchange equilibria,
adsorbed ions can ionize, and, as the result of hydrolysis, their
positions on the exchange complex are taken by H ions
derived from the dissociation of water. The hydrolysis of
exchangeable Na is very pronounced and the reaction involved
1s illustrated as follows!:

}@\ Na+H'+ OH =|Clay|H + Na* + OH . (5-2)

The loss of H ions from the solation through the displacement
of Na results in a relative increase in the OH-ion concentration
which makes the solution more alkaline. If Ca and Mg were
the exchangeable ions, the hydrolytic increase in alkalinity
would be less than for Na. These divalent ions are more
tightly held and, therefore, are replaced by H with greater
difficulty. Further, the bases they form are not so highly
ionized as is NaOH.

Aluminium is a common exchangeable ion in acid soils.
Like Na, Ca, and Mg, it will hydrolyze also to form a base ;
in this instance, AI(OH),. This compound is insoluble even
in moderately acid media. As a consequence, OH ions are
precipitated from solution and it becomes more acid. Further,
the H ions which replace Al ionize to a degree and contribute
also to the acidity of the system.

If a neutral salt such as CaSQ, is added to an acid soil,
the resultant displacement of adsorbed H and Al will cause

! The representation, | Clay | Na, is intended o show symbolically a elay

micelle holding adsorbed Na and corresponds to a Na-clay molecule of indefinite
size,
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an increase in acidity. The reaction may be described as
follows :

—_— H S
{czayf Alz + 4CaS0, = |Clay|Ca, -+ H,80, + AL(SO,);

(5-3)
The Al,(SO,), hydrolyzes in turn to form sulfuric acid :

Al,(SO,), -~ 6HOH = 2AI(OH), -+ 3H,50, (5-4)

Since Al{OH}, is essentially insoluble in soils, OH ions are
removed from solution and, therefore, will have no oppor-
tunity to counter the effect of the H,80 , which lowers the pH.

The concept of acidity or alkalinity of a solution, as dis-
cussed heretofore, has been considered purely in the light of
the concentration of H and OH ions. However, since the
variation in concentrations of these two ions is of great magni-
tude, it is much more convenient to use pH values® which
express concentrations in terms of logarithms. The pH or
reaction of soils ranges from ahout 35 to over 10. Those of
low pH have exchange surfaces filled largely with Al and H
ions, whereas soils of extremely high pH contain essentially
only Na in exchange positions. That is to say, they are Na
saturated or nearly so. Often, appreciable quantities of ex-
changeable K occur in strongly alkaline soils also. Most
agricultural soils considered suitable for moderately good to
very good production have pH values lying betwecn about
5 and 8'5. Soils having pH values below 5 are considered to

be strongly acid, and those above 8'5, moderately to strongly
alkaline,

The Catton-Exchange Capacity
The total quantity of exchangeable ions adsorbed by a
soll may be determined if the ions are displaced into solution,

1 Specifically, a pH valuc is the log of the reciprocal of the H-ion concen-
tration, or

1
phl=log Tk
where (H+) is the concentration of H ions in mols. per 1. Use of the reciprocal
expression results in numerically positive values. Usually the pH of a solution
ranges {rom something less than one, a3 in a very acid solution, to about 14. The
pH of pure water is 7 and corresponds to neutrality. At this point, H and OH
10ns occur in equal though very didute concentrations {10~? mols per 1.},

10
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washed from the soil, and measured quantitatively. This
quantity, referred to as the cation-exchange capacity, or simply
the exchange capacity, normally is cxpressed as me. per 100 g.
of soil. It measures indirectly the total negative charge
attributable to the mineral and organic fractions of the soil,

The salt used for displacement should not contain one
of the ions being displaced, because the quantity of this ion
derived through exchange then could not be measured. The
concentration of the salt solution used should be sufficiently
high to permit as complete displacement of original exchange-
able ions as possible without using excessive quantities of the
solution. In a leaching system such as one with which we
are concerned, the total number of ions added in the displacing
solution determines the completeness of displacement for the
most part,

Mere leaching of the soil with a neutral or weakly acid,
concentrated salt solution will not displace readily those H ions
held by broken-bond oxygens and organic radicals because of
the strong affinity of these exchange sites for the H. Removal
of the H ions is more nearly complete if an anion is present in
the leaching solution which also has a strong affinity for the H.
Hydroxyl ions serve this purpose most readily since they
combine with H to form slightly ionized water. Thus, in-
creasing the pH of the leaching solution through the addition
of OH ions will cncourage more complete displacement of
exchangeable H.

The determination of the cation-cxchange capacity by
separate analysis of each of the original cations displaced from
the soil is a long and tedious procedure. It is considerably
simpler to displace these ions by a single, easily-determined
cation which also may be replaced subsequently and then
measured in a single determination. The quantity of ion
adsorbed from the single salt solution will, of course, depend
upon the pH of the added solution, since the higher the pH
the greater will be the displacement of the H ions adsorbed
by the soil originally.

Conventional methods of exchange-capacity determination
involve the use of such salts as ammonium or sodium acetate
or sodium or barium chloride to provide the single displacing
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ion. The solutions of these salts are | N in concentration or
greater and their pH usually is adjusted to either 7-0 or 8-2.
Neither of these pH values is high enough to cause complete
displacement of all replaceable H, however. Therefore, the
determined value for cation-exchange capacity reflects merely
the ability of the soil to adsorb cations other than H at the pH
value of the solution used in the determination. In defining
or expressing the cation-exchange capacity of a soil, therefore,
it 18 necessary to specify the pH at which the value is
determined.

The cation-exchange capacity denotes the ability of a
soil to hold nutrient cations in readily available form. More
important to growing plants, however, is the quantity of
nutrient cations present in exchangeable form, not just the total
capacity of the soil to hold them. For example, a soil with a
high exchange capacity and a high proportion of exchangeable
H and Al may be much less fertile than a soil with a low
adsorptive capacity but a high proportion of exchange posi-
tions filled with essential nutrient cations. Yet, knowledge of
the exchange capacity of acid soils is important for it gives
some indication as to the amount of nutrient cations which
should be added to displace the H and Al and thereby re-
establish the nutrient status of the soil at a more nearly optimum
level. The addition of Ca as gypsum, to correct for excessive
cxchangeable Na in strongly alkaline soils, and as lime o
neutralize strongly acid soils is based largely on the capacity
of the soil to adsorb the Ca.

Field treatment of acid soils seldom will result in elevating
the pH above neutrality. As a consequence, evaluation of the
cation-exchange capacity at pH 7-0 is probably as suitable
as would he a value determined at 8-2. Alkaline soils, and
particularly those that arc calcarcous, often occur at a pH
near 8-0. Thus, it is advocated frequently that the cation-
exchange capacity of these soils be determined at pH 8-2.
This is the pH of a soil essentially saturated with exchangeable
Ca and containing free lime in equilibrium with CO, in the air.
Specific methods for determining the cation-exchange capacity
of soils are discussed by Piper (1950), Bower e al. (1952),
and Mehlich (1948).
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Coleman et al. (1958) refer to the negative charge of the
mineral lattice as the permanent charge in soils, The charge
due to broken oxygen bonds and to acidic organic groups is
designated as the pH-dependent charge. Soils high in kaolinitic
minerals, which acquire a large part of their cation-adsorbing
ability from broken oxygen bonds, hold an appreciably high
proportion of exhangeable ions by the pH-dependent charge
(Coleman and Mehlich 1957 ; Jenny, Ayres, and Hosking,
1945). Minerals of a 2:1 configuration, which have a rela-
tively high permanent charge, show but a limited effect from
variation in pH on the cation-exchange capacity. Among
any of the major mineral types in soils, the effect of pH is most
pronounced above neutrality.

The negative charge of organic materials appears to be
entirely pH dependent. Organic matter has a negligible
ability to hold cations other than H at a pH of 4'0; whereas,
at pH of 7-0, it may retain these cations in greater quantities
than can any of the soil minerals which enter into exchange
reations.

One-normal ammonium acetate adjusted to pH 7-0
has been used widely as the exchange-saturating solution in
cation-exchange-capacity determinations for many vyears.
However, the diameter of the NH, ion 1s almost the same as
that of K, Thus, when used on soils high in vermiculite, the
NH,_ ion also is taken into oxygen-layer holes within the
crystal lattice and can become fixed against subsequent ex-
traction. This reduces the measured exchange capacity of
the soil sample below that value which would be obtained
if a smaller saturating ion were used.  For this reason, Sawhney
et al. (1959) recommend the use of either Na or Ca ions in both
the saturating and displacing phases of the cation-exchange-
capacity determination.

Cation-Exchange Capacities of Clays and Soils

There is considerable variation in the cation-exchange
capacities among the several minerals common to clays.
Generally, the values are high for the expangding-lattice types
and low for the fixed-lattice minerals. - Representative
exchange-capacity values for the major mineral groups and for
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organic matter are shown in Table 5-1. The values listed
are for determinations at a pH of 7:0.

Table 5-1. Representative cation-exchange capacities of the various common
exchange materials in soils,

Colloid Cation-Fxchange Capacity
me.[100 g,

Organic matter 200-400
Vermiculite 100-159
Montmorillonite 60-100

Tllite 20.40
Kaolinite 2-15

Fe and Al oxides 0-100 1

1Kanehiro and Sherman (1956) report exchange capacities for highly fer-
ruginous {iron-rich) scils in Hawaii of slightly greater than 125 me. per 100 g.
These capacities are attributed to the presence of hydrated iron oxides, possibly
containing insufficient Fe ions to fill completely crystal lattices.

A comparison among soils containing the same types and
proportions of exchange material will show that the exchange
capacity increases with clay and organic matter contents.
In the particle-size analysis of soils, removal of organic matter
during the determination eliminates a fraction of the soil
active in exchange reactions. Therefore, in soils containing
appreciable organic matter, there may be no specific relation-
ship between textural analysis and the exchange-capacity value
determined on the whole soil. Furthermore, some mineral
particles of silt size have the capacity to adsorb cations in
appreciable guantity. Vermiculite, in particular, is found
often to persist as particles with these dimensions.

Cation-exchange-capacity values for whole soil will range
generally between 2 and 60 me./100 g, Some clayey soils in
humid regions, such as East Pakistan and Southern India,
often are high in kaolinite and sesquioxides, They may have
exchange capacities that compare with much sandier soils in
the more arid regions which have montmorillonite as an
important type of clay present. Some representative exchange-
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capacity values (pH 7-0) for soils of different regions are listec
in Table 5-2.

Table 5-2. Exchange-capacity values for whole soils from various locations in
the Indo-Pakistan subcontinent.

Location and Description 00(33;5:\\ E;ﬁ?g,e P;;!‘::
9% |me /100 g.

Fast Pakistan, Joydebpur Forest,
Upland 43 19-1 (1)
. ” Dacea, Upland 44 141 n
»s " Meghna Alluvium 9 15:0 (n
» Brahmaputra Alluvium 24 184 (1)
Woest Pakistan, Punjab, Alluvium 20 16 {2)
»» Punjab, Alluvium 12 52 (2}

South India, Coimbatore, Black
Cotton Soil 38 39-4 {3)
’ ” » Red Upland 16 76 (3)

(1) Karim and Islam (1957)
(2) Haque (1958)
{3) Raychaudhuri, Sulaiman, & Bhuiyan (1943)

It is impaortant to realize that, because soil texture cannot
be changed materially by ordinary treatment in the field,
the characteristic cation-exchange capacity of a specific soil
does not alter appreciably over short periods of time. For
instance, changes in the organic matter content resulting from
treatment of ficld soils with manure will have little effect on
overall adsorptive capacities. If we assume the organic
component of the soil to have an exchange capacity of 200
me,/100 g., and this is a practical average value, then a soil
with 19, organic matter will derive only 2 me./100 g. of
exchange capacity from this component.! Assuming  the
weight of the surface-7 inches of soil to be 2 million Ibs., an
increase of 20,000 lbs. in the organic matter level is necessary

*McGeorge (1930) working with a large number ol soils having a wide
variation in organic matter content found an average increase of 1'8 me./100 g.
of soil for each percent increase in organic matter.
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to raise its content by 19%,. This magnitude of change is
impractical to bring about under ordinary circumstances.
On the other hand, improper management of land which
results in the loss of native soil organic matter can result in a
measureable decrease in the exchange capacity over the

yea,rs.

PH RELATIONSHIPS IN SOILS

The measurement of pH in soils serves a number of useful
purposes. Many soil functions vary with pH, the cation-
exchange capacity included. The solubility of a large number
of chemical compounds present in the soil is dependent upon
pH. These compounds contain elements which are either
essential or toxic to growing plants. Biological activity,
such as that bringing about the decay of organic residues in
the soil and even the growth of plants, is affected by soil
reaction.

The H and OH concentrations of the soil solution and,
therefore, the pH, are controlled to a large exient by the
proportions of various cations present in exchange positions.
Most commonly, the exchange complex of field soils is domi-
nated either by Al and H ions or by Ca, or Ca and Mg ions.
This fact relates to the strong attractive force between these
ions and the soil particle surfaces. In humid regions, where
leaching with acid-heating waters is comman, the lass aof Ca,
Mg, Na, and K ions causes the soils to tend toward H satura-
tion. The slow release of soluble Al, Ca, and other metallic
cations from soil minerals and decaying organic matter aids
in preventing complete saturation of the exchange materials
with H ions alane. In arid regions, where leaching occurs ta
only a limited extent, Ca is found normally as the dominant
exchangeable ion. Depending upon conditions which govern
the rate of removal of the metallic cations from the soil, we
may consider the exchangeable cation status to represent
a balance between Al and H on the one hand and the
metallic cations, particularly Ca, on the other. Normally,
none of these common ions are completely lacking from
exchange surfaces.
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THE MEASUREMENT OF DH IN SOILS

The bulk of acid-producing H and Al ions in soils occurs in
exchangeable form. The determination of pH, however,
requires the estimation of the quantity of hydrogen occurring
in ionic form in the solution phase. Therefore, a pH measure-
ment does not indicate the total acidity of the soil but, in
reality, only a small portion of it. For convenience, the
concentration of H ions in solution is referred to as active
acidity and is reprcsented by pH values. Adsorbed H and
Al jons, which are capable of producing an acid reaction in
the soil solution upon their dissociation from exchange posi-
tions, constitute the potential acidity of the soil.

The H-ion concentration of the soil generally is measured
on a soil-water suspension or paste, either (1) with coloured
indicator solutions or strips of indicator paper or {2) electro-
metrically with a pH meter. Various indicator solutions and
electrometric devices are available. Comparisons among
several of these have been made by Mason and QObenshain
(1938). The present discussion deals only with the funda-
mentals of the two techniques.

Colourimetric Methods '

Colourimetric procedures involve the use of either dye
solutions or dye-impregnated papers. These dyes, or indi-
cators, have the capacity of changing colour with variation in
pH of the solution. When the H-ion concentration in the
solution reaches a certain point, the indicator changes from
the ionic form having one colour to the molecular form
having a second colour. The pH at which this change occurs
is different for different indicators. With a mixture of selected
dyes it is possible to cover a wide range in pH with one indicator
solution or impregnated test paper. The precision of deter-
mination is limited to aboui one-hall unit of pHl. However,
for practical use, this is sufficiently accurate.

Electrometric Methods

The electrometric methods are much more precise than
the colourimetric procedures. As a matter of fact, the accuracy
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of determination greatly exceeds the precision needed in most
soils work. Its reliability and precision make it by far the
‘most commonly used procedure.

Whereas the theory of electrometric pH determination is
highly technical, the basic details can be described rather
simply. The equipment centres around a pair of electrodes
which are placed in the solution or suspension under examina-
tion. These electrodes and the intervening solution act as a
small cell, the electrical potential of which is dependent upon
the H-ion concentration of the solution. As the H-ion con-
centration changes, so does the minute voltage developed by
the combined electrodes, The small voltages are measured
on a meter calibrated in units of pH. Modern pH meters
almost invariably employ a glass electrode as the H-ion
sensitive componcnt.

Titration Curves for Soils

If a naturally occurring, strongly acid, mineral soil is
titrated with a base, a neutralization curve similar to A in
Fig. 5-1 is obtained. If this same soil were leached rapidly
with strong acid immediately before titration, a curve such as
B would be obtained. According to Harward and Coleman
(1954) and Low (1955), the distinction betwecn these two
types of curves rests with the fact that, in the first instance,
the exchange complex is filled largely with Al ions whereas,
for the second, the exchange materials are essentially H
saturated. A comparison with similar titration curves for
common inorganic acids would show the Al soil to behave
like a weak acid, while the H soil would appear to have the
properties normally ascribed to a strong acid.

A distinct difference between these two curves appears
in that the Al soil displays the capacity for buffering, especially
in the range of pH 5 to 7. The H soil, however, is not buffered
to any extcnt in this range, as is indicated by the rapid rise
in pH as neutrality is approached. The source of buffering
is the exchangeable Al ion which forms an insoluble base as
the titration proceeds and thereby prevents a rapid increase
in the OH-ion concentration neccssary for elevating the pH.
The buffering capacity, which serves as an index of the potential
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pH of suspension

Quantity of added base —»

FIG, B-1. Titration curves resulting from the treatment of acid
soils with base. Curve A is typical of naturally occurring acid,
mineral soils in which the exchange complex is filled largely
with Al. The more nearly horizontal portion of this curve
corresponds to the region of maximum buffering. CGurve B
is representative of a soil in which most exchange positions
are filled with H ions injtially.

acidity, is important in the treatment of soils considered too
acid for good crop growth. A greater quantity of acid-
neutralizing amendment is necessary than would be required
were soils not so highly buffered.

The Relationship Between pI and Degree of Base Saturation!
Minimum pH values are observed in soils which approach
H saturation. However, this condition is attained in field
soils only if the exchange material is composed essentiafly only
of organic colloids. These materials are stable in acid media.
* Base saturation refers to the proportion of the exchange positions in soils

filled by base-forming cations such as Ca, Mg, Na, K, and NH,." The degree of
base saturation is expressed as a percent of the cation-exchange capacity.
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A mineral s0il seldom will attain a pH much below 4-5, and
then Al occurs as the dominant exchangeable cation. Satura-
tion of the soil with Ca will result in a2 pH of about 8:2.  Higher
values, which often exceed 10-0, are observed where Na is the
saturating ion.

The ready hydrolysis of loosely adsorbed Na accounts for
the high pH of Na-saturated soils, the hydrolytic reaction
resulting in the formation of NaOH. Often Na,CO, occurs
as a free salt in high-Na soils, and its hydrolysis also contributes
to the elevated pH. Neutral Na salts, on the other hand,
suppress dissociation. of Na from particle surfaces or from
basic salts because of the common ion effect. Therefore,
accumulating neutral salts tend to reduce the pH of soils high
in exchangeable Na. Dilution of the Na salts in such a solil,
on the other hand, reduces their ability to suppress hydrolysis.
The addition of water to a salty soil will cause a rise in pH,
therefore.

Under average conditions, the adsorbed ions in soils of
acid reaction are comprised of a mixture consisting predomi-
nantly of Ca, H, and Al. The more acid the soil the lower
the proportion of (a within this mixture and, consequently,
the lower the quantity of this nutrient there will be for plant
use. Because of this, strongly acid soils normally require a
treatment which will raise the pH and also provide a higher
level of exchangeable Ca. The desired eflect customarily is
obtained by adding pulverized limestone (CaCO,)} to the soil.
This material will cause the displacement of exchangeable H
and its ultimate conversion to slightly lonized water. Exchange-
able Alis displaced also and precipitated as Al (OH) .

So long as only H, Al, and Ca ions dominate the exchangc
complex, a reasonably good relationship will exist between
soil pH and the proportions of these three 1ons in exchangeable
form. This is to say, the degree of base saturation with Ca
can be predicted with fair accuracy from the pH of a soil.
If the cation-exchange capacity is known, then a simple pH
measurement is 21l that is necessaty to determine the approxi-
mate quantity of imestone that is needed to raise exchangeable

Ca to a desirable level.
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Soils of very high pH and containing a predominance of
exchangeable Na also are low in available Ca. Thus, the
addition of an amendment containing Ca to such soils for
displacement of Na is also advisable. However, because
strongly alkaline soils generally contain variable quantities of
salts which affect pH, no positive relationship exists between
soil pH and the degree of saturation with exchangeable Na.
Other means for determining the amount of Ca needed to
displace exchangeable Na must be used, therefore. Such
procedures are discussed in Chapter Twelve.

SOIL REACTION AND PLANT GROWTH

Plant growth is maintained over a rather wide range in
pH. Arnon and Johnson (1942) found plants to tolerate the
extreme values of 4 and 9 in solution cultures provided nutrients
were kept in available form. Inhibition of growth between
these extremes in pH usually is attributed to the decreased
availability of the essential nutrients Ca or P in the nutrient
solutions. Similar effects have been noted many times in soils.

Among other eflects, extreme pH values represent condi-
tions wherein availability of the essential plant nutrients Ca
and Mg is impaired. Under strongly acid conditions, the
shortage of available Ca and Mg results from their displace-
ment by Al and H and eventual loss in drainage water.
Potassium is lost from the soil by this process also. Where
alkalinity is high, the divalent ions will again have been dis-
placed, this time by Na. In the strongly alkaline medium,
Ca in particular does not remain soluble but is precipitated
as CaCO,;. The higher the pH the lower the solubility of
CaCQ, becomes.

Aside from effects involving competition among nutrient
ions and Na or Al and H for exchange positions, the relationship
between pH and nutrient availability depends largely upon
mineral solubility at different pH levels. Although many
compounds containing plant nutrients such as Fe, Mn, Zn,
and Cti*are readily soluble in strongly acid soils, elevation
of the pH results in a decrease in their solubilities or the forma-
tion of less soluble compounds of these elements, Many of
the nutrient: yons will be found to behave similarl'} under
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varying conditions of acidity and alkalinity. These relation-
ships are discussed in greater detail in Chapters Eight
through Ten.

Certain toxicity effects can be related to pH of the soil.
In strongly acid media, soluble Al and Mn have been observed
to increase in the soil solution to the point of injuring plants.
The harmful effects resulting from excessive quantities of boron
are more intense under acid conditions and may be alleviated
to a certain extent by liming the soil. The deleterious effect
of strongly alkaline soils is attributable in part to their caustic
reaction on plant tissue. From the several considerations
above, we may conclude that the eflect on plant growth arising
from variation in the H-ion concentration is, more often than
not, one of an indirect nature,

THE CONTROL OF 30IL REACTION

Normally, the pH of most soils lies within the range of
50 and 85. Some soils are observed to have pH values as
low as 35 and as high as 100 or above. Most economic
plants grow best within the narrower range listed above, If
the reaction of the soil exceeds the limits of this range, adjust-
ment of the pH to a more suitable level through use of chemical
amendments is assumed to be desirable. A reduction in acidity
is accomplished through the addition of a material such as
ground limestone which consists largely of CGaCO,. Gypsum,
Cad0,.2H,0, and agricultural sulfur are used to counteract
strongly alkaline conditions. Treatments with these amend-
ments customarily are designed to correct the adverse condition
in the surface or ‘plough layer’ of soil only ; that is, the upper 6
to 8 in. of soil.

Often, relatively large quantities of amendment must be
added to be effective. The reason for this is understood
readily when we consider the total acidity or amount of
exchangeable Na in a layer of soil 6 to 8 in. deep and covering
an area of one acre. If the soil in question has,an “exchange
capacity of 10 me./100 g. and is saturated with H and Al
approximately 4-5 long tons (10,000 lbs.) of CaCQj; would bﬁ
required to neutralize the acidity completely- ¢ 1f the soil
were Na saturated, about 7'5 long tons of high- PbﬂtY gypsum
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obvious by comparing them in neutralization equations in
which, for simplicity, the acid is assumed to derive from
exchangeable H ions:

@\g +CaQ  —[ClayCa+ H,0 (5-6)
and \c—iﬂg+ CaCOS_;»‘@‘Ca-s-HSCOS (5-7)

However, the weight of the CaO molecule is only 56%, of that
of GaCO,. Since,in the reaction, 100 1bs, of CaCQ, is equi-
valent to 56 lbs. of CaQ, the neutralizing value of the CaQ is
100/56 % 100, or 179. The neutralizing value of any liming
material may be determined by dividing its moelcular weight
into that of CaCQ,, or 100, and then muhiplying by 100.

Rather than compare the neutralization values of various
pure compounds, it is perhaps more important to take into
consideration the purity of the many grades of limestone that
are available. Seldom will one find a limestone without some
degree of impurity. Purity is expressed on a percentage basis
and, for a limestone material, will correspond to the neutralizing
value, A purity of 80%, indicates that the limestone contains
809, CaCQO, and MgCO, and 209, of inactive ingredients so
far as acid neutralization is concerned.

The purity of a liming material should be guaranteed by
the supplier and the guarantee enforced by governmental law.
If the purity is not known it may be determined by simple
titration with acid {Piper, 1950, pp. 128-136).

Fineness of Grind

The relationship between the particle size of ground
limestone and rate of neutralization of soil acid is shown in
Figs. 5-2 and 3-3. From Fig. 5-2, it would appear that
finely ground limestone (60 mesh! or smaller) is needed in
smaller amounts to elevate the pH a specified amount than is
required when the lime occurs aslarge particles. Forinstance,
as shown in the figure, 10 T, of the coarse (4-8 mesh) material

* Mesh refers to specific openings in sieves or screens as determined by the

mumber of wires, or mesh, per linear inch. For the relationship between mesh
number and the hole size in sicves, see Table 1 in the Appendix.
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Liming rate — T/A

FIG. 5-2. Effect of rate and particle size of ground limestone
on pH of the soil 18 months after application (Meyer and
Volk, 1952).

raised the pH of a test soil to about 54 after 18 months, whereas
only a little over 1 T. of the fine limestone (smaller than 60
mesh} was needed to bring about the same effect. Since full
benefit from the coarse particles had not been realized after
the 18-month period, it must be assumed that some of the
added lime remained undissolved in the soil. Although
complete solution of the coarse lime would be expected to
occur eventually, the slow correction of acidity resulting from
its use is not advantageous to the farmer. Obviously, it is not
logical to apply a coarse material that will bring limited
immediate gain when fine-textured materials can be obtained.

The data plotted in Fig. 5-3 show essentially the same
results as have been cited above. In this latter instance,

11
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v < |00 meash

Time in months

FI1G. 5-3. Effect of limestone of different particle sizes on pH
after contact with the soil for various lengths of time (Meyer
and Volk, 1952},

comparisons were made wherein a single quantity of limestone
separated into different particle-size groups was applied to an
acid soil and the effects, as determined by increase in pH,
were measured at frequent intervals during the following
18-month period. The limestone finer than 100 mesh caused
very rapid correction of the acid condition. The 60- to 80-
mesh material was as effective as the finer material but required
the full 18 months to produce these results. Any grade
coarser than 60 mesh fell short of producing maximum neu-
tralization in the 18-month period. The 4- to 8-mesh material
did not neutralize the soil acid at a rate sufficiently rapid to
completely counterbalance the drop in pH occurring naturally
in the soil during the period of the experiment.
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DETERMINATION OF THE LIMING RATE

Various methods have been devised for assessing the need
for lime by a soil. Probably the most precise method utilizes
titration for measuring the amount of base needed to raise the
pH of a soil sample to a suitable level. The rate of application
of lime in the field on the acre basis is calculated by trans-
posing the data obtained on the small soil sample to the
equivalent amount of lime necessary for 2 million lbs. of soil.
Unfortunately, the titration procedure, which must be carried
out on soil suspensions, is more complex than are simple
acig-base titrations where the neutralization reaction takes
place instantaneously. It is appreciably too detailed to be
applied practically to each and every field soil for which
a lime recommendation must be made. However, within
areas where climate and soil do not vary greatly, one may
determine the general shape of titration curves on a limited
number of soils and apply the findings to other soils in the
same area. Omne such curve, as shown in Fig. 5-4, has been

T}
6-0 "
i
S-0f
4-0 L 4 . -
Q 25 50 75 100

Percent saturation with Ca

FIG. 5-4, Approximate average titration curve for a large group
of acid sandy soils (after Peech, 1941}.
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developed by Peech {1941). It applies to a large number of
sandy soils whose characteristics are similar because they are
derived from like mineral matter under a rather uniform set of
environmental conditions.

Use of a curve such as is shown in Fig. 5-4 requires
knowledge of the initial pH of the applicable soil and its
cation-exchange capacity. For example, a certain soil has a
pH of 45 and it is considered desirable to elevate it to 6-5.
The curve is then used to determine the change in percent Ca
saturation (percent of the cation-exchange capacity filled by
Ca ions) necessary to raise the pH to 65. 'This change in
Ca level will, when multiplied by the cation-exchange capatity,
convert the percentage value into me. Ca per 100 g. of soil.
Since the milliequivalent weight of Ca is 0020 g. and Ca
makes up 40%, of the CaCO, molecule, then, for each milh-
equivalent of Ca needed per 100 g. soil, 0-05 g. of CaCO,
must be supplied. Conversion of these values for use on a
field basis will show that I me, of Ca per 100 g. of soil cor-
responds to 1000 1bs. of CaCO, per 2 million lbs. of soil.

Since the above procedure can be applied to groups of
soils which are relatively similar in all respects, it is unnecessary
to determine separate cation-exchange capacity values for each
of them. As a consequence, the determination of lime-require-
ment values necessitates only the measurement of soil pH.

Although less precise, a widely used procedure for pre-
dicting [ime needs is one based on pH measurements and
approximate knowledge of the buffering capacity of the soil
to be treated. The latter characteristic is judged from an
estmation of the type and quantity of exchange material
present, for this determines not only the nature of the negative
charge but also its magnitude. Thus, treatment of the soil
takes into account whether or not the soil acid is associated
with the permanent or the pH-dependent charge of the
exchange complex. As shown by titration curves for many
soils (sec Fig. 5-1), more base is required to eclevate soil pH by
a specified amount as neutrality is approached. Conscquently,
lime rates are dependent upon the initial pH of the soil and
the amount by which it must be elevated.
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Allaway (1957) presents in tabularized form, as shown
in Table 5-3, genecralized recommendations for liming rates
which are based largely on the principles outlined above.
In this instance, climatic zone is used as a gualitative index
to the type of mineral exchange material present in the soil,

Table 5-3. Approximate amounts, in Jong tons per acre, of finely ground
limestonte! needed to raise the pH of a 7-inch layer of soil as
indicated (after Allaway, [957),

Limestone requirements |
S0il regions and
From From From
textural classes pH 55 to pH 4?5 to pH 55 to
pH 45 pH 55 pH 65
T./A. T./A. T.JA.
Soils of warm-temperate
and tropical regions?
Sand and loamy sand 03 0-3 04
Sandy loam 05 06
Loam 0-8 0-9
Silt loam 1-2 1-3
Clay loam i4 1-8
Muck? 2:3 30 34

Soils of cool-temperate
and temperate regionst

Sand and loamy sand 0-4 0'5 06
Sandy loam . 07 12
Loam Il 1-5
Silt loam 1-4 I-8
Clay loam 1-7 2-1
Muck® 26 3-4 39

L All limestone should go through a 3-mm. screen and at least one-half
through a 0-15 rom, screen. With coarser materials, applications need ta be
greater, For burned lime, about one-half the amounts given are used ; for
hydrated lime, about three-fourths,

i Red-Yellow Podzol, Red latesol, etc.  For a discussion of these soils and
those undert helow, see Chapter Thirteen.

3 The suggestions for muck soils are for those essentially free of sand and
clay. For those containing much sand or clay, the amounts should be reduced
to values midway between thase given for muck and the corresponding class of
mineral soil. If the mineral soils are unusually low in organic matter, the recom-
mendations should be reduced about 25 percent ; if upusually high, increased
by about 25 percent, or even more, ’

4 Podzol, Gray-Brown Podzol, Brown Forest, Brown Podzol, cte. v
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As indicated in Chapter Four, extensively weathered tropical
soils usually contain kaolinite and hydrous iron and aluminium
oxides as dominant exchange minerals. ‘Therefore, these
soils normally will have a low cation-exchange capacity, Soils
of the temperate regions are assumed to contain a predomi-
nance of montmorillonite, vermiculite, and illite in the clay
fraction. Thus, soils of temperate regions should have a higher
exchange capacity than those of similar textures occurring in
the tropics. That these assumptions are subject to considerable
error should be quite obvious to the reader by now, However,
these errors may not bhe considered as serious even though they
can be of frequent occurrence.

The recommendations shown in Table 5-3 are based
largely on results obscrved in field and greenhouse trials.
They may be derived also from titration curves obtained
through treatment of acid soils with varying quantities of
Ca(OH},.

THE FATE OF LIME ADDED TO ACID SOILS

S0 long as some of the CaCO,, added to an acid soil remains
undissolved, an equilibrium will exist between the exchangeable,
soluble, and solid forms of Ca. The soluble form will be
primarily as the bicarbonate. We may express the relationship
between the three Ca forms by an equilibrium equation as
follows :

[ Clay [Ca == Ca(HCO,), = CaCoO, (5-8)
{Exchangeable) {Soluble) {Solid)

Until the soil solution becomes saturated with Ca(HCO,),,
the reaction represented by this equation will move slowly to
the left at a rate dictated by the rate of solution of the CaCO,,.
Eventually, when all of the solid CaCO, has disappeared, a
new equilibrium is established involving only the exchangeable
and soluble forms. However, at this point, the direction of
the reaction must change, for the removal of the soluble Ca
in leaching water eventually will reduce its concenfration in
. the soil solution to a negligible level. With the disappearance
of the Ca(HCO,,),, the H-ion concentration of the soil solution
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again increases. Finally, through exchange with the H ions
coming from acid leaching water, the level of adsorbed Ca
decreases, and the soil may be expected to revert gradually to
its original acid condition. We may surmize from this that,
in an environment conducive to the formation of acid soils,
a high level of exchangeable Ca cannot be maintained easily
unless at least a small amount of free CaCO, remains in the
soil. Liming should be looked upon as providing temporary
correction of acid conditions and the procedure must be
repeated on occasion if the Ca fertility and the pH of the soil
are to be kept at optimum levels,

Certain management practices may be used to conserve
the Ca applied by liming. It is advisable to keep a cover of
growing plants for as large a proportion of the time as possible,
and to return a sizeable portion of the plant residues to the
soil. The plants sustain the level of Ca in the upper layers
by extracting this element from less soluble forms in the subsoil,
and by intercepting leached Ca as it passes through the soil
in the percolating water, Eventually, when the plants are
incorporated into the surface soil and decay, the Ca they contain
isreleased. ‘This Ca is available for adsorption by the exchange
complex.

An additional advantage of the plant cover is the protection
it affords against erosional loss. The removal of top soil by
erosion can result in the disappearance of much of the lime
that has been applied as an amendment. This represents a
loss not only of the lime as such but also in the productive
capacity of the soil.

One point which may not have become obvious from
foregoing discussions is that the application of lime will not
displace H and Al alone but also other cations adsorbed to
the exchange complex. This fact is taken into account by
the Staff of the East Bengal Soil Survey Scheme {1956) in their
recommendations for liming, namely : ‘liming may be done
but one must take care, otherwise depletion of potash may
occur as the percentage of potash is alrcady very low.” It is
a well known fact that liming the soil frequently increases the
level of soluble K in the soil solution. The effect arises from
the digplacement of exchangeable K by the Ca added in the
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lime. However, it must be remembered also that Alions
common in acid soils are much more capable of displacing
K than is Ca. Therefore, it is to one’s advantage to reduce
the Al-ion concentration of an acid soil through liming, parti-
cularly if expensive potassic fertilizers are to be added. Certain-
ly, if K is in low supply, plaot requircraents for this ion must
be met from an external source, through use of cither chemical
fertilizers or manares,

The Control of Alkalinity

Soils with high pH values often are troubled with excessive
quantities of exchangeable Na and limited amounts of available
Ca. Alleviation of this condition is possible through use of
amendments which increase the supply of sotluble and exchange-
able Ca in the soil, Since Chapter Twelve is devoted largely to
this type of soil condition and its correction, further discussion
at this point is considered unnecessary,



REVIEW QUESTIONS

Show the relationship between H-ion concentration and pH
of a solution.

Define potential and active acidity. ‘Which form do we measure
when determining the pH of a soil ?

What is a buffer and why is buffering important in the neu-
tralization of soil acidity ?

Why do soils cointain predominantly either exchangeable H
and Al or Ca ?

Why does a Na-saturated soil have a higher pH than one
gaturated with (la ?

Define ‘neutralization value’ as it applies to liming materials.

Why must one not expect a rapid and complete correction of
acidity upon the addition of coarsely ground limestone ?

You have determined the pH on two soil samples. One is a
non-plastic, red, clay loam with a pH of 45. The second is a
black, organic soil with little mineral matter, and has a pH of
35, How much lime should be added to each soil in the field
to raise the pH to 6:57?



CHAPTER STX
SOIL ORGANIC MATTER

Sorrs which have been in the process of development for long
periods of time tend toward a state of constancy with respect
to their mineralogical make-up and organic matter content.
Whereas previous mineralogical change has been largely the
result of mineral breakdown and alteration, the history of
change in the organic matter content has been one of accu-
mulation. Thus, during the course of soil formation, inorganic
materials initially void of organic matter are combined with
varying amounts of organic substances derived for the most
part from residues of green plants which have rooted, grown,
and died in the altering soil material. Since the quantity of
residual organic materials returned to the soil is governed by
the abundance of plant growth, we may expect the level of
soil organic matter to be associated closely with environmental
conditions which control plant growth. Yet, these environ-
mental factors influence not only the rate of organic matter
production but also the speed with which organic residues are
attacked by microbes and other soil-inhabiting organisms
responsible for their decay. These organisms, in breaking
down the residues, seck out carbon as a source of energy and
as an essential component of cellular tissue, However, all
carbon added to the soil, even that resynthesized into microb-
ial tissue, is utilized eventually as a source of emergy. As a
consequence, the carbon is converted completely to GO, and
lost from the soil. The decay process, therefore, tends to limit
organic matter accumulation in the soil. The level finally
acquired normally is considered to represent a state of balance
between factors which control the accumulation and dis-
appearance of organic carbon from the soil body.

The importance of organic matter as a part of the solid
portion of the soil has been discussed in considerable detail in
previous sections. Its presence was shown to influence
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materially the appearance of the soil profile (see Fig. 1-1). A
darkened surface horizon is a normal, easily discernible
characteristic of many soils. This is especially true where
climatic conditions promote the growth of grass vegetation, or
where soils have developed under conditions of imperfect
drainage., Organic matter is of great importance in agricul-
tural soils because it serves as a storchouse for essential plant
nutrients, and especially nitrogen, which is required by plants
in relative abundance for satisfactory growth. As shown
earlier, organic matter also influences plant growth indirectly
through the part it plays in maintaining desirable physical
conditions within the soil mass.

THE ACCUMULATION OF ORGANIC MATTER IN SOIL

Among other factors which control plant growth and
the quantity of organic residues added to the soil is the avail-
ability? of inorganic N. Nitrogen is an clement essential
to plant development because it is neceded for the formation
of cellular protein. However, significant quantities of this
element do not occur in unweathered mineral substances.
Thus, during early stages of soil formation, plant growth is
limited by a dirth of available N even though other environ-
mental factors, including climate, may be capable of supporting
abundant vegetation.

Soil materials do not remain eternally void of N. For-
tunately, there are means whereby inert gaseous N from the
atmosphere is converted to inorganic form (i.e., as NH, or
NO,) which may be utilized by growing plants. Special-
purpose microorganisms which live in association with the
roots of legume plants arc responsible for a greater part of the
conversion or fixatfon of atmospheric N. Lesser quantities are
added to the soil following formation of NO, during lightning
discharge in the upper atmosphere and transport to the earth
in precipitation. Under some circumstances, fixation within
the soil also occurs as the result of the activity of other specific
microorganisms which do not live in association with legume

1 The available form of a nutrient is considered here to be that which plants

can absorb and utilize. Available N, relerred to in this and in succeeding
paragraphs, is assumed to be the NH, and NO, ions.
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plants. Nitrogen additions to the soils may come from various
sources, therefore.

Nitrogen is needed in relative abundance not only by
growing plants but also by microbial organisms which utilize
organic carbon as a source of energy. A limiting supply of N,
therefore, will affect both the rate of growth of plants and the
rate at which their residues will disappear from the soil through
decay processes. In the early stages of soil development, the
N which occurs in small amounts is utilized completcly by the
growing plants. Decay of the residues returned to the soil is
Limited because any N released during decay is tied up imme-
diately either by growing plants or within the tissues of microbial
cells, As a consequence, disappearance of C does not keep
pace with additions, and the level of organic matter in the
soil increases. As shown in Fig, 6-1, this results in a relatively

rapid initial rate of organic matter accumulation in the soil
body.

Organic matter content

i
|
!
|
|

Time A

FIG. 6-1. The accumulation of organic matter in soil as a function
of time, and the effect of cultivation, initiated at time A,
upon the equilibrium level of organic matter.
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The processes of decay result in the loss of C as CO,.
This causes a relative increase in the N content of the residual
organic products of decay. The N remains largely in pro-
teinaceous compounds which are either resistant to decay or
which have been resynthesized as new microbial tissue. The
N is thereby conserved against loss from the soil. Additions
of N from the atmosphere continue, however, and there is a
gradual increase in the level of N in the soil. A point is reached
eventually where cnvironmental conditions other than the
level of available N (i.e., total moisture supply) limit plant
growth and the return of organic residues to the soil. At the
same time, the level of N will no longer be limiting to the
rate of decay of organic residues. Therefore, the rate of loss
through decay will keep pace with the rate of addition of
residues, and an equilibrium level of organic matter in the soil
will have been attained.

As shown in Fig. 6-1, the initial rate of increase in organic
matter in soil is rapid but decreases as the equilibrium point is
approached. Once attained, the equilibrium level will tend
to persist indefinitely. However, if the environment changes
so will the organic matter level. For instance, the introduction
of cultivation on virgin land, as illustrated by point A in
Fig. 6-1, results in increased soil aeration and other changes
which cause a more rapid rate of decay. As a consequence,
the organic matter content of the soil decreases until a new
equilibrium level is established. The extent of decrease
reflects the magnitude of environmental change that has been
induced by man.

THE NATURE OF S0IL QRGANIC MATTER

The accumulated organic matter in the soil is a mixture
of substances in various states of decomposition, Although
the bulk of these materials comes from plants, a small portion
consists of living insects, worms, and microbes which are
instrumental in creating the decomposed materjal. During
the decay process, the more readily utilizable fractions of fresh
residues disappear while the resistant compounds remain.
Other complex products including cellular tissue are synthesized
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by the organisms responsible for decay. Thus, resistant
materials accumulate to form the relatively stable Aumus
fraction of soil solids. Subject only to slow additional change,
humus contributes materially to the physical and chemical
properties of the soil.

Properties of Humus

The humic portion of soil organic matter possesses various
characteristics which contribute favourably to soil properties.
It is an amorphous or noncrystalline substance, dark in colour,
and occurs in a very finely divided or colloidal state. Many
of its traits relate to its colloidal nature. Well-decomposed
organic matter can contribute materially to the cation-exchange
and water-holding capacities of a soil.

The intensity of dark colour of many mineral soils is
associated quite closely with the humus content. Because of
the importance placed on humus as a factor in crop product-
ivity, dark soils usually are considered to be fertile, The dark
colour is not always in proportion to the humus content,
however. A striking example is the black cotton soils of the
Deccan Plateau which have a lower humus content than many
lighter-coloured soils.

Physically, humus has limited plasticity and cohesion.
This point has been stressed previously as a factor in the main-
tenance of cleavage planes between soil structural units,
Coatings of organic matter prevent the larger structural
units from adhering to each other. Being light in weight,
humus in large amounts can reduce measurably the bulk
density of the soil. At the same time it increases the water-
holding capacity.

The pH of organic colloids saturated with H fons will be
lower than the pH of H-saturated silicate clays. This is
because disintegration of the mineral clays on saturation with
H prevents the lowering of the pH below a certain point, and
because more H 15 ionized from the organic colloid.

Stability of the organic molecules decreases with an in-
crease inpH., Advantage is taken of this fact in the separation
of humus fractions from the soil during chemical analysis. Being
soluble in alkaline media, organic matter dissolves to a certain
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extent in strongly alkaline soils and appears as a blackish film
on the surface of the soil. This has given rise to the use of the
term ‘black alkali’ to designate those soils whose high pH is
derived from their high level of exchangeable Na.

Disiribution of Organic Maiter in the Soil Profile

The distribution of organic matter accumulated in soils
is largely a function of the type of vegetation from which the
residues are derived. Vegetation types native to soils may be
separated into two widely divergent groups, namely grasses
and trees. The contribution made by crop plants is negligible
because, as indicated above, the introduction of cultivation to
virgin land normally results in loss rather than accumulation
of organic matter. .

Vegetation consisting primarily of grasses contributes
large quantities of organic matter {fom root iissue. Root
systems of such plants are profuse and are characterized by a
relatively short life and rapid replacement of the individual
rootlets. The organic matter in soils under grass is, therefore,
relatively abundant. While in greatest concentration in the
upper layers, its presence is readily observed in the subsoil
and to depths up to several feet. The fevel of organic subs-
tance 15, of course, dependent upon environmental factors
controlling the rate of accumulation and the period of time
through which processes of accumulation have been operating.

As opposed to grass-type vegetation, the major contri-
bution of {forests to soil organic matter is as leaf littes.  Charac-
teristically, leaves of deciduous trees and needles of conifers do
not succumb to decomposition as readily as do grass residues.
As a consequence, organic matter is concentrated upon and
within the surface layer of soil, Contribution to the organic
matter level in the surface soil layer comes in part from decaying
plant roots and partially from surface litter incorporated into
the soil by burrowing animals, insects, and worms.

Under conditions where leaching occurs, dissolved organic
matter may move down through the profile in association with
dispersed clay. Accumulations of both the clay and organic
colloids may occur as dark-coloured, compact subsoil layers
referred to as clay pans. The presence of the organic matter,
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largely as coatings over cleavage surfaces, contributes to the
separation of the soil within these layers into distinct structural
units. Because of the clay present, these layers frequently
arc only slowly permeable to water.

Some protein molecules are adsorbed by clay and become
enclosed within the interspaces of the expanding lattice crystals.
In these positions, they are less subject to the attack of micro-
organisms which are too large to enter into the restricted
interlayer spaces, This may explain partially why some
proteins apparently are resistant to decay with the result that
they tend to accumulate in the soil.

CHARACTERISTICS OF THE DECAY PROCESS

Any particular plani material contains C and N in a ratio
that is characteristic for that material. Upon decay, however,
since C is lost and N conserved, there is a gradual decrease in
the ratio of C to N from the original value, When the organic
components either have been broken down to simple end
products or converted to substances resistant to further change,
the decay process becomes less intense and the loss of CO,
very slow. During this last phase of decay, the C content
of the soil and the C:N ratio remain essentially constant
until fresh residues are added once again.

Organisms involved in decay seek not only C but also other
nutrient elements essential for their development. Therefore,
unless these elements are supplied in adeguate amounts by
the soil, their availability to the organisms will depend
largely upon amounts which can be liberated from the arganic
substances undergoing decomposition. The availahility of
N limits the growth and reproduction of soil microbes more
often than does the availability of other nutrient elements.

If the ratio of C to N in organic residues is high and the
C easily utilized, competition among organisms for the limited
amounts of N available will be keen. If the C: N ratio is
narrow, on the other hand, the N requirement of the microbes
will be met more ecasily, and decay will proceed more rapidly.
Thus, it is commeon to characterize organic substances as to their
C: N ratio with the understanding that this ratio infers the
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relative rate at which decomposition will proceed. However,
as will be discussed in greater detail later, the ratio between
these two elements may not be so important as the form in
which they occur. For instance, the C: N ratio of humus is
parrow, but the G and N occur in it in forms which succumb
to decay only very slowly.

The Organic Matter Cycle

The decay process is but one phase of an unending cycle
in which the components involved return to the same state
again and again. Thus, G will be found to change successively
from plant to microbial tissue and humus and, finally, to CO,,.
Eventually, however, the CO, is reabsorbed by growing
plants and, through photosynthesis, is reconverted to plant
tissue. By this means the cycle is reinitiated. In addition
to C, other elements pass through a similar cyclic existence.
Most similar to C are the constituents of protein, N, P, and 8.

We may illustrate the cycle as in Fig. 6-2, The addition
to the soil of raw organic matter commences the decay process.
Nonresistant compounds are hroken down very rapidly into
simple end products. The more resistant products remain for
longer periods but eventually are converted to the more simple
compounds. During this period, however, these substances
are an active part of the humus fraction of the soil.

Incorporation of organic residues into the soil will result
in a rapid increase in the microbial population and a corres-
ponding increase in the evolution of CO, These two factors
are related so closely that measurement of the volume of
CQO, gas liberated serves as an indirect evaluation of the relative
number of microscopic organisms involved in the decay process.
The measurement of CO, evolved provides no information as
to the specific groups of organisms present, but it does reflect
the intensity of joint microbial activity.

Curves typical of the pattern of GO, evolution are shown
in Fig. 6-3. Notable is the rapid increase in the rate of gas
formation during the initial stages of decay. Two curves are
shown, one for straw and the other for lucerne, the latter plant
having the narrower G: N ratio. The differences shown are
somewhat exaggerated for the purpose of illustration., They

12
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FIG. 6-2. Simplified diagram of the organic matter cycle. Humus
is noted to be the accumulating organic compounds resistant
to decay. The diagram suggests that all organic residues
added to the soil are decomposed eventually.

indicate, however, that the rate of CO, liberation and, therefore,
rate of decay proceed much more rapidly with the legume.
A point is reached eventually where the curves for both
materials attain about the same level and further decrease in
activity (CQO, evolution) is very gradual. During this final
stage, the slow decomposition of the more resistant compounds
is taking place.

The Mineralization Process
Whereas C is noted to disappear from the soil during the
decomposition process, N, P, and § pormally will be lost in
1 Ag will be seen later, under certain circumstances, N is lost from the soil

through volatilization and leaching. Appreciable gquantities of 5 may be lost
also by these means.
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Lucerne

C0s evalved

Time in days

FI1G, ©6-3. The relative rates of decomposition of materials of widely
different C: N ratios as approximated by the release of CO,
with time.

limited quantities only. The extent to which these latter
elements are involved in decay is evidenced to a large extent
by their appearance asinorganic compounds in the soil solution.
The conversion of these elements to inorganic form is referred
to as mineralization.

The mineralization of organic N results in its transforma-
tion to NH, through ammonification. Where conditions are
suitable, the NH, finally is oxidized to NOj by means of the
nitrification process.® As a consegquence to mineralization,
we may expect, therefore, the appearance of NO,-N in the
soil solution. Ordinarily, however, this does not occur imme-
diately where carbonaceous residues are added to the soil,
because the N mineralized first usually is assimilated into

* Ammonification and nitrification are discussed in greatcr detail in
Chapter Eight.
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microbial protein as soon as it is released from other organic
forms. Thus, opposed to the appearance of free NO,, we have
a preliminary retention of N by microbes in protein form, the
result of immobilization processes.

Kirkham and Bartholomew (1954, 1955) have observed
that the two processes of mineralization and immobilization
occur at the same time. As shown in Fig. 6-4, as long as there

Rate of mineratization
immagbilization.

ar

Time

FIG. 6-4. The relationship between the C: N ratio of soil organic
matter and the mineralization and immobilization of N.
Mineralized N does not begin to appear until the rate of min-

eralization exceeds immobilization (alter Kirkham and Bar-
tholomew, 1955).

is a wide ratio of C to N* (30 or more) in the organic residues,
immobilization proceeds more rapidly than mineralization.
Nitrate does not appear in the soil solution. As shown further
in the figure, when the C: N ratio approaches 15 : 1, conditions
favour a more rapid rate of mineralization with the result that
NO;-N begins to appear in the soil solution, As the residual
organic compounds resist further decomposition, a point is
reached eventually where the decay process continues only
slowly but persistently. The release of CO, is at a minimum
and further change in the level of NOy-N is detected with
difficulty. Mineralizarion and immobilization proceed at
about the same rate during this latter period.

1 The C and N contents of organic matter are expressed as a percent of the
oven-dry weights of the organic materials.
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The release of P and S during decay follows very nearly
the same pattern as that for N. Much less is known about
the balance between mineralization and immobilization for
these two elements, however, Mineralized phosphorus appears
in the soil solution as HPO, and H,PO, ions, the exact form
depending upon the pH of the medium. Sulphur accumulates
in the soil solution as the SO, ion.

The practical importance of decay and mineralization
should now have become clear. These processes provide an
important means for the maintenance of the fertility status of
the soil.  Nitrogen supplied in the form of organic manures will
become available to plants when its release through mineraliza-
tion exceeds its utilization by microbes. This will occur early
if the manures have a narrow C: N ratio and explains the
advantage to be gained from use of high-N legumes as green
manure crops. It also explains why N deficiency will occur in
many nonlegume plants if they are seeded too soon after the
incorporation. of highly carbonaceous residues into the soil,
When this latter practice is followed, it is essential that sufficient
N be added to allow for rapid organic matter decomposition
without depletion of the supply of available N in the soil.

Factors Affecting the Decay Process

Factors which contribute to the rate of organic matter
transformation are (1) temperature, (2) moisture supply,
(3} soil reaction, (4) state of aeration, (5) supply of nutrients
cssential to the decay organisms, and {6) composition of the
organic residues, These are discussed in turn.

Temperature : The activity of the organisms responsible for
decomposition is a function of temperature. They are most
active between about80 and 100°F, The upper limit of this range
gencrally is exceeded only at the very surface layer of exposed
and dry soil. Below 80°F. the rate of decay gradually decreases
uniil the temperature of freezing is reached. Decompositional
processes proceed at a negligible rate below this limit.

The effect of temperature on decomposition is apparent
if we compare the organic matter content of soils developing
throughout a wide range in temperatures but under otherwise
similar environmental conditions. It will be noted that,
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under natural conditions where the native vegetation serves
as the primary source of organic residues, the higher the
temperature the lower the organic matter content of the soil.
We should note also, however, that plant growth and the
quantity of residues returned to the soil are greater in the
warmer regions. Thus, even though an abundance of residues
is available, the extremely high rate of decomposition results
in a lower level of soil organic matter. Data of Jenny (1930),
in which the amount of organic matter is assumed to paraliel
the total-N content of the soil, show the effect of temperature
on the accumulation of organic matter (see Fig. 6-3).
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FIG. 6-5. The relationship between mean annual temperature and
the accumulation of organic matter as reflected in the total-N

content of the soil in subhumid grassland areas (after Jenny,
1930).
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The high temperatures in the major agricultural areas
contribute to the undesirably low organic matter content of
soils of the Asian subcontinent. The low level of vegetative
growth magnifies this deficiency in the arid regions. The high
rate of decomposition in the more humid regions, on the
other hand, aids in the maintenance of the supply of nutrients
available to plants, especially where organic residues are
returned to the soil. Unfortunately, however, throughout the
subcontinent only a minimum of residues find their way back
to the land. As a consequence, the small amount of humus
remaining in these soils continues to decrease as the culti-
vators exploit this limited reservoir of plant nutrients through
excessive cultivation and continuous cropping.

Mboisture: Except under extreme conditions of drouth
and waterlogging, the moisture conditions in the soil are
usually suitable for the rapid decay of organic matter. If
drouth is persistent, neither plant growth nor decay proceeds
to any extent. Under conditions of excess moisture, on the
other hand, certain aquatic plants grow well, but their residues
do not decompose rapidly. This will result in appreciable
accumulations of slightly decomposed organic materials which
form muck or peal soils.

In regions where a shortage of moisture limits plant growth,
an increase in the normal soil moisture supply will result in
an increase in the organic matter content of the soil. The
moisture effect is one which results from increased plant growth
without a corresponding change in the rate of decay, The
effect of moisture level on the native organic matter content of
the soil is shown by data of Jenny (1930) reproduced in Fig.
6-6. Here, available moisture is represented by humidity
measurements, and the organic matter content of the soil is
assumed to parallel the level of total N. The data presented
are for two regions of different, although uniform, mean
temperatures., As indicated above, the Jlower the mean
temperature the greater will be the quantity of organic matter
accumulating in the soil.

Soil Reaction: In most agricultural soils, the reaction
normally is such that other factors will have a greater influence
on the rate of orgamic matter decemposition. Under some
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FIG. 6-6. The relationship between mean annual precipitation,
as reflected in humidity, and the accumulation of organic
N in the soil {after Jenny, 1930),

forest conditions in cool, temperate climates, however, leaf
litter on the surface of the ground may develop an acid reaction
which definitely retards the rate of decay. This results in
the accumnlation of a relatively deep deposit of organic refuse
on the forest floor. A contributing factor to this is that the
microbial popufation is restricted somewhat, consisting largely
of acid-loving organisms. Other organisms, which normally
share responsibility in the decay processes, are either absent
or relatively inactive in the strongly acid medium. Tt should
be pointed out, however, that additional factors such as a
reduced mean temperature and a low level of nutrition may
contribute to the slow rate of decay also under the forest
conditions specified above.
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Aeration:  Microorganisms must have an adequate
supply of O, to utilize organic C as a source of energy. We
may expect, therefore, that clayey soil with poor structural
development and inadequate aeration will not support the
decay processes at the rate one might observe in well-aerated
sandy soils. Any factor that will reduce soil aeration will slow
the decay process, waterlogging being an example.

Nutrient Supply: Microorganisms responsible for decay
require an adequate and reasonably well-balanced supply,
of essential nutrients'. We may generalize by saying that if
the nutrient status of the soil is suitable for abundant crop
growth it will support a high level of microbial activity.

Composition of Organic Residues: 'The rate at which
organic materials decompose depends to a large extent
on their chemical composition. Conducive to rapid break-
down are a high proportion of compounds such as soluble
sugars and simple protein and a high level of N and metallic
cations, particularly Ca. Plant types vary markedly in their
chemical makeup. Woody plants are high in complex organic
substances such as lignin, waxes, and resins, and are low in
N and the mctallic cations. Therefore, they are slow to de-
compose. Because of their low content of Ca and Mg, they
produce acidic residues as a general rule. Grasses and suc-
culent plants, on the other hand, are higher in the simple
organic compounds, in N, and in Ca and Mg. Their residues
decompose more rapidly.

The range in amounts and the relative rates of decom-
position of major components of plant materials are shown in
Table 6-1. Listed also is the range in approximate composition
of humic products formed under a wide variety of environ-
mental conditions, Most noteworthy among these data is
the change in proportion of compounds from plant tissue to
humus. Humus is found to have the higher lignin content,
evidence of the slow rate of decomposition of the latter sub-
stance, Protein is more abundant in humus also. This,
however, is attributable to the fact that protein is resynthesized
continually by the microorganisms involved in the decay

t Nutrients essential for plant growth are discussed in Chapter Seven.
Nutrients required by soil organisms correspond closely to those used by plants,
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process. Because of its composition, humus is referred to
frequently as a ligno-protein complex.

Table 6-1. The approximatc amounts of various groups of organic com-
pounds in dry plant tissuc and humus and their relative suscept-
1bility to microbial decay (alter Waksman, 1938, p. 95, and
Waksman and Stevens, 1928, 1930).

Approximate
Organic Grou Relative Ra_t_c Content in
g 3 of Decomposition Plant Humus
Tissue
Yo Yo
Sugars and starches Very rapid 1-5 nil
Hemicelluloses Rapid 10-28 5-12
Cellulose Moderate 20-50 3- 3
Proteins Very rapid!? I-15 30-35
Fats, Waxes, Resins Very slow 1- 8 1- 5
Lignins Very slow 10-30 35-50

! The decomposition of proteins proceeds at a variable rate but is generally
rapid i fresh plant residues.

The C: N Ratio of Soil Organic Maiter

Plant residues contain approximately 409, C and from
0-5 to 3% N on the dry basis, depending upon the nature of
the plant, The C content of humus is considerably higher,
approaching 609,. At the same time, the N content is found
to have increased from 4 to 69,. Thus, in the first instance,
we find the G: N ratio of the original residues to range between
about 13: 1and 100: 1. During decay, the ratios are narrowed
appreciably, tending to stabilize at about 10:1 to 15:1 in
many soils. The cause of the reduction in C: N ratio is the
more rapid loss of G as compared to that of N.

The C: N ratio of the organic matter in an uncultivated
soil remains relatively constant even though the total amount
of each of these two elements may increase gradually through
the annual addition of fresh residues. The constancy of the
Tatio is the result of the persistence of essentially the same
microbial population and the sameé native plant species, both
factors determining the nature of the humic product.
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The C: N ratio of microbial tissue is quite narrow, usually
ranging between 4:1 and 9:1. Thus, regardless of the
C: N ratio of the added organic matter, if all of the C were
utilized by the organisms, the resulting product remaining in
the soil, microbial tissue, would have a natrow and relatively
stable proportion of C to N. Iowever, some of the carbo-
naceous material in plant residues does not succumb readily
to microbial attack. We find among these materials, lignin,
fats, and resins which are high in C and low in N and which
effectively retard the complete conversion of added organic
residues to a composition corrcsponding to that of the micro-
organisms.

Both the total-C content of the soil and the C: N ratio of
soil organic matter represent a balance between the rate of
decay and the rate of addition of fresh residues to the soil.
The decay process tends to narrow the G : N ratio, whereas it
is widened by the addition of undecomposed plant material.
Any factor that will interfere with rapid decay and, at the same
time, allow for continual accumulation of organic residues
will tend to maintain a relatively high C:N ratio in the
organic fraction of the soil. Normally the contributions to
the organic matter level made by native plants and soil-
inhabiting organisms are small compared with the residual
humic substances remaining from times past. Therefore, the
characteristics of soil organic matter are governed largely by
the decomposition residues, Only where fresh residues are added
in exceedingly large quantities can the organic C content and
C: N ratio, at equilibrium with the environment, be altered
appreciably.

The effect which climate-induced equilibria have on the
C: N ratio has been studied in some detail by a number of
investigators. Jenny (1930}, for instance, observed that, under
conditions of uniform rainfall, both the total-C content and
the C : N ratio of the soil organic matter increase with decreasing
temperatures (see Fig, 6-7)., This trend is attributed largely
to a reduced rate of decomposition and loss of C under cooler
climates. Although plant growth and return of residues to
the soil may be slowed also by a decrease in mean temperature,
the effect probably is not so great as that observed for the decay
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FIG. 6-7. The relationship between mean annual temperature and
the O N ratio of organic macer in virgin soils { Jenmy, 19303,

process. Not only is the level of C in the soil increased at the
lower temperatures, it remains for longer periods as incom-
pletely decomposed organic compounds having a C: N ratio
more nearly like that of the wide-ratio residues added.

One might conclude from this that the narrowest ratios
would occur in soils of the tropics where biological acuvity
responsible for decay is the greatest. This is not true, however,
for C: N ratios of 14: 1 and 16: 1 are observed often in these
regions. In explanation, this apparently results from the
presence of an abundance of fresh, wide-ratio residues which
tend to maintain high C: N ratios in the soil organic matter.
Minimum ratios of §: 1 to 11 ; 1 occur in arid regions, whereas
the higher ratios are more characteristic of either cool, humid
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or hot, humid areas. This is borne out by the data of Anderson
and Byers (1934) shown in Table 6-2.

Table 6-2. The relationship between climate and the C content and G: N
ratios of surface soils (Anderson & Byers, 1934).

Creat . Carb C:N
Soil Groupt Climate content | Ratio
o
Chernozem Temperate to cool 1-45 90
subbumid

Prainie Temperate to cool 2-30 12-2
humid

Podzol (Upland) Cool to temperate 3-30 21-4
humid

Podzol (Lowland) | Cool to temperate 540 226
humid

Podzolic Warm humid 1-25 126

Latosolic Tropical, very humid 0-80 152

1 For further dicussion of the great soil groups see Chapter Thirteen.

ORGANISMS RESPONSIBLE FOR DECAY

Microorganisms alone are not responsible for the decay
of organic matter. Various animals and insects also play a
very important role in the process, since they use vegetation
for food and start its decomposition through digestion and
return to the soil as manure, Frequently, organic substances
undergoing decay will pass through a number of organisms
before they become a part of humus or are converted to simple
end products of decay. Last in the series of decomposing
organisms will be the microbes which, as a composite group,
are capable of breaking down almost any carbonaceous
substance into stable or relatively stable products of decay.
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Soil microorganisms may be classified into various groups
based upon their physical appearance and behaviour. The
major categories are algae, bacteria, fungi, and actinomycetes
(see Fig. 6-8). Microbial organisms may also be grouped
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FIG. 6-8. Commen forms of soil microorganisms: A, fungi ;
B, actinomvycetes ; C, flagellate bacteria ; D, cocci bacteria ;
and F, bacih.

according to whether or not they can exist in the absence of
(3, on the hasis of their source of energy, or the particular role
they may play in soil processes.

Certain groups of bacteria thrive only in the presence of
atmospheric O, and are designated as aerobic types. Others
exist only in the event O, is absent. These are the anacrobic
organisms which derive their O, from the reduction of various
oxides in the soil. Still a third group, the facultative bacteria,
appears to adjust well to either acrobic or anaerobic conditions.

Most of the microbes responsible for the decay of organic
matter derive their energy from the oxidation of G from
organic compounds. Those that derive their energy by this
means are the heferotrophic organisms. While causing decom-
position they also assimilate C and N into tissue and release
unused N into the surrounding medium. Another group,
the autotrophic organisms, receive their energy through the
oxidation of various substances including NH,, Fe, and 8,
and assimilate C directly from CO, present in the soil air.



SOIL ORGANIC MATTER 191

Special-purpose microorganisms occur in both the hetero-
trophic and autotrophic groups. They play an important
part in the maintcnance of soil fertility but have little to do with
the decay processes. Some are responsible for the oxidation
of S and NH, to form, respectively, soluble sulphate and nitrate
ions. Others convert atmospheric N from its inert, gaseous
form into nitrate so that it becomes available to plants (N
fixation}. Whereas the special-purpose organisms are consi-
dered in detail in Chapter Eight, those groups affecting orga-
pnic matter accumulation and decay are discussed briefly in
the following paragraphs.

Algae

The algae are distinguished rather readily from other
soil organisms because they are visibly pigmented. Groups
of green, blue-green, brown, and red algae are recognized on
the basis of their colour. Many algac occur as individual,
microscopic cells.  Some form glant seaweeds ranging in size
up to hundreds of feet in length, on the other hand. Colonies
of these organisms are observed commonly as a covering or
scum over the surface of moist ground, or on the water in
swamps and rice paddies.

The green pigment in algae is chlorophyll which, as in
larger plants, permits these organisms to synthesize their own
carbohydrate supply from atmospheric CO,. Since they
require light for the photosynthetic process, algae occur pri-
marily where exposure to the sunlight is possible.

A number of algae appear to be capable of fixing atmos-
pheric N as nitrate. De and Sulaiman {1930) found this to
be true for paddy soils in East Pakistan, the process apparently
being faster in the presence of the rice plant. This phenomenon
may have contributed over the centuries to the maintenance
of the N-fertility level in paddy soils. However, the rate
of N fixation by algae is inadequate for optimum growth of
rice or other crop plants,

It is interesting to note that the quantity of algae which
can be grown in controlled nutrient-culture solutions is very
large. Not only is the yield outstanding, but the protem
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content of the product is much above that of normal crop
produce. It is possible that algae will serve as an important
source of food in the future, but various problems related to
their mass production remain unsolved,

The function of algae in organic matter decomposition is
indirect. Since they are capable of increasing the supply of
soluble N for use by decay organisms, they can encourage the
more rapid destruction of highly carbenaceous plant residues
in the soil. In many instances, the algae will in themselves
contribute substantial quantities of high-protein substances
which become a part of the humus fraction of soil.

Algae do not always assume a beneficial role in soil
processes. We may predict from their behaviour, which is
similar to that of higher plants, that competition between them
and plants for nutrients will take place. Thus, the algae may,
at times, actually interfere with the growth of more important
crop plants.

Fungi
gA second group of organisms, the fungl, are classed as
plants along with the algae, but differ from the latter group
primarily in that they are without chlorophyll. Many types
of fungi occur. They range from single-celled yeasts, through
fibrous or thread-like molds, to the more complex mushrooms.
The common bread molds, and the smuts and rusts which
cause much damage to grain crops, are other examples of
fungi. Whereas the mushroom types have a role in the decay
of organic matter, more important are the filamentous molds
that occur as cotton-like masses in the soil or in organic deposits.
The fungi, being hetcrotrophic, cannot exist alone but
must derive their energy from C supplied in organic combina-
tion, The fungi may be divided into three classes depending
upon their mode of existence. The parasitic forms sustain
themselves by infesting living animals and plants. They
contribute nothing to their host. The saprophytes attack dead
plant and animal tissue and, therefore, form a group important
in the decay processes. The symbiotic fungi live in association
with other organisms, and an interchange of food and nutrients



SOIL ORGANIC MATTER 193

between the two occurs to the advantage of each. Several
fungi, for example, associate with algae to form special types
of plants called lichens. 'These plants are found often on the
surfaces of rocks and stones and contribute to the breakdown
of mineral matter in them. Other associations, known as
mycorrhiza, occur between fungi and plant roots. By permeating
the root the fungus can have casy access to the carbohydrate
supply of the plant. In turh, however, the fungus threads
reach out into the surrounding soil and extract and transport
nutrients into the conducting tissue of the plant root. This
is beneficial to the plant because the absorbing power of its
roots is increased many mes over.

The mould fungi are characterized by their thread-like
structural form. The threads, termed mycelia, are the vege-
tative parts of the plant. Spores, which develop on small
projections from the mycelia, serve as a means for reproduction.
The spores are pigmented. They are observed commonly as
the blue or black colouration of bread moulds, or as the black,
orange, or yellow smuts and rusts in seed grains. The spores
arc not the only means for reproduction, although, as micros-
copic ‘seeds’, they do serve this purpose. Mecre extension of
mycelia will maintain an abundance of fungus in the soil.

The fungi attack vigorously any organic residues in the
soil. They are amenable to a wide variety of environmental
conditions. Some thrive only where the pH is low, a fact
which makes them especially important in the decay processes
of leached, acid soils. On the other hand, their requirement
for O, is relatively high, and they are not expected to function
extensively under anaerobic conditions, such as in waterlogged
soils or in the subsoil. The accumulation of deep deposits of
undecomposed organic residues (peat) in swampy areas is
attributable in part to the inability of the fungi to grow abun-
dantly in the presence of the submerged plant residues.

Bacteria
These single-celled organisms are classified into three
groups according to shape; (1) becilli, which occur as thin
rods, (2) spirilla, which are 10ng and curved and which some-
13
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times form distinct spirals, and {3) cocct, the spherical bacteria,
Both the bacilli and cocci forms may occur as chains comprised
of several individual cells linked together.

Each bacterial cell consists of a small mass of living
protoplasm surrounded by a cell wall. Many forms possess
distinct powers of motion provided by hair-like appendages
or flagellae. This characteristic appears mainly among rod-
shaped bacilli, but has been observed in other species as well.
Bacteria obtain their nourishment by absorbing food substances
from the surrounding media.

A basic requirement for bacteriological decay is an ade-
quate supply of moisture. When adverse conditions develop,
such as excessively high or low temperatures or drought, some
bacteria assume a spore form which will tolerate the adversity
much more readily than will the vegetative cell.  Spores may
persist in the soil for long periods and become active again
when conditions are more favourable.

Anaerobic, aerohic, or facultative bacteria are found in
the soil. There may be heterotrophic or autotrophic forms
also. Because of their diverse characteristics, they are involved
in wide variety of functions in decay. Many are special-
purpose organisms, as has been mentioned previously, Because
of their ability to survive under a wide range of conditions,
bacteria are observed in all field soils. They appear to thrive
best under conditions suitable to the growth of higher plants.

Actinomycetes

These organisms are similar to both fungi and bacteria.
As for their cell structure and reproduction, they are more
like the bacteria. On the other hand, they have an appearance
quite similar to the fungi in that they are filamentous, or thread-
like, and branched. Whereas actinomycetes are much larger
and occur in smaller numbers than the bacteria, the total
weight of these two organisms in the soil will be approximately
the same. It is estimated that up o about 500 lbs, per acre
of cither of these groups of microbes will be found in the upper
7 in. of soil. This will correspond to approximately "025%,
of the soil by weight.
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Actinomycetes utilize the € in organic matter as a source
of encrgy. They do not appear so active in the early stages
of decomposition and increase in number more slowly than do
either the bacteria or the fungi. This is associated with their
ability to attack and breakdown the more resistant com-
ponents of organic matter. These organisms play a very
important role in releasing nutrients from organic combination,
particularly the N from more resistant proteins.

Actinomycctes require an adequate supply of O, and
cannot thrive where the soil is waterlogged. They are also
sensitive o excess acidity or alkalinity, and accur in the largest
numbers between pH values of 6-0 and 8'0. They may not
be expected to exist in soil if the pH is much below 5:0. They
are less sensitive to drought, however, and are often found to
be active under dry conditions, even after the bacteria and
fungi have become inactive. We may see that the actinomy-
cctes form a very important group of soil microorganisms.
They are able to extend or broaden the range of conditions
under which active decomposition of soil organic matter will
proceed,

MAINTENANCE OF ORGANIC MATTER IN CULTIVATED SOILS

Much has been said and written concerning the build-up
of the organic matter level of agricultural soils. Many culti-
vators and agricultural experts are possessed with the belief
that a sure corrective for all soil problems is the addition of
large amounts of manures and organic residues, Whercas
it is desirable to keep soil organic matter at an optimum
level, a practical approach must be used in determining the
level at which it should be maintained. Qur fundamental
knowledge of the behaviour of organic matter in the soil
provides us with a basis for sound planning in this regard.
For this it is necessary to take into consideration the factors
of accumulation and decay.

It is estimated variously that the major part of the loss of
organic matter present originally in virgin soil takes place during
the first 10 to 30 years of cultivation. Following this initial
rapid drop, there is a tendency toward a new equilibrium
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determined by the exact nature of the management applied
to the land. The effect that differences in management
can cause is illustrated by the data of Smith (1942) shown in
Fig. 6-9. These data are for unirrigated maize land in the
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FIG. 6-9. Changes with time in the IV content of surface soil from
plots under continuous cropping with and without added
manure (after Smiih, 1942).

central part of the United States and cover the results of
cropping for a period of 50 years. Oats, wheat, and maize,
with and without farmyard manure, were grown continuously
on the same land throughout this period, and the soils were
sampled periodically to determine the effect of the different
management systems on the level of N in the soil. The soil
N and organic matter levels are assumed to parallel each
other closely.

The data in Fig. 6-9 indicate that maize causes the most
adverse eflfects on the organic matter level in the soil. This
arises largely from the fact that small grains are not cultivated
after sowing, whereas the soil on which the maize is grown
is worked f{requently for purposes of weed control. The
increase in aeration this brings about hastens the mineraliza-
tion process. Further, maize has an appreciably higher
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need for N. Both of these effects culminate in the greater loss
of N from the soil as well as a more complete oxidation of C
and loss of organic matter.

Figure 6-9 also shows that the addition of farmyard
manure alleviates the adverse effects of continuous cropping.
Treatment of oats with manure made it possible to maintain
organic matter, as indicated by total N in the soil, at its initial
level. Thus, whether or not one is able to maintain organic
matter atits original level in the soil will depend largely on the
cropping system followed and the method of management used.

From practical considerations, we may realize that it is
very difficult to raise the organic matter content of a cultivated
soil unless its present level is very low. Taking into considera-
tion the texture and management, one should not attempt to
raise the level much above the average for a particular area.
This does not mecan that practices of manuring should be
stopped for those soils of relative high organic matter content,
It must be kept in mind, however, that essentially all agricul-
tural soils in the Asian subcontinent are low in native C and
N, and it should not be assumed that these components can
be increased easily to levels found in soils of the more temperate
climates. The main bencfit to be derived from manuring is
the addition of mineralizable organic matter for the purposes
of stimulating microbial activity and contributing to the
level of plant nutrients in the soil. The high rate of mineraliza-
tion caused by high temperaturcs will have resulted in an
excessive reduction in the organic matter content of the soil
after being brought under the plough. Thus, mineralizable
N will be found almost always to be very low, and manure
serves as a means of supplying it to mcet plant neceds.

The interrelation among soil texture, climate, and the
organic G content! of some West Pakistan soils is shown in
Table 6-3. The average C content, as determined by the
dichromate oxidation procedure (see Walkley, 1947), is
shown for 2 sets of samples from the Thal Development area
and from the Potwar Plateau between Rawalpindi and

! The percent of organic C times 1-78 equals the approximate organic
matter content ol the soil. This is based on the mean value of almost 579%, C
in soil organic matter.



198 PRINCIPLES OF SOIL SCIENGE

Peshawar. It will be noted that the Thal sands have a much
lower C content than do the clay soils from the same general

Table 6-3. Organic C and range in the clay content of soils from arid to
semiarid regions in West Pakistan.?

. Organic-C Content
Locality Appreximate Apt}ua!
clay content |Precipitation Range Ave.
% . % | %

Central Thal (sands) 4-10 7-10 -10--23 16

Northern Thal {clays) 40-50 7-10 -26-+-39 33
Potwar Plateau (Silt

loams) 15-25 18--22 42-+57 -50

 Surface soils, 0-8”, the mean of 5 randomly selected samples from
each area.

area. The rainfall for the area of clay soils is slightly, though
not significantly, higher than for the sands. The effective
precipitation, on the other hand, may be appreciably higher
in the clayey soils because of their greater water-holding
capacity, The Potwar samples are included for comparison.
These soils are intermediate in their clay content and are
characterized as receiving about twice the amount of rainfall
and occurring under slightly cooler temperatures than occur
in the Thal. The highest percentage values shown for these
3 groups of soils approximate, for the respective areas, the
organic G level one may expect to maintain by praciical
measures. These values may also be compared with those
found in Table 6-2.

The effects of climate and poor management work hand
in hand to maintain cultivated lands in the Asian subcontinent
at almost the lowest possible organic matter level. In the
first place, the exceptionally high mean annual temperatures
over most of the region dictate that organic matter cannot be
expected to accumulate to any great extent. Further, even in
the regions of relatively high rainfall and humidity, the tem-
perature effects essentially counteract the advantages expected
from the increased moisture. Contributing much to the low
level of organic matter in many areas, even where precipita-
tion Is plentiful on the annual basis, is the fact that maximum
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vegetative growth is not possible because of the long periods
of drought.

In East Bengal, with rainfall varying from 60 to 70 in.
per year and mean annual temperatures of approximately
70°F., the total N content of soils ranges between (-05 and
0-109 {Staff, Scil Survey Scheme, Fast Bengal, 1952, 1956).
Satyanarayana ef af. {1946) found about the same range in
total N for Indian soils where climatic conditions varied from
arid through humid. Soils with a higher N content occur
generally in the humid zones, as do those with higher total C
and higher C: N ratios. Variations in the total N content
of the soils in the northern plains region of West Pakistan cover
about the same range as for the soils in India and East Bengal.
The southern desert areas are lower in total N, however,
having an average content of from 003 to 0-069,. The
influence of combined temperature and moisture effects are
noted in the submontane regions south of the Himalayan
Mountains. The increased precipitation and lower tempera-
tures there result in total N percentages of 0-15 or more.

If we consider the soils from throughout the major agri-
cultural areas of the Indo-Pakistan region, it is probable that
it will not be found to be feasible economically to maintain
the level of organic C much in excess of 1%, or organic N in an
amount greater than about 0-19%,. Some exceptions to this
may be expected, of course, particularly in fine-textured soils
or in swampy areas where organic matter tends to accumulate,
and in the cooler uplands.

Practical Considerations in Manuring

Manuring, as the term is used locally, refers to the appli-
cation of various substances to the soil, including chemical
fertilizers, for the purpose of enhancing the fertility of the land.
If chemical compounds are used alone, they may increase plant
growth and the amount of organic residues, particularly roots,
returned to the soil. Organic manures, on the other hand,
can bring about the same effect because of the nutrients they
contain, and also contribute directly to the level of organic
matter in the soil. Organic manures generally fall into two
categories, common farmyard manure and green manure.
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Farmyard manure usually is considered to be those materials
collected in village waste heaps, including dung, straw, sweep-
ings, etc. Its composition may be highly variable. According
to Roberts and Singh (1951, p. 127), its content of major plant
nutrients is approximately 0-409% N, 0-25%, P, Oy, and (#1159
K,O.1 An average composition usually listed in textbooks
is 059 N, 0259, P,O,, and 059 K,O. Thus, local
farmyard manure may be slightly low in N and very low
in K. Its composition may be expected to vary markedly
from arca to area and will depend largely upon care of hand-
ling and storage.

Green  manures are those crops planted especially for
ploughing under when they are in a young and succulent
state. At this stage of growth, the N content is relatively
high, the C: N ratio narrow, and the rate of mineralization
rapid. Legume plants, such as berseem or lucerne and which
have a N content of from 3 to 49, on the dry-weight basis,
are preferred as grcen manure plants. Nonlegumcs, such as
oats or rye, will have no more than about 1-5%, N expressed
on the same basis. Although the contribution made to the
organic matter level by root residues of harvested crops is
important, the total quantity usually is far from adequate to
maintain the level prescnt in the soil in its original, virgin state.

If we take into consideration the composition of fresh plant
materials and of microbial tissue formed from them through
decay, it is possible to estimate the relative effect of organic
matter additions on the C content of the soil. The addition
of 100 lbs. of a strawy material with 0-5% N should permit
the retention of oniy 5 1bs. of the added carbon if the final
C: N ratio of 10: 1 is attained and no N other than that in
the straw is available. 'The addition of 100 lbs. of a legume
with 3%, N would, under similar conditions, allow for the re-
tention of ahout 30 lbs. of G. However, the initial loss of
C as CO, will be much more rapid in the case of the legume -
{see Fig. 6-3), and the approach to the final equilibrium level
of 30 Ibs. of C will occur before the residual C content of the
straw has been reduced to its equilibrium level. Thus, during

1 P,0, and K,O are standard means ol expressing the P and K content
of fertilizer materials.
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the early stages of decay, the C content of the soil would be
temporarily higher where straw had been added.

Two major factors controlling the maintenance of soil
organic matter are erosion and the fertility status of the soil.
Erosion can result in the loss of organic matter at a much
greater rate than it can be replaced through manuring practices.
The build-up of organic matter by natural means. takes many
decades. It is not uncommon in heavily eroded areas for from
one-tenth to one-twentieth of a foot of soil to be carried away
by ercding waters in one vear’s time. Even at the slower
rate, one foot of seil can be lost in 20 years. There is no practical
cultural practice that will allow for the replacement of organic
matter in soil which disappears at such a rate.

The fertility factor is important because of the effect it
has on plant growth and the amount of residues returned to
the soil. The clfect may be due primarily to an increased
quantity of root material left in the ground. This is assuming
that most of the above-ground portions are carried away in
harvesting. Thus, increased fertility represents increased
humus, This, in turn, results in an improved fertility status.
Therefore, an increase in either the level of fertility or of
humus will result automatically in an improvement in the other,

The usc of legume crops as green manures is strongly
encouraged. Two possibilities appear ; the ploughing in of
the last residual growth of winter legumes, sach as berseem,
and the use of summer Iegumes, as guara, planted especially
for this purpose. Since the major vaiue obtained from such
practices relates (o the N added to the soil, further discussion
on the use of legumes as green manures is reserved for Chapeer
Eight,
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REVIEW QUESTIONS

What is meant by the term ‘humus’ ? Why does the level
of humus tend to remain relatvely constant in an undisturhed,
virgin soil ?
Name the major groups of organic compounds in plant tissue
and their relative resistance to microbial decomposition,
Which groups tend to accumulate in the soil and why ?
What are the four major groups of microorganisms responsible
for the decay of organic matter ?
Define the terms aerobic, anacrobic, and facultative ; hetero-
trophic and autotrophic.
Describe briefty the differences between fupgi, bacteria, and
actinomycetes,
Define the terms parasite, saphrophyte, and symbiosis.
What are the major factors aflecting the rate of decay of
organic matter, and how do they relate to the accumulation
of humus ?
What differences would you expect in the amount of accumula-
ted organic matter under the following sets of conditions :
(a2} Hot, humid climate, well-drained soil ?
(4} Hot, humid climate, swamp ?
{e) Hot, dry climate, well-drained soil ?
(d) Cool, humid climate, well-drained soil ?
What change occurs in the C: N ratio of plant residues added
to the soil ?
Is the C: N ratio fur soil organic matter constant from region
to region 7 Explain your answer.
What bearing does the C: N ratio of plant residues have on
rate of decay ?
Explain the cyclic nature of organic matter production and
decay.
What is mineralization ? Immobilization ?
What effect does the introduction of cultivation have on the
organic matter content of virgin soil ? Explain your answer.
What are the major reasons for adding organic residues to the
land ?
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CHAPTER SEVEN

CONCEPTS OF SOIL PRODUCTIVITY
AND FERTILITY

PRODUCTIVITY

By DEFINITION, soil productipity is the capacity of the soil to
produce plants under a specified programme of management.
The measure of productivity is yield, and it may be considered
on a short-or long-time basis. Production is dependent
upon the Interrelationship among a number of grewth fuctors,
each of which must exist under optimum conditions ; otherwise,
the growth of plants will be adversely affected. For maximum
crop production, it is necessary to attempt to control these
factors to the fullest extent possible,

We may list many of the factors of growth in the order
of man’s ahility to control them successfully, Among these
we find several generally uncontrollable items such as climate,
physical composition of the soil, and topography. In certain
cases, we are able to control, at least partially, such factors as
soil moisture, disease and insect pests, waterlogging, and salt
accumulation. For cultivated crops, relatively complete
control is had over plant variety, plant-stand density, weeds,
and various cultural practices including time of seeding, yow
planting, and fertility management,

The interdependence among growth factors is emphasized
by a concept described by Tisdale and Nelson (1956, pp.
22-28). According to this concept, yield may he defined by
the equation:

Yield = flaxbxexd.....o...... ) (7-1)

where g, 8, ¢, ete. are individual growth factors expressed as a
percent of the total of that factor required for maximum
growth. If two factors are limiting to the extent that either
would result in a yield corresponding to 509/ of the maximum,
then, yield = -3 x-3x1-0x10........ =25, or 25%, of the
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maximum. Stated differently, the limiting effects of factor
g will reduce vyield to the 509 level. Imposing the second
limiting condition, &, will again cut the yield in half or to
259%, of the maximum. It becomes clear that the effects of
one deficiency will limit the benefit gained by the growing
plant from all of the other factors of production.

Among all the factors important to crop production, our
main interest lies presently in but one of them ; that is, the
soil, This factor, in turn, is comprised of various subfactors
such as texture, structure, water-holding capacity, aeration,
the presence or absence of injurious substances, and fertility,
It cannot be overemphasized that maximum production of
crop plants will be realized only if all the factors involved
are in as nearly an ideal state as possible.

FERTILITY CONCEPTS

Fertility is defined as the potential of a soil for supplying
nutrient elements in amounts, forms, and proportions required
for plant growth. Direct measurement of the fertility status
of a soil will be in terms of chemical elements or compounds.
Generally, highly fertile soils should be productive, but this is
not necessarily true in all instances. For example, a soil
capable of supplying ample nutrients may be unproductive
because of the limiting effects of waterlogging, insect damage,
plant disease, and the like.

The Essential Plant Nutrients

The fundamental components of fertility are the essential
plant nutrients (see Table 7-1) which are absorbed by plants
and utilized for varions growth and maturation processes.
Summarily, nutrient lons occur in the soil in mineral or
organic compounds, adsorbed to exchange surfaces, and
in the soil solution. The soluble and adsorbed nutrients
are extracted readily by plant roots or, in the laboratory, by
chemical extractants. Because of their easy access, nutrients
in exchangeable or soluble form are considered to provide
active or kinetic fertility. Tess easily extractable nutrient
elements in primary and secondary minerals and in organic
matter comprise the potential fertility of the soil. Often crop
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Table 7-1. The essential plant nutrients !
Major Elements Minor Elements
Carbon Nitrogen Calcium Iron Copper

Hydrogen | Phosphorus | Magnesium | Manganese | Zinc
Oxygen Potassium | Sulphur Molvbdenum | Chlorine

Boron

1 Major elcments are those required by plants in relatively large amounts ;
the minor elements, in small amounts. The latter nutrients also are called ‘trace’
elements. For detailed discussions of the nutrients, sce Chapters Eight through
Eleven,

production is highly dependent upon the rate of transfer from
the potential to the active forms. Unfortunately the rate
of this change cannot be characterized by the rapid laboratory
tests commonly used to estimate the fertility status of the soil,
Soil tests measure only the active fertility, and this fact repre-
sents a major limitation to their usefulness.

As shown in Table 7-1, there are 16 elements known to be
essential to plants. Each has a specific role in the development
of the plant, although all have not been characterized ade-
quately in this respect as yet. The necessity of Gl as an
essential plant nutrient has been only recently established,
and it is quite possible that other elements will be found
essential as techniques for identificatiou of this fact become
better developed.

The G, H, and O used by plants are derived from soil
water and from CO, in the atmosphere. Whereas the
water i3 absorbed by roots, the CO, is taken in through sto-
matal openings in leaves and stems and is utilized directly in
the photosynthetic production of sugars and starches within
the plant, These carbohydrates serve as energy materials
in growth and reproduction and are converted to protein by
combination with N, P, or §,

All other plant nuirients are absorbed from the soil
through the root systetn. The abundance of their readily
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available form normally determines the rate of their absorp-
tion. Ofteninter-relationships among the nutrients themselves
will determine to a large extent the ability of the plants to
absorb and utilize them effectively, Such relationships
determine the state of awutrient balance or physiological balance
among the essential elements.

The plant nutrients customarily are grouped on the basis
of the relative amount in which they are required by the
plant (see Table 7-1). The major nutrients, C, H, O, N, P,
and K, are needed in comparatively large guantities. Man
has littte control over the plant’s ability to obtain the first
three, C, H, or O. Therefore, they are seldom given consi-
deration in fertility discussions heyond the point of indicating
their cssentialness. Such is not the case with N, P and K,
These are the ‘big three’ of soil fertility. Investigations
concerning the need for and use of these latter nutrients far
exceeds the studies on all other phases of fertility.

Plants vary markedly in their requirements for the major
plant nutrients. Maize, for instance, requires much more N
for maximum growth than does wheat. For this reason we
cannot specify a required level of availability of a nutrient
which will apply universally to all crop plants. This is
particularly true for soluble forms of soil N, ail of which can
be removed from the soil by plants during a single growing
season. Total growth will be determined largely by the total
amount of soluble N made available during the life of the plant,

While there are many reasons which explain why the
majar elements, N, P, and K, are studied in such detail, the
primary causes for this are that (1} these nutrients are required
by plants in large amounts, {2) their deficiency generally is
readily recognized and corrected by field treatment, and (3)
the cost of correction is much greater than for the minor
elements and other major elements such as Ca, Mg, and S.
It is this latter factor which probably is of greatest significance.
The investment required for fertilizer materials, especially
N, can be very large. The efficient use of fertilizers is necessary
to bring suitable returns from the investment. Only if one
understands the behaviour of the various plant nutrients in
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the soil can he be expected to make satisfactory use of fertilizer
materials and manures.

The Availability of Nutrients

The term ‘availability’ is used commonly to express the
amount of a nutrient which a soil can supply to growing plants.
At other times, the quantity of an ion extracted [rom a soil
sample by a chemical extracting solution also is referred to as
the ‘available’ amount of that nutrient. Such a measurement
may be expected to relate indirectly to the availability of a
plant nutrient but will not measure the total amount that
plants can extract from the soil during the growing season.
This becomes obvious if one considers that chemical extract~
ions normally are made on surface soil samples, whereas the
plants feed throughout a considerable depth of the seil,

Availability, then, takes on aspects other than the ability
of a chemical solution to remove a certain quantity of ion
from the soil. 1t depends largely on the ability of the plant
to seek out and extract the nutrients over a specified period
of time. We find that the position of a nutrient within the
soil, the chemical form in which it cccurs, and other factors
contribute to the specific availability of a nutrient to plants.

Positionel Avatlability: A nutrient is positionally available
when it can be contacted by plant roots. Nutrients at the
very surface of the scil will not be absorbed if the soil is so dry
that roots will not develop there, Simtlarly, a nuatrient ion
that has been washed down into the soil and beyond the reach
of plant roots is positionally unavailable.

When a nutrient element is held in exchange positions.
by scil particles, it is not frec to move about in the soil. Even
though this element may be distributed uniformly throughout
the root zone, only a small part of it will be positionally available
because the roots do not contact all of the particle surfaces
to which it is adsorbed. All NO,-N dissolved in the soil
solution within the root zone is, in effect, positionally available,
on the other hand. Since this ion is not adsorbed by sail
particles, it can move frecly to plant root surfaces. The same
may be said for the soluble, mobile forms of SO ,-$ and BO;-B..
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Chemical Availability: A plant nutrient may be positionally
available and yet unavailable because of its chemical form.
An example i3 protein N which must be released through
mineralization before it can be absorbed by plant roots. If
the rate of mineralization is inadequate to supply plant
needs, the N must be considered as occurring in a state of low
chemical availability. The precipitation of ions, as often occurs
with P, Fe, Ca, and Mn, also may result in their chemical
unavailability. The great reservoir of plant nutrients, the
minerals that make vp the bulk of the soil, represents the
major form in which nutrients commonly are available
positionally but relatively unavailable chemically.

Physiological Availability: A nutrient may be both posi-
tionally and chemically available and yet may not be absorbed
nor efliciently utilized by plants, 'This is often the result of an
imbalance among ions, sometimes referred to as anfagonism.
For instance, in the nutrition of apple trees, it has been observed
in some areas that the over-application of one of the elements,
Mg or K, may result in the appearance of deficiency symptoms
of the other. A similar relationship has been noted to exist
between Mn and Fe.

THEORIES OF NUTRIENT SUPPLY

Solution Theory

This theory proposes that nutrients muoust firsc be in
solution form to be absorbed by plants. Exchangeable ions
will become soluble upon their displacement from particle
surfaces by other ions, particularly H. The H ions, in turn,
come primarily from H,CO, formed by the solution of CO,
liberated by plant roots. In other words, for this mechanism
to be operative, H must become a part of the soil solution to
displace the exchangeable nutrient cation. The displaced
ion then would migrate to the root surface for absorption.
Because of the slow diffusion of jons in the process depicted
above, such solution effects would operate only over short
distances from the plant roots.

The solution theory does apply well to ions that are not
adsorbed onto colloidal surface. Such ions as NO,, SO,

14
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and BO, are good examples and, in certain instances, the
HPO, and H,PO, ions.

Contact-Exchange Theory

Jenny and Overstrect (1939) have shown experimentally
that exchangeable ions are absorbed by plants more readily
when there is actual contact between the soil colloid and root
surfaces. H ions produced at the root-colloid interface displace
the exchangeable ions which then are absorbed by the root
(see Fig. 7-1). Hydrogen ions from the root accurnulate on

///
Ca Root
33\ f ’

Ciay 4

Ca
Cca

——— ] 0 G

Tig. 7-1. The interchange of cations between plant roots and soil
colloids. The nearer a root approaches an exchange surface
the greater is the chance for a released H ion from the root
to displace an exchangeable ion. In this example, F is dis-
placing K, the latter being absorbed into the root {after Jenny
and Overstrect, 1939).

the colloid surface and cause a reduction in the pH of the soil.
The acid thus produced will be neutralized through the
eventual solution of basic soil minerals. In this way, the



CONCEPTS OF SOIL PRODUCTIVITY AND FERTILITY 211

supply of exchangeable nutrients is replenished, The contact-
exchange theory will be operative for K, Ca, Mg, and other
cations.

Efficiency of Nutrient Absorption

An exchangeable cation, such as the plant nutrient K,
will be distributed throughout the mass of soil in the root
zone. Since absorption of K by plants is subject to contact
exchange reactions, uptake of this nutrient will depend upon
how well roots permeate the soil and contact the individual
exchange surfaces. Thus, we may see that only a small
portion of exchangeable K may be absorbed during a growing
season because of the inabiiity of plant roots to contact all
exchange surfaces., Not all absorption of K is the result of
contact exchange. Some solution (hydrolysis) and migration
to roots will take place. Nonetheless, the efficiency of absorp-
tion remains relatively low.

A similar reclationship exists with the phosphate ion in
calcareous soils. Phosphate derived from mineralized organic
matter or dissolved soil minerals will remain in solution for
only a short time before it is adsorbed onto the surfaces of
CaCQO; (precipitated, so to speak) and other soil particles.
Absorption of the phosphate by plants depends largely on
its being dissolved or displaced when the roots contact the
phaosphate-adsorbing surfaces. It has been observed in pot
studies with radioactive P that a maximum of about one-third
of the P applied as fertilizer is taken up by plants. Generally,
the efficiency is much lower than this in the field. Thus,
1t appears that only a small portion of the total avaiable
phosphate will be absorbed by plants in a single season. In
other words, the level of chemically available P must be suffi-
ciently high so that the amount which becomes positionally
available will be adequate for maximum plant growth,

Absorption of soluble, nonexchangeable nutrients from
the soil i3 more eflicient. Nitrate-N added to potted soils
may be completely absorbed by plants, except where excessive
amounts of N are used. The NQ, ion moves freely with the
soil motsture, Therefore, 1f most of the soil moisture is
removed by plants, their roots will have an opportunity to
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contact most of all NO; in the soil solution. Complete absorp-
tion will depend largely on the need of the plant for the N,
and the efficiency of absorption will decrease as the soluble
N supply increases.

Bray (1954) considers that the quantity of a plant nutrient
absorbed by plants during the growing season relates to the
mobility of the element. Thus, by the end of the season the
plant will have taken up essentially all of the NO,-N that
occurred in the soil solution during the season, except where
large excesses prevailed. This quantity of N may determine
maximum possible yield of the crop if all the available form
is absorbed before growth is completed and no additional
quantity is forthcoming.

Anincrease in plant growth is accompanied by an increased
size of the root system, This allows for greater contact between
plant roots and soil surfaces holding adsorbed, immobile
elements. 'Thus, while the increased growth places a greater
demand on the soil for the nutrient, such demand is met more
rcadily through exploration by roots into previously untouched
zones of soil. In effect, root extension increases the positional
availability of a nutrient element and the total amount
extracted by the plant.

PHILOSOPHY OF SOIL FERTILITY CONTROL

Soil fertility is only one factor involved in productivity.
Many other factors may be responsible for poor production
when it occurs in a particular soil. However, the fertlity
status of the soil very often can be evaluated properly and
means of correcting nutrient deficiencies easily introduced.
Complete advantage should be taken of this fact. The
maximum productiou potential of a soil should be maintained
constantly through the application of fertilizers as needed.

Only a very small fraction of the soils in the Asian sub-
continent do not need fertilizer of some kind. Nitrogen
is virtually always in short supply. It is only sound
logic to maintain the fertility status continuously at the
highest possible level, because any losses caused by low yields,
even those of a transitory nature, can never be regained. In
many instances, only a small investment in fertilizer can
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correct a deficiency which will otherwise reduce markedly
the return the cultivator may expect for his time and for his
cost of seed, water, and taxes. It takes neither more feed
or larger animals, nor a better plough to cultivate land that
will produce 20 maunds* of wheat than is required to prepare
the land for a 10-maund yield.

If some other factor in production seriously interferes
with crop growth, one must proceed with caution in the use
of fertilizers. A waterlogged soil, which at best can produce
only 109 to 259 of the maximum possible yield, cannot be
made to respond well to fertilizers. Such a limiting factor must
be corrected before the use of expensive fertilizers is undertaken.

A common belief concerning fertilizer use is that land
producing poor plant growth will bring a better return from a
fertilizer than will good land. The data of Wahhab and
Muhammad (1955) on wheat vyields in the Punjab disprove
this belief exceptionally well, They have shown that largest
increases from fertilizers are obtained on the sotls that produce
the highest yield without fertilizer. Results of their experi-
ments have been summarized in Fig. 7-2. The results show
that, as the indigenous productivity of the soil is doubled
(wheat yield increased from 800 to 1600 Ibs. per acre), the
response to a 40-1b. addition of fertilizer N is almost tripled.
The veasons for the initial differences in productivity among
the experimental soils are not known, but they can be due to
any one of a number of factors—available water or salt level
in the soil, nutritional status of elements other than N, etc.

The following chapters will deal primarily with the
essential plant nutrients, their forms and availability in the
soil, and their supplementation with chemical fertilizers.
Before proceeding it is important for the student to become
familiar with the concept of crop response to fertilizer treatment.
Furthermore, the objective in adding fertilizers must be clearly
understood. These materials are costly and difficult to obtain
in the Asian subcontinent. Therefore, it is absolutely essential
that they be efficiently utilized. The great need for the
application of fertilizer materials to most soils in the area

L One maund equals 80 lbs., approximately.
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should be appreciated to a greater extent than it is, The
perennial shortage of foodstuffs demands this.
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FIG. 7-2. Relationship between yield of wheat on unferiilized
Punjab soils and yield increase {rom the application of 40 bs.
N per acre as (NH,},S0, (after Wahhab and Muhammad,
1955).

An illustraiton of typical response curves is shown in Fig.
7-3. In this diagram, total yields of a crop, as produced by
increasing increments of added fertilizer N, are shown on the
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Yield —»

Units of added nutrients

FIG. 7-3. A typical response curve showing the increase in yield
due to an increase in quantity of added N fertilizer, with and
without added . Note that the increase in yield, v/, resulting
from the addition of increment a’ of N, is decidedly less than
the vield increase, b, caused by supplving the same amount
of W as increment a, The addition of P increases the efliciency
of utilization of the fertilizer N.

Y axis. Two curves are shown, one representing the response
to the addition of N alone, and the other when this clement
is added along with a basal dose of fertilizer P.  If these curves
represent actual conditions, then they indicate that the treated
soil is deficient in both N and P. That is, the plants will
benefit from the addition of either or both.

The most striking result noted in Fig. 7-3 is that each
increment increase in N applicd causes successively smaller
increment increases in yield. There comes a point where the
addition of an increment of fertilizer causes no further increase
in yield. This represents the maximum yield possible under
the specific set of conditions involved. On the other hand,
there may be a change which will alter this maximum yield
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value. An example is the addition of P along with the N.
The combination results in a higher vield increase for each
increment of added N than before, Furthermore, the maxi-
mum Yyield is higher than when the N was used alome. We
may look upon the latter circumstance as an increase in the
efficiency of usc of the added N fertilizer.

Whether one would add P along with the N to the above
soil would be determined by the economics involved. It
may be seen by comparison between the two curves that, with
a little added P, less N may be applied to obtain the same
yields as before. If the increase in growth due to P more than
compensates for the cost of this fertilizer, certainly it would be
a paying proposition to use both fertilizers together. Not
only must the total cost of the fertilizer be considered but,
also, the value of the crop and the cost of cultivation, irrigation
water, if used, and land taxes, None of these can be overlooked
in evaluating the benefits derived from fertilizer application.

Another very important point illustrated by Fig. 7-3 is
that the cconomic benefits obtained from the addition of the
initial increments of fertilizer are relatively greater than
when higher rates of fertilizer are used. This emphasizes the
value that can be expected from the application of even
small amounts of fertilizer on deficient soils, It also emphasizes
the need for conserving the limited fertilizer resources available
in the Asian subcontinent. If the availabie supply of a
nutrient in the soil is initially high, on the other hand, further
addition would result in only a small increase in yield., Failure
to obtain a response to fertilizer may be associated with an
initially high level in the soil of the nutrient element which has
been added, or ¢lse some other growth factor may be limiting
and thus prevent efficient utilization of the added nutrient
by the plants. Exact conditions in the field must be known
before failure for a fertilizer to produce increased yields can
be explained. Some information can be gained on the status
of varjous plant nutrients from reliable laboratory soil tests.
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REVIEW QUESTIONS

Explain the difference between sotl preductivity and soil
fertility.

Why does the total analysis of a soil mean little with respect
to the ferdlity status of a soil ?

A soil with a high sand content might have both advantageous
and detrimental characteristics as far as crop production i3
concerned. Why is this so ?

Name as many factors of growth as you can,

Define potential and active fertility. Would vou expect to
find a gencral relationship between the two ?

What are essential plant nutrients ? Name them. What is
meant by the major and minor elements ?

Name three concepts of nutrient availability and explain why
each may affect plant growth.

Describe the two theories of nutrient supply.

Why may soluble nutrients be more completely removed
from the soil by plants thap those adsorbed to soil particles ?

What two important roles does H play in the rclease of plant
nutrients from the soil ?

Why should one attempt to maintain all plant nurtients at
an adeqnate level ?

You have a field of well-drained soil with a moderately good
fertility level and a correspondingly good productive capacity.
You also have a waterlogged field which produces very poor
crops. To which would you apply fertilizer and why ?
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CHAPTER EIGHT

SOIL NITROGEN

NITROGEN AND TIIE PLANT

NrrrogeN occurs in the plant primarily as a componcnt
of protein, a building block of cellular tissue. As such, itis a
basic constituent of the living part of plants, the protoplasm.
Nitrogen also cccurs in the chlorophyll molecule, the green
pigment responsible for photosynthesis. When N is in short
supply, chlorophyll formation is inhibited and, as a conse-
quence, photosynthetic activity impaired. The resuiting
limited quantities of carbohydrates manufactured in the
leaves are inadequate to mect the energy requircments of the
plant. Further, because of a concurrent shortage of both
N and carbohydrates, protein formation is restrvicted. It
may be seen readily, then, why a limited supply of N can
hinder markedly the growth of plants,

A reduction in the chlorophyll content of plant tissue
results in a change in colour, first to ycllowish-green and,
eventually, to yellow. The degree of colour change depends
upon the severity of the N deficiency. In extreme cases the
leaves will die. Since N tends to accumulate in younger
plant parts, older Jeaves are the first to show a yellow colour,
or, with severe deficiency, are the first leaves to die.

Absorption of Nitrogen by Planis

The usual form in which N is absorbed by plants is either
as the nitrate (NO,) or the ammonium (NH,} ion. The
NH, form appears to be preferred by most plants during
early stages of growth and by others throughout their entire
period of growth, rice being a plaut which fits into the latter
catecgory. For the most part, however, absorption of N by
plants is predominantly as the NO.,, ion. This is due to the fact
that the NH, ion is converted rapidly to the NO, form in
most arable soils. As a consequence, the quantity of NO,-N
in the soil is, more often than not, greater than that in the
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NH, form. Furthermore, the NO, ion is highly mobile and
will migrate to the plant root. Ammonium ions, on the other
hand, are adsorbed by soil colloids and must be sought out
by the rootlets before they can be absorbed. Thus, not only
does NO, occur normally in greater quantities than NH,,
it is more accessible to the plants.

Factors important in the absorption of the NO, or NH,
jons are summarized as follows:

(1) The uptake of the NH | ion may be limited in certain
cases by an accumulation of toxic quantities of the anion
accompanying it. This would apply primarily when the
NH, ion is supplied as a sopplemental fertilizer salt. The
absorption of NH, ions is favoured by a neutral or alkaline
soil reaction, a dilute concentration of NH, in the soil solution,
and a nontoxic, associated anion, such as HCO, or CO,.
Ammonium-N is absorbed more readily than NO,-N during
the early stages of plant growth.

(2) Nitrogen in the NH  -ion form appears to be pre-
ferred over NO,-N by those plants high in carbohydrates
such as barley, maize, pumpkins, and potatoes. This is
because NH, can be utilized in protein formation after simple
conversion to NH, in the plant.

(3) The absorption of NO, is enhanced by its mobility
or ready accessibility in the soil. Its absorption is at a mini-
mum during the early stages of growth and a maximum at
blossom time and thereafter. This probably is related to the
period of maximum carbohydrate production by the plant and
the consequent demand placed on the soil-N supply for
protein formation.

The Utilization of Nitrogen by Planis

Following absorption into the conductive system of the
plant, N is converted rapidly into the NH, form which then
combines with free carbohydrate to form protein. A shortage
of N, which, in effect, corresponds to an over-abundance of
carbohydrate, results in stunted or impaired plant growth

1 These anions are nontoxic if they do not accumulate in the soil solution.
They normally disappear rapidly through conversion to H,CO, or through
precipitation as CaCO,.
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because sufficient plant protein is not formed. The relative
abundance of carbohydrates lcads, then, to the formation of”
excessive structural tissue high in C and low in N (i.¢., cellulose).
Nitrogen-deficient plants are stiff and woody, and form seeds
with difficulty. When there is an abundance of N, on the
other hand, the proportional amount of structural material
such as cellulose is comparatively low. This, coupled with
the high concentration of nonstructural protein results in a
rapidly growing, succulent, and wecak plant. Under these
conditions, the lack of reserve carbohydrate for sced formation
results in delayed maturity. An cxcess of N may result in
plants which lodge easily and which remain vegetative for
undesirably long periods.

The Source of Svil Nitrogen

The initial source of all N in the soil is the atmosphere
which contains about 809, of this element in an inert form.
To be usable by plants, gaseous N must be ‘fixed’, cither
biologically or chemically, into inorganic form. Normally
this corresponds to conversion of the N to the NH, form.
Various microorganisms occurring the soil are responsible
for biological fixation of N. Chemical fixation may occur during
lightning discharge, with the fixed N (NO,, in this instance)
being carried to the earth in precipitation ; or it may be
transformed under contralled conditions, as during the pre-
paration of commercial N fertilizers.

Because of the limited supply of commercially prepared
fertilizers in the subcontinent, much reliance must be placed
on other sources of N for soil treatment. Farmyard manure
is suitable for this, but it is not available in suflicient quantities
to meet even minimum crop nceds for N. As an alternative,
therefore, natural biological fixation of N must be utilized to
the utmost in an effort to inerease the N-fertility level of the
soils of the region.

FIXATION OF ATMOSPHERIC NITROGEN
Nitrogen fixation is performed in the soil largely by two.

groups of bacteria, One such group, the root-nodule or
symbiotic bacteria, lives in a mutually beneficial association with
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the roots of legume plants. Other free-fixing or nonsymbiotic
bacteria occur in the soil and are cqually capable of converting
atrospheric N into inorganic form. Whereas the nodule
bacteria acquire their food for encrgy from the plant with
which they live, the nonsymbiotic organisms attack seil organic
matter for this purpose and, therefore, aid in its decomposition.
Symbiotic N fixation can be a considerably more important
source of N than nonsymbiotic fixation in maintaining the
nitrogen fertility status of agricultural soils.

Nonsymbiotic Fixation

Two heterotrophic bacteria are largely responsible for the
nonsymbiotic fixation of N in the soil. One is an aecrobic,
oval-shaped bacterium, Azotebacter. It does not function well
under strongly acid conditions, particularly if the supply of
available Ca is low. DBecause a large part of free-fixed N
results from the activities of the Azotobacter, nonsymbiotic
fixation is rcferred to commonly as azefication. Azotebacter
indicum is thought to be an organism which contributes fixed
N especially in paddy soils (Starkey and De, 1939).

An organism of somewhat lesser importance, Clostridium,
functions well under anaerobic conditions. Therefore, it is
likely that this organism may play a role in fixation of N in
subsoil, in waterlogged soils, or when the CO, concentration
of the soil atmosphere is high.

Variable estirnates are given as to the quantity of N fixed
nonsymbiotically in soils, Amounts up to about 30 lbs. per
acre per ycar are suggested. Because of the low supply of
readily oxidizable organic matter in most soils of the Indo-
Pakistan region, transformation of N by free-fixing organisms
probably is of only minor importance. Thus, little depen-
dence can be placed on this source of N for supplying the
needs of crops. The most valuable contribution by these
.organisms has been in the part they have played in the build-up
of organic N and humus in the soil over the centuries.

Some fungi are capable of fixing N nonsymbiotically, but
the extent of their contribution is unknown. Algae, as men-
tioned previously, may aid materially by adding fixed N to

paddy soils.
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Symbiotic Fixation

The symbiotic fixation of N is a process that has been
studied in great detail. Many questions relating to the exact
nature of the process and its overall eflect on crop production
remain unanswered, nonctheless. The realization that all
legumes have the power to acquire N through symbiotic
fixation has led to the false belief that their N requirements
are completely satisfied by this means. Some legume plants
rcspond very favourably when treated with fertilizer N,
however. Nitrogen fixation in field beans is particularly low,
and these plants actually require fertilization with N for
satisfactory yields in many instances.

A single group or genus of bacteria, thc Rhizebium, is
responsible for the fixation of N in association with legumes.
Normally, these organisms are present in all soils and, therefore,
a legume root will become inoculated with them soon after
the growth of plants commence. It has been discovered,
however, that there are several species of Rhizobium and each
one is rather specific as to the host plant with which it will
work most efficiently. For example, we find that the species
Rhizobium trifolii is of greater benefit to the clovers than
to other legumes, and Rhizobium meliloti is specific for
Tucerne. This knowledge has led to the common practice of
inoculating legume seed with specific bacterial cultures pre-
pared especially for each of the various important legume
plants. .Failure to use these specific bacterial cultures can
cause serious loss through reduced yields of the Iegume.
However, on older cultivated lands where a particular legume
species has been grown previously, the proper strain of bacteria
usually is present. In spite of this possibility, it is much safer
to inoculate the seed with fresh, properly prepared Rhizobium
cultures. These are available generally through the Depart-
ment of Agriculture and from agricultural colleges.

Invasion of legume roots by nodule bacteria occurs
initially by means of an infection thread which is produced by the
infecting organismis and which penetrates and extends into the
main body of the root. The bacteria enter into the root of the
host plant by migrating through the infection thread. Once
the organisms are within the root cells their number increases
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rapidty. Further, the plant root cells themselves no longer
function normally but, in response to the presence of the
microbes, swell and grow irregularly to form the characteristic
gall or nodule on the root surface. The nodules are readily
observed on the roots of inoculated legumes.

The association between the host plant and Rhizobium
organisms is to the mutual benefit of each. By converting
inert, atmospheric N to usable form, the organisms provide
at least a part of the plant’s need for this element. In turn,
the organisms obtain from the plant soluble carbohydrates
which are utilized for their growth and metabolic processes.

The N fixed by root-nodule organisms eventually may be
utilized in several ways. Some of these are as follows:

(1) Small amounts are combined into protein by the
Rhuizobium itself.

(2) It is used by the host plant and eventually returned
to the soil in plant residues, or it may be utilized when the
plant is taken as feed by man or animals.

(3) Under certain circumstances, some of the fixed N
may be excreted by the roots into the surrounding soil. Crops
grown with legumes seem to benefit from the association, either
through use of the excreted N or that released as dead roots.
from the legume slough off and decay.

MINERALIZATION OF ORGANIC NITROGEN

Indigenous soil N, or that occurring naturally in the seil,
is a component primarily of the organic fraction of the soil.
Generally it is considered to have accumulated during the
normal processes of soil development. All added plant residues
contribute to the available-N supply of the soil through
mineralization as component proteinaceous compounds are
broken down during decomposition.

The release of N from organic combination through
mincralization Is a step-wise process. The initial transform-
ation results in the appearance of the NH, ion and is carried
out by a wide variety of organisms. These organisms are
incapable of causing further change in the N, however.
Therefore, the transformation to NH, is considered a separate-
process and is termed ammonification.
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Ammeonium compounds may be transformed into nitrate
salts or HNQ, by a hmited number of special-purpose microbes.
The process is aerobic and is referred to as nitrification. During
nitrification a small amount of nitrite may appear as an in-
termediate product. Since all NH, ions which may occur
in the soil are not derived directly from organic decomposition,
nitrification cannot be thought of as an essential phase of
mineralization of organic N,

The respective rates at which the ammonification and
nitrification processes proceed will determine the halance
existing between the quantities of NH, and NO, in the soil,
If the organic form of N present mineralizes at a slow rate,
the production of NO, may exceed the formation of NH,.
On the other hand, where mineralization is rapid, the quantity
of NH, ions accumulating in the soil can exceed the NO,.
Absorption of these two ions by plants and microorganisms
can affect materially the relative proportions of each in the soil.

During mineralization, both ammonification and nitri-
fication reactions go on simultaneously, As a consequence,
assessment of the rate of mineralization requires the deter-
mination of the rate of accumulation of both the NH, and
NO, ions, Because of this, the mineralization of N usually
is considered to include nitrification and the entire mineraliza-
tion process is expressed diagramatically as follows:

Organic N - NH, - NO, - NO,

Ammonification Nitrification

—

The Ammonification Process

Many types of the soil-inhabiting organisms are capable
of decomposing organic N compounds and liberating NH
as a waste product, It is not surprising, therefore, that
conditions under which ammonification proceeds need not
be highly specific. Ammonification can be either an aerobic
or an anaerobic process. Since plants are capable of utilizing
NH, directly, this process can provide N in available form
even under relatively adverse soil conditions.

Factors which control the rate of ammonification are those
which influence the more general process of organic matter

15
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decomposition. Compounds of both C and N must be present
and in forms susceptible to microbial attack. Where the
ratio of C to N is wide, little or no NH, will be released. If
NH, is liberated by one group of microbes under these condi-
tions, it will be reabsorbed rapidly by other decay organisms.
The addition of small amounts of carbonaceous compounds
to the soil may cause an increasein NH | production as a result
of stimulation of the existing microbial papulation. However,
if these substances are supplied in large quantities and the
demand for readily available N by the decay organisms becomes
high, free NH, will not appear in the scil in measurable
amounts.

The Nitrification Process

Nitrifying organisms are relatively specific in their en-
vironmental requirements, Like plants, they are capable of
utilizing CO,, directly fromn the air for assimilation into cell
tissue. Both N and cnergy for growth of these organisms are
derived from the oxidation of the NH, ion into NO,;. Only
a small amount of the N involved will be utilized by the
oxidizing organisms, the bulk being released to the soil solution
as free NO, ions. This conversion is a two-stcp process
expressed by the equations :

INH} 430, — 2NO;+2H,0--4H" +Energy  (8-1)
2NO,+ 0, - 2NOj;+Energy (8-2)

The nitrite ion is seldom observed in the soil because, under
normal soil conditions, its conversion to NO, is more rapid
than its formation from NH,.

Conditions for maximum production of NO,-N are rather
well defined. Factors which are considered to control the
rate of conversion are (1) soil reaction and cation complement
on the exchange complex, (2) the quantity of NH, present,
(3) aeration, (4} temperature, (5} soil moisture, and (6} the
relative amounts and forms of C and N in the soil organic
matter which is being mineralized.

The presence of an abundant supply of O, is most
important in the nitrification of NH,. The above equations
indicate that O, i3 required for both steps of the oxidation

3
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process. Seldom is there sufficient O, in the soil atmosphere
to allow for a maximum rate of conversion of the NH, to the
oxidized NO,, form. Therefore, a basic requirement for the
rapid formation of NO,-N is good soil aeration. This fact
explains partially why frequent and repeated ploughing
appears to bencfit food-grain production on soils of the Indo-
Gangetic Basin.  Aslam (1957) has shown that the NO, level
of Punjab soil and the yield of wheat are incrcased as the
number of preseeding ploughings is increased up to a total of
12, The increased aeration this has produccd brings about
not only a more rapid decomposition of the native or added
organic matter in the soil but also the conversion of liberated
NH, to NO,.

Broadbent ef al. (1957) studied the effect of high con-
centrations of amrmonium fertilizer salts and variaus soil factors
on the rate of nitrification. They observed several conditions
which were thought to contribute to a slow rate of nitrification,
Among these are:

(1) Excessively high pH, although nitrification was
observed to proceed slowly above a pH of 9-0.

(2) Excessively low pH, which resulted from the con-
version of NH, to HNO,. Nitrification was much reduced
at a pH of 50 although it continued even at pH 4-5.

(3) The presence of free NH,, which in itself is a redu-
cing substance, will interfere with the oxidation of NH, to
NO,. Free NH,, which forms NH OH in the soil solution,
will occur only under alkaline soil conditions. The above
authors assume that this fact might account for the observed
accumulation of NO,-N in alkaline soils.

(4) Excessively high osmotic concentration in the soil
solution where the amount of fertilizer salts is high.

Broadbent and his coworkers found the oxidation rate in
acid, noncalcareous soils to vary in the order of NH, OH>
(NH,)},S0,>NH,NO,. In alkaline, calcareous soils, on the
other hand, NH,OH was converted at a slower rate than the
other two, possibly because of an exceedingly high pH within
the fertilizer zone in the soil.
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The effect of the NH, -ion concentration and of time on
the rate of nitrification is illustrated clearly in Fig, 8-1. It
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FIG. 8-1. Nitrate accumulation in Yolo loam as affected by time
of incubation and initial concentration of NH, from

(NH,),50, ({after Broadbent, Tyler, and Hill, 1957).

will be noted in the data shown that, at low NH,-salt con-
centrations, complete transformation may be expected in less
than one week’s time. It can be seen from the upper curve
in the figure, which is for a low concentration of added NH,,
that more NO,-N was recovered than was added initially to
the soil.  The excess N came from the organic matter present
in the soil. At higher levels of NH,, the relative rate of
conversion is slower although the total amount of NO,-N
produced for a given period of time is greater. The lowest
curve in the figure represents a treatment wherein the con-
centration of NH, salt is so high that it inhibits markedly the
activity of the nitrifying organisms.
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The rate of accumulation of nitrate in the soil is used
often as a measure of the rate of nitrification. This technique
has certain limitations when applied in the field because other
factors can influence the NO, level. For instance, at the
time of lush plant growth or immediately following a period
of pronounced leaching, the level of NO, may be low even
though nitrification procceds at a rapid rate. The presence
of readily oxidizable organic matter having a wide G: N ratio
also will affect the level of NO,. Where the proportion of
C to N is high, mineralized N is absorbed rapidly by the
organisms active in decay processes and accumulation of
NO,-N in the soil solution is inhibited.

The population of soil microbes is greater in close proximity
to root surfaces than it is at some distance from the root,
This is attributable to the presence near the root of excreted
or sloughed organic substances which serves as a source of
encrgy material for the microorganisms. Therefore, where
root density in the soil is high, as under grass sod, a conti-
nuously low level of NO, may be expected. In this instance,
active absorption of N by both roots and microbes will assist
in maintaining the low NO, level.

Although temperature has a direct effect upon the rate
of oxidation of NH,, the extremes normally experienced in
the field, even in the hottest parts of Pakistan and India, would
not be expected to interfere materially with the process. The
maximum temperature at which nitrification will proceed at
any appreciable rate is about 100°F. Whereas air temperatures
often exceed this, soil temperature will not, except for the very
surface layers of dry soil.

The threshold temperature at which nitrification begins
is about 40 to 45°F, and the rate at which it proceeds approx-
imately doubles for each 10 to 15° rise above this minimum.
The rate is dependent also upon the level of soil moisture and
the state of aeration. Important in this respect is the drying
effect which elevated temperatures and low rainfall have on
the moisture content of many subcontinent soils during late
spring and early summer. The nitrifying organisms will have
about the same requirements for moisture as will higher plants.
Thus, if the surface soil is permitted to dry out, nitrification,
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and mineralization as well, may be reduced to a point where
the early-sown kharif crops such as cotton and fodders suffer
from a shortage of available N.

LOSSES OF NITROGEN FROM THE BOIL

A part of the N accumulated in or added to the soil is
lost eventually., Various means of its disappearance are
recognized. These include (I) use by plants, {2) loss by
erosion, (3) leaching losses, and {4} volatlization into the
atmosphiere. The utilization by plants is, of course, desirable
in most instances. At times, its consumption by soil organisms
is desirable unless this results in competition with crop plants
during a critical period of growth. Nitrogen absorbed by and
held in the protoplasmic tissue of microorganisms eventually
will be converted to usable form upon the death and decay
of the organisms, Volatilization and erosional and leaching
losses, on the other hand, constitute a serious wastage of vital
soil N.  Some discussion of each of these methods of loss is
worthwhile.

Loss by Volatilization

Nitrogen is known to disappear from the soil in several
volatile forms ; as NH, gas, elemental N, or as volatile oxides
of N. Common heterotrophic organisins appear capable of
causing the formation of these gases, primarily through the
reduction of NO,-N, The efiect is essentially one opposite
to the nitrification process and is aptly named denitrification.
It occurs during the process of decomposition of organic matter
if the O, supply is suboptimal. Denitrification will be more
prevalent, then, under waterlogged conditions, in soils where
the structural configuration interferes with good aeration, or
where large amounts of highly carbonaceous organic materials
are undergoing active decomposition in the soil. The latter
condition causes a reduction in the O, content and au Increase
in the CO, content of the soil air., Denitrification losses are
difficult to measure, but, at times, they appear to be appre-
ciably large.

Wagner and Smith (19538) have noted losses of applied
N through volatilization to be as high as 85%,. They observed
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that losses by this means could not be related to any specific
soil type or characteristic nor to type of N fertilizer salt. They
were able to detect volatile forms of NH,, nitric oxide (NO),
nitrogen dioxide (NO,), and nitrous oxide (N,O). They felt
that the latter gas was the form in which most N was lost from
the slightly acid soils they studied.

The NH, ion, possessing a positive charge, is adsorbed
to the cation-exchange complex. The NH, in a fertilizer
applied to the land by broadcasting is taken up and held very
near the surface of the soil. If the soil 15 alkaline, there is a
strong tendency for the NH, ions to hydrolyze from the
colloidal surfaces according to the reaction:

[Clay| NH, + HOH = |Clay| H4+-NH,OH (8-3)

A solution of NH,OH is, in reality, an equilibrium
mixture of molecular NH,OH, NH, and OH ions, water,
and dissolved, molecular NH,. This equilibrium is represented
as:

2NH,OH = NH}+OH +HOH{-NH, -~ (8-4)

As indicated in the equation, the NH, form of N is subject
to volatilization, a fact well known to anyone who is familiar
with the odour of a solution of NH ,OH. Volatilization of NH,
from the soil can and does occur and causes the reaction ex-
pressed in equation 8-4 to proceed to completion. Thus,
NH, ions adsorbed at the surface layer of an alkaline soil can
convert to NH,, and be lost. Volatilization will proceed most
rapidly as the soil dries. Therefore, losses of this nature will
be retarded if evaporation of moisture is prevented. Vola-
tilization will be lower in soils of high colioidal content and
of no consequence if the pH of the soil is below 7-0.

Wahhab et al. {1957) predict that volatilization losses may
be as high as 509, of the surface-held NH, in alkaline soils.
It is obvious, therefore, that placement of NH, fertilizers
below the soil surface constitutes one measure for its conserv-
ation. Broadcasting of an ammonium fertilizer just prior to
ploughing provides one of the simplest procedures for placement
and will minimize volatilization loss. Ploughing-down also
places the N in a position in the soil where moisture is present
for a longer period of time and where absorption by plant
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roots is more nearly assured. A furrow-turning plough which
completely inverts the surface soil is most suitable for burying
surface-applied materials.

Frosional and Leachiing Losses

Loss of N and other plant nutrients due to the effects of
excess moisture can be very large. ‘This is particularly true
if it is caused by the removal of topsoil through erosion, The
fertility status of the topsoil normally is much superior to that
of the subsoil. Thus, removal of a few inches of the surface
layer can cause a disproportionate reduction in fertility and
vields. This problem plagues those areas especially where
precipitation is insufficient for adequate growth of a protective
plant cover or where overgrazing prevents the maintcnance
of a good stand of plants, and where the rainfall is torrential
and, therefore, erosive. Maintenance of a plant cover,
particularly through use of close-growing types, is the best
safeguard against erosional [osses.

Leaching will occur in high-rainfall areas and in irrigated
areas where over-application of water is practiced. Only N
in the form of NO, will leach from the soil to any extent.
Because NH,-N normally converts rapidly to the NO, form
in soils, even the N in ammonium fertilizer salts soon becomes
subject to leaching loss. An advantage of maintaining N in
organic form is realized, therefore, because slow mineralization
and release of NO, during the growing season minimizes its
accumulation and possible loss in percolating water.

The roots of green manure or cover crops, particularly
nonlegume varieties, absorb free NO, from the soil about
as rapidly as it is formed through the mineralization of organic
matter. A plant cover on the ground is highly desirable,
therefore, as protection against both leaching and erosional
losses. In the subcontinent, this protection is more necessary
during monsoon season than at any other time.

SUPPLEMENTATION OF SOIL NITROGEN

Providing plants with adequate N is a difficult task and a
subject for much concern because of the expense of N fertilizers.
Important to the proper use of supplemental N are (I} consi-
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deration of the exact needs of the plant being treated, (2) the
availability of the N in the fertilizer material, (3) the avail-
ability of the native soil N, (4) the possibility of N loss from
the soil by various means, and (5) the natural productivity of
the soil as it relates to the efficient use of the added N.
In southern Asia, nitrogen is in short supply and relatively
expensive in terms of value of the crops obtained from the land.
Efficient utilization of the limited quantities currently avail-
able is absolutely essential. Methods of use of N must be simple
so that the cultivator can put them into practice without
difficulty. Furthermore, he must be convinced that use of
N fertilizers, and of other fertilizers as well, will represent a
financial gain to him, Usually this comes about as a result
of his observing successful use of supplemental plant nutrients
by neighbouring farmers. Acceptance of new ideas is slow
at best and then only by a very small proportion of the farming
people. It is necessary to rely on these few to introduce new
methods and their advantages to the agriculture of an area.
This is true the world over.

Modern agriculture demands a continuing, increased
use of chemical fertilizers to supplement those plant nutrients
obtained from the soil. Nitrogen is one of the most needed as
a supplemental plant nutrient, As use of this element is
increased and, therefore, crop growth is stimulated, total
requirements of the other nutrients in the soil will become
greater. Thus, deficiencies of these other nutrients will begin
to appear more frequently. Although facilities for the manu-
facture of synthetic manures are increasing in the Asian sub-
continent, they will be inadequate for many years to come.
In the meantime,every effort should be made to return to the
soil the organic forms of N which are presently available, such
as the manures and other plant wastes, and their use should
be consistent with good management.

Inorganic Sources of N

Chemical manures containing N are derived principally
from two sources ; from natural salt deposits or through the
synthesis of NH, by chemical fixation of atmospheric N.
Good discussions on the processes of manufacture of synthetic
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salts and the purification of natural materials are given by
Collings {1955} and Tisdale and Nelson (1956).

When added to the soil, the NO, and NH, ions are
markedly different, but rapid conversion of NH, to NO,
erases this difference. In certain respects, therefore, the
consideration of commercial-N fertilizers involves essentially
only the NO, ion. Other effects of their basic differences
will be noted shortly.

There are numerous compounds which serve as sources
of fertilizer N. Only a few arc given consideration here.

Ammonium Sulfate-(NH,),S0,: This salt contains from
20 to 219, N. Its preparation involves the reaction of gaseous
N, and H, under high temperature and pressure in the
presence of a catalyst to form NIH.. This product, in turn,
may be reacted directly with H,50, to form (NH),80 ,or it
may be converted first to (NH,).,CO, and then to the sulfate
by reaction with gypsum, i.e.,

(NH,),CO,+Ca80, — (NH,),80,+CaCO, (8-4)

Ammonium sulfate has attained a position of great im-
portance in the Asian subcontinent!. Its principal disadvan-
tage is its relatively low N content which results in higher
transportation costs. It is an acid-forming material in the
soil, Oxidative nitrification of the NH, ion results in the
formation of HNO, and excess H ions combine with SO, to
form H,SO,. It is possible to reduce the pH of a noncal-
careous, sandy soil by several pH units with heavy applications
Of (NH4)2SO-.E'

Ammonium Nitrate- NH NO,: The N content of com-
mercial NH,NO, is about 33%. The salt absorbs water
readily, and the granules or pellets into which it is formed
usually are coated with a waterproof material to facilitate its
handling. Ammonium nitrate is a very good source of N and,
because of its higher N content, is less cxpensive to transport
per unit of N than is (NH,),50,. It is highly soluble in

! Ammonium sulfate is particularly useful with rice, This plant appears
to prefer N in the NH, form. Since it is held by the clay particles it will not
leach. This is important in paddy soils which are under water for such long

periods. The anerobic conditions in paddy soils preserve the NH, form and
conversion to NO, will take place only to a slight extent.
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water and provides both mobile NO,-N as well as immobile
NH, ions, the latter being adsorbed by the soil particles.

Ammonium nitrate is prepared by reaction of NH, gas
with HNO,. Because only one-half of the N is as NH,,
the residual acidity is not so great as with (NH,),80,.

Sodium Nitrate-NaNO, : Sodium nitrate is a salt obtained
either from natural mineral deposits, or it may be produced
synthetically., The largest natural deposits occur in Chile ;
thus, the common name of Chilean sodium nitrate. It contains
169, N, all of which is in the NO, form. Because of the
presence of the Na ion, it produces an alkaline reaction in the
soil ; therefore, it is not recommended for application on soils
which have a natural tendency to become strongly alkaline.
Although sodium nitrate is a very good fertilizer material, its low
analysis (percentage of N} is not in its favour,

Urea~ CO(NH,),: Urecais worthy of special considera-
tion because of its relatively high N content (near 459,).
It is an easily handled material, which should tend to make
it popular with the average cultivator, Upon contacting
moist soil, it is converted rapidly to (NH,),CO, by a naturally
occurring enzyme in soil, urease.  After this change, it behaves
similarly to (NH,)},SO,, although the carbonate salt causes
a much more alkaline reaction than does the sulfate.

The soluble carbonate resulting from transformation of
urea is capable of precipitating exchangeable Ga. The NH,
ion will take the place of Ca on the exchange complex. How-
ever, since the oxidation of NH, to HNO, leaves an acid
residue, the CaCO, that has been formed will redissolve,
and the soluble Ca may then rcenter exchange positions.
Through this series of reactions, urea is converted completely
to NO, and CO,. Both will disappear from the soil without
leaving a residue.

Urea is formed by the reaction of NH, with CO, under
high pressure.

Anhydrous or Aqueous Ammonia - NH, : A material that
has become very popular as a source of N is NH,, either
in the gaseous or aqueous form. The gas contains 829, N,
which is considerably more than any other popular fertilizer.
This is not a great advantage, however, because it must be
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transported under pressure in heavy tanks. Gaseous NH,
is usually convenient to use where the agriculture is highly
mechanized, The tanks can be loaded onto tractors and the
gas dispensed through tubes so that it may be injected directly
into the soil. The gas is absorbed immediately in the soil
water and is retained readily by the soil provided it is placed
several inches below the surface. Injection near the surface
of an alkaline soil can result in loss through volatilization of
free NH, gas.

Aqueous ammonia is prepared by dissolving the gas in
water. The maximum concentration obtained forms a solution
containing 25 to 309, N, but it may be increased if salts such
as NH,NO, are added also. High-pressure tanks are not
needed for the transportation of aqua ammonia.

Organic Sources of Nitrogen

The mineralhzation process whereby N 1s released from
organic combination in a form available to plants is more
complex than is the simple conversion of NI, to NO,. In
their attack on soil organic matter, the organisms involved
seck out C both for energy and for growth. The use of C for
encrgy results only in its liberation as CO,. During growth,
however, C is converted to protein and retention of a certain
amount of N is necessary also. Thus, if the supply of C is
disproportionately high, N derived from organic residues
will be locked up in microbial tissue until the level of C has
been lowered appreciably through CO, evolution. That is
to say, iminobilization of organic N initially exceeds its rate
of mineralization and its release for plant use is inhibited.
As a general rule, if an immecdiate increase in the level of
available soil N is wanted, an added organic residue should
contain no less than from 1'5 to 2-09, N at the time of its
incorporation into the soil.

The use of organic materials for soil treatment may
involve green manuring, which is the ploughing down of plants
grown especially for this purpose, or the application of animal
manures or other organic substances (i.e., cottonseed cake,
straw, etc.). Where a choice is possible, those materials
high in total N normally are preferred. The total-IN content
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of organic supplements is not the only important consideration
in determining their benefit to growing plants, however,.
Of great importance is the rate at which the N is mineralized.
This depends upon the form in which the N and C occur
and the C: N ratio of the supplemental organic material.

Some forms of organic N are mineralized with great
difficulty, particularly the more complex proteins, even
though they have a narrow ratio of C to N.  Organic substances
high in these components seem never to succumb completely
to the mincralization process. When it occurs in a resistant
form of this type, the added N will behave like that in the more
stable humus fraction of the scil and will become available to
plants only very slowly.

The interrelationship among factors important to the rate
of mineralization of N is illustrated by the data in Table 8-1.
Generally, the higher the total N the greater is the total amount

Table 8-1. The total-N content and the rate of release of NO, from several
organic materials (based on data of Rubins and Bear, 1942).

Water- % conversion to
Organic material T?\%al sol?llg{e ° NQ, in
N 20 days 40 days
% (% of
total N)
Cottonseed meal 7.2 7 49 34
Lucerne 2.8 48 24 32
Bone meal (raw) 4.2 0 7 10
Dried blood 13.8 2 60 66
Horse manure 1.5 20 -19 -16
Chicken manure 2.3 67 22 30
Tobacco stems 1.0 47 -14 5
Wheat straw 0.3 33 -16 -15

of NO, produced. However, this relationship does not hold
true when a comparison is made between lucerne and raw
bone meal. Although the N content of the bone meal is
higher, it occurs largely in complex protein form which does
not succumb readily to microbial attack. The nitrogenous
compounds in lucerne, on the other hand, are broken down
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easily and allow for the relatively rapid accumulation of
NO, ion in the soil.

The influence of the amount of oxidizable C in the organic
material reflects in the rate of NO, production. Horse manure,
tobacco stems, and wheat straw arc high in carbonaceous
compounds. As a consequence, the release of NO,-N during
the decomposition process is impeded. As indicated by the
negative values for these materials in Table 8-1, some of the
nitrate originally present in the soil was consumed by the
organisms as they attacked these carbonaceous substances.

It will be noted in Table 8-1 that, in most instances,
the rate of mineralization is reduced greatly after the first
20 days. This would suggest that a rapid change in the easily
converted forms of N occurred during the early stages of
mineralization, Later change, involving the more resistant
protein compounds, proceeds more gradually.

Animal manure is onc of the more rcadily obtainable
organic supplements for use on the land in the subcontinent.
The importance of this substance as a source of N for plants
can hardly be overemphasized. Unfortunately, however,
the practice of using manure as a fuel deprives the soil of a very
valuable source of N. The reason for this is, of course, obvious,
since manure generally is much less expensive than are other
fuels. However, failure to apply manure to the land, especially
where no other form of N is used, may be limiting crop yields
seriously. It is possible that losses caused by this are of greater
magnitude than are the savings gained through use of the
manure as a fuel. There is a real need for experimentation
to determine whether animal manure is more valuable as a
source of greater crop productivity or more valuable when
used as a fuel.

Manure should be used in a sustained or continuing
programme, This arises primarily from the fact that the
N in it is mineralized at a relatively slow rate. No more than
about 259, of the N in manure is mineralized during the first
year following its application. In some extreme cases, usually
where the manure contains an abundance of low-N wastes,
mineralized N may not appear in the soil at all during the
first year. Under these conditions, the small amounts of mineral
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N in the soil may be tied up temporarily by microbial organisms
attacking the carbonaceous substances. As a consequence,
before applying to the land, it is frequently desirable to allow
partial decomposition of the manure to take place during the
preliminary period of moist storage, or composting. Not only
is the C: N ratio of the material narrowed during this period,
but its physical state is improved also and handling at the time
of spreading on the land is facilitated.

The relative importance of the rate of release of N from
organic sources depends upon the type of crop being grown,
Plants with a short growing period, wheat for example, will
require an abundant supply of N for a rclatively limited time
only. To supply the N needs of this plant, organics which
will mineralize rapidly are desirable. A slowly maturing crop,
such as sugar cane, will make better use of organic supplements
which have a slow rate of mineralization.

The use of organic sources of N can be encouraged only
where less expensive materials are unavailable. Although
various benefits may be gained from their use, the value of
these organic materials must be determined by the N they
contain. By comparing the cost for each pound of N in
organic and inorganic sources, we find the relative cost almost
always in favour of the commercially prepared salts, Further-
more, the composition of chemical manures may be relied
upon to be fairly constant. Not so with organic materials,
particularly manures. This fact must be kept in mind in
determining the rates of material to be applied to the soil to
meet a specific requirement for N as a plant nutrient.

An cxample of an advantageous use of organic wastes is
provided by Karim (1948). He encourages the utilization
of water hyacinth (Eichhornia crassipes) as a manure and source
of N. The N it contains, which amounts ta a little less than
29,, becomes largely available after a few months’ decom-
position in the soil. The hyacinth is a weed which forms a
lush growth in the postmonsoon season throughout the eastern
reaches of the subcontinent.

Organic substances as soil supplements may be used to
advantage for reasons other than to supply N. Important
is their content of plant nutrients in addition to N and, also,
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the effect these materials have on the physical properties of
the soil, These advantages can best be evaluated by measuring
the specific influence they have on crop growth.

RECOVERY OF ADDED NITROGEN BY PLANTS

Theoretically, if all of the N added to the soil were con-
verted to the NO, form, complete recovery by the plant should
be possible. However, such efficient utilization is observed
very infrequently. In addition to the losses of N from the soil
as discussed above, immobilization by microbial organisms
and failure for roots to contact all of the available N present
in the soil operate together to account for incomplete uptake
by plants.

Additions of fertilizer N to the soil stimulate microbial
activity, even where the soil organic matter is composed almost
entirely of essentially stabilized humus. The reactivation of
the organisms results in immobilization of a part of the added
N, this effect being more pronounced with increasing rates of
N application. The effect is temporary, however. When
the organisms die and their bodies undergo decomposition,
the immobilized N is released once again to become available
to plants.

In a series of greenhouse studies, Pinck ef al. (1948a,
19485) observed that losses of N through volatilization, appa-
rently a consequence of denitrification, also increased with
the size of the fertilizer N application. These losses were of
little consequence if the amount of N added was less than about
200 to 250 lbs. per acre. However, because of these losses,
even if immobilization by microorganisms and leaching
losses were avoided, one could not expect to regain in the
plant all N added to the soil as fertilizer. The difference
between the amount applied and the amount recovered is,
of course, much greater for organic N than for inorganie
fertilizer salts. Incomplete mineralization of the organic N is
responsible for this.

Techniques for Conserving Fertilizer Nitrogen
Since the losses of N from the soil assume their greatest
proportions when the quantity of this clement in inorganic
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form is large, its conservation will consist logically of mini-
mizing the concentration of NH, or NO, ions in the soil
at any one time. This can be accomplished principally
by applying fertilizer N in limited amounts only and at a
time when its absorption by roots will take place rapidly.
If leaching of the applied N is a problem, application to the
soil far in advance of seeding should be avoided since plant
roots would not be present to absorb it, Similarly, special
care should be exercised in the application of fertilizer N during
the monsoon season. Where serious loss of N cither through
leaching or volatilization is not experienced, methods and
time of application and the amounts of fertilizer applied are
not so critical and can be adjusted as is convenient to overall
farming operations.

Where the total amount of N fertilizer needed to assure
maximum yiclds of a crop is large, the concentration of in-
organic N in the soil at any one time can be kept low through
use of split fertilizer applications. In using this technique,
only a part of the total quantity of N is applicd initially, and
the remainder is added after the root sysicm of the plants has
become well established. The length of time between the
initial and subsequent applications will depend upon the
growth habits of the plants being fertiized. Two to three
weeks may constitute a suitable waiting period after germination
of rapidly growing plants. A longer delay is permissible for
a slowly growing crop such as sugarcane. In this latter
instance, it may be desirable to add the N in three split appli-
cations of equal size.

Ideally, any fertilizer applied to a ficld where plants are
growing should be placed below the surface so that immediate
contact with the roots can be made. This approach is especially
desirable in alkaline soils where the N is supplied in the
ammonium form which may be lost partially through vola-
tilization. Placement is not practical, of course, where the
crop has been sown by broadcasting. If the plantings are in
rows, on the other hand, a plough or cultivator equipped to
place the fertilizer below the surface can be drawn alongside
the plants without uprooting them. In addition, row cropping
contributes materially to the control of weeds since such

16
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control can be carried out through use of amimal-drawn
cultivating equipment.

THE USE OF MANURE AS A SOURCE OF NITROGEN

Some points need yet to be drawn out with respect to the
handling of manures and organic wastes as a source of N for
plant use. All forms of supplemental N must be preserved
carefully ; they are too valuable to be treated otherwise.
Main considerations concern the faulty methods practised in
the handling of farmyard manure and the almost complete
lack of use of green manures.

A brief study of Fig. 7-3 on page 215 shows that the addition
of N to a soil low in this plant nutrient may bring about
spectacular yield increases., That is to say, where available
N in the soil is very low, much greater gains from an application
of N may be expected than if the level of the available form of
this element in the soil were high. Most soils in the subcon-
tinent are low in organic matter and available N, however.
Therefore, even modest applicatons of N should cause subs-
tantial yield increases for most nonlegume crops. Each
pound of N lost through poor handling of manure denies the
farmer of these gains. Since increased N in the soil will result
in more food, it can result also in cheaper food.  Greater yields
gained through common-sense practices of N conservation
may be obtained without measurable additional cost to
anyone.

Farmyard Manure

It is customary throughout the subcontinent to place
farmyard manure in piles in the villages or on the field where,
in the latter instance, it may be left untouched for periods up
to several weeks in length. As long as the manure remains
moist, mineralization can proceed at a rapid rate under the
generally warm temperatures. Normally, however, the manure
heaps remain in the field until they become thoroughly dry and,
during the drying process, most of the NH,-N that has formed
will be volatilized. The amount of the original N that is lost
cannot be estimated accurately, but it is quite likely that as
much as 50%, may disappear.
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~ Allowing farmyard manure to stand for long periods in the field,
- as shown above, can result in the loss of valuable plant nutri-
- ents. Tts immediate incorporation into the soil is essential fo

obtaining masimum benefits from an application to the land.

Plate 1 Facing page 242
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In the more humid regions, losses through volatilization
from manure placed in the field may be replaced by those
caused by leaching. Not only N but the soluble forms of any
of the plant nutrients may be carried into the soil by excess
moisture. In this latter case, the plant nutrients from manure
stacked in the field would not be lost entirely to the plants.
On the other hand, they would be concentrated in a single
spot beneath the manure heap and would be of benefit to only
relatively few of them. In some instances, nutrient salts
leached from manure piles may accumulate in the soil to such
a high concentration as possibly to cause damage to the plants
growing in that very location.

When manure is carried to the ficld, it should be worked
into the soil as soon as possible after application. This will
prevent volatilization losses and the undesirable effects of
leaching. However, it is not always practical to incorporate
manure into the soil when it 18 carried to the field at frequent
intervals and in small quantities. It is to the advantage of the
farmer, therefore, to accumulate manure and other wastes in
quantities suttable for treatment of an entire field, and to apply
them to the land just prior to ploughing. During the storage
or composting period, if suitable conditions are maintained
within the sforage heap, active decomposition of the organic
wastes will take place. Substances of a wide G: N ratio will
be reduced to products of a lower C content. Thus, at the
time of spreading and incorporating into the soil, the CG: N
ratio will be nearer the level necessary for a more rapid release
of mineralized N to the crop growing on the treated land.

Basic to proper storage is the mainterance of the manure
in a moist and compacted state. Compaction reduces aeration
and excessive moisture loss and, therefore, the volatilization of
NH,-N. Manure may be kept too moist, of course, which
results in the leaching of soluble components. Protection
against such loss must be afforded manure in humid regions
if its strength for producing plant growth is to be retained.

Protection against excessive drying is achieved by storing
the manure in pits. In this way it may be guarded on all
sides by the insulating soil, The storage heap should be
provided with a protective covering of soil, straw, or leaves,
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The pit should be positioned so that it is not subject to inunda-
tion by overflow water nor by seepage from ground or drainage
water, Where this may occur, above-ground storage is
essential. Small enclosures may be constructed from mud
and covered with straw or other substance to protect the
manure,

Generally, the wider the C: N ratio of a material to be
composted the longer should be the period of composting to
allow for more complete breakdown. Organic substances
which have a narrow ratio and which may be stored for long
periods should be mixed with straw or other highly carbonace-
ous material to reduce the rate of release of mineralized N.
Green Manures '

The sceding of crops especially for use as a green manure
is a very ncglected practice in the Asian subcontinent. For
the most part, the average farmer does not understand that
advantages may be gained from growing a crop for incor-
poration into the soil as opposed to harvesting it for use or sale.
Yet, there arc various ways to supply soil N in this manner
which are adaptable and economically feasible. Proof of the
need for green manuring is necessary, however, and to obtain
this proof onc must take fully into account the financial losses
and gains resulting from the operation and the practicability
of carrying out such practices. There are circumstances, of
course, wherein green manuring would be difficult for the
farmer to undertake.

Either legumes or nonlegumes may be utilized as green
manure crops. However, the use of nonlegumes for this
purpose is extremely limited. They are grown normally only
to absorb N released through active mineralization or from
applied fertilizer when there is considerable risk of losing
this nutrient through leaching. The general procedurc in
green manuring with nonlegumes is to plough under the plants
while they are still young and succulent. The young tissue has
a narrow (: N ratio and the N is in an easily mineralizable
form. Thus, the N absorbed by the green manure crop
will be conserved against loss and still may be utilized readily
by crops that follow,
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It is a rather common belief that root residues {rom a
legume crop will increase the level of C and N in the soil.
This is true only infrequently, largely because most of the N
in a lcgume plant is concentrated in the top parts. TFor some
annual legumes such as peas and bcans, no more than about
109, of the total N fixed during the life of the plant may be
found in the roots when the plant is mature. For perennials
such as clovers and lucerne, only about 309, of the total N
remains in the roots. To obtain an appreciable gain in the
level of soil N following legumcs requires that some of the
top growth be incorporated into the soil along with the residual
root materials.

There is considerable variation among legume species in
thecir capacity to supply fixed N to the soil. For instance,
experimental work has shown that the contribution to the
soil N level may be seven times higher for lucerne than for a
crop such as field peas. The data from a 10-year study on
such effects are summarized in Table 8-2, During the course
of this particular cxperiment, various legumes were grown
alternately with small grains in potted soils. All top growth
was removed from the pots and, therelore, changes in soil N
were the result of accumulations from roots only, Changes
in total N in the soil were detected by analysis of samples taken
at the beginning and conclusion of the experiment.

Table 8-2. Apparent N fixation by various jegumee (after Lyon and
Bizzcll, 1934).

Crop Apparent N fixation? Gain_or loss

Annual l Relative in Soil N

Lbs./A. o Lbs. /A,
Tacerne 4] 100 607
Red Clover 146 60 595
Alsike Clover i36 56 532
Soy Beans 102 42 —42
Vetch 65 27 97
Field Beans 57 23 — 100
Field Peas 46 19 —32

_*Determined as the total N removed in plant tops plus the change in level
of soil N for the [0-year period, all divided by 10 to place it on an annual basis,
Lucerne, for example, fixed 2 total of 2411 1bs. of N during the 10-vear period.
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Table 8-2 indicates especially the value of lucerne and
clover as contributors of N to the soil. Their contribution
as N from root residues will be around 50 to 60 1bs. per year.
This quantity will go far in providing the need for N by non-
legume crops such as cotton or wheat. It will fall short of the
N requirement of crops with a high demand for N, however.
Sugarcane, maize, and summer forages are in this latter
catcgory.

As with most plants, parts of legume roots are sloughed
off continually during the lifetime of the plant. Such residucs
have a narrow G: N ratio and undergo mineralization readily.
Upon conversion to NGO, form, the N released from the root
tissues is susceptible to leaching. Thus, where large quantitics
of water percolate through the soil, measurable amounts of the
mineralized N may be lost,

Conservation of N releascd by legume roots may be accom-
plished either by the addition to the soil of organic materials
with a wide C: N ratio, or by growing a nonlegume crop in
agsociation with the legume. In cither event, mobile nitrate
will not accumulate in the soil solution to a level wlere leaching
losses will be serious.

It is realized generally that a legume plant will absorb
NH, and NGO, ions present in the soil. Further, when this
happens, fixation of atmospheric N by the root-nodule organisms
is reduced. Therefore, to obtain maximum fixation of N by
legumes, it is necessary to maintain available forms of N in the
soil at as low a levcl as possible, This is done at times by
incorporating strawy residues into the soil when the land is
being prepared for seeding to the legume. As mentioned
above, nonlegume companion crops, particularly grasses, may
be grown with the legume since they are very effective in remov-
ing essentially all mineralized N from the soil. Data of Lyon
and Bizzell (1934) bear this out. In their 10-year greenliouse
experiment, lucerne grown alternately with grains fixed a total
of 2411 Ibs. N per acre. However, since the legume was grown
for only 5 of the 10 years, the quantity of N fixed each year
it was grown was 482 lbs. per acre. Within the same experi-
ment, lucerne grown continuously for 10 years fixed 2684 lbs.
of N per acre. Thus, without a grain crop to remove excess
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N every other year, Iucerne fixed only 268 Ibs. of N per acre per
year.

Green manures cannot be effective if there is a shortage
of soil water. Thus, the use of green manures may be res-
tricted during dry periods. On the other hand, during the
time of monsoons, land otherwise in fallow can he used
effectively for green manuring. Not only will this result in the
improvement of soil conditions, but, also, erosion by water can
be reduced through the protection offered by the plant cover.

Berseem, because of its widespread popularity and heavy
growth, js an exccllent crop for green-manuring purposes.
The use of berseem is advantageous because early cuttings can
be harvested as a forage during the winter months. Therefore,
costs of seeding and irrigation will be covered by the cash
return from the crop.  Utilization of berseem as a green manure
would require the ploughing under of the final growth in late
spring rather than catting it as a fodder. Economic and
other conditions at the time will determine whether or not
advantages may be expected from this. Some of the necessary
considerations are given in the following example:

Assume that the last cutting of berseem provides one long
ton per acre of dry matter {120 mds. of fresh berseem) with a
total N content of 3%,. This would provide about 67 lbs. of
N to the soil. Assume also that the cash value of this single
cutting of berseem is about Rs. 32 per acre. To provide
67 1bs. of N, about 4 one-md. bags of (NH,),SO, would be
needed. At Rs. 8 per bag, the total cost of the fertilizer also
would be Rs, 32, In addition, the variable cost of transporta-
tion of the fertilizer to the ficld must be determined and
included in the calculation.

This comparison will indicate that the cost for N from
either source wiil be about the same. However, any shift in
the value of cither material will change the comparative costs.
If chemical manures are unobtainable to a village or area, it
is pointless to draw any comparison in the first place. Further-
more, in those locations where fodders are very scarce and the
value of the crop as an animal food very high, berseem as a
green manure cannot be expected to compete with chemical
manures as a source of N.
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A major problem associated with ploughing in berseem
is the fact that the last growth occurs at a time when the supply
of animal forage is low. Therefore, the value of berseem as a
fodder becomes disproportionately high. If it were found
possible to dry carlier cuttings of bersecm for use as hay during
this period of scarcity, it would appear more practical to return
the last growth as a green manure. More research is needed
to determine the practicability and techniques for curing and
storage of berscem as a hay with the objective of increasing
the amount of the crop that can be used for green manuring,
An alternative is to leave a part of one cutting in the field,
that obtained during the lush-growth period, for incorporation
into the soil later in the season.

Principal advantages in the use of summer green manure
crops will occur on land which would normally be in fallow
during the monsoon season and in areas where the rains alone
will support the manure crop, The cost of the N obtained
will include the expenditure for seed and land preparation.
The water, coming as rainfall, will aid in increasing the level
of fertility in the soil at no additional cost to the farmer.
Green-manuring during the summer months should be en-
couraged provided water is available for this purpose. This
is mmpracuieal, of course, where water from limited monsoon
rains must be conscrved in the soil for seeding rabi crops.

Drouth-resistant guara {Cyamopsis tetragonoloba) has been
shown to be a very eflective green manure for the £harif season.
Nitrogen contents of up to 3%, of the dry plant weight may be
expected. Erdman (1948) found that, as is true for other
legumes, specific strains of root nodule organisms are necessary
for a maximum in both growth and N content of guara.
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REVIEW QUESTIONS

Explain why N deficiency results in stunted, yellow plants.
Why do symptoms of the deficiency appear first in the older
leaves 7

Why does NO,-N appear to be preferable over NH -N for
absorption by plants ¥ Under what circumstances is the NH,
form preferred ?

Explain the difference between symbiotic and nonsymbiotic
N fization. Which microorganisms are responsible for these
processes ?

Explain the difference between nitrification and nitrogen
fixation.

Can one always expect an increase in the level of soil IN as the
result of growing legume crops 7 Explain.

What are the processes responsible for the loss of soil N, and
how may cach source of loss be guarded against ?

In an experiment on wheat grown under natural rainfall
(barani) conditions, broadcast ammonium sulfate resulted in
poorer vields than ammonium nitrate. After application, a
rain fell which moistened the soil to a 6-inch depth. A dry
period followed and the surface few inches of soil became dry.
How do you explain the better results from the nitrate ferti-
lizer ?

Why might an organic source of N prove superior to an in-
organic source in an arca of high rainfall ? Why might the
reverse be true under conditions of adequate, though not
excessive, rainfall where the total amount of N added in
either form is the same ?

Explain why a greater vield increase for each pound of added
N is obtained when 20 lhs. of N as compared to when 40 1bs.
are applied to the field.

Describe the effects on plants of an overabundance of N and
explain why this occurs.
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CHAPTER NINE
SOIL PHOSPHORUS AND POTASSIUM

FreQuENTLY, both phosphorus and potassium are deficient
in soils and, as a consequence, have an important bearing on
the abundance of the world’s food supply., Under most
conditions, deficiencies of either can be corrected easily. Since
these two elements are relatively immobile in the soil, their
acquisition by plant roots is governed by different principles
than is that for nitrogen in the mobile NO, form. This
affects primarily the manner in which plants feed upon them,
and the efficiency with which they are supplied by fertilizers
and manures to absorbing plant roots.

SOIL PHOSPHORUS AND ITS USE BY PLANTS

Phosphorus is present in all plant tissue. It is found
primarily in the cell nucleus where it enters into a number
of physiological reactions. It occurs as a component of
phytin, lecithin, and other phospholipids. Since it is so
important in cell-growth processes, it is found to concentrate
in the younger plant parts. Thus, it will occur largely in
the meristematic tissue where cell division and growth are in
greatest evidence. During the flowering stage, a relatively
large proportion of P migrates into the expanding buds, and
later its transfer to the seeds and fruit takes place.

Phosphorus is extremely important as an accessory
substance in the oxidation of carbohydrates within cell nuclei.
Energy released during the oxidation is held temporarily in
phosphate compounds before final utilization in the growth
processes of the plant.  Phosphorus favours root development
and tillering. Tt hastens maturity and tends to overcome the
effect of cxcess N which has been applied to P-deficient soils.
It also improves the quality of feeds, especially forages for
animals. Cattle fed on low-P forage gain weight very slowly
and never attain maximum size. BSoils tend to be very
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deficient in both P and Ca in the more humid regions of the
subcontinent, and this reflects in the bone structure of both
ammals and humans who have no other food but that grown
within these areas.

Symptoms of phosphorus deficiency in plants arc not
distinct. A low level of P in soils results in reduced growth,
slow ripening of the fruit, and the production of small and
inferior seeds. If the deficiency is severe, leaves may become
very dark green, sometimes with a reddish or purple colouration,

THE OCCURRENCE OF PHOSPHORUS IN SOILS

The bulk of P in soils is present in mineral and organic
combination. Limited amounts are found in soluble form,
The rate at which P is released ffom the solid phase into the
soil solution determines the capability of the soil to supply
this element in an available form to plants.

Mineral Phosphorus

The principal source of P in soils is the mineral apatite,
Ca,(PO,),.(CLF). This mineral may be of igneous origin,
or it may be formed as the result of the reaction of P-bearing
waters on beds of limestone materials, The limestone, being
more soluble than apatite, may be removed from a mixture
of these two minerals when subjected to extensive leaching.

Apatite and certain other calcium phosphate compounds
are relatively stable in alkaline media but become unstable
as the acidity is increased. Compounds of P with Fe and Al
are stable in strongly acid media, on the other hand. There-
fore, since one or more of these three ions, Ca, Fe, and Al, are
present in relative abundance in all mineral soils, it is possible
for P to be retained in the soil in stable mineral form throughout
a wide range in soil reaction, This explains, at least partially,
why drainage water from weathering mineral masses often is
very low in soluble P. Similarly, even though the total-P
content of 2 soil may be high, seldom does the quantity of P
in water-soluble form exceed 1 ppm. in the soil solution.
Thus, while the stability of P compounds minimizes the loss

1Various formulas are given in the literature for apatite and include
Ca, (PO ),.CaF, and [Ca,(PO,),js. CaF,.
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of this important plant nutrient by leaching, it also limits the
availability of P to plants.

The weathering medium in arid-region svils generally is
characterized by an abundance of soluble ions in the soil
solution, particularly Ca, and a pH above neutrality. Such
a system is not conducive to the weathering of soil-forming
minerals including apatite. It is not surprising, therefore,
to find that thc major part of mineral phosphate in arid-region
soils is in slightly altered or unaltered apatite particles. Pro-
bably the most rapid release of P from mineral form occurs
when CO,-liberating microorganisms and plant roots reduce
the pI of the soil temporarily. The rate of release will vary
depending upon the size of the apatite particles present.
Thus, if the minerals are finely divided and present a large
total surface area, solution will take place at a relatively rapid
rate. That P released during weathering but not taken up
by plants may be expected eventually to revert to some stable,
less soluble calcium phosphate compound.

Subjection of apatite mineral particles to weathering under
high-leaching regimes results in their relatively rapid de-
composition. Where large quantities of water move through
weathering mineral matter, base-forming cations are lost
rapidly. Tron and aluminium are relcased during weathering
also, but they tend to form relatively insoluble compounds
which prevents their loss in quantity from the weathering mass.
Among the insoluble compounds formed by Fe and Al are
those resulting from combination with P as it is released from
weathering apatite. In general, then, with more extensive
weathering of soil-forming materials, higher proportions of
mineral P occur as Fe and Al compounds.

Precipitation of P by Fe and Al may be expected to occur
extensively in the surface soil, However, Fe and Al also may
form complexest with substances derived from decomposing
organic residues, and, in this form, migrate downward with the
percolating water to accumulate in the subsoil. Being released
eventually from the complexes, the Fe and Al then may

! When complexed, the Fe and Al remain in soluble, nonionic form. They
are free to move with the soil solution but, being nonienic, do not enter into
chemical reaction with P.
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intercept P which also is leached from the surface soil, Because
of this, acid soils of the humid regions often are observed to
increase in total P with increasing depth in the profile.

Soluble Phosphorus

Since P docs not move to any extent within the solution
phase of a soil, the availability of this element to plants often
appears to depend upon the ability of plant roots to permeate
the soil mass and contact more completely the P-bearing
surfaces of soil minerals. However, Dean and Rubins {1945)
have shown that plants absorb P equally well when their roots
are not permitted to contact soil particles directly, It would
appear, therefore, that the rate of release of P in soluble form
determines its availability to plants,

The phosphate ion (PO,~?) has a strong aflinity for
H ions. Gradual acidification of an alkaline phosphate
solution results in a change in form of the phosphate ion in
accordance with the following series:

PO, * - HPO, 2 — H,PO,~ — H,PO,

As shown in Fig. 9-1, only two of these forms, HPO, 2 and
H,PO,", occur in appreciable amounts within the normal
range in pH of soils. At a pIT of about 6'7, the P in solution
is cqually divided between these two forms. In acid soils,
H,PO,~ predominates; whereas, in alkaline soils, the
HPO, 2 ion is most prevalent in the solution phase.

The form of the phosphate ion and the type of cation
with which it is associated will determine the level of soluble
P in the soil. Where Na and K are the dominant cations
in the solution phase, significant precipitation of P may not
be expected to occur. Where the pH is such that a large
part of the P present is as HPO , the Ca-ion concentration
need not be very high to cause the formation of a precipitate
of slightly soluble dicalcium phosphate, CaHPQ,. Mono-
calcium phosphate, Ca(H,PO,},, on the other hand, is a
relatively soluble compound. However, where the pH of the
soil is such that the most prevalent phosphate ion is
H,PO, -, its solubility usually will be limited as a result of
precipitation with Fe and Al
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FIG. 9-1. The relationship between pIl of the solution and the
proporiions of the various forms of the phosphate ions and of
phosphoric acid present (after Buchrer, 1932).

Organic Phosphorus

Considering the ‘hig three’ plant nutrients, phosphorus
is next in abundance to N as a component of organic matter.
It has been noted experimentally that the addition of organic
matter to soils usually increases the level of soluble P, The
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increase has been found to be (1) in direct relation to the
amount of P contained in the added organic matter, but (2)
inversely related to the Ca or Ye and Al present in the soil
solution.

Depending largely upon the climatic region, the amount
of soil P occurring in organic form increases approximately
in a constant ratio to the quantity of organic matter and
organic nitrogen in the soil, In arid-region soils, where a large
proportion of the soil P occurs in unweathered mineral form,
very little will be found in organic combination, i.e., usnally
less than 109, of the total. In humid regions, organic P may
constitute as much as 509, or more of the total Y. DBecanvse
of the high degree of leaching in humid-region soils, however,
the total combined inorganic and organic P will be quite low.
For soils in the central part of the United States where leaching
is only moderate, Pearson and Simonson {1939) observed
that organic P constituted from 35 to 739 of the total P in
the surface layer of the grassland soils they examined. They
noted a very close relationship betwcen total organic C and
organic P in these soils.

The organic forms of P fall into 3 major groups: (l)
phytin and its derivatives, {2) phospholipids such as lecithin,
and (3) nucleic acid and nucleoproteins. According to
Bower (1945) and Plerre (1948), a preponderance of the
organic P occurs in the phytin and nucleic acid groups.
Until released through mineralization, the P retained in
organic combination is conserved against precipitating reac-
tions which reduce its availability to plants. The ability of
organic anions to complex Fe and Al will have some effect
on the maintenance of P in available form when it is released
through mineralization of organic matter in acid soils.

PHOSPHATE FERTILIZERS

Becaunse soils are so frequently incapable of supplying
adequate available phosphorus from indigenous phosphate
minerals and organic matter, supplementation of the P supply
through use of commercially prepared fertilizers or organic
materials is a common practice. The limited supplies of
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organic wastes in the subcontinent places them in a subordinate
position as a source of P, however.

All of the principal fertilizer compounds of P are prepared
from the mineral apatite. Except where the preparation of
fertilizer consists simply of grinding this phosphate rock,
treatments usually are designed to increase the solubility of
the Ca and P present cither by converting them to more
acidic compounds, or by removal of the fluoride ion.  Fluoride
may be dispelled by heating apatite to a very high temperature,
It is lost also when apatite is acidified, the fluoride forming
readily volatile HF acid. At the same time, this latter treat~
ment converts the initial form of calcium phosphate to more
readily soluble acid salts. The acidification reaction, where
treatment of apatite is with H,80,, is as follows:

Ca,(PO,),CalF,+-3H,50, —
Insoluble
Ca{H,PO,),+3CaSO,+2HF~ (9-1)
Soluble

The soluble compound formed by this reaction is acidic mono-
calcium phosphate.

The Content arnd Availability of Phosphorus in Fertilizers

The amount of a fertilizer added to a soil should raise
the level of available P until it is adequate for the crop being
treated. When calculating the quantity of fertilizer to add,
one must know the amount of P it actually contains and the
extent to which it will become available once added to the
soil.  The phosphate content is, by custom, expressed relatively
as percent PO, present rather than as elemental P2,
However, application rates in the field normally are expressed
on the basis of Ibs. P,Oy needed per acre, and little confusion
results from this method of expression, therefore.

Apatite and similar P compounds are essentially insoluble
in water but will dissolve slowly in acid soils. The reaction

1 The P, 0, molecule is composed of 439, P and 57% O. Thus, the PO,
content, expressed as & percent, when raltiplied by 0-43 will give the actual
percent P in the material,

17



258 PRINCIPLES OF $OIL SCIENCE

bringing about solution 13 quite similar to that shown in
equation 9-1 above. Some indication as to how rapidly P
will be released from these insoluble forms once applied to
acid soils can be obtained by measuring their solubility in
ammonium citrate or citric acid solutions. Not only the
chemical composition of the constituent phosphorus com-
pourds but also the size of particles in which they occur
determines their solubility rates. This is true both when the
materials are mixed with the soil or when treated with citrate
solutions. Because of this, the amount of P soluble in citrate
solution is accepted rather widely as expressing the azailable-
PO, content of phosphate fertilizer materials. Such measure-
ments are made under uniform or standardized conditions in
the laboratory (see Association of Official Agricultural Chemists,
1945, pp. 20-25, for prescribed methods).

More highly acidic calcium phosphate salts, such as
Ca(H,PQ,), and CaHPQ,, are morc soluble in the citrate
solutions than is apatite. Correspondingly, they give up P
to the soil solution more readily than does rock phosphate
once they are mixed with the soil. Thus, their relative
availability can be judged with reasonable confidence also by
measuring their solutility in citrate solutions. True avail-
ability will, of course, be determined largely by subsequent
reactions between the relcased phosphate ion and the soil,

A few of the more important types of phosphate fertilizers
are discussed below. It should be noted that the order in
which they are presented is also the order of their increasing
solubility in water.

Raw Rock Phosphate

Rock phosphate, or apatite, contains from 24 to 439,
total P,0,, the composition depending upon the source of the
material. Tt must be finely ground to permit a suitably rapid
rate of solution and availability. Of the total P,O present,
only from 15 to about 60%, may be expected to digsolve in
ammonium citrate, Because of this it has the lowest solubtlity
rating of all phosphate fertilizer materials, The solubility is
closely related to the flourine content.
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No benefit 1s derived from the use of rock phosphate
on neutral to alkaline soils. This has been shown experi-
mentally many times. Generally, the soils of arid to semiarid
regions, which represent those with a neutral to alkaline
reaction, may already contain apatite equivalent to several
tons of P, O per acre from which plants roots may draw their
needed P. A few hundred pounds of added apatite phosphate,
which has about the same solubility as the indigenous soil
mincrals, will do little to affect the supply of available P in
the soil, The usc of ammonium citrate for evatuation of rock
phosphate as a fertilizer for alkaline soils will overcstimate
considerably the availability of the P in this material, therefore.

Some benefits may be realized if rock phosphate is applied
to acid soils. Even then the more soluble phosphates wsually
give superior results. Raw rock phosphate would be recom-
mended only where it may be applied to acid soils in very
liberal quantities and where other more soluble sources are
not easity or cheaply obtainable, Since rock phosphate will
dissolve slowly in an acid soil, extraction with ammo-
nium citrate will estimate reasonably well the availability of
the P it contains when it is destined for use on such soils.

Bone meal, produced by crushing animal bones, has about
the same properties and valuc as rock phosphate,

Fused Tricalcium Phosphate {Fused Rock Phosphate)

Various processes are utilized for heating rock phosphate
to volatilize the flourine it contains and thereby increase the
solubility of the phosphate present. The P,O, content of
the fused material will vary depending upon the composition
of thc mineral from which it is prepared. Whereas the
solubility is improved by this treatment, the finished product
is still entirely unsuitable for use on alkaline or neutral soils.
When finely ground it will produce reasonably good results
in acid soils.

Dicalcium Phosphate

Dicalcium phosphate, CaHPO ,, is not prepared normally
as a fertilizer salt. However, it does occur as an important
component of several preparations which are becoming
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increasingly popular, namely, nitric phosphates and ammo-
niated superphosphates. Phosphate in the dicalcium form is
sparingly soluble in water, but it is released fairly rapidly
through solution if the fertilizer particles are of small size and
if the medium in which it is incorporated is acidic. Dicalcium
phosphate is cssentially completely citrate soluble.

Superphosphate

Superphosphate is used more -extensively than any
other phosphate fertilizer. Tt 1is prepared by treating
ground rock phosphate with sulfuric acid and aerating to
remove hydrofluoric acid which has been formed during the
acidification process. Superphosphate contains from 18-209
available P,O,. About one-half of the bulk of the fertilizer
consists of gypsum formed by the reaction between H,S0,
and the Ca in the apatite. The amount of acid added in the
manufacturing process is slightly less than that needed to react
complctely with the apatite mineral. The basic phosphate-
carrying compound of superphosphate is monocalcium phos-
phate, Ca(H,PO,),, which is readily soluble in water,

Concentrated Superphosphate

In certain respects, an improvement over ordinary super-
phosphate is obtained by treating ground rock phosphate with
H.PO, instead of H,80,. A fertilizer of higher P,O;
content, normally ranging between 40 and 509, is obtained
by means of this process. The material is referred to variously
as concentraled, double, treble, or triple superphosphate. Since it
is more concentrated, transportation costs per unit of P,O,
will be less than for ordinary superphosphate. Tts behaviour
in the soil is essentially identical to that of ordinary super-
phosphate because both contain monocalcium phosphate as
the P source. The fact that it carries no sulfur may be a
disadvantage in its use in areas where a deficiency of this ele-
ment might occur also.

Phosphoric Acid
Commercial phosphoric acid is a concentrated, highly
soluble form of P. It contains approximately 60%, P,O..
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Even if it were currently available, transportation and handling
problems would make it impractical for use under subcontinent
conditions at the present time. Furthermore, its cost per pound
of P,O, is greater than for the other more common phosphate
sources. If H.,PO, is used to treat phosphate rock, as in the
manufacture of concentrated superphosphate, the total quantity
of water-soluble P is doubled over that present in the original
acid. It would appear wise to use it in fertilizer manufacture
rather than to spend its solubilizing power on nonphosphatic
soil minerals.

Organic Materials as a Source of Supplemental Phosphorus

The P content of most organic materials of vegetable
origin is low, usually ranging betwcen 015 and 0-35%,. The
P content will depend upon the type of plant from which the
materials are obtained and upon the P-supplying power of
the soil on which the plant has been grown. Young or
immature plants have the highest total-P content, and may
contain up to 2 to 3 times the total amount found at maturity.
Further, the distribution of P within the plant is not uniform
since this element tends to concentrate in meristematic tissue.
Stems will be found generally to contain a smaller amount of
P than will any of the other parts of a plant.

Relatively large amounts of organic residues must be
returned to the soil to supply the P needed by a high-yielding
crop. For instance, a legume may remove as much as 40 Ibs.
of P per acre in a single growing scason, Ten T. of organic
matter containing 0209, P will be required to supply this.
Since all of the P added would not be mineralized in one
season, even greater guantities would be needed to provide a
total of 40 Ibs. in available form.

THE BEHAVIOUR OF FERTILIZER PHOSPHATE IN SGILS

The use of phosphatic fertilizers as a means of increasing
the level of availabie P in the soil is confronted with a number
of difficulties. As indicated in the preceding section, a large
number of phosphate materials are available for use. Not
only are there wide inherent differences among these various



262 PRINGIPLES OFf SOIL SCIENCE

types of materials, but, also, reactions between them and the
soils to which they are applied are highly variable,

Perhaps of greatest single significance in the application
of phosphate materials to the soil is the fact that reactions
between the phosphate ion and Ca, Fe, or Al almost always
result in a reduction in the solubility of the applied P. Pre-
cipitation reactions may be so extensive that, in certain ins-
tances, very little if any benefit is derived from the applied
material. A reduction in the level of soluble P, or P fixation,
has its most profound effect in acid soils high in Fe and Al in
soluble form. Often, either excessive rates of phosphate
fertilizer materials must be added to these soils, or else the
fertilizers must be placed in the soil in narrow bands to limit
contact with soluble and exchangeable Fe and Al. This
process of fertilizer application, known as band placement,
permits the beneficial use of relatively small quantities of
phosphate materials on soils of high fixing capacity.

The behaviour of P supplied in a fertilizer material depends
upon its rate of release in the soil and the reactions it may
undergo after becoming a part of the soil solution. The rate
of release is governed largely by the solubility of the added
material in the medium represented by the soil and its solution.
Whereas an acid salt such as monocalcium phosphate is highly
soluble under virtually all conditions encountered in the soil,
the solubility of the more alkaline calcium phosphates depends
largely upon the pH and the soluble-Ca content of the soil
with which they are mixed.

Reactions of Monocaleium Phosphate with Soils

Most superphosphate and treble superphosphate materials,
which contain P as readily soluble monocalcium phosphate,
are preparcd ingranular form. This is desirable for it facilitates
spreading in the field, cither by machine or by hand. Further,
as will be seen shortly, the P contained in relatively large
granules is converted less rapidly to insoluble precipitates than
is P in particles of the same material occurring in a fine state
of subdivision.
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Upon solution, monocalcium phosphate may be envisaged
as yielding a mixture of equal quantities of dicalcium phosphate
and phosphoric acid, i.e.:

Ca(1,PO,), — CasHPO, + H,PO, (9-2)
Monocalcium Dicalcium Phosphoric
phosphate phosphate acid

Lindsay and Stephanson (1959) have shown that a saturated
solution of monocalcium phosphate separates into these two
products in a manner very nearly as depicted above. The
reaction takes place spontaneously in moist soil when a granule
of the hygroscopic monocalcium phosphate absorbs sufficient
moisture from the soil atmosphere to bring about its own
solution. During the initial stages of the solution process,
the concentration of Ca and P is so high that the solubility of
slightly soluble dicalcium phosphate is exceeded, and part of
the Ca and P present precipitate from solution in this form at
the site of the original granule. The soluble Ca and P re-
maining form a solution of low pH consisting largely of phos-
phoric acid but containing some monocalcium phosphate.
Because of the increase in the moisture content at the site
of the original granule, the residual monocalcium phosphate-
phosphoric acid solution migrates outward into the neigh-
bouring, drier soil. Movement of the P will continue until
it encounters ions which bring about its precipitation. 1If the
soil is initially high in soluble and exchangeable Ca, the
migrating acid solution is neutralized gradually and the P
converted slowly to the dicalcium phosphate form. The
precipitatc is probably disiributed over the surfaces of other soil
particles. Since precipitates of this type dissolve on contact
with roots, they can provide adequate available P to plants.
The availability decreases gradually over long periods of time,
however, the result of growth of larger dicalcium phosphate
crystals at the expense of the smaller ones, and probably the
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consequence of slow conversion to more stable, less soluble
calcium phosphate compounds?,

It is likely that the strongly acid solution flowing from
the site of a monocalcium phosphate granule also will dissolve
Fe and Al from soil minerals. Thus, even in high-Ca soils,
precipitation of Fe and Al phosphates may be expected.
However, when the soil at the site of these precipitates returns
eventually to its normal pIH, the P bound in this manmner
probably would be released and converted to a calcium
phosphate compound.

The behaviour of a granule of monocalcium phosphate
in an acid soil will be essentially identical to that in an alkaline
soil high in Ca. However, the solution phase which separates
from the precipitated dicalcium phosphate will react largely
with solubilized Fe and Al in the surrounding soil. The
availability of the P in the precipitates will, of course, depend
primarily on the fineness of the phosphate crystals formed.
It is probable, however, that a large part of the available P
will come from the dicalcium phosphate residue remaining
at the site of the original granule. This residue will dissolve
as it is contacted by fresh increments of acid soil solution
low in both Ca and P.

All of the P added to an acid soil as a calcium phosphate
fertilizer will go into solution and, if not absorbed by plant
roots or other soil-inhabiting organism, will be subject to enter-
ing a precipitation reaction with Fe and Al.  Tor soils with a
high P-fixing capacity, the P applied during one growing
season is not expected to benefit plants the following year,
This is not true normally for P apphlied to alkaline soils, however.
In this latter instance, P applied in rather large dosages is
observed to affect succeeding crops for a number of years.
Usually, phosphorus shortages will occur again only after a

1 There is evidence that octacalcium phosphate, Ca ,H(PO,),.3H,0O,which
is less soluble than dicalcium phosphate, will form in alkaline soils as the result
of hydrolysis of dicalcium phosphate. Soluble phosphate is precipitated readily
at the surface of lime panicles in calcarecus soils, probably also as dicalecium
phosphate. It has been proposed that slow conversion of these precipitates to
the more stable compounds of carbonato-apatite, [Ca,(PO,},],.CaCO,,
and hydroxy-apatite, [Ca,(PO,),],.Ca{OH),, occurs and results in a gradual
reduction in the availability of the P (Buehrer, 1932},
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large part of the nutrient applied has been removed from the
soil by crops.

Reactions of Slightly Soluble Phosphates in Soils )

Fertilizer materials of limited solubility in water are thosc
‘which contain a high proportion of Ca in relation to the P
present. Materials such as fused tricalcium phosphate and
rock phosphate fit into this category. When mixed with
high-Ca soils, these compounds are even less soluble than
when mixed with pure water. For this reason, they are
quite stable in most neutral to alkaline soils, and little benefit
is derived from them when they are added to such soils as
fertilizer.

Whereas the solubility of dicalcium phosphate in water
is low, 1t is a much better source of P than are rock
phosphate and fused tricalcium phosphate, particularly when
applied to alkaline soils, Nonetheless, phosphate sources
containing dicalcium phosphate should be in a very fine state
of subdivision when added to soils, otherwise the total surface
area of the particles will be inadequate to rclease P to the
soil solution at a rate required by growing plants. According
to Terman et al. {1958), phosphate fertilizers containing mono-
calcium phosphate release P in available form more readily
in alkaline, high-Ca soils than do those containing principally
dicalcium phosphate. The lower solubility of dicalcinm
phosphate can be compensated for, of course, by increasing
the rate at which it is applied to the soil (Hausenbuiller and
Weaver, 1954).

Calcium phosphates of low water solubility have their
greatest usefulness in acid soils where they will dissolve more
rapidly.  Even so, very slowly soluble raw rock phosphate
may nat be able to supply adequate soluble P to plants if the
soil is only moderately acid or if the particles of fertilizer are
of relatively large size. The smaller the particles and the
more widespread their distribution in the soil the greater is
the opportunity for contact with roots. Direct transfer from
particle to root provides the only real assurance against fixation
of released P in acid, mineral soils.
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Terman ef al, (1938) report trials on acid soils in which
relatively insoluble fused tricalcium phosphate appeared to
supply P in available form as eflicientlv as did monocalcium
phosphate. In the same trials, dicalcium phosphate sources.
were generally better than monocalcium phosphate. Much
of the P from readily soluble monccalcium phosphate
apparently was lost due to rapid fixation by Fe and Al. The
dicalcium phosphate, being the more soluble, was superior to
fused tricalcium phosphate in the acid soil.

Crop Type and Phosphate Fertilizer

Crop plants differ markedly with respect to their demand
for plant nutrients. Influencing specific plant requirements
arc the total amount and rate of growth and the level of
nutrients which must be maintained in the plant to sustain
normal functions of growth and maturation, Short-lived,
fast-growing plants must be supplied with nutrients in relative
abundance even though it may be necessary for short periods
only. Treatment of such crops with the more highly water
soluble materials would appear tc be desirable, therefore.
Vegetable crops, particularly those grown during the winter
months when the soil is cool, will respond much better to
phosphates of high water solubility.

Perennial plants and the slow-growing annuals can be
supplied with P adequately from materials which release P
more gradually. This is especially true if the soil has a high
capacity for fixing P and would reduce the level of available
phosphate added to the soil long before plant growth was
complete. Seatz ef al. (1954), for instance, report results
obtained on acid soils with fused tricalcium phosphate of low
water solubility. They claim this material to be a relatively
good source of P for long-scason crops such as lucerne and
pasturcs but significantly poorer when used with vegetables
and cotton.

PHOSPHATE PRETENTION IN SOILS

The phosphate ion is relatively immobile in soils. Nor-
mally, the addition of a soil material to a phosphate solution
causes a rapid dccrease in the concentration of the phosphate
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ion, Such reactions are indicative of the capacity of a soil
to fix P and may relate, of course, to the availability of soil
P to plants.

Retention of P by soils has been attributed to various
processes. Several past studies have indicated the possibility
of pronounced adsorption of phosphate ions by minerals in
the soil through ion-displacement reactions at the particle
surfaces (Stout, 1939 ; Murphy, 1939). This was thought
to be true particularly for soils high in kaolinite. Such studies
led to the conclusion that soils had characteristic anion-exchange
capacities as well as C&tiOn-CXchange capacities. A number
of methods for measuring the anion-exchange capacity have
been proposed. Among them are those of Dean and Rubins
(1947) and Mehlich (1948). However, Low and Black
(1948) more recently have concluded that retention of P by a
material such as kaolinite is not due to surface adsorption as
such, but, instead, results from a reaction between the P
and exchangeablc Al to form an insoluble precipitate.
They suggest that exchangeable and soluble Al in asuspension
of kaolinite occur in a state of near equilibrium with the
solid-phase Al of the kaolinite crystal ; that is to say, the
concentration of soluble and exchangeable Al is dependent
upon the extent to which the Al in the crystal will dissolve
in the solution phase. Therefore, removal of solution-phase
Al through precipitation reactions would result in further
solution of the kaolinite crystal. In keeping with this, Kittrick
and Jackson (1954) have shown that kaolinite may be decom-
posed completely in a phosphate solution as the result of preci-
pitation of an aluminium phosphate compound of greater
stability (lower solubility) than kaolinite. Hemwall (1957),
in an excellent review article on phosphate reactions in soils,
points out that such findings essentially rule out anion-exchange
as a possible cause of fixation of significant quantities of soluble
P, therefore.

The importance of Fe and Al in P fixation has been
shown also by Bass and Sieling (1950). They found that the
amount of these two ions extracted from acid soils by citric
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acid! served as a good index of the ability of a soil to fix P
against subsequent extraction. Soils high in hematite,
Fe,0,4, and gibbsite, AI{OH),, release large quantities of
Fe and Al during citric acid extraction and also have a high
P-fixing capacity.

The number of compounds which P may form with
both Fe and Al in acid soils is considered to be large (Haseman
et al., 1950). Tt appears likely that one of the most prevalent
is variscite, AI{OH),H,PO,, as proposed by Swenson e al.
(1949}. Cole and Jackson (1950) observed the solubility of
this compound to attain a minimum at pH of 4-0.

Olsen and Watanabe (1957, 1960) and Cole and Olsen
(1959} compare the retention of soluble P by soils to other
reactions which result from adsorption to soil particle surfaces.
In this instance, an equilibrium is visualized as existing
between the adsorbed phosphorus and that in solution so that
the greater the extent of saturation of adsorbing surfaces with
P the higher its concentration in the solution phase. This
concept does not eliminate precipitation as the responsible
process for retention at the particle surfaces. However, should
this type of reaction be involved, the precipitates which form
are suspected to occur as extremely thin films (i.e., mono-
molecular layers) over these surfaces. As a consequence, the
precipitates in themselves present extensive surface so that a
relatively rapid interchange of P between the soluble and
precipitated phases can take place.

The validity of the above concept is strengthened by the
fact that the level of soluble P in soils with high total surface
arca on which adsorption or precipitation may take place is
not changed as radically by the addition of a given amount
of phosphorus as it is in soils of coarser texture. This is
illustrated in Fig. 9-2 by data derived from four alkaline,
calcareous soils of widely different texture. Here, the level
of soluble P is related to the quantity of this element added
to these soils. It may be noted that more P must be supplied

1 As has been indicated previously for certain other organic anions, the
citrate fon is capable of complexing Fe and Al, and thereby enccurages their
release from slightly soluble Fe and Al compouuds. Thus, the effect of adding
the citrate jon to an acid soil is not unlike that of P.
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FIG. 9-2. The relationship between the amount of phosphate
fertilizer applied to soils of different texture and the resultant
level of soluble P (after Coole and Olsen, 1959, and Olsen and
Watanahe, 1960,

to cause the same increase in level of soluble P as the texture
becomes finer and, therefore, as the total adsorbing surface
increases. For example, whereas about 75 lbs. of P,O;
applied to the fine sandy loam increases the level to 0°2 ppm.,
almost 300 lbs. are required to cause the same increase in
the clay soil.
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The importance of the level of soluble P to plant growth
15 exemplified in Fig. 9-3. In this figure, the quantity of
soluble P measured in the four soils considered above is plotted

Yield of bdrley — g. per pot

4 2 Fine sa. l.
o Sandy ci. i,
« Clay L.

2 X Clay

0 A .2 .3 4 .5 .6
P in solution — ppm.

FIG. 9-3. The yield of pot-grown barley as a function of the
level of soluble P established in four soils of different texture
through the addition of phosphate fertilizer salts (after Olsen
and Watanabe, 1960},

against the yield of barley grown on potted samples of these
soils. It is apparent that yields are increased as the soluble
‘P is increased through the addition of a fertilizer salt. By
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relating the results depicted in Figs. 9-2 and 9-3, howecver,
it becomes immediately obvious that more P must be applied
to fine-textured soils than to coarse-textured soils of low
soluble-P content if corresponding vyield increases in both are
to be obtained. Once the retentive capacity for P is satisfied
to the point where the soluble P in cither type soil is adequate
for maximum plant growth, on the other hand, the supply
of avatlable P will be maintained for a longer period by soils
of finer texture.

While the trials discussed above were carried out only on
alkaline, calcarcous soils, there is little reason why similar
results might not be expected from acid soils of humid regions.
A major difference may be anticipated, however, in the gnantity
of P which must be added to increase the level in soluble form
by a given amount. Olsen and Watanabe (1957) have con-
cluded from their work that, on the average, perhaps twice
as much P must be added to acid soils per unit of adsorbing
surface to yield an increase in soluble P which corresponds to
that obtained in alkaline soils presenting the same total surface
area per unit mass of soil. This, of course, conforms with the
general recognition of the exceptional capacity of many acid
soils to fix large amounts of P in a form which is unavailable
to plants. As postulated for alkaline soils, the reaction in
acid soils may result also from the formation of thin precipi-
tates over particle surfaces. However, the chemical composi-
tion of these precipitates probably will be such that their
solubility is low even though they present a large total surface
area which is in contact with the soil solution.

SOIL POTASSIUM AND ITS USE BY PLANTS

Nearly all of the potassium absorbed by plants remains
in a soluble, ionic form. It is not found in cell nuclel but
occurs in the cytoplasm of all plant parts. The exact function
of potassium in plants is not known, but it appears to be im-
portant in (1) the formation of protein and carbohydrates,
(2) the synthesis of chlorophyll, (3) the transformation of
NQ, to NH,, {4) the absorption of anions such ag NO,,
H,PO,, and HPO,, and (5} the storage of carbohydrates.
Because of this last item, potassium has an important bearing
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upon the quality of plants and plant products. The storage
and cooking quality of potatoes is impaired if grown on
K-deficient soil, Wheat and other small grains produced
under low potash fertility frequently have weak stems and,
therefore, are subject to excessive lodging.

Sails low in available potassium produce plants with dull
green leaves. If the deficiency becomes severe, edges of the
leaves turn yellow and finally die, producing a characteristic
deficiency symptom known as ‘tip burn’.

Reitemeier {1957) lists the nature of K-deficiency symptoms
for a number of crop plants. Generally, they follow the
pattern listed above and occur first in the older leaves of the
plant. A variation in observed symptoms is that their first
incidence in some plants may be as small yellowish spots or
mottlings along the edges of the leaves. Additional descriptions
of deficiency symptoms for potassium, and the various other
plant nutrients as well, are found in the publications edited
by Hambidge (1941) and Kitchen (1948).

FORMS OF POTASSIUM IN THE EOIL

Potassium occurs in the soil in various forms and com-
binations. By far the majority of the K is contained in such
minerals as biotite and muscovite micas and in feldspars. In
unweathered soil materials, K may constitute as much as 2
to 39, of the total weight of the soil, and it will occur mostly
in these mineral forms.

A second very important form of K 1s as an adsorbed ion on
the exchange complex. As much as 109, of the exchangeable
ions may be potash in normal, slightly to moderately weathered
soils, although it is usually present in lesser amounts. Yet,
there are some arid-region soils which have 509, or more of
their exchange positions filled with this ion.

Potassium is present in the soil in soluble form also. The
total amount of soluble K is usually small, and the exchange-
able form will cxceed it in total quantity by 20 or more times.

As was noted in Chapter 4, appreciable quantities of K
may occur in 2 : 1 minerals where it is held in the oxygen layer
holes in the silica sheets. This is particularly true for the
mineral illite, and for vermiculite in soils which have been
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treated liberally with potassic fertilizers. While K held in
these positions may be displaced by other ions, the reaction
is quite slow, Therefore, for practical reasons, the K held
in the oxygen layer holes is considered to be nonexchangeable.
When K ions are added to the soil and migrate into the in-
terlayer spaces to be retained in nonexchangeable form, they
are said to be fixed. Even so, K thus held is available to plants
although it may not be released to roots as rapidly as is ex-
changeable K. Consequently, fixation is not considered to be
a particular hindrance to the K nutrition of plants.

The Potassium Equilibrium in Soils

The various forms of K in the soil occur in equilibrium
with one another. Peech and Bradfield (1943) describe the
equilibrium state through use of the cquation:

Nonexchangeable K—Exchangeable K—==Soluble K (9-3)

The equilibrium concept is based on the frequent observation
that the level of exchangeable K in the soil may remain rela-
tively constant even though appreciable quantities of this
clement are removed by growing plants. Thus, it is not
uncommon to find essentially the same amount of exchangeable
K at the end of a growing season as was measured in the soil
at the beginning of the scason. This phenomenon is of most
common occurrence in soils containing appreciable quantities
of illite or other readily weathered minerals high in non-
exchangeable K. Where the mineral complex of the soil is
made up largely of kaolinite and the sesquioxides, on the
other hand, the K equilibrium will centre largely around
the exchangeable and soluble forms of potash only.

The addition of potassium salts to some illitic and vermi-
culitic soils will cause the reaction described by equation 9-3
to shift to the left. There is a limit to the change in this direction,
however, for any soil will have a definite capacity for fixing
K as is dictated by the number of oxygen layer holes available
within mineral lattices. Normally, K fertilizer materials

18
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seldom are applied in quantities sufficient to saturate sites of
fixation in the soil minerals.

The release of K from nonexchangeable form is of great
importance to the maintenance of the levels of available K
in the soil. A large amount of research has been conducted
to evaluate this phenomenon. The results of one such study
are summarized in Table 9-1 which shows the average amount
of K released to plants grown in the greenhouse on 10 different
soils. The harvested crops removed 119 lbs. of K per 2
million lbs. of soil, although the reduction in exchangeable
K during the course of the experiment was only 43 lbs,
Therefore, an average of 76 ibs. of the K absorbed by the plants
is assumed to have come from nonexchangeable forms.

Table 9-1. The releasc to plants of nonexchangeable K by 10 soils. Al values
are in lhs. K per 2 millicn lbs, of soil {aficr Stewart and Volk, 1946).

Exchangeable K Decrease in . K obtained from

4g— exchangeable Kb;cggx:d nonexchangeable
Initial Final K P form
80 37 43 119 ‘ 76

Plants differ in their ability to bring about the release of
K from mincrals or from positions of fixation. Evans and
Attoe (1948) found that, when the supply of available K was
low, oats encourage the release of nonexchangeable K to a
greater extent than does clover. This is related to the ability
of the oats to grow more thriftily on low-K soils than do many
other crop plants. Ou the other hand, these authors point out
that when the level of available K is high, release from non-
exchangeable forms to clover is greater than is the release to
oats. A greater depletion of exchangeable K results from
its high absorption by clover. 'Therefore, maintenance of
the K equilibrivm in the soil cropped to clover requires a
greater transfer of K from nonexchangeable to exchangeable
or soluble form.



SOIL PHOSPHORUS AND POTASSIUM 275

Fixation of K in the oxygen layer of the silica sheet
represents a reversal of the weathering process wherchy K is
lost from mineral crystals. Volk {1934) found that soils
treated for many years with K fertilizers contained clay high
in muscovite, a K-rich mica mineral. Unfertilized soils
from adjacent fields did not contain significant quantities of
this mineral.

The extent to which fixation of K will take placeis shown
by the data of Evans and Attoe (1948). They found that
almost 60%, of a very heavy application of potash was trans-
ferred to nonexchangeable form. However, a high degree
of fixation was invariably associated with a comparatively
rapid release of the fixed K to growing plants. This suggests
that migration of K into and out of the crystal lattice may
take place with about the same relative ease.

The Potasstum-Supplying Power of Soils

The ability of a soil to supply K to growing plants depends
not only upon the total quantity of K-bearing minerals
present but also upon the dominant particle size of these
minerals, Clays and loams which contain a relatively large
amount of easily wcathered K minerals, particularly illite,
may be expected to supply ample K for most crops. Sandy
soils require the addition of potash fertilizers more often
than do finer-textured soils, as a consequence. The large
particles of the K-bearing minerals in the coarse-textured
soils offer inadequate surface for the elements of weathering
to bring about rapid release of the K they contain. Since the
cation-exchange eapacity of sandy soils is low, added K will
not be adsorbed so extensively through exchange, and, therefore,
is more subject to loss by leaching in areas of high rainfall.
Frequent applications of small quantities of fertilizer K is
advisable under these circumstances. In fine-textured soils,
however, addition of K may be in such quantity as will supply
the needs of plants for several years. Potassium that is not used
during the season following application remains available for
subsequent crops.
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Losses of Potassium from the Soil

Available potassium is lost from the soil in various ways:
(1) through leaching, (2) crop removal, and {3) by erosion.
The prevention of leaching and erosional losses will correspond
to those suggested for N.

Potassium frequently is absorbed by plants in amounts
in excess of that needed to sustain satisfactory growth. Known
as luxury consumption, this waste is of particular importance if an
appreciable proportion of the K must be supplied in the form
of fertilizer. It is possible to minimize the effect of luxury
consumption if fertilizer applications are frequent and if the
amounts supplied each time are not excessive. The return
of K in crop residues and in manures is important in replacing
K lost from the soil through over-exploitation by growing
plants.

POTASSIUM FERTILIZER MATERIALS
All forms of K fertilizers are readily soluble in water.
This means that the major sources will be about cqual in their
ability to supply available K to plants. The composition of
potash fertilizers is expressed on the basis of percent content
of K,0. The most widely used fertilizer salts are as follows :

Muriate of potash, KC1, containing 47 to 619, K, 0.
Sulfate of potash, K,50,, containing 47 to 529, K,O.
Saltpeter, KNO,, containing 43 to 45%, K, O,

The total amount of K, O each fertilizer contains is dependent
primarily upon the purity of the finished product.

The sulphate and nitrate forms of potash fertilizers may
be preferable in those soils where cither N or S is deficient also.
However, the cost of the K-fertilizer material may be such
that supplying these two nutrients in some other form is more
economical.

POTASSIUM AND S0DIUM RELATIONSHIPS IN SOILS

Recent research has disclosed that, in certain instances, the
Na ion appears capable of assuming partially the role of K
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in the nutrition of some crop plants. For these particular
plants, moderate K deficiency may be remedied by the addition
of a Na salt. Complete lack of K cannot be compensated for
by Na, however. In a limited number of trials, improved
yields have been observed where Na was applied even in the
presence of adequate K. Because of this, there is a tendency
on the part of some to consider Na as an essential plant nutrient,
at least for some plant types. Generally, however, most
plants appear to thrive just as well without Na as when this
ion is present.

Frequent papers on the role of Na in plant nutrition occur
in the literature, Among them are those of Lehr (1951)
and Truog ef al, {1953).



REVIEW QUESTIONS

Describe the relationship between the form of the phosphate
ion and pH of its solution. Why does the solubility of this ion
differ at a pH of 8 depending upon whether it is accompanied
by Ca or Na?

Explain the basic differences in phosphate fixation under
acid-soil and alkaline-soil conditions.

From which would you expect to find a higher level of soluble
P, a soil at pH of 4 or the_same soil which has been limed
to a pH of 65 Why?

Explain why placing P fertilizer in a band in a soil having a
high phosphate-fixing capacity will increase its availabihty to
plants. Why may liming the soil have the same effect ?

‘Why does raw rock phosphate produce poor results in neutral
to alkaline soils ?

Describe the potasstum equilibrium in soils.

What is the significance of the terms “fixed” and “‘non-
exchangeable” potash ?

Why is the release of K from nonexchangeable form so im-
portant to the fertility of soils ?

Why aie the NH, and K ions fixed by clay minerals in a
similar manner {see p, 133) ?
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CHAPTER TEN

SOIL CALCIUM, MAGNESIUM, SULFUR AND THE
MINOR ELEMENTS

Prant NuTRIENTS other than N, P, and K have received
comparatively little attention in soil and plant research. FEven
s0, investigations concerning these lesser elements have been
very numerous. Many reasons may be listed for the secondary
position given them. In the first place, they occur much less
frequently in soils in amounts limiting to plant growth than do
N, P, and K. For sulfur and the trace elements, at leasc,
complexities in analytical procedures have discourzged their
study also, However, recent advances in labnratory techniques

have resulted in an increased interest in most of these plant
nutrients. -

CALCIUM

Calcium is unique in that it can occur in abundance, but
not necessarily in excess, in calcareous soils; it can be present
in harmful quantities in soils of high salt content ; and essentially
lacking in leached, acid soils. In most soils, the major part
of the exchange positions is filled with Ca. This is true even
undcr moderately acid conditions. Its preponderance on
the exchange complex is derived from the fact that many soil
minerals are rich in Ca, and, as an exchangeable ion, is held
to soil particles more tightly than other common cations
except H and Al.  Most Ca minerals present in soil materials
have a comparatively high weathering rate.

Calcium occurs largely in plants as a pectate, a constituent
of the cell wall, Frequently it is found as insoluble precipitates
such as calcium oxalate. Precipitation reactions with Ca
are considered as inhibitory to the accumulation of certain
toxic substances in plants. Only a small portion of the Ca
in plant tissue is in a soluble form, It is virtually immobile
in the plant itself and tends to accumulate in the older tissues.
As a consequence, Ca-deficiency symptoms are peculiar to the
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younger plant parts, i.e., buds and new leaves. Either the
buds may fail to form, or the new leaves may have a characteris-
tically irregular or uneven edge. Because of the limited transfer
of Ca from old to ncw tissue within a plant, fresh supplies must
be continuously available in the sofl for absorption and transfer
to the meristematic regions. Roots fail to develop properly
in low-calcium soils, a fact which accounts for their frequent
absence in subsoil layers of strongly acid, leached soils.

The availability of Ca to plants in lime-free soils is related
to the proportion heid on the exchange complex, Marshall
(1948) has shown that the Ca-ion concentration of the soil
solution of acid soils remains very low until the exchange
complex becomes at least 709, saturated with this cation.
This is particularly true for the montmorillonitic clay colloids,
although Ca may not need to constitute so large a proportion
of exchangeable ions where the exchange material has a high
pH-dependent charge. Where the jon associated with Ca
on the exchange complex is Na, even a higher percent saturation
with Ca is necessary to maintain an adequate level for plant
growth and good soil physical conditions.

As opposed to conditions in ime-free soils, the availability
of Ca in calcareous soils is dependent upon the CO, content
of the soi! solution. Increasing the quantity of CO, in the
solution reduces the pH and increases the solubility of CaCO,
through its conversion to Ca(HCQ,),. The availability of
Ca to plants in calcareous soils below pH 82 is considered
generally always to be adequate. As the pH 1is increased
above 82, the solubility of CaCO, is suppressed even to the
extent that exchangeable Ca is precipitated. Above pH 9-0,
Ca solubility may be so low that it will no longer be
adequately available to plants.

The correction of Ca deficiency occurs almost invariably
as a consequence to adjustment of the soil pH, This may be
done either by liming an acid soil or by treatment of high
Na soils with gypsum or other amendment. It cannot be said
that major benefits from these operations are obtained through
the addition of available Ca only, because a large part of the
gains come from improved physical properties, changes in the
availability of other plant nutrients with the change in pH,
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and the improvement in conditions of growth for beneficial
soil microorganisms, That the addition of Ca ions alone may
not always benefit supposedly Ca-deficient, acid soils is shown
by Fried and Peech (1946). Whereas the simultaneous
correction of soil acidity and low Ca supply with CaCQ , brought
about good recovery of deficient plants, similar responses were
not obtained with gypsum. The latter salt did not increase
the pH of the soil ; in fact, adding a salt such as CaSO, to
an acid soil usually will reduce the pH. Upon adsorption of
the added Ca, H and Al ions are displaced and result in the
formation of H,50 . In some instances, the further reduction
in soil pH this causes may have detrimental consequences
which far outweigh the benefits derived from increasing the
available Ca supply.

An ample supply of available Ca is necessary for the proper
functioning of soil organisms responsible for N fixation and
organic matter decay. The author (Hausenbuiller, 1950}
observed a marked increase in the decay rate of organic
materials when lime was added to the soil even though the
exchangeable Ca level was initially high. The exact role played
by the Ca is not completely understood, but it does relate to the
indirect influence it has through pH control and the availability
of other plant nutrients, In addition, the requirement of the
organisms for Ca is high.

The application of lime for correction of acidity is by far
the most important use made of Ca-supplying materials.
Occasionally gypsum is used for increasing the level of ex-
changeable Ca in high Na soils. Otherwise, Ca additions usually
are incidental to the supplying of other fertilizer materials,
particularly ordinary superphosphate. Major considerations
in the use of lime are covered in Chapter Five.

Caleareous Soils

Calcareous soils, or those containing a measurable quantity
of free lime, are common to a large part of arid mountainous
regions of West Pakistan, the Indus and Ganges basins, and
the Deccan Plateau. The most common occurrence of lime
is as kankar, the lime concretions which are found at various
depths throughout part or all of the soil profile. The origin
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of kankar appears to be from one of two sources, namely,
precipitation at the surface of a water table, or the reprecipi-
tation of lime dissolved in the surface soil and carried into the
subsoil by rain or irrigation water. The kankar may occur as
small nodules, often with a very irregular, knobby, or branched
shape, or as subsoil deposits so extensive that they occur as
continuous, compact, hardpan layers.

Formation of kankar layers at the surfacc of the water table
probably results from a reaction of bicarbonate in the ground
water with Ca carried down in the soil solution from above,
Water rising by capillary action from the water table can
lose GO, slowly which causes the conversion of the HCO,
ion to the CO, ion and the precipitation of Ca, z.e.,

Ca(1iCO,), - H,0+CO,+CaCO, (10-1)

Further, as water saturated with CaCO, rises from the water
table and is utilized by plants, the CaCO, it contains will be
precipitated within the soil.  Similarly, water penetrating into
the soil dissolves CaCO, in the surface layers and carries it
downward to be precipitated in the subsoil by the same
mechanism. The depth at which layers of precipitated lime
occur in the soil will increase with increasing quantities of
percolating water. Studies on the characteristics and occur-
rence of kankar in arid-region alluvium and in Deccan soils
have been carried out by Singh and Lal (1946).

The prescnce of kankar in the soil should not be considered
harmful. True, it is a source of precipitant for added P
fertilizers, but, as discussed in Chapter Nine, phosphorus reverted
in this manner retains a relatively high degree of availability.

In subcontinent soils of the drier regions, lime is virtually
always present, frequently amounting to as much as 10 to 139%,
of the total weight of the soil. In locations where the soil
surface is not changed by erosion or deposition of new materials,
lime may be expected to occur up to the surface provided the
rainfall amounts to no more than about 6 in. per year. With
increasing annual precipitation, the depth to accumulating
lime will increase. This depth is also a function of soil texture.
It occurs at from 40 to 50 inches beneath the surface in the
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medium-textured soils along the approaches to the Himalayan
Mountains with rainfall amounting to less than 25 inches
per year. In clayey soils on the Deccan Platcau, lime may
occur nearer the surface than this even though annual preci-
pitation is somewhat higher. Any effort to show the relation-
ship between the depth to lime and the climate of an area
must involve studies on virgin soils where the effects of accel-
erated erosion and applied irrigation and flood waters have
not confounded the effects of climate on soil properties.

Significance of Caleium Determinations in Soils

Frequent reference is made in scientific literature of the
subcontinent to values for exchangeable calcium or acid-
soluble calcium in the soil.  Only under certain circumstanccs
will these values have any significance.

Extraction of calcareous soils with either a salt or acid
to determine exchangeable calcium usually releascs appreciable
quantities of this ion from CaCO,. So much may be released,
in fact, that the total Ca extracted by these procedures ofien
excecds the valuc for the cation-exchange capacity of the soil.
If corrections could be apphed for the CaCO, solubilized,
meaningful exchangeable calcium values would be obtainable.
However, there is no known method wherein Ca {from this
source can be evaluated accurately. Where free lime does
not occur in the soil, extraction with nentral or slightly alkaline
salt solutions will remove the exchangeable form of Ca without
dissolving significant quantities of Ca-bearing minerals.
Similarly, salt solutions or even weak acid solutions will extract
essentially only exchangeable forms of Ca from normal, acid
soils. Readily soluble calcium minerals will occur in minimum
quantity in such soils.

The determination of exchangeable Ca in recently limed
soils is determined with considerable difficulty at times. This
is particularly true if some of the added lime granules remain
undissolved in the soil. Calcium released from these granules
in the field soil will maintain the adjacent clay particles in a
state of near Ca saturation. Movement of the Ca ions away
from the granules will be limited, however, and the distribution
of Ca throughout the soil mass in the field will be highly
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variable. The availability of Ga to plants will be determined
by the number of isolated zones high in Ca which can be
contacted by foraging plant roots. If samples of these soils
are examined in the laboratory through extraction procedures,
a large part if not all of the lime particles will be dissolved and
will appear to occur in exchangeable form. Thus, the
laboratory analysis for Ca will lead to the conclusion that much
more of this ion is available to plants than would be true under
field conditions.

It may be seen, then, that caution must be exercised in
selecting procedures for assessing the Ca status of soils. The
use to be made of the specific analytical data must be ascertained
before analyses are attempted, if they are to be tried at all,
Methods for determining various forms of Ca in the soil are
discussed by Piper (1950).

MAGNESIUM

Similarities between Ca and Mg in soils are many. Very
frequently these two cations occur together in the same mineral,
particularly in dolomitic limestone. Magnesium salts are
generally niore soluble than Ca, and, as a consequence, tend
to disappear from the soil more rapidly as a result of leaching
than do Ca salts. Magnesinm is present in the soil in soluble
and exchangeable form and as a constituent of slightly soluble
minerals. One distinguishing characteristic of montmeorillonite
clay is that it contains a significant amount of Mg which
occupies lattice positions normally filled by Al ions.

Magnesium occurs as the only metallic ion in the chloro-
phyll molecule and, for this reason, is highly essential for
normal functioning of the plant, It is thought to aid in the
translocation of starch within plants and in the formation of
fats and oils, It appears also to affect the absorption and
translocation of P.

A deficiency of Mg in plants reflects in stunted growth.
As the deficiency becomes more acute, chlorosis, or loss of
green colour due to the lack of chlorophyll, occurs. 'The
chlorosis is not over the entire leaf surface, however, but
is observed at tips or, more often, in the areas between the
veins of the leaves {interveinal chlorosis), Unfortunately,
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deficiencies of several of the minor elements, especially Zn
and Mn, also cause chlorosis in interveinal areas, Thus,
the development of this visual symptom cannot be used alone
as a positive identification of Mg deficiency.

Magnesium, unlike Ca, remains relatively mobile in the
plant and is readily translocated to the young meristematic
tissue. Symptoms of deficiency appear first in the older
leaves, therefore. This is quite apparent in the cotton plant
grown on low-Mg soils. The lower leaves may show a distinct
brownish or reddish-purple colouration in the interveinal
areas. In severe cases, the lcaves eventually turn brown and
die.

Supplementation of Mg in the soil usually occurs when
lime is added for the control of an acid reaction, However,
if materials of very high Ca analysis are used continuously,
liming may result in a depletion of soil Mg or development
of a physiological unbalance between this ion and Ca. Epsom
salts (MgSO,.7H,0) or potassium magnesium sulfate
(K;50,.MgSO,) are used most frequently for supplying Mg
when the addition of a liming material is not desirable,

SULFUR

Sulfur in plants, like N and P, occurs largely as a consti-
tuent of proteins. Cystine, for example, is a S-bearing
protein compound. In addition, S is contained in essential
oils in some plants. The characteristic odours of garlic and
mustard are attributable to sulfur-containing oils. Sulfur
appears to be esscntial for formation of chlorophyll and protein
in plants and affects the assimilation of carbohydrates.

A large part of the § in plants occurs as the SO, ion.
In this form, it is mobile and tends to accumulate in younger
plant parts. Upon maturation of the plant, S tends to con-
centrate in the seeds. Due to its mobility, visual symptoms
of S deficiency appear in older leaves first, and are characterized
by a general or overall yellowing of the leaves and stunted
plant growth. This characteristic is particularly noticcable in
lucerne.

Cotton, tobacco, and legumes require S in relatively large
amounts, and generally are the plants most responsive to a
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S application in S-deficient areas. Tea apparently has a high
S requirement and has been noted to benefit from § treatment
in tropical regions. Small grains and maize need lesser
amounts. Usually the addition of from 20 to 30 lbs. S per acre
to S-deficient soils will supply the needs of most crops.

A large part of the soil S is present in the organic fraction
and is released to plants through mineralization. Deficiency
may occur in sandy soils of low organic matter content where
the leaching rate is high. The use of manures and ammonium
sulfate and ordinary superphosphate fertilizers provide S to
most soils in sufficiently large amount. Where these materials
are used at least occasionally, there should be little question as
to the presence of adequate § in the soil.

Since the S and organic matter contents of soils tend to
parallel each other, we might expect soils of arid regions to
contain the lowest amounts of this element. However, these
soils frequently have high concentrations of soluble sulfate salts,
including gypsum, and it is rare for S deficiencies to occur in
them.

In the irrigated areas of the Indus and Ganges Plains,
irrigation waters should supply ample S for plant growth. This
is especially true for waters from wells, because ground waters
in some areas are quite high in soluble sulfate. Though river
waters are generally lower in S, as much as 50 or more pounds
per year may be applied in irrigation water from this source.

Sulfur deficiency may be corrected by the addition of
manures and S-containing fertilizers as mentioned above.
Correction may also be brought about by the addition of
gypsum or elemental S. In the latter instance, the insoluble
S must first undergo conversion to the SO, ion. The oxidation
of § usually is rapid because sulfur-oxidizing organisms, parti-
cularly Thiobacillus, are present in soils everywhere.

COPPER

The role copper plays in plant nutrition is somewhat
obscure and highly variable. Apparently this metallic element
is essential to several enzyme systems in plants and particularly
those important in oxidation-reduction reactions. It may be
necessary for the utilization of N in the ammonium form,
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Plants grown in nutrient solutions with ammonium forms
of N require higher level of Cu than when other forms of N
are used.

Little is known about the forms of Cu in the soil. See-
mingly, it is subject to strong fixation, but the seat of this
reaction is not recognized.

According to Reuther (1957), only a small part of Cu
added to soils is recoverable by exchange displacement.
The fixation is greatest in finc-textured soils or those high in
organic matter, Fixation is not so great if the soil is strongly
acid.

Symptoms due to insufficient Cu in the soil vary so widely
that no generalized description of them can be given. The
interested student is referred to publications which provide
specifically this type of information, Reference works cdited
by Hambidge (1941) and Kitchen (1948) list a large number
of deficiency symptoms for Cu and most of the other plant
nutrients,

Correction of a deficiency of Cu can be accomplished
readily by soil application of Cu salts such as CuSO,. Only
very small amounts, 5 to 25 1bs. of the salt per acre, appear to
be sufficient. Since Cu is highly toxic to plants, oversupply
must be avoided.

ZINC

The behaviour of Zn in soils approximates closely that
of Cu. Whereas many soils are characteristically deficient
in both Cu and Zn, others are not. Zinc deficiency is much
more widespread.

As with Cu, the function of Zn in the plant is associated
with various enzyme systems. Of particular importance is
the role it plays in the formation of auxin, the growth-promoting
hormone in plants. Zinc-deficient plants are characteristically
stunted due to limited shoot elongation. The distance between
the leaf nodes is greatly reduced. As a consequence, leaves
normally widely separated along a stem occur very close
togcther, Lack of Zn also causes chlorosis in the interveinal
areas of the leaves.
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Zinc is mobile and accumulates in the actively growing
parts of the plant. Thus it is common for deficient plants
to show chlorosis in older leaves whereas the new leaves
appear quite healthy. Viets of al. (1954) describe the Zn-
deficiency symptoms of a large number of crop plants., They
found the Zn content of plant tissue to serve as an index of the
availability of the Zn in the soil.

Zinc deficiency may be corrected by spraying plants with
Zn solations or by applying soluble Zn salts to the soil. Exces-
sive amounts are toxic. Some soils with a high fixing capacity?
will not respond to light applications of the soluble salts.
The use of chelated Zn compounds? are more effective in such
instances. Zinc chelates tend to move freely through the soil,
and, therefore, remain morc highly available to plants than do
adsorbed forms. Miller and Ohlrogge (1958a and b), however,
have shown that certain organic chelating substanccs appear
in manures and organic materials which, upon combination
with Zn, reduces its availability to plants. This would suggest
that Zn held in these organic combinations may not be absorbed
readily even though the Zn is kept in soluble form. The
occurrcnce of Zn deficiency in plants grown where manure
has been stored previously has been recognized for many years.
The presence of organic chelating agents in the soil would
explain this behaviour.

BORON

The availability of boron to plants is dependent upon
the quantity of its soluble form present. One to two ppm.
of soluble B in the soil is ample to supply plant nceds. Higher
concentrations are toxic to some plants. The principal reserve
form of B is as the relatively insoluble mineral tourmaline.
In addition to the mineral and soluble forms, B is also held
temporarily in organic combination in plant tissue and micro-

1 The affinity of most soils for Zn is so great that a solution passed through
them is virtually Zn {ree when it drains from the bottem.

% Chelgies arc soluble, molecular compounds in which such elements as Zn
and Cu are so tightly held that they will not enter into exchange or fixation reac-
tions. Ethylene-diamine-tctraacetic acid {EDTA) is a chelating agent {or
complexing or sequestering agent) for Ca. The Na form of EDTA will dissolve
CaCQO, and is used in the determination of Ca in salted soils.

19
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bial cells, and is fixed by soil minerals. Although the mechanism
of fixation is not known, it appears to be intensified by increasing
the pH of acid soils, and has led to the occurrence of “over-
liming injury” in some areas. An elevated pH alone does not
cause the deficiency of B, however, for many alkaline soils are
plentifully supplied and, sometimes, over-supplied with it.

The reduction in B availability with increasing application
of lime is attributable partiaily to the increase in concentration
of Cain the soil, It can be related to the level of both available
Ca and B in the soil. Either too high or too low Ca: B ratio
proves detrimental to plant growth,

Crops differ in their B requirements and their ability
to absorb B when grown under similar conditions. Berger
(1949) reports on the B concentration in numerous plants, and
states that it may range from 2 to 95 ppm. in different plants
grown on the same soil, He rates a large number of crops
as to their need for B, these requirements being based on the
amount of hot-water-soluble B in the soil. A partial list of
these plants is shown in Table 10-1,

Table 10-1. Boron requirement of some common field crops and vegetables
cxpressed as the hot-water-soluble B content of the soil.

Plants with high Plants with medium Plants with low
requirement, greater requirement, 0'1 - requirement, less than
than 0'5 ppm. to 05 ppm. 01 ppm.
Apple Tobacco Small grains
Lucerne Tomato Maize
Clovers Lettuce Beans
Red heets Peach Ciitrus
Sugar beets Olive Potato
Cabbage Cotton Grasses
Cauliflower Peanut Flax
Celery Carrot
Onion
Pear

The status of B in subcontinent soils is open to some
question. River waters used for irrigation in the western
arcas appear to be relatively low in B (Eaton, 1953) and may
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give rise to B deficiency in some locations. However, the
tendency for salts to accwmulate in these areas may be sufficient
to maintain adequate levels of B in most instances.

Boron-deficiency symptoms are very similar to those
causcd by a shertage of Ca. They appear first in the young,
developing tissues and are characterized by growing tips which
fail to elongate properly. As with Zn deficiency, leaves of
B-deficient plants appear to originate from the same locus on
the stem causing a “rosette™, or closcly grouped whorl of leaves,
Often the younger leaves grow very slowly, and are yellow or
yellow-red in colour. Boron-deficient plants may fail to set
fruit, even though initial stages of flowering appear to he
normal. The occurrence of B-deficiency symptoms in young
tissue supports the belief that B is immobile within the plant
and cannot migrate from older to newer parts. In this respect,
it is also similar to Ca.

Boron appears 1o be involved in a large number of functions
in plants. It has to do with cell diviston and growth, water
use and movement, the translation of sugars through the plant,
and the synthesis of organic compounds, particularly proteins.
In the absence of B, simple carbohydrate compounds tend
to accumulate within the plant.

Correction of B deficiency is possible through the addition
of a soluble borate. Borax (Na,B,0,.10H,O) is normally
used. Extreme caution must be exercised in the application
of soluble borates to the soil. Usually from one to two Ibs.
of B, corresponding to 10 to 20 lbs. of borax, constitutes a
suitable application for plants of a high boron requirement.
Soil treatment with larger amounts of this fertilizer material
may damage seriously those plants which are not tolerant to
boron excesses.

IROXN

The soil generally contains an abundance of iron, It is
not uncommon for iron oxides to make up more than half of
the soil mass where intense weathering and leaching have
reduced the SiO, content to a low level. On the other hand,
in strongly acid soils, the solubility of iron is such that it tends
to disappear and may be reduced to as little as 10%; of the soil
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orless. Evenwhere the total guantity of Feis high, that present
in a form available to plants is frequently very low.

In young, slightly weathered soils, iron occurs largely as
ferro-magnesium minerals or as pyrite (FeS). In older, highly
weathered soils, its predominant form is as the oxide. Iron
oxides will be found primarily in the clay fraction, the result
of intense weathering.

In the oxidized (ferric) state, Fe is essentially insoluble
and unavailable to plants. Under conditions of poor aeration,
such as in waterlogged soils, conversion to the reduced state
increases its solubility. However, this does not necessarily
assure greater availability of the iron. Inundation of alkaline,
calcareous soils by flood waters, for instance, often is followed
very shortly by the appearance of Fe-deficiency symptoms in
sensitive plants.

Iron is associated with enzyme systems in plants, parti-
cularly those having to do with respiration. It is also essential
for chlorophyll formation although it is not a part of the
chlorophyll molecule. Deficiency symptoms attributable to the
lack of Fe result first in an interveinal chlorosis caused by the
absence of chlorophyll. In severe cases, the entire plant lcaf
becomes vellow or almost white. Because Fe is immobile in
the plant, chlorosis is apparent initially in the younger leaves.
Woody plants show the symptoms most frequently, Grapes and
peaches are highly sensitive to low levels of available Fe.

Iron is absorbed by the roots in ionic form. Either its
absorption or utilization by plants is interfered with by a high
concentration of other heavy metals such as Zn, Mn, and Cu.
Iron deficiency may be accentuated by an application of a
manganese salt, for instance.

The availability of Fe is governed chiefly by the pH and
state of oxidation in the soil. Deficiencies occur most often
in alkaline and calcareous soils where the iron is precipitated
as Fe{OH),.

The most generally accepted method for increasing the
availability of Fe in alkaline soils is through acidification
{i.e., with sulfur) or through application of an acid-forming
iron salt. The acidifying agent or iron salt either should be
banded in the soil or applicd in coarse granular form. 'This
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will cause the acidification of a sufficient number of small,
localized zones within the soil to supply adequate soluble Fe
to foraging plant roots, Spraying plants with dilute solutions
of Fe salts also gives a degree of correction of Fe-deficiency
symptoms.

As with zine, iron may be kept in solution by complexing
or chelating agents. Certain organic compounds of Fe
maintain it in a soluble state by this mechanism. Apparently
these compounds are absorbed directly by the plant, a behaviour
which is dissimilar to that of some organic Zn compounds.

Iron deficiency occurs often in vineyard and orchard
plants, This appears to result from use of rootstocks which are
incapable of extracting and transporting adequate amounts
of Fe to the above-ground plant parts. The difficulty may be
overcome in most instances through use of proper rootstock
material.

MANGANESE

The behaviour of Mn closely resembles that of Fe, both
in the plant and in the soil. These two elements are affected
similarly by pH and state of oxidation, and are found to be
closely associated within the plant.

Manganese-deficiency symptoms, like those of Fe, appear
first in the young, actively growing plant parts. The symptoms
for Mn deficiency are not so pronounced as for Fe, the tendency
being for the chlorotic areas to remain relatively small except
in severe cases. This fact has given rise to common descriptive
names for Mn-deficiency symptoms such as “whitc spot” and
“leaf spot”. Sometimes deficicncies of Zn and Mn may
be relatively indistinguishable, and the only positive means of
identification rests with observing response to separate treat-
ments with these two elements. Occasionally a plant that
responds to Mn will benefit also from a simultaneous application
of Fe, again attributable to their similar behaviours.

Manganese is considered to be involved in the control
of the status of Fe in the plant, When the Mn level is suitable,
iron appears to persist in the more mobile, ferrous state,
A low level of Mn, on the other hand, results in excessive
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oxidation and immohilization of the Fe. At the other extreme,
an excess of Mn intcrferes with the absorption of I'e by plant
roots. 'The exact cause of this is not known.

Manganese deficiencies occur more frequently in strongly
leached soils or in alkaline, calcareous soils. Liming an acid
soil reduces the availability of Mn, apparently because oxi-
dation to insoluble MnQ, is encouraged. The low availability
of Mn in alkaline, calcareous soils is attributable to this cause
also. 7

Correction of Mn deficiency is accomplished most fre-
quently by addition of a salt, usually manganese sulfate,
dircctly to the soil. This proves to be a satisfactory procedure
if the soil is somewhat acid. However, in neutral to alkaline
soils, it is prefcrable to mix the salt with elemental sulfur and
place the mixture in a band beneath the soil surface. The
solubility of native Mn in alkaline soils may be increased
by application of sulfur alone. This treatment, of course,
results in acidification of the soil.

MOLYBDENUM

Molybdenum has been added relatively recently to the list
of elements essential to plants, even though it has been known
to be necessary for the dcvelopment of microorganisms for
many years. This element is required in extremely small
amounts, and suitable ratcs of application for correcting a
deficiency are sometimes less than onc ouncc per acre,

Molybdenum deficiencies are not widespread but, in
certain instances, they may be very acute. The molybdate
ion appears to be fixed in unavailable form in acid seils but
becomes available upon liming. It is relatively soluble in
neutral soils and may be leached from them readily.

One of the most notable functions of Mo is in the nutrition
of nitrogen-fixing organisms. Both symbiotic and non-
symbiotic bacteria fail to develop properly in its absence.
Legumes grown in Mo-deficient soil may acquire a yellow
colour typical of N deficiency, and the symptoms can be
removed by the application of either Mo or N.

Since the rate of Mo applied to the soil is so low, it is
advisable to mix the salt with some diluent (soil, sand) to allow
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its uniform distribution in the field. A common practice is
to supply a soluble Mo compound mixed with another fertilizer
such as superphosphate. Scils low in Mo are, more often
than not, also low in available P.

The functions of Mo in plants have not been clearly
defined. Their benefit is not only through stimulation of
N-fixing organisms, however. Plants other than legumes
have shown a need for Mo, particularly the Brassica family
(i.e. cabbage, cauliflower, etc.).
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REVIEW QUESTIONS

Why is the availability of Ca the highest near the neutral point
and lowest at the two extremes in soil pH ?

Describe the difficulties associated with determining the level
of exchangeable Ca in calcareous or limed soils. Why does
the level of exchangeable (la have little significance in such
soils with respect to the availability of this element to plants ?

Explain how karker (soil lime) is formed,

Why does a deficiency in magnesium result in chlorosis in the
plant ?

Why do deficiency symptoms for Mg and Ca occur in different
parts of the plant ?

What are the major sources of B and S in the subcontinent in
{1) the arid, irrigated areas, {2) in the humid, tropical areas ?

Name the trace or minor elements and state their known
functions in plants.

Explain what is meant by “chelating™ agents, and tell why
they are capable of increasing the availability of some cationic
trace elements to plants.

Why are iron and manganese less available in alkaline, cal-
careous soils than in acid soils ?

Why has it been more difficult to prove the essential nature of
the trace elements than for the major plant nutrients ?
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CHAPTER ELEVEN

FERTILITY MANAGEMENT

AmoNc factors controlling the production of agricultural
crops, none are more important than the presence of an
adequate and continuous supply of moisture and a suitable
and well-balanced level of available plant nutrients in the soil.
Of these two prime factors, the improvement in management
of the fertility status is probably of greatest immediate concern
to those interested in raising the average output of agricultural
products in the subcontinent. Improvement of the moisture
status includes increasing the supply of water for irrigated
lands, removing excesses where waterlogging is a problem, and
increasing the efficiency of utilization of moisture derived from
natural rainfall in unirrigated (barani) areas. For the most
part, changes necessary to improve the water status will come
about slowly because the programmes involved are necessarily
expensive and difficult to develop. Improvement in pro-
ductivity through better fertility management can be realized
almost immediately, on the other hand. For this, it is required
that natural manurcs-bewtilized more extensively and in kecping
with recommendations discussed in Chapters Six and Eight.
Organic materials as a source of supplemental plant nutrients
are inadequate to sustain the agriculture of the subcontinent,
however, even if all were returned to land under ideal condi-
tions. Therefore, the use of artificial manures must bhe in-
creased, but not indiscriminately, Care is needed in selecting
the supplemental plant nutrient to be used, for all lands do
not require treatment with the same fertilizer materials.
Their method and rate of application must also be along lines
based on sound principles which permit efficient use of these
scarce commodities. Summarily, then, not only must the
need for fertilizers be recognized, but also proper techniques
of fertility management must be followed to ensure maximum
gains from their use.
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TECHNIQUES IN FERTILITY MANAGEMENT

At least five factors must be considered in fertility manage-
ment. They are as follows:

) Use of proper fertilizer materials.
) Use of proper methods of application.
(3) Use of fertilizers at suitable rates of application.
) Use of adapted and high-yielding plant varieties,
) Elimination of conditions, other than low nutritive
status, which will interfere with plant growth.

These factors are discussed in the following paragraphs.

Determining the Proper Fertilizer Material

A fertilizer material is suitable if {1) the plant nutrient it
contains is needed for increased crop production on the land
in question, and (2) if the form in which it is applied is readily
available to plants.

It is not a simple matter to determine which of the many
plant nutrients may be lmiting the yields obtained from a
specific soil, but a number of means are available for this.
Among them are (1) ficld experimentation with fertilizers,
(2) greenhouse pot tests, {3) the visual identification of nutrient-
deficiency symptoms in the plants, (4) plant analysis, and
{5) soil analysis. :

The most time-consuming and yet the surest procedure to
determine nutrient deficiencies is the field trial in which a
fertilizer containing the nutrient suspected of being limiting is
applied to the land and resultant response by plants measured.
Proper techniques of application must be used to minimize
leaching or volatilization loss, excessive fixation of the nutrient
by the soil, or its isolation in the dry surface soil where plant
roots will not function. Check or control areas must be
provided for by leaving a part of the land unfertilized. Only
in this way can the true effect of the added plant nutrient be
measured.

Pot tests, such as those described by Vandecaveye (1948),
Colwell (1943), and Jenny et al. {1950), may be used successfully
in determining which nutrient is in low supply in the soil.
An advantage of this procedure is that the response to several
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plant nutrients applied to a large number of soils can be
measured at one time and with a minimum of effort and
expense. However, plants respond to some fertilizer treatments
much more in pot trials than they do in field trials. As a
result, soils which do not appear deficient in the field are
deemed often to nced fertilizer treatment as a result of observa-
tions from the pot trials. This is especially true for the
nutrients N and P,

Deficiency symptoms, as discussed bricfly in previous
chapters, are often very helpful in diagnosing shortages of some
of the plant nutrients. Since these symptoms are extremely
variable, their usc is practical only for one experienced in recog-
nizing them. The same may be said for the use of plant and
scil analysis in predicting the need for fertilizer materials.
Interpretation of results from soil analyses is complex because
numerous methods arc used, some of which are specific for cer-
tain types of soil but meaningless when used on others. As will
be emphasized shortly, a soil test is of value only when measured
quantities of nutrient found in the soil by chemical means
are shown to relate to the availability of that nutrient to crops
grown in the field. Likewise, whereas the quantity of a
specific nutrient found in plant tissue often is related to the
level of available nutrient in the soil, this is not always true.
Various factors influence nutrient uptake, and, unless these
factors are understood and evaluated, plant composition may
give an entircly false impression concerning the availability
of a nutrient in the soil,

Probably the most useful method of diagnosing nutrient
deficiencies is the rapid soil test. Because of the importance
of this technique and the generally poor understanding of its
value and limitations by most agriculturists, the soil test is
discussed in detail in the closing sections of this Chapter.

Method of Fertilizer Application

Proper fertility management requires not only the correct
identification of a nutrient deficiency, but also, when this
nutrient is added to supplement that present in the soil, its
method of application must permit efficient utilization by plants.
Improper methods of application can, in some instances,



Maize showing the effects of nonuniformity in soil
fertility, Correction is possible through the
proper application of fertilizers and manure.

Cotton showing the eflects of inadequate fertility in the soil {left)
and the effect of treatment with manure (right). Note that the
manured cotton stands as high as a man’s head. (Fxperiment
conducted by Prof. M. U. Din, Punjab Agricultural College,

Lyallpur, West Pakistan)
Plate 2 Facing page 300
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result in essentially complete impairment of the value of the
added fertilizer. This may result from fixation reactions, loss
through leaching or volatilization, or concentrating the
nutrient outside the zone of greatest root activity, as in the dry
surface layer of a soil.

The different methods of application and reasons for
using or avoiding each of these methods have been discussed in
Chapters Eight through Ten. Summarily, they fall under two
headings, namely, broadcasting and placement. The most
desirable procedure to follow depends largely upon the nature
of reaction between the fertilizer and the soil.  Placetnent
affords protection against fixation and thereby increases the
efficiency of the applied material if fixation is a problem.
Broadcasting, on the other hand, allows for a wider distribution
of the fertilizer particles in the soil mass. Thus, finely divided
particles of materials of low solubility may be contacted by a
larger number of roots if they are distributed throughout the
root zone by mixing.

A large amount of experimental work has been done on
proper methods of application for virtually all fertilizer
materials and under essentially all soil and environmental
conditions. The results of these studies can be readily adapted
for usc in the Asian subcontinent. Therefore, the need for
research into this phase of fertility management takes a position
of secondary importance, Of much greater value will be
research into the kinds and amounts of fertilizers that can be
profitably used under conditions prevailing in the area.

Determination of the Proper Rate of Fertilizer Applicaiion

Experimentation in the field normally provides the means
for determining the rate and kind of fertilizer material to use.
Since the availability of nutrients may vary from one fertilizer
type to another, then so must the rates of application if
similar levels of available nutrient are to be obtained from the
different materials. This is particularly true for phosphates
and for some of the compounds which provide the trace
clements. It is not so true for the commonly used nitrogen
and potash fertilizers.
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The rate of application of a particular fertilizer salt is
determined by adding it to the soil in increasing amounts until
maximum growth is obtained. If such trials are carried out
repecatedly at numerous locations within an area, the average
level of nutrients in the soil may be cvaluated and the average
dosage of fertilizer necessary for maximum growth determined.
Under normal circumstances, however, the nutrient status
varies widely from field to field within any particular area.
Therefore, an average recommended rate of fertilization may
be of little value ; that is, a recornmended rate based on average
values may be too small for a field very low in the added
nutrient and too large for one that contains an appreciable
quantity of this nutrient in available form. In practical
fertilizer management, it is necessary to take into account
differences among locations, This often is possible through
the use of those laboratory soil tests which have been correlated
with yields under field conditions. A suitable soil test for
avaijlable N is not available, however, and rates of application
for this element must be based almost entirely on average
result from field trials. Consideration must be given parti-
cularly to the previous history of the field and the N requirement
of the crop to be grown in making recommendations for
use of N.

The Use of Proper Plant Varieties

The tendency in crop-breeding work in the subcontinent
is all too often directed toward producing varieties that will
tolerate adverse conditions frequently confronting the cultivator.
While it is important to develop varieties that are resistant to
disease and adverse soil conditions, a greater proportion of
the work should be directed towards introducing or developing
varietics which will produce well under a high state of fertility.
This relates primarily to the inability of present varieties of
some plants (i.e., wheat) to withstand heavy applications of
nitrogen fertilizer without lodging.

Tt is a common practice in the Asian subcontinent to limit
the rate of application of N fertilizers so that lodging will be
minimized. Lodging definitely reduces yields and, for this
reason, the lower application rates may be justiiable. However,
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the introduction of new plant varieties which will tolerate high
dosages of N fertilizers appears essential in order to bring about
maximum returns from the available land and to meet the
ever-increasing demand for foodstusis,

The Elimination of Adverse Seil Conditions

Soil conditions which interfere with crop production are
varied, Some of the more important ones are (1) water-
logging and salt accumulation in irrigated areas, {2) erosion by
wind and water, (3) poor soil physical conditions, largely
the result of a universally low organic matter content in the
soil, (4) inadequate moisture supply, and (5) soil-borne
diseases.

The occurrence of any one of these problems will prevent
the attainment of abundant yields. However, for the most
part, their correction will require much time and great expense.
An cffort should be made to take land with such problems
out of cultivation until it has been restored to a productive
state. Fertilizers applied to them are essentially wasted and
would be utilized to a much greater advantage on soil of high
inherent productive capacity. This applies equally well
to the frequent misuse of irrigation water. With water in
such short supply, one is hardly justified in spreading it on
poor land when production on good land is limited by a water
shortage. Serious consideration should be given to laws
which would prevent the use of scarce irrigation water for
growing crops on land that does not produce above a certain
practical minimum level.

S50IL. TESTING

Soil tests are used for two reasons ; (1) to aid in determining
whether or not a particular nutrient is responsible for poor
productivity, and (2) to determine the amount of a plant
nutrient that must be supplied to raise its content in the soil
to an optimum level. To be practical, a soil test must be
rapid, and the analytical results it provides must relate to the
amount of 2 nutrient made available to plants during a growing
season,
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The Nature of the Soil Test

Rapid soil tests involve the extraction of a small soil
sample, usually with a salt or acid solution or with water,
and measurement of the amount of nutrient element released
during the extraction. The soil sample normally is shaken
with the extracting solution until near equilibrium conditions
are established. The quantity of the element in the extract
is measured and the amount removed from the soil expressed
on the basis of lbs. per acre or parts per million parts of soil.
Since an acte furrow slice of soil is considered to weigh approx-
imately 2 million lbs., one part of extracted element per
million parts of sample is equivalent to 2 lbs. per acre furrow
slice.

The results of laboratory tests obtained by extraction
procedures, as described above, are meaningless unless they can
be related to conditions in the field. The actual relationships
are established through soil~test correlations which involve the
use of fertilizer trials in the ficld. From these one may deter-
mine the response to supplemental plant nutrients and relate
it to the level of extractable nutrient in soil samples taken.
from the experimental site.

Correlating Soil Tests

Even the most reliable laboratory soil test for a plant
nutrient detects only a part of the total quantity of that nutrient
present in the soil.  Furthermore, the quantity extracted during
the test and expressed as that occuring in an acre furrow slice-
of the soil under examination will not be the same as the
quantity of that nutrient removed by plants grown on the soil
under ficld conditions. However, for the test to be useful,
the amounts extracted by the test solution and by the field-
grown plants should be in a nearly constant ratio to each other.

The quantity of nutrient a plant removes will determine
yield to a large extent. Therefore, the quick test predicts
crop yields indirectly so long as that crop is grown under
relatively idcal conditions. Unfortunately, the yield of a
plant is controlled also by factors other than fertility. Thus,
two soils showing the same quantity of extractable nutrient
may still yield differently for reasons other than fertility..
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Because of this, it is gencrally impossible to obtain a perfect
rclationship between the soil test results and crop yield. The
use and interpretation of soil tests will predict the need for
fertilizer accurately only a part of the time, It is important
to understand this Jlimitation in any soil test used and to search
continuously for other more accurate tests,

Data from experiments on soils in the central part of the
United States show that the level of exchangeable K can
serve as a good index of the availability of this element to plants.
This is true even though a large part of the K absorbed by
plants is derived from nonexchangeable form., These rcsults
are logical because of the state of equilibrium normally existing
between exchangeable and nonexchangeable K in the soil.
Generally, the greater the amount of nonexchangeable K the
higher will be the amount in exchangcable form.

Experiments with maize reported by Bray (1948) indicate
that maximum vyields cannot he expected unless the level of
exchangeable K approximates 250 lbs. or more per acre furrow
slice of soil.*  This is shown graphically in Fig. 11-1 in which
each plotted point represents results from a fertilizer experiment
in the field. Of note is the variation in distance between these
points and the average curve. In this case, the variation is
not great, to be sure. It does show, however, that perfect
correlation, where all points would fall exactly on the curve,
cannot be expected. Outstanding is point A in the figure.
It represents a soil which is relatively low in exchangeable K
and yet did not respond appreciably to an application of
fertilizer K.

As the soil test value is rclated to actual uptake of nutrients
by plants by a proportionality factor only, so it is related to
the amount of nutrient element nceded in a soil to rectify
completely a deficiency. This is illustrated also by data of
Bray (1948) shown in Table [1-1, Listed in the table are
suggested rates of potash, as 1bs. K,O per acre, to be applied
to three groups of crops differing in their potash requirements.

1 The value stated here (250 1bs. per acre) should not be considered as
universally applicable. Allaway and Pierre (1939} claim, for calcareous soils
in the State of lowa, that 175 Ibs. exchangeable K per 2 million lbs. of soil is the

dividing line between sufficient and insufficient levels. This value may be ex-
pected to vary from arca to area.

20
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FIG. 11-1. The relatinnship between the level of exchangeable K
in the soil and yield of maize. The plotted points show the
vield obtained on unfertilized soil expressed as a percent of the
yield obtained when ample K has been applied as a fertilizer.
Thus, if the soil contains about 30 lbs. of exchangeable K
per acre furrow slice, the vield will be approximately 40%
of that obtained if the soil were fertilized adequately, Point
A, which lies well above the average curve, represents a
ficld trial where some factor other than K nutrition prevented
the normal response to fertilization with K {aftcr Brav, 1948).

Note that the low-requirement crops, wheat and oats, are not
expected to require supplemental K if the soil test value is
130 Ibs. of K per 2 million Ibs. of soil (Ibs. K per A.) or greater.
As indicated above, this element is not considered adcquate
for maize unless the soil test shows a level of 250 lbs. K per A.
or more.

Various extractants and extraction procedures for a
number of plant nutrients have been found to corrclate well
with the availability of these nutrients in field soils. Measure-
ment of exchangeable K, as discussed above, has been shown
to be a satisfactory index of the availability of this clement.
It stands to reason, therefore, that an extraction procedure
which removes a definite proportion of exchangeable K will
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Table 11-1. The relationship between levet of exchangeable K in the soit and
amount of K, required to satisfy needs of several crops for maxi-
mum producton (after Bray, 1948).

K, O requirements for fertilization of
Exchangeable -
K Nigi;c:e;)r Soyabeans Wheat or oats
Ibs./2 million ths. /A Tbs. /A s./A
40 71 47 31
60 68 42 25
80 62 36 18
100 53 31 12
130 46 22 —
150 37 18 —_
200 20 — —

correlate equally well with field results. For this reason,
equilibrium extraction with a variety of saits may be expected
to measure the availability of soil K so long as the soil test is
correlated through use of field trials.

Soil tests for ions which do not occur in exchangeable
form present a different problem in extraction. This is
particularly true if the ion in question forms compounds in the
soil whose sotubilities are affected by variation in pH. Phos-
Phorus serves as an example of this type ofion.  Its availability
to plants is governed largely by the solubility of the compounds
in which it occurs. Therefore, determination of the relative
availability of P through use of laboratory tests requircs that
extractants used will remove P in proportion to the amounts
which become soluble and available to plants during the
growing season. It would be illogical to attempt a strong
acid extractant with calcareous soil, for instance. Whereas
the P from calcium phosphates is only slowly available to plants,
these compounds are readily soluble in acid. Thus, extraction
of an alkaline soil with acid normally would vield high extract-
able-P values not relatable to the actual availability of this
element to plants,

'The more successful tests for P are those utilizing extract-
ants which do not ‘encourage the solution of phosphate-bearing
compounds, 'They may, on the other hand, suppress the
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solubility of the P-fixing ions, Ca, Fe, and Al, allowing for the
relcase of a part of the P from compounds formed with these
ions. This approach appears to provide the best correlations
for P tests so far developed.

Among the more usable tests for P are those of Olsen et al.
(1954), which uses 0-5 M NaHCO; extraction, and of Bray
(1948), which uses a weakly acidified ammonium flouride
solution, The latter test is designed for acid soils. The T ion
added complexes Fe and Al and reieases P during the extraction.
'The bicarbonate ion precipitates all threc of the major P-fixing
ions, Ca, Fe, and Al.  The bicarbonate test appears to correlate
well on a large varicty of soils but has shown most promise
on neutral to alkaline soils, with or without lime.

The Soil Sample

A frequently stated truism is that a soil test is no better
than the sample on which it is run. A basic requircment for
a suitable soil sample is that it must be represcntative of
conditions in the field from which the sample has been obtained.
Normally a number of individual samples are taken from a
single field, mixed together, and a small portion of the compo-
sited soil used for the laboratory sample. If the field can be
divided Into areas of soils diffcring markedly in productive
capacity, then composite samples from each such area should
be taken for separate analysis. The individual samples may
be taken as a uniform slice from the side of a freshly dug hole,
or by means of a soil auger or sampling tube. Normally
soil only from the surface 6 to 8 inches is used. In certain
instances, samples mmay also be taken from the subsoil.  Various
good papers on sampling are available in the Iliterature.
Among them are those by Reed (1953), Reed and Rigney
(1947), and Cline (1945),

THE FERTILITY STATUS OF SURCONTINENT SOILS

Inference has been made in previous chapters as to the
generally low fertility level of subcontinent soils. This know-
ledge is acquired largely from the observed response of crops
to the ficld application of fertilizers. Virtually all areas are
responsive to nitrogen fertilization. It is quite possible that,
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where response has not heen observed, other factors of a
limiting nature have interfered with normal wutilization of
added N. Itis felt that, in a large amount of experimentation,
failure to use a phosphatic material with nitrogen has resulted
in observing only a nominal response to the nitrogen.

It is probable that potential phosphate deficiencies are
almost as widespread as are those for nitrogen. If it were
not for the use of at least small amounts of farmyard manure
by most cultivators, the status of phosphorus would be even
more critical than it is today. Certainly, as the use of N
fertilizers increases, phosphate deficiencies are going to bccome
increasingly in evidence. If proper soil tests for P are deve-
loped, however, problems arising from low P supplies can be
avoided to a large extent. A soil should not be allowed to
become deficient before P is added as a fertilizer.

The necd for P in subcontinent soils has been recognized
for many years, but its use as a supplemental plant nutrient
has not been stressed. Siddiqgi and Sardar {1950) and
Sardar (1952) have noted the responsc to P in the upper
Indus plains and hill areas, The author examined soils from
approximately 75 widely spread areas representative of the
Indus and Ganges plains and neighbouring uplands. Ex-
traction with NaHCO, solution indicated that at least 509
of these soils were low in available P, The mineral materials
from which the soils have been formed may be a primary
cause for the low P status. For cxample, fresh river and canal
sediments in the former Punjab are very low in this element,
silts having only 2 ppm. and sands but 1 ppm. P extractable
by NaHCO,.t

Various factors point to the probability of low levels of
available P in the more humid regions of the Indian Peninsula,
Eastern India, and East Pakistan. Particularly important to
this is the fact that many of the older soils in these arcas have
been depleted of reserve phosphate minerals through intense
weathering.  The relatively high level of sesquioxides in these

! Correlation tests have not been made for 0°5 M NaHCO,-extractable P
on these soils, It is assumed, however, that a level of 8 to 10 ppm. (16 to 20 lbs.
P per 2 million Ibs. soil) or aboveis adequate for most crops ol high-P requirement,

fl'his value has been found applicable to a number of the areas of arid-region soils
in the United States.
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soils indicates the potential of their retaining P in an un-
available, fixed form. Unless placement methods were used
to ensure that added fertilizer P remained available, it is
highly possible that a response from a soil treatment would
not be obtained.

The above-mentioned low levels of available P prevail
under agricultural conditions characterized by low crop
production and, therefore, limited removal of this element
in crop plants, Undoubtedly increased use of N fertilizers
without P would rapidly deplete the available P supply in
many soils now showing adcquacy by chemical test. The
effect of a low-P supply would be most noticeable on high-
yielding crops as sugarcane and legumes, particularly Egyptian
clover, gram, and lucerne. Response to P fertilizers by
grasses and small grains occurs only if the supply of available
P in the soil is very low.

Potash is probably in plentiful supply in most arid-region
soils of the subcontinent. The more highly leached soils of
the humid regicns of India and East Pakistan have been
shown frequently to be responsive to K fertlization. Little
information is available on the need for trace elements.

A large part of the data obtained from fertilizer trials
conducted in the past are of limited value. The limitations
arise from two general inadequacies, (1) the application of
fertilizer materials at rates too low to allow for maximum
yield response, and (2) the failure to use combinations of
fertilizer elements which, when used together, could cause
much greater response than would any one of them when
used alone. For example, the need for N has been evaluated
under conditions which too often have been adversely affected
by the shortage of some other plant nutrient, particularly P,

Stewart (1947) has evaluated numerous soil-fertilizer
investigations carried out in the subcontinent. He favours
the widespread use of test plots in farmer’s fields to establish
the average fertility status of an area. A more fruitful approach
would be to use a limited number of these trials to correlate
soil tests, and then apply this latter means rather than extensive
ficld studies to determine the actual need for fertilizers in an
area,
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Population Pressure and Soil Fertility

Usual discussions on fertility management approach the
-subject from the standpoint of increased revenue to the culti-
vator. For the subcontinent, a much more basic consideration
is the nced for supplying adequate foodstuffs for the rapidly
increasing population. The magnitude of this problem is
brought into vivid focus by Anderson (1954).

If, through use of data presentcd by Anderson, we compare
the trends in population on the one hand, and crop yields, as
exemplified by those for rice on the other, some rather startling
facts arc brought to light, Such a comparison is made in
Fig. 11-2.  The change in the population of the area comprising
present-day India is at an ever-increasing rate, The average
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FIG. 112, Concurrent trends in the average yield of rice and
in population growth in India.

yield of rice, however, has fallen steadily since 1910. Part
of this decrease is probably the result of expansion of agriculture
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into less productive areas (marginal and submarginal land).
Undoubtedly it also is related closely to the decreasing level
of fertility of the soil. These data compliment neither the
agricultural research of the region nor the application of
known basic facts of fertility management on the part of the
farmer, If the trends in the curves of Fig. 11-2 are not halted
or even rcversed in the future, the comsequence can be no
less than catastrophic. i

The solution to the problem of suboptimal crop yields
rests first with improved research, improved extension, in-
crcased use of fertilizers, and introduction of better plant
varieties, Fertility research must be placed on a sound
footing with initial objcctives being to determine which
fertilizer materials arc needed, their best methods of use, and
suitable rates of application.



REVIEW QUESTIONS

Name the 5 methods outlined in the text which are used to
diagnose plant nutrient deficiencies in soils, and explain in
a general way how each method i3 used.

In what ways will the requirements for fertilization by lucerne
and maize differ ?

Why would you apply a phosphate fertilizer differently to
humid-region and arid-region soils ?

Yields of presently used wheat varieties cannot be heavily
fertilized with nitrogen. Why is this, and how should this
problem be overcome ?

Why might you expect extraction of an alkaline, calcareous
soil with NaHCO, solution, on the one hand, and acidified
sodium acetate, on the other, to yield markedly dilferent
amounts of extractable P but very similar quantities of ex-
tractable K ?

Maize grown on strongly alkaline soil was stunted and showed
iron-deficiency symptoms. An acid extract of the field soil
showed a large amount of iron present. EBExplain these appar-
ently divergent observations.
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CHAPTER TWELVE

THE SALT PROBLEM IN IRRIGATED SOILS

SALINE AND ALKALI 30ILS

Savinity and alkali problems in the Indus and Ganges plains
and the Deccan Plateau present one of the most serious threats
to the soils of these areas. Good agricultural land is being
continually forced out of production because of the spread
of this ‘discase’. Since there is such a high dependence on
irrigated soils for food production, the need for control of
further spreading and for the correction of waterlogging is of
concern to everyone.

The basic cause of saline and alkali conditions in soil is
waterlogging, Waterlogging and accumulation of salts go
hand in hand; in arid regions, reference to one of these condi-
tions usually indicates the presence of the other. The remedy
for the problem is the improvement of drainage so that excess
water, from whatever source, will move more rapidly to the
sea rather than accumulate beneath the surface of the soil.
When this is accomplished, the removal of salts is facilitated
since salts may be moved out of the soil more rapidly by
leaching.

The correction of waterlogging and remaval of salts from
subcontinent soils will be a tremendous undertaking, It
cannot be accomplished by an individual or even a small group
of persons. The programme involved must be considered on
an, arca basis, and will require the attention of virtually
all people within it whose livelihood depends upon sound
argiculture.

It must be borne in mind that textbook procedures for
reclamation cannot be applied indiscriminately to any and
all fields, Each problem area must be examined individually,
and the design of a reclamation programme adapted to soil
properties and other conditions peculiar to the location in
question. It is the purpose of the following discussions to
acquaint the student with procedures for examination of
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salinized soils along logical and, vyet, simple lines, and to
provide some basis for developing reclamation programmes
in accordance with the results of thesc cxaminations.

CHARACTERIZATION OF SALINE AND ALKALI S0ILS

A saline soil is one which contains a high concentration of
soluble salts ; an alkali soil is one in which a high percentage
of the exchange positions are filled with sodium.! Generally,
alkali soils contain damaging quantities of salts as well as a
high level of exchangeable Na and are designated as saline-
alkali soils. Some alkali soils are observed also to have very
low levels of salinity because a large part of the soluble salts
have been leached from them. These are known as ronsaline-
alkali soils. The classification of soil into onc of the above
categories obviously is based upon information obtained through
chemical analyses.

The Measurement of Salinity in Soils

Numerous methods have been devised for the characteri-
zation of the salinity problem in soils. One of the earliest
and most widely used procedures has been the determination
of total dissolved solids, After mixing the soil with a relatively
large volume of water and filtering, the extract is evaporated
and the salts determined gravimetrically. Results are ex-
presscd on a percentage or similar basis.

Two errors are introduced by this procedure. In the
first place, if a slightly soluble sait, such as gypsum, is present
in the soil, it will dissolve in greater amounts as compared
to its solubility in the relatively small amount of water present -
in a soil at field capacity. This would cause the salt content
of the soil to appear higher than it would be under field condi-
tions. [Expressing salt concentration as a percent of the soil
weight does not take into aecount that like quantities of
different salts yield varying quantities of ions. Tor instance,

1 The term alkeli came into use to designate soils high in exchangeable
Na because they often have an unusually high pH and an appreciable quantity
of strongly alkaline, soluble Na , CO,. A cwrent tendency is to replace this
name with sedic to designate such soils, This permits use also of terms potarssic,
tagnesic, and caleic to classily soils with properties affected by a predominance,
respectively, of potassium, magnesium, or calcium on the exchange complex.
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Na,50, will liberatc almost 209%, fewer ions into the soil
solution than will the same weight of NaCl. Therefore, it is
incorrect to assume that like percentages of different salts
react similarly so far as salinity effects on plant growth are
concerned.

The U. S. Regicnal Salinity Laboratory (Richards, 1954,
pp. 7-17) recommends evaluation of salt level in soils by
determining the clectrical conductance of soil extracts. The
conductivity of a solution provides a good measure of the
effective quantity of salts present because the value of this
measurement is dependent upon the number of ions dissolved
in a given volume of water. It will be found that the ion
concentration in the soil solution relates more closely to salt
damage than does any other property. Furthermore, the
osmotic pressure of a solution is a function of the concentration
of ions also. Thus, ionic concentration (expressed as me.
per 1.), osmotic pressure, and conductivity are all directly
proportional to each other.

Pure water has a high resistance to the flow of an electric
current. As the ionic concentration incrsescs, the resistance
decreases and, therefore, under the influence of a constant
voltage, the current flow increases. Whereas the unit of
measurement for electrical resistance is the ofim, conductance
(the reciprocal of resistance) is expressed as mhos, and the
standard unit of measurement is mhos per ¢m.® The con-
ductance of most soil solutions is so low that values as large
as I mho per cm. arc encountered only infrequently. As a
consequence, it is more convenient to express conductivity as
millimhos (0.001 mho) or micromhos (0.000001 mho) per cm.
The conductivity values associated with soils not particularly
affected by salts normally is below 1 millimho per c¢m., whercas
values for seriously affected soils may range as high as 20 to
40 millimhos per cm. or more. Irrigation waters of low salt

1 According to Ohm’s law, the current (I) which will flow in a conductor
under a given applicd voltage (V) is inversely proportional to the resistance (R)
of the conductor, and is expressed algebraically as R=V/1. Since the conductivity
{EC) is the reciprocal of R, then EC==1/V. Therefore, under a constant voltage,
current flow is proportional to the conductivity, Standard cells uscd for measuring
conductivity of solutions contain two electrodes placed 1 cm. apart.  This provides,
then, for the measurement of conduetivity directly in mhos per cm.
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content generally have conductivities which are measured in
terms of micromhos per cm., For convenience in use, the
units of measurement expressing conductivity values frequently
are shown symbolically as:

EC — conductivity in mhes/cm.
EC x 10— conductivity in millimhos/cm.
EC x 10°= conductivity in micromhos/cm.

The concentration of salts in the soil solution under field
conditions varies with the moisture content and becomes higher
as the moisture level tends toward the wilting point, As a
conscequence, the conductance of the soil solution is variable
also. Therelore, to relate salinity effects among different soils,
it is necessary to obtain extracts for conductivity measurements
from them after they have been adjusted to comparable
moisture levels. A commonly used procedure is to mix the
soil with water until it almost acquires the properties of a
fluid. A soil sample weighing from 5300 to 1000 g., when
moistened to this level, will give up sufficient extract under
suction filtering to permit not only the measurement of con-
ductivity, but also the quantitative determination of the
soluble anions and cations which have an important bearing
on properties of saline and alkali soils. The extract obtained
according to this procedure is called the saturation-paste exiract.

The use of the saturation-paste extract in assessing the
level of salinity represents a compromise in moisture content
which will provide an adequate volume of solution for chemical
analysis but will not bring about the solution of excessive
quantities of slightly soluble salts such as gypsum. Thus,
one may expect the conductivity and ion concentration of the
saturation-paste extract to relate very closely to corresponding
values in the soil solution under actual field conditions.
Readily soluble salts such as NaCl and Na,SO,, on the other
hand, usually dissolve completely in the soil solutton under
field conditions and, therefore, will be more dilute than normal
when the soil moisture content is raised to that of the saturation
paste.

For purposes of classification, a soil is considered to be
saline if the conductivity of its saturation-pastc extract is 4



THE SALT PROBLEM IN IRRIGATED SOILS 319

millimhos per cm. or more, This point of division is strictly
arbitrary, and has been sclected on the basis of average plant
response to saline soil conditions. Tolerant plants may grow
well at conductivity values appreciably above 4 millimhos
per cm. Howcever, the growth of most common crop plants
becomes noticeably hindered when salts are of sufficient
concentration in the soil to produce this level of conductivity
in the saturation-paste extract.

The Exchangeable Na Status of Alkali Soils

According to the most widely accepted standard of classi-
fication, an alkali soil is one in which the level of exchangeable
Na is 15 percent or more of the cation-exchange capacity.
Whereas high levels of exchangeable K and Mg are known
to induce undesirable characteristics in soils, a limiting Ievel
has not been established for them as has been done for ex-
changeable Na. Neither ion is as effective as Na in creating
adverse physical conditions in the soil. For this reason,
reference to the term ‘alkali’, which normally is associated
with soils of high pH and poor physical condition, relates to
soil having an excess of exchangeable Na unless otherwise
specified.

Properties of Saline and Alkali Soils
Aside from the possible toxic effect of certain ions in saline
soils, the principal direct harm caused by accumulating salts

water to plant roots. In soils classed as saline but nonalkali,
the damaging salts normally will be NaCl, CaCl,, or Na,SO,.
Calcium sulfate may accumulate in the soil as a precipitate,
but will not occur in harmful quantities in solution form.
The maximum conductivity of a solution saturated with
Ca50, is about 2-2 millimhos per cm. High concentrations
of other Ca and SO, saits will reduce the solubility of CaSO,
because of the common ion effect.

Two alkaline salts, NaHCO, and Na,CO,, may accu-
mulate also in soils, When first introduced into 2 normal
soil high in exchangeable Ca, these salts will disappear to a
large extent. The Na from them enters exchange positions
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to displace Ca, and this latter ion is precipitated as very
slightly soluble CaCO;.  So long as appreciable exchangeable
Ca remains, the HCO, and €O, ions will not become im-
portant constituents of the soil solution. Soluble Na,CO,
may accumulate finally when most of the exchange positiong
become filled with Na 1ons, however,

Absorbed or exchangeable Na has two principal effects on
soil properties. ‘The first of these is that it has a dispersive
influence on particles which might otherwise persist in aggre-
gated or flocculated form. Because of its low charge density
and relatively high degree of ionization from particle surfaces,
Na is the least effective of all exchangeable ions in neutralizing
the negative charge of soil colloids. As a consequence, eveu
when Na saturated, the particles retain sufficient residual
negativity to cause them to repel each other and thereby
become dispersed. Alkali soils, therefore, are noted to puddle
readily and to form dense, compact masses through which
water and air move only very slowly. Not only does this
restrict plant growth, but also reclamation of such soils is made
extremely difficult because of the problem encountered in
leaching cut the accumulated salts. In fact, most alkali soils
high in clay leach so slowly that their reclamation generally
i8 quite impractical.

The second important effect of exchangeable Na is that
of causing a relatively high soil pH. When an alkali soil
samptle is placed in water, as is necessary for the measurement
of pH, the ready ionization of Na from particle surfaces allows
for the adsorption of a few H ions derived {from the concurrent
ionization of the water. The removal of thesc H ions from
solution leaves dissociated O 1ons to cause a rise in pH. In
essence, the reaction is caused by the Zydrolysis of exchangeable
Na to form a small quantity of highly ionized, strongly alkaline
NaOH in the soil solution.

The readily soluble Na,CO; which might be present in
an alkali soil also can undergo hydrolysis when placed in water
and effect a rise in pH. This reaction results in the formation
of equal quantities of NaOH and H,CO, which are, respec-
tively, a strong base and a weak acid, Soils with very high
pH values normally may be expected to contain at least
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modest quantities of Na,CO; When present, it can be
removed from the soil in a saturation-paste extract and its
quantity determined by titration with standard acid.

The accumulation of neutral Na salts along with high
amounts of exchangeable Na will, surprisingly enough, main-
tain the soil at a relatively low pH and will reduce the dispersive
effect of the exchangeable Na. The depressing influence on
pH arises from the reduced hydrolysis of exchangeable Na
as the number of dissolved Na ions in the solution phase
are increased. These latter ions compete favourably with
H ions for exchange positions. Thus, the H ions arc forced
to remain In association with the OH ions and a significant
rise in pH prevented. Soils without neutral salts but essen-
tially saturated with exchangeable Na may have pH values of
10 or more. The same degree of Na saturation may result in
pH values no higher than 8-0 to 85 in the presence of an
appreciable quantity of neutral salts.

As the quantity of salts increases in the soil, more and
more positively charged cations crowd against particle surfaces
to reducc the residual negative charge. As a consequence,
when the salt content is high, the particles may approach each
other closely and flocculate. Indeed, saline-alkali soils
frequently are well aggregated and appcar to be in good
physical condition. Water, when first applied, will move
into them rapidly. As the salts are dissolved and carried
downward, however, dispersion follows and the rate of water
movement subsequently rcduced,

Puddled alkali soils normally are difficult to cultivate or
prepare properly for seeding. Due to the high pH, the
essential plant nutrients, Ca, Mg, Fe, and Mn, are precipitated
and rendered less available. Phosphorus availability, on the
other hand, may increase as the result of the formation of
relatively soluble sodium phosphate compounds.

Frequently, a dark film of organic matter occurs over
the surface of strongly alkaline soils. This film develops as
organic matter dissolved in the alkaline soil solution precipi-
tatcs when the moisture rises to the surface of the soil and
cvaporates. The presence of this film has been used by many
people in identifying high-Na soils, and the name ‘black

21
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alkali’ soil has been applied to them. Similarly, ‘white
alkali’ has been used often to designate a saline goil, the name
being derived from the white inflorescence associated with them.
The use of either of these names is discouraged, however, for
neither of the visual features they refer to serve as positive
means of identifying a specific type of salted soil.

THE CAUSES OF SALINE AND ALKALI SOIL CONDITIONS

The introduction into or the redistribution and con-
centration of salts within a localized area of soil is necessary
for the formation of saline and alkali soils, Initially the salts
are derived from the weathering of minerals in the earth’s
crust. They may accumulate within the locale of their
formation, or they may be transported by water to lower-lying
soils wherein they subsequently may accumulate.

In arid zones, salts tend to accumulate in soils because
the water lost from the soil surface by evaporation exceeds
that entering the soil in the form of precipitation or irrigation,
In other words, the net movement of water and salts dissolved
in it is in an upward direction. Salts native to a soil may be
redistributed or concentrated as the result of movement of
seepage water from streams or ponds or by applied irrigation
walter.

Salts may be caused to accumulate or concentrate as the
result of nonuniform wetting of soil where the surface of the
ground is uneven. Precipitation falling upon high ground
tends to run to lower areas where it moistens the soil more
completely, Since moisture in the soil moves continuously
from zones of higher water content, the net internal movement
will be away from the low areas and toward the more elevated,
drier knolls. Salts will be transported in the water to accu-
mulate at the more elevated positions, whereas soil in the
lower-lying positions will be kept more nearly free of salt.
This effect is most apparent if the lower-lying positions serve
as the beds for temporary or permanent waterways. As
illustrated in Fig. 12-1, salts carried in by the water will
accumulate with indigenous salts in the adjacent land as
secpage takes place. This effect is noticeable also in land
adjacent to some irrigation canals,
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The effect of permanent streams and rivers on the salt
content of adjacent lands is modified where frequent flooding
occurs. Salts accumulated as the result of lateral movement
of seepage water from the streams may be flushed from the
soil partially when floodwater traverses the surrounding low-
lying lands. The effect is more pronounced in depressions
where the water residual from the floods cannot move away
by natural surface drainage but disappears largely by percolat-
ing through the soil (see Fig. 12-1). In so doing, the perco-
lating water leaches out salts which may have accumulated
previously in the soil. Normally, this process of reclamation
is inadequate to overcome completely the effects of Na-salt
accumulation and alkali soil formation brought about the
constant inundation of areas adjacent to the permanent
waterways,

WJNE OF SAW /
i

F1G. 12-1. The effect of permanent streams on the accumulation
of salts in arid-region soils, Seepage water from the stream
saturates the subsoil of adjacent land and serves ag an external
source of salt . Movement by capillarity from the zone of
saturation and concentration of the solution at the surface by
evaporation causes salinization of the soil. Entrapped flood
water, as at A, tends to leach salts from depressional areas
minimizing accumulation there, C '
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The effects discussed above are important in explaining
- the origin of naturally-occurring saline and alkali soils, Contri-
buting also to the formation of these problem: soils in many of
the irrigated areas of the subcontinent is the increase in water-
logged soils apparently brought about largely by the initiation
of the present, extensive irrigation systems, Frequently, the
water table occurs at or above the land surface. Generally,
these waters are high in salts. Their ncarness to the surface
provides a continual source from which water may rise,
evaporate, and leave behind an ever-increasing level of salt in
the scil. This problem, as it applies to conditions in the
subcontinent, is discussed briefly in a later section.

The Influence of Ground Water Composition on Soil Properiies

The chemical composition of ground water has a profound
effect upon the type of soil which will develop under water-
logged conditions. Of major significance in this respect is the
ratio of Na to Ca+ Mg in the water, or, perhaps of greater
importance, the Na : Ca + Mg ratio of the soil solution resulting
from the concentrating effects of evaporation on inundating
waters. The level of exchangeable Na in a soil 1s governed
by exchange cquilibria dependent upon the ratio of Na to
other cations in the solution phase. In other words, the
greater the proportion of Na in the soil solution, the higher
is the percentagc of Na on the cxchange complex.

The total quantity of salts in the ground water will, of
coutse, influence the rate at which these salts will accumulate
in a soil during a specific period of time. If the salts are
largely chlorides, the Na: Ca+ Mg ratio does not change as
the total-salt concentration in the soil increases. If sulfate is
present and accumulates to a level sufficient to exceed the
solubility of CaSQO,, soluble Ca will be lost through precipita-
tion and the Na:Ca+ Mg ratio will increase with time.
This will be reflected in a more rapid increase in the lcvel of
exchangeable Na than would occur where the accumulating
salts essentially are only of the chloride form.

The HCOjy ion has the most profound effect of the common
anions on the Na: Ca+ Mg ratio of accumulating salts, By
virtue of the reaction,
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2HCO,- = CO,;~ + H,CO, (12-1)

carbonate ions are formed which are capable of precipitating
virtually all of the Ca and Mg present. Loss of CO, from
the H,CO, causes the above reaction to shift to the right
increasing the CO,-ion concentration and the effectiveness
of this reaction in precipitating the divalent cations.

FEaton (1949) proposcs that if the HCO; + GO, concen-
tration of water exceeds the Ca+ Mg concentration, essen-
tially all of the soluble divalent cations will be precipitated
eventually in the soil. Any HCQ;+ CO; remaining has the
potential of forming Na,CO, and can cause precipitation of
exchangeable Ca in the soil. This, of course, increases the
tendency for alkali soil formation. Eaton refers to the cal-
culated excess of HCO; + CO, over Ca+ Mg, when expressed
as me. per l., as the concentration of ‘residual Na,CO;’ in
the water.

Conditions at the surface of the soil in arid regions are
ideal for Na,CO, formation from bicarbonate waters, Iere,
loss of CO, from the system will proceed spontaneously.!
Because of the loss of water through evaporation and use by
plants, salts in the solution phase become more concentrated
and precipitation of Ca and Mg as carbonates is encouraged.
As with CaSO,; precipitation, the resultant increase in the
Na: Ca+ Mg ratio of the solution phase causes an increase
in the level of exchangeable Na in the soil even though the
total quantity of Na jon in the soil may not be changed.

Eaton ({1949) applies the concept of ‘residual Na,CO;’
to explain the formation of naturally-occurring saline and
alkali soils. Accordingly, salt-bearing inundation waters con-
taining ‘residual Na,CO,’ result in alkali soils, whereas those
having no ‘residual Na,CO; produce saline soils. This concept
appears to have wide application in the Asian subcontinent,
particularly for lands in the Indus-Ganges watershed. The
waters of the rivers in these basins, though low in total
salt, do have ‘residual Na,COj’, and soils that have been

1 A solution of NaHCO,, standing open, changes gradually to a mixture of
NaHCO, and Na,CO, because of the loss of CO, fo the air.
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inundated by them frequently and over very long periods of
time are strongly alkaline and high in exchangeable Na.

Water Table Depth and Salt Accumulation

The presence of waterlogged subsoil conditions does not
result always in the accumulation of salts at the surface. The
total distance through which rising water must move is im-
portant in determining the overall effect of this mechanism
of salt accumulation. Of importance also is the counter-
balancing effect produced by the percolation of surface-applied
waters through the soil.

The effect of distance to the water table on the upward
movement of water is illustrated by the data of Gardner and
Fireman (1958) as shown in Fig. 12-2. In their study, eva-
poration from the surface of soil columns was determined as
the depth to a free water surface at the lower end of the columns
was varied. Two soils of widely different texture were wvsed,
a clay and a sandy loam. Their data show that, regardless
of the texture, when the depth to the water table is less than
2 to 3 ft., evaporation is high. Within this range of depth,
external factors (temperature, wind velocity, etc.) governed
the rate of evaporation. Below a depth of 6 ft,, a sharp
decrease in the cvaporation rate occurred with both soils and,
beyond this depth, evaporation decreased more rapidly in the
sandy soil than in the clay.

A very useful general conclusion may be drawn from these
data. To prevent a significant rise of salt in the soil profile,
the depth to the water table in the subsoil should be at least
4 and, preferably, 6 ft. There will still be some rise of moisture
unless sufficient irrigation water is applied to countcrbalance
it. Under these conditions, the rate of ascent will be greater
in solls of higher clay content.

RECLAMATION OF SALINE AND ALKALI SOILS

The reclamation of a soil characterized as having a
salinity problem only s less complex than if an alkali condition
prevails. In either event, leaching to remove excess salts will
be necessary in most instances. However, where the level of
exchangeable Na is high, soluble Ca must be added prior to



THE SALT PROBLEM IN IRRIGATED SOILS 327

10
|

- { -~ — — Pachappa sa. I.
© 1 .
_ost | China clay
a {
£ |
E o6} |!
| i
o i
C 04}
=
e
°
5 02}
[«
=]
>
w

0.0 " i ‘--._f"'--r_a.ﬂ__—-l-———lu

6 2 18 24
Depth to water table — ft,

FIG. 12-2. Evaporation of water [rom Pachappa sandy loam and
China clay as a function of depth to simulated water tables
(after Gardner and Fireman, 1938).

leaching to encourage displacement of the Na, An amendment
which will increase the level of soluble Ca in the soil is used
for this purpose. Because of the expense involved, it is essential
that the need for an amendment be ascertained positively prior
to initiation of the reclamation programme. This is possible
through use of relatively simple soil tests as outlined in the

U. S. Department of Agriculture Handbook 60 (Richards,
1954).
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Diagnosis and Reclamation Planning

The severity of a salinity problem is determined readily
through use of conductivity measurements on saturation-paste
extracts. If it is apparent that salts alone constitute the
problem, reclamation requires only removal of these salts
through leaching, Their total quantity is of little consequence
in determining the total amount of water necessary to effect
satisfactory reclamation.

Problems in salted soils are considered most serious when
it i1s shown that an amendment is necded to return the soil
to a normal, productive state. Usually this condition is
associated with alkali soils having levels of exchangeable Na
great enough to impair plant growth. Among other things,
proper treatment requires the determination of the amount of
Ca which must be supplied throngh use of an amendment to
- reduce exchangcable Na to an essentially harmless level,  Pre-
ferably, no more than 10 to 15 percent of the exchange positions
of a soil should bhe occupied by Na.

When classified on the basis of their Ca requirement,
alkali soils may be placed into three categories, namely,
(1} those containing soluble Na,CO,, (2) those containing
precipitated gypsum {gypsiferous alkali soils), and (3) those in
which_exchangeable Na alone is the major source of alkalinity.
In assessing the need for an amendment, the presence of cither
free Na,GO; or gypsum must be taken into account. The
quantity of Na,COj in a soil is determined by acid titration of
an aliquot of the saturation-paste extract. The total miili-
equivalents of Na,COj, plus exchangeable Na per unit quantity
of soil indicates the amount of Ca needed.

Gypsiferous alkali soils are recognized by means of a
scparate determination for gypsum in the soil sample. Often
the amount of Ca that may be dissolved from the naturally-
occurring gypsumn is adequatc to displace completely the
exchangeable Na present. When this is the case, the soil
will respond to leaching essentially as though it were a saline
soil. If neither Na,CO, nor gypsum are present in an alkali
soil in significant quantitics, the Ca required for reclamation
will be equivalent to the quantity of exchangeable Na which
should be displaced.
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A recently devised gypsum requirement test (McGeorge and
Breazeale, 1951 ; Schoonover, 1952 ; Richards, 1954, p. 50)
sitnplifies greatly the analytical procedures for determining
amendment needs. The test is performed by mixing a small
soil sample with a relatively large volume of saturated gypsum
solution and measuring the Ca lost from solution after reaction
with the soil, Sodium salts in an alkali soil are so diluted by
this treatment that virtually complete displacement of ex-
changeable Na by Ca from the gypsum solution occurs. The
Ca adsorbed, when calculated on the basis of tons of CaSQ,,
2H.O per 2 million Ibs. of soil, expresscs the gypsum require-
ment. When an amendment other than gypsum is used, the
amount necessary may be calculated by correcting the gypsum
requirement value with an appropriate conversion factor
(Richards, 1954, p. 49).

The gypsum requirement test works well if either Na,C Oy,
or gypsum are present in the soil. Sodium carbonate will
precipitate Ca from the gypsum solution and will cause an
equivalent increase in the gypsum requirement value. The
same reaction would oceur following treatment of the soil in
the field, of course. If the soil under test contains indigenous
gypsum, the tcst solution will remain saturated with respect
to this salt even though some Ca may be utilized in displacing
exchangeable Na. Calcium salts more soluble than gypsum,
if present in the soil sample, will increase the amount of soluble
Ca in the test solution and will result in a calculated gypsum
requirement value which is negative. It is apparent from
these considerations that a major advantage of the gypsum
requirement test rests with its capability to account for all
factors affecting the uptake of Ca by an alkali soil, and with
but a single and relatively simple laboratory determination.

Saline Soil Reclamation -

Steps deemcd necessary for the satisfactory removal of
excess neutral salts are as follows :

1. Establish Adequate Drainage—In diagnosing the problem
of an area, it will have first been determined if a water table is
present, if it lies sufficiently near the surface to be a current
source of trouble, and if it can be lowered by improving
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drainage. Should the ground water be within 3 to 4 fect of
the surface of the soil, then it must be assumed that salts
carried down by leaching eventually will return in damaging
quantities, If a reclamation process is to have a permanent
effect, the water table should be at least 4 to 6 feet below
the surface. The optimum depth will be determined by the
amount of leaching water available to counterbalance that
rising by capillarity from the water table. The lower the
quantity of irrigation water available the greater should be the
depth to the water table.

2. Level the Land—Most of the agricultural land in the
Indus-Ganges plains area is sufficiently level so that little
additional land preparation is necessary prior to the initiation
of leaching. Reclamation requires that the land be level so
that the surface of the soil can be covered with water. The
fact that much of the area is suitable for rice culture makes
it also adaptable to leaching operations.

3. Leach—Sufficient water must be passed down through
the soil to dissolve most of the soluble salts and carry them
into the subsoil and away with the drainage water. No
specific recommendation can be made as to the absolute amount
of water that should be added. Tt is probable that less than
12 inches will be of little value. Generally speaking, crop
production will continue to improve as the amount of leaching
water is increased to at least a total of 3 feet. Water lost by
evaporation must be taken into account when determining the
total amount of water entering the soil.

Alkali Soil Reclamation

From the standpoint of reclamation, an alkali soil may be
~considered as one in which the level of soluble Ca must be
increased before the satisfactory removal of exchangeable Na
is possible. The most effective method of increasing the level
of soluble Ca is through the addition of an amendment.
Gypsum, though not readily obtainable in some areas, appears
to be the most logical amendment for use in the subcontinent.

For best results, gypsum should be of fine particle size
and should be mixed thoroughly with the surface soil so that
it will dissolve and saturate the soil solution relatively quickly.
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As the Ca is released in soluble form, it will enter exchange
positions and displace exchangeable Na. The displacement
reaction will cause an increase in soluble Na, however ; and
when the concentration of this ion becomes so great that®
it can compete equally with Ca for exchange positions,
an exchange equilibrium will have been attained. This
equilibrium state will be attained prior to complete displace-
ment of all exchangeable Na. Therefore, to effect a more
thorough displacement, it is necessary to leach out the
accumulating soluble Na. The exchange reaction then will
continue as more of residual, undissolved gypsum comes into
solution.

The percolating solution carrying soluble Na away from
the reaction site will be saturated with gypsum. As a conse-
queuce, all of the added amendment will not be utilized in
displacing exchangeable Na, In fact, up to as much as 109,
of added gypsum may be lost from the surface layer of soil to
which it has been applied. If the alkali problem were the result
of more tightly held K ions, the efficiency of utilization of
added gypsum would be reduced still further over that
observed for Na-affected alkali soils.

Elemental S may be employed also as an amendment,
and is oxidized to H,SO, after incorporation into the soil.
Most of the acid produced will react with CaCO,, if present,
to form CaSO,. The rate of oxidation varies with the size
of the § particles, and even material of very fine mesh requires
 a number of weeks before its conversion to acid is essentially
complete. Therefore, S should be applied to the soil well
in advance of the initiation of leaching operations. A material
which contains a large proportion of $ granules smaller than
40-60 mesh is preferable,

Chemical Reactions in Reclamation
The reaction of gypsum with the soil is one of simple
exchange between soluble Ca and exchangeable Na:

Clay | II:IIE + CaSO, = [ Clay | Ca + Na,50,  (12:2)
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The sulfuric acid produced from oxidized sulfur may

react with free CaCQO, in thesoil, or directly with exchangeable
Na:

-

28 + 30, .+ 2H,O -» 21,50, (12-3)
H,SO, + CaCO, — CaSO, + H,CO, (12-4)

Na H T
Na= C].a-y H + l\agso4 (12‘5)

The pH of a calcareous, alkali soil reacted with gypsum,
as in equation 12-2 above, will not be depressed below about
8-2. This is the approximate pH of a soil which has all
exchange positions filled with Ca. Where S is used, the pH
may be reduced appreciably below 82 if there is no free lime
present to neutralize the acid that is formed. Most alkali
soils have an abundant supply of CaCQO,, however.

It is recommended frequently that organic residues be
added to assist in the reclamation of an alkalisoil. Fibrous
organic materials tend to keep the soil open and, through
improved permeability, permit morc rapid movement of water
and air through the soil. In addition, the oxidation of carbon
to CO, results in the formation of H,CO,. Though weak,
this acid will increase the solubility of CaCQO, and the supply
of soluble Ca necessary for displacement of exchangcable Na.
The release of CO, through the oxidation of native soil organic
matter may be as important as that derived from added
organic residues, however.

or H,80, + | Clay

MANAGING SALINE AND ALKALI SOILS

If reclamation procedures cannot be undertaken, certain
practices may be followed which will help in obtaining im-
proved vields on salted soils. These procedures may also
improve soil conditions or at least prevent them from becoming
worse, Recommended practices are as follows:

1. Use more irrigation water than is necessary for growing
crops in order to encourage the downward movement of
soluble salts. This practice is pointless if the water table
stands very near the surface of the soil, however.
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2. Light applications of irrigation water will tend to
move salts from the surface of the soil down into the root
zone ; heavy irrigations will tend to move the salts on past
the roots, Therefore, it is preferable to irrigate after reasonably
long intervals with relatively large amounts of water.

3. Grow only crops which are tolerant of saline and alkali
conditions. Inclusion of rice in a rotation appears to be a very
worthwhile practice since the required flooding will encourage
leaching {(Overstrcet and Schulz, 1958). Salt remnoval,
however, will not be extensive if the soil has a low permeability
because of a high clay content.

4. 1If the surface layer of soil throughout an entire
field is saline to the point of damaging germinating seeds or
young seedlings, proper row-planting of the seeds on clevated
ridges is beneficial. Greene {1953} describes such a system
as used in Egypt for planting cotton. As shown in Fig. 12-3,
cotton is seeded in ridged rows and irrigation water is applied

a. Direction of weter move-

ment.
b. Zone of sait accumula-
tion.
FIG. 12-3. Method of planting seeds on the sides of ridges in
irrigated soils to minimize salt injury at the time of germination.

between the ridges. When the field is irrigated, part of water
moves laterally from the furrow toward the centre of the ridge
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dissolving salts as it goes. Thus, after an irrigation, the soil
between the furrow and ridge centre will have a reduced salt
content. Seeds planted in this zone, and the tender seedlings
they produce, will run less risk of being damaged by salts
than if reduction in salt concentration were not possible.
During the succceding few weeks, when the land is hoed for
weeds, the ridge soil is gradually moved over so that the
plants occur finally on top of the ridge. By this time they are
less susceptible to injury from salt.

Perhaps the most expedient method for obtaining some
benefits from salted land is embodied in point 3, above, the
growing of tolerant crops. A wide variety of plants have
been classified on the basis of their salt tolerance. A listing of
these is presented in Table 12-1. Many of the crops grown
in the subcontinent will be found in this listing.

THE SALINITY AND ALKALLl PROBLEM IN THE
INDUS~GANGES BASIN

That waterlogging and salt accumulation constitute a
major problem in the arid regions of the subcontinent does
not need further emphasis here. Figures presented by Asghar
{1952) indicate that, of the 12 million acres of land under
irrigation in the former Punjab, about 230,000 acres are
scriously affected by salts, 2'3 million acres moderately aftected,
and 46 million acres at least mildly affected, From 20,000 to
40,000 acres are said to be added to these categories each year.

Data concerning the specific properties of these soils is
meagre. No indication can be given as to the relative pro-
portions or total acreages of saline and saline-alkali or alkali
soils that are present. Mehta (1940}, in his classification of
alluvial land in the Punjab, indicates that all types occur.

Most alkali soils are characterized as having the highest
exchangeable Na percentage in the surface soil layer. That
this is not always true in subcontinent soils is indicated by
data of Moon and Mehta (1937} and of Puri, Taylor, and
Asghar (1935). Whereas most the soils they studied had a
higher pH and percent exchangeable Na in the surface layers,
there were profiles sampled in which the reverse was true.
Many irregularities can be expected in soils of alluvial origin
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Table 12.1. The relative tolerance of some crop plants to salts in the soil. For
a more complete listing, see Richards, 1954, p, 67,
Fruiv Crors TieLe Cropg ForagEs VEGETABLES
Plants of high salt tolerance
Date palm Barley Alkali sacaton Garden beets
Sugar beets Saltgrass Kale
Rape Nuttall alkaligrasg Asparagus
Cotton Bermuda grass Spinich
Canada wildrye
Western wheatgrass
Tall wheaigrass
‘ Birdsfoot trefoil
Plants of medium salt tolerance
Pomegranate I Rye Sweetclover Tomato
Fig Wheat Perennial ryegrass Broceoli
Olive Oats Strawberry clover Cabbage
Grape Rice Sudan grass Caulifiower
Cantaloupe Sorghum Dallis grass Lettuce
Corn Lucerne Sweet corn
Flax Tall fescue Potato
Sunflower Orchard grass Carrot
Onion
Peas
Squash
Plants of low salt tolerance
Pear Field beans White Dutch clover | Radish
Apple Meadow foxtail Celery
Ciirus Alsike clover Green beans
FPlum Red clover
Almond Ladino clover
Apricot
Peach

where normal development processes can be modified by
frequent additions of fresh soil material during periods of
flooding. Because of the varied sources of salts and methods of
their accumulation, marked variation in saline and alkali soil
properties may be expected.

Seepage from rivers and canals and the use of poor quality
irrigation water contributes to the salted conditions in irrigated

soils and the high water table beneath them.

Roberts and
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Singh (1951, pp. 179-182) point out the very important part
also played by monsoon rains in raising the water table.
According to their calculations, additions of moisture in the
Punjab as rain may amount to 2} times that applied as irriga-~
tion water during the 3-month monsoon season (July-
September). Although they recognize loss of water from
canals through seepage they do not consider this in their
calculations. That rainfall has a definite effect is seen readily
in the rise of water in open wells during the late summer period.

The original source of secpage water contributing to the
level of the water table will determine its chemical composi-
tion and, therefore, the effect it will have on the propertics of
the soils it affects. Because of the low salt content of river and
canal water in the Indus-Ganges basin, land affected by it
might not be expected to develop salted conditions rapidly.
Yet, extremely high concentrations of salts sometimes ave
found in seepage areas adjacent to canals, Without suitable
data, the reason for this cannot be given. Undoubtedly such
conditions are partially the result of soil textural characteristics
which permit rapid lateral movement of moisture from the
canal, The effect may be accentuated by an inidally high
indigenous salt content ot the affected soils and the presence of
saline ground water, the level of which is raised by seepage
water from the canal. Available data on the cffect of canal
seepage on salt accumulation in neighbouring land is virtually
lacking. Preliminary observations made by the author
indicate that seepage affects the land for rclatively large
distances from the canal.? This fact is recognized by the
occurrence of deteriorated land parallel to canals in many
locations. Nonetheless, one frequently observes only slightly
affected land adjoining the canal even within an area which
otherwise has become highly salinized apparently as a result
of seepage,

Soils in the Indus-Ganges plains which lie high enough
to avoid inundation hy river water and monsoon floods are

1 Conductivities of cxtracts {rom surface soil samples as high as 60 milli-
mhos per cm, and exchangeable Na percentages of up to 37 have been measured
on soils {rom these scepage arcas. The cffect of scepage appeared to persist
even up to one-quarter mile from the canal.
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more often saline and only infrequently alkali. This is believed
due to the presence of a high proportion of Ca to Na in the
indigenous salts of the soil. Removal of the salts would
return these soils to a normal state. In many instances they
occur where the water table is relatively deep, 30 feet or more.
Yet, extensive areas of soils are found containing essentially
only neutral salts and a water table within 3 to 4 feet of the
surface. Such arcas must be considered as being isolated from
an external source of salts {i.c. scepage water from rivers) and,
because of the relatively recent rise in the ground-water level,
conversion of these strongly saline soils to alkali soils has not
taken place. The slow precipitation of the Ca by bicarbonate
ions in the ground water may be expected to intensify the
alkalinity problem with the passage of time, nevertheless.

A second condition is observed frequently in soils which
have high levels of exchangeable Na but not necessarily in
association with excessive salts. This is seen most often in
low-lying areas plagued by at least occasional flooding. The
latter circumstance suggests that direct river action or flood
waters have been responsible for the accumulation of soil
material and its subsequent inundation. Flood waters, by
periodically covering the ground, serve to leach salts from
the soil and minimize their accumulation. Yet, because of
their low-lying position, these soils are or have been influenced
by ground waters which contain sufficient bicarbonate to
encourage the pronounced build-up of exchangeable Na.

A high proportion of the soils showing alkali characteristics
are frequently high in clay also. The fine texture of these soils
indicates that they have been laid down by slowly moving
water, probably as a consequence of a decrease in velocity
after spilling over river banks during periods of flood. Soil
material deposited in this manner remains subject to frequent
inundation. TIts clayey, dispersed nature makes it difficult
and often impractical to reclaim. This fact cannot be over-
emphasized. Soils of this type are classed as bari soils locally.

Much work needs to be done in the characterization of
the alkali and saline soil problems in the subcontinent. A
positive step is being made through the development of
soil survey programmes. An important contribution of these

22
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programmes will be observations made on the properties of
the deep subsoil, particularly as they relate to internal soil
drainage.

The correction of existing salinity and alkalinity problems
presents a major challenge to the agriculturist. At least three
major obstacles must be overcome, namely, {1) the establish-
ment of proper drainage and facilities for disposal of waste
drainage waters, (2} the development of an adeguate and
economical source of gypsum, and (3} either the increase in
the amount of irrigation water necessary for leaching operations,
or development of more efficient methods of utilization of the
present water supplies. If disposal of drainage waters into
canals or strcams were contemplated, a serious problem
might arise in that the quality of the water for re-use may be
seriously impaired. Eaton {1953) suggests that large areas be
established where waste water can be allowed to accumulate.
Excess water would be dissipated through evaporation, Such
areas could be located or land already unsuitable for cultiva-
tion.

IRRIGATION WATER QUALITY

Poor quality irrigation water can have profound effects on
soil properties. Saline waters may cause the rapid conversion
of normal soils into ones with a high salt content. Prolonged
use of many well waters may result in severely aflected saline-
alkali soils. However, waters of moderately poor quality can
be used for long periods and without serious detrimental effects
if proper methods of application are followed. The analysis
of irrigation water provides a basis for making recommenda-
tions for its proper use.

DETERMINATION OF IRRIGATION WATER QUALITY

The quality of irrigation water is determined by its total
salt content, the ratio of Na to the divalent cations Ca and
Mg, and the quantity of HCO,+-CO, it contains. The
standards of classification advocated by the U.S. Regional
Salinity Laboratory (Richards, 1954) have rather wide
acceptance and provide one of the better approaches to water
quality evaluation.
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As in salinity measurement of soil extracts, the salt content
of irrigation water is estimated through use of conductivity
measurements. The ion concentration of most waters is so
low, however, that it is more convenient to express such
measurements as micromhos per cm., (EGx10%), Good
quality water has a conductivity of 250 micromhos per cm,
or less. A conductivity value above 750 micromhos per cm.
is indicative of poor quality water and its use rcquires special
irrigation management to prevent excessive salt accumulation
in the soil. Ground waters in the subcontinent are sometimes
.observed to have conductivities of 2000 micromhos per cm.
Or more.

The higher the Na: Ca-+Mg ratio of irrigation water the
greater 1s the tendency for alkali soil formation. A frequently
accepted limit is a soluble-Na percentage of 60. Since Na,
Ca, and Mg usually constitute virtually all cations present,
the two divalent cations will make up 40%, or more of the
total cation concentration in water of acceptable quality.

Acceptable limits of ‘residual Na,CO,’ in irrigation
water, as calculated by the method of Eaton (1949), have been
established tentatively by Wilcox ef al. {1954). According to
their observations, waters containing less than 1'25 me. per 1.
of ‘residual Na,CO,’ are considered acceptable, whereas
values above 2-50 me. per 1. are believed to be unsafe. Ex-
periments by Haque (1958} indicate that, at medium to
high salt contents {conductivities of 500 micromhos per cm,
or more}, any level of ‘residual Na,CO,’ may be harmful.
Where there is a potential for complete precipitation of Ca
and Mg in such waters, the large quantity of Na salts added
can soon cause an appreciable reduction in the level of ex-
<hangeable Ca in the soil,

QUALITY OF IRRIGATIOM WATER 1M THE SUBCONTINENT

The quality of irrigation water in thc subcontinent has
not been characterized very thoroughly. Some very uscful
information on water quality is provided by Eaton (1953)
and Haque (1958). Rivers having their origin in the
Himalayan uplands are low in total salts, seldom exceeding
300 micromhos in conductivity. Becausc they also contain
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some HCO, and CO,, precipitation of Ca and Mg from the
water after it has been applied to the soil may cause the effective
Na concentration eventually to exceed two-thirds of the total
soluble ions, At the same time, however, the loss of soluble
Ca and Mg will reduce the conductivity of the water {Doneen,
1954) and, theoretically, resultant effective-safintiy values
will be as low as 100 micromhos or less. Proof that these
waters arc of relatively high quality rests with the fact that
they have been used continuously for generations on well-
drained land without obvious impairment of productivity.
Ground waters pumped from wells in the irrigated areas
of the subcontinent are frequently very high in salts and in
‘residual Na,CO,.” This requires that they be examined
carefully prior to their use for irrigation of productive land.

USE OF INFERIOR IRRIGATION WATER

The application of poor guality irrigation water to soils
can be recommended only with reservation. Circumstances
do arise where the use of such water becomes desirable.
However, if good land is to be spoiled by this procedure, it
should be realized that it may be returned to a normal, pro-
ductive state only at great expense.

We may draw conclusions as to how much salt a water
can contain and still be used without disastrous effects to the
soil.  Water with a conductivity of 1000 micromhos per cm.
(1 millimho), when applied to the soil, will create in that soil
a salt level corresponding approximately to [ millimho con-
ductivity. This in itself is not recognized as a dangerous salt
concentration. However, i additional irrigations are applied
without removing residual salt by leaching, salts will accumulate
roughly in proportion to the number of irrigations. Theore-
tically, four such irrigations would raise the salt content of the
soil to a critical level.

Application of excess water each time the land is irrigated
will displace residual salts downward and will minimize their
accumulation. Thus, we may recognize the importance of
proper management in the use of poor guality irrigation water.
It may be concluded that waters having salts concentrations
appreciably above the level just cited might be satistactorily
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utilized where excess water is available for leaching and the
Na to Ca{-Mg balance in the water is suitable. The per-
meability of the soil must be taken into account, since this
property will determine the feasibility of maintaining low
salt concentrations through leaching.

The use of water with a high Na percentage or an appre-
ciable ‘residual-Na,CO,’ content will cause soil deterioration
regardless of management. Such water will increase the
level of exchangeable Na in the soil. Whercas lcaching
minimizes the deleterious effects of these waters, they still
may be expected to render the soil unfit for use, particularly
if the conductivity of the water is high. Should the total salt
content of the water be low, on the other hand, dcleterious
effects from wuse of the water may not develop even after long
usage. As cited above, this is more or less proved by the
continual use of river waters in the subcontinent which have
a small amount of ‘residual Na,CO,.’

If the salt content of water is not seriously high, it is possible
to improve a poor Na: (a--Mg balance through the addition
of gypsum. The Ca to be added in gypsum should be equi-
valent to that necessary to precipitate any ‘residual Na,CO,’
plus an additional amount equal to two-thirds of the total
Na present in the water. The resultant salt mixture will
have a poteniial Na concentration of approximately 60 percent
of the total soluble cations in the water.

If water is high in both Na and total salts, it is pointless to
attempt to adjust the Na: Ca- Mg ratio with gypsum. 'The
cost of the amendment will be excessive and only will add to
the level of effective salinity of the water.
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REVIEW QUESTIONS

Define saline, alkali, and saline-alkali in terms of the chemical
analysis of soils. In general, what are the properties of soils
falling into each of these three types ?

What crrors are involved in expressing the salt content of soils
on a percentage basis 7 Why is use of conductance values
preferable ?

Explain the advantage of using saturation-paste extracts over
extracts made [rom more dilute soil-water suspensions in deter-
mining the salt content of soil,

Under what conditions may one expect a saline scil to develop ?
An alkali or saline-alkali soil ? Why are arid climates
normally more conducive to the formation of such soils ?
Why does the bicarbonate jan in ground water encourage the
formation of an alkali soil ? What is meant by the term
‘residual Na,CO ' ?

Recalling the influence of soil texture on the height of rise of
water from a water table, explain why a salted condition may
be expected in a fine-textured scil lying over a relanvely deep
water table (Z.¢., 12-15 ft.) whereas none may occur in a sandy
soil in which free water occurs at the same depth. Froui
which soil would salts be removed most readily ?

In the conduct of the gypsum requirement test, Ca is not lost
from the saturated gypsum test solution in proportion to the
amount of exchangeable Na if the soil contains considerable
exchangeable K or soluble Na,CO,. Why is this?

Explain why a gypsiferous soil may have a relatively high
level of exchangeahle Na and still behave like a saline soil.
What is the difference in reclamation procedures applied to
saline soils as compared fo those used on alkali soils ?

A tubewell water is found to contain 3 me, Na and 20 me. (1
of Ca+Mg. Would you consider this suitable for irrigation ?
Why ?

What determines if an irrigation water is a ‘residual-Na,CO ,’
water 7 Why is such water so effective in producing an alkali
sail ?

Why will excessive irrigation prevent salts accumulating as
rapidly as will occur where scanty irrigations are used ?
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An irrigation water has a moderate level of salts and ‘residual
Na,CO,’. Explain how the heavy use of this water and
the application of gypsum, either to the soil or in the water,
can permit its continued use on a well-drained soil.

Why is it impractical to treat a water high in salts with gypsum
in order to improve its Na: Ca-+Mg halance ?
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CHAPTER THIRTEEN

THE DEVELOPMENT AND CLASSIFICATION
OF SOILS

THE sorr is a natural medium for plant growth which, in
various forms, covers the surface of the earth. Soils within a
localized area may appear similar to one another with varia-
tions so minor that it is difficult to distinguish between them.
On a broader scale, however, as we observe changes from
region to region, we recognize in soils characteristics which
clearly appear to be related to the environment in which they
are forming and to the parent rock from which they have been
derived, This fact has allowed for the identification of soils
as distinct bodies, differing from one another as dictated by
conditions under which they are developing. This recognition
of soils as distinct bodies is one of the most valuable advances
that has been made in the field of soil science. Even though
soils change slowly through the ages, their characteristics used
in classification are static from a practical point of view.

Consideration of soils as distinct bodies which result from
certain dcvelopmental processes has led to the evolution of
the science of pedology. The pedologist views the soil in the
light of its chemical and physical properties and measures
these properties in fundamental chemical and physical units.
Limits are established whereby soils may be characterized
and separated into specific groups according to the measured
properties. Thus, a basis for classification is established ;
one in which an almost infinite number of different soils may
be placed into a relatively few groups delineated according
to specific, though gradually varying, physical, and chemical
cl_naracteristics. Many such properties may be identified
visually in the field, whereas others must be measured in the
laboratory. All can be related to some extent to the produc-
tive capacities of the different soils, a fact which constitutes
the principal reason for developing an organized system of
soil classification.
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Discernible properties of the soil in the field may vary
gradually or quite abruptly. In the first instance, one may
move across the landscape for great distances without observing
particular changes in the soil. In other instances, properties
such as texture, soil depth, salt content, etc., may vary so
rapidly that it is impossible to separate soils within the area
under study into distinct groups. To consider a soil as a
separate and identifiable upit requircs that it cover a broad
enough area of land to muke its characterization practical.
Included in the determination of its characteristics is its
relationship to plants growing on it (Cline, 19492}, Once
the existence of an individual soil has bcen recognized, it is
described on the basis of its distribution over the landscape (soil
mapping), the physical and chemical properties of its profile
(soil classification}, and its capacity for producing crops under
a sustained agricultural programme {land-use classification).

The Classification of Soil Parent Material

The soil material (or parent material) of mineral soils
results from the physical and chemical weathering of rocks as
discussed in Chapter 4. Normally, weathering and soil
formation proceed simultaneously. However, for purposes of
discussion, they may be described as distinct or separate
prOCCSSﬂS.

Rocks may weather solely in the place of their origin.
Small amounts of the weathering products will be lost by slow,
natural (geologic) erosion or solution and leaching effects.
Much of the material remains, however, and by specific
formation processes is gradually converted into a characteristic
soil. A soil developing under this set of conditions is said to
he forming on residual soil material.

Many soils have developed on transported and re-deposited
materials, Four agencies of movemcnt are responsible,
namcly, wind, water, ice, and gravity. Thc mode of trans-
portation and deposition serves as a basis for the classification
of such materials as follows:

1. Wind-transported materials result in aeolian deposits.

2. Transportation by and deposition in water are res-

ponsible for afluvial, marine, and lacustrine deposits.
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3. Movement and deposition by ice flows results in glactal
deposits. Glacial deposits are noted for their lack of
uniformity in texture, which may range from clay to
large stones intimately intermixed.

4. The movement by gravity results in collumal deposits.

Examples of aeolian materials are sand dunes and loess.
Sand dunes are composed predominantly of medium to fine
sand.  This {s because winds are usually of such a velocity
that coarse grains cannot be picked up and transported effect-
ively and, therefore, remain at or near the point of origin of
the dune material. The smaller particles, normally of
very fine sand or silt size, will be carried to more distant
places and distributed over wider areas than the dune sand.
These matertals constitute loess, Deep deposits of loess occur
in the Potwar Platean of the Northern Punjab.

Water-transported materials may be deposited to form
alluvial deposits in the flood-plain areas adjoining rivers.
The texture of the resulting soil material depends upon the
velocity of flow of the water at the time of deposition. Thus,
sands, being difficult to matintain in suspension, are found
generally nearcr their point of origin. They may occur as
pronounced accumulations along strcam banks where res-
trictions to flow, such as bends in the stream channel, cause a
temporary decrease in velocity, The finer-textured particles,
on the other hand, can be carried great distances and may be
deposited only upon reaching the sea. However, when rivers
are in flood and spill over their banks, the decrease in velocity
permits the deposition of the clays and silts, Alluvial deposits
in much of the Asian subcontinent are derived at such times.

The accumulation of sediments in the sea (marine deposits)
or in lakes (lacustrine deposits) also occur as common types
of soil material. The components of these sediments may
have been transported to the site of deposition either by water
or wind action.

Glacial deposits are restricted in the subcontinent to the
mountainons areas. However, glaciation has had a very
important secondary effect on the composition of soils in
lower-lying areas. Much of the fine-textured material in these
latter locations has been derived through erosion of previously
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glaciated deposits from the high mountains. Stony soil
materials as far south as the Salt Range are thought to result
from: accumulations of materials imbedded in and carried
down by floating blocks of ice during periods of glaciation in
the distant past.

Colluvial deposits which result from landslides are of
minor importance except in mountainous regions. Colluvial-
alluvial activity is dominant in some of the narrow inter-
mountain valleys, however. Temporary streams formed by
torrential rains carry large quantities of relatively coarse
particles, partly colluvial in origin, through these narrow
passageways. Emergence upon flatter areas, with the resultant
decrease in water velocity, causes deposition of transported
matcrials as alluvial fans. These formations arc an important
source of seil material in mountainous regions.

The Soil Profile

Geologic strata underlying the surface crust of soil may
be characterized by a uniformity over large distances. Yet,
over the same surface area, soils can differ considerably. Their
differences are recognized in the characteristics of the profile,
the vertical component of a soil body. Measured in units of
depth, the profile may be considered as the sequence and
appearance of the layers or horizons making up the body of
the soil. It includes the underlying parent material. The
number of observable profile characteristics are many. Some
may be observed in the field, whereas others must be studied
in the laboratory. For survey purposes, suitable differentiation
among soils may be made normally on the basis of ficld observa-
tion alone ; however, for classification, other properties often
need to be determined.

The letters A, B, and C have been used for many years
to designate the horizons of the soil profile. Formerly, the
A, or surfacc horizon, represented the zone of eluviation ; that is,
the horizon from which materials were leached by percolating
waters. The B horizon, immediately beneath the A, repre-
sented the zone of accumulation, or illuvial herizon. Modern
connotation, however, no longer recognizes the eluviation-
illuviation process as the sole basis for differentiation betwecn
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the A and B horizons. Other features not particularly corre-
lated with water percolation are frequently responsible for
identification of these two horizons. Together they form the
solum.

The C horizon is immediately beneath the B horizon and
is considered by many to consist of slightly altered parent
material similar to the material from which the A and B
horizons have developed. It is difficult to determine experi-
mentally whether the parent material of all horizons within a
profile is of identical origin and of the same initial composition.
Reasonable proof comes from mineralogical technigues applied
in the laboratory which permit the determination of the
distribution within the profile of the very highly resistant soil
minerals (Marshall and Jeflires, 1946). Most of soils have not
developed from uniform soil materials,

The A, B, and C horizons may be further subdivided to
designate observable differences within the individual horizons.
Three major subdivisions are generally noted, as A, A,, and
A,. In certain instances, further subdivision is desirable
depending on the variability within the horizon, the ability
of the observer to pick out differences present, and the need
for such differentiation. Subdividing the A, horizon, for
example, into two subhorizons would be indicated by the
expressions, A, ; and A, ,.

Segregation of the profile into the A, B, and C horizons
usually follows the scheme outlined in Fig. 13-1. Further
subdivision will depend almost entirely on local characteristics
within the horizouns themselves.

It is not necessary that all horizons or subhorizons occur
in cvery soil. For instance, there may be no A, horizon, no
B,, etc. In some buried soils, there may be a duplication of
horizons at different depths in the profile.

The Factors of Soil Formation

It is well recognized that soils developing from a
geologic material often inherit some of the properties of the
original material. However, other factors contribute to
these properties also. The course of weathering of rocks
and minerals is affected noticeably by climate and vegetation.
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FIG. [3-1. Generalized plan of the soil profile

{ after Smith and Moodie, 1953 ).

A
A
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a

Undecomposed plant parts,
Partially decomposed plant parts,

Ay

Horizon of maximum hwmus accumulation and
biological activity, best development of a crumb
structure. Commonly very thick in Chernozems
and Prairie soils, thin or absent in Podzols.

Minimum silicate clay percentage, minimum humus,
and crumb structure.  May have lost Fe, Al, or
humus either to the B horizon or to ground water.
Structural units weakly developed. Most pro-
nounced in Podzols, Planosols, and Solodized-
Solonetz groups. Zoene of maximum eluviation.
Horizon of transition, but in colour, texture, and
structure, is more like A than B horizon.

Horizon of transition more like B than A, Commeon-
ly has a weakly developed nutty to prismatic or
blocky structure.

Horizon of maximum accumulation of clay, iron,
alumunium, or humus, depending on mobility of
individual compenents. Maximum development of
blocky, prismatic, or subangular blocky structure.
Horizon of transition more like B than C. Struc.
ture may be massive, if fine textured, or single
grained if sandy.

c

Slightly altered soil-forming material.
Soil-forming material of variable depth.

Other major horizons:

D

G

Unconforming strata underlying the B or C horizons
(1.e. a layer of composition differing from that of the
remainder of the profile)}.

Horizon formed under intense reducing conditions (7.e,
under water) ; may have neutral grey, olive, green, or blue
colours due to reduced state of minerals, a glei layer,

Horizon or stratum consisting of peat or muck,
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These, in turn, may be conditioned by relief, or lay of the land,
Furthermore, the longer the period of soil development the
more distinct its effects will be. Summarily, the nature of
soil-forming processes is controlled by five soil-forming factors—
parent material, climate, living organisms (including vegeta-
tion), relief, and time. Man, by altering conditions for
development, in certain instances may be considered as a
modifying factor in soil formation.

Time

With the passage of time, fcatures such as leached horizons
or those in which organic matter or clay accumulate appear
in a soil material, and arc indicative of a developing soil
profile.  The longer the period during which the soil-forming
processes operate the more distinct the profile features become,
Thus, for a given set of conditions, the stage of maturity of a
soil may be described by the extent of its development.

When the age of geologic deposits is known, the effect of
absolute time on development may be measured quantitatively.
Deposits left by retreating glaciers provide suitable media for
such measurements. Utilizing such deposits in Alaska where
the ages of various formations left by a receding glacier are
known, Chandler (1943} was able to relate profile charac-
teristics to the length of time of soil development. He observed
that distinct A, and A horizons resulted from organic matter
accumulating over a period of about 250 years. Eluviation-
illuviation processes, on the other hand, necded a period
of about 1000 years to produce leached A, horizons and B
horizons containing accumulated sesquioxides which were
characteristic features of the normal soils in the region, These
soils have developed in a relatively cool, humid climate.
Reaction rates and soil development would be expected to
proceed at a more rapid rate under tropical conditions.

Parent Material

Byers ¢f al. (1938) state that the initial step in the develop-
ment of soil is the formation of parent material as the result
of rock weathering. The parent rock, then, serves as a rela-
tively inert storchouse of future soil matcrial. Where a soil
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is forming on deep alluvial or aeolian deposits, the parent
rock in reality occurs in an unconsolidated state, and will
respond to the soil-forming processes in a somewhat different
manner than would solid rock material. While the most
readily observed characteristics of a soil forming from either
type of material may be the result of changes brought about
by climatic and biological effects, often they are traceable
directly to the properties of the parent material itself.

Soil profile descriptions usually show the C horizon to
consist of slightly altered parent materiai, Thus, it must be
assumed that geologic weathering of the parent material
continues after soil profile development commences. It is
logical, of course, that the A and B horizons of the profile
will be subjected to more extensive weathering than the
C horizon. Under arid conditions, where the lower limit of
the B horizon corresponds to the mean depth of moisture
penetration, the C horizon escapes weathering for the most part.

Weathering of rock may be 50 complete that soi] develop-
ing from it bears no resemblance to the original material,
The tendency in weathering is the production of more nearly
stable products which remain after the removal of soluble
components, These residues ({the various layered silicate
minerals, quartz grains, and iron and aluminium hydroxides)
will be relatively uniform in appearance and composition
regardless of the type of parent rock from which they are
derived. Thus, it may be said that parent matcrial has little
influence on soil characteristics if the weathering processes are
intense and of sufficlent duration. However, the extent of
soils over the earth’s surface which do not acquire a significant
part of their readily discernible characteristics from the parent
material is definitely limited.

It is where weathering is not so intense that the parent
material contributes materially to the characteristics of the
final soil. Sandstomes, quartzites, and other rocks high in
quartz impart a sandy texture to the profile. Shales and
slates, composed primarily of clay, result in fine-textured soils.
In addition to textural effects, the colour and mineral compo-
sition of the parent rock may influence the colour and nutrient
status of the resuiting soil.
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In the Asian subcontinent, the inter-relationship among.
parent material, climate, and soil may be observed as one
travels from west to east, or from areas of low to high rainfall.
Soils in the Indus Basin resemble closely the original alluvial
parent materials which persist virtually unchanged, texturally
and chemically, as the result of a low intensity of weathering.
Soils of the Deccan Plateau in Central India are characteris-
tically dark and fine textured, the result of their having deve-
loped from dark-coloured, fine-grained rocks. Although the
degree of weathering of the parent rock is moderate to strong,
characteristics attributable to the original material occur in
the resulting soils. Farther east and in southern India, intense
weathering has minimized the influence of the parent rock
on final soil characteristics. Here, even where there is consi-
derable variation in the parent materials, soils developed
under similar conditions of climate and relief consist of
highly weathered products and often tend to be quite similar
to each other.

Climate

Climate not only exerts a direct influence on the chemical
and physical processes of soil development but modifies the
other soil-forming factors as well, time excepted. All of the
various components of climate-—precipitation, temperature,
wind, etc.—piay some role in the formation of soils. Precipi-
tation affects the soil moisture content, aeration, and leaching.
Temperature governs the speed of chemical and biological
reactions, and reduces the effectiveness of rainfall by increasing
evaporation in warmer climates. In the latter respect,
Russell (1937) points out that increases in evaporation resulting
from a rise in mean annual temperature of 1°F. reduces the
amount of water pereolating through the soil by from 75 to
88 inches,

Muckinhern et al. {1949) discuss the indirect effect of
climate on soil formation consequent to the storing of energy
in organisms (i.e., plants). The energy released during de-
composition of plant residues affects various soil reactions and
processes. Furthermore, organic acids from decomposing

23
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organic matter Increase markedly the destructive effect of
percolating waters on soil minerals.

Various relationships between climate and soil properties
may be noted. Generally, higher temperatures are associated
with an increased content of clay in the profile (Jenny, 1935).
Organic matter accumulation, on the other hand, increases
with increasing precipitation and decreasing mean temperature.
Muckinhern et al. (1949) generalize that soil aggregation is
enhanced by climatic changes from arid to sub-humid regions,
Further increase in mean precipitation, however, is associated
with a reduction in aggregation.

The relationship between macro- and microclimates must
be kept in mind. The macroclimate is characterized by
normal weather data, Generalized soil groupings are asso-
ciated with macroclimatic data. The microclimate, which
may be considered as localized climate or effective climate, causes
variation within these broader soil groups related to macro-
climate. Textural changes in soil materials and accompanying
variation in water ahsorptive capacity (or reduced runofl)
alters the eflectiveness of precipitation and, therefore, the soil
development processes.

Relief

The configuration of the land surface, or its topography,
modifies the soil formation processes both directly and in-
directly. The influence of relief comes mainly from the
secondary effect it has on both the macroclimate and micro-
climate.

Over relatively short distances, abrupt changes in climate
will occur where there is a major variation in elevation. The
upward deflection and cooling of moisture-laden winds often
accounts for the unusually high rainfall in mountainous regions.
Furthermore, becanse of lower temperatures, loss of water
through evaporation is reduced. Thus, a greater proportion
of the precipitation falling on land at higher elevations may
enter into weathering and soil development reactions. Tamura
et al. (1953) have studied soil development in Hawaii and
describe soils which in a relatively short distance change
properties greatly as the result of a decrease in precipitation
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from over 150 inches at high elevations to less than 15 inches
at sea level,

Soil temperature is affected by the direction of slope of
land surfaces in that south-facing slopes in the northern
hemisphere are warmer. This may or may not have an
influence on the moisture relationships in the soil. However,
it is common for the cooler, north-facing slopes to support
perennial plants of relatively high moisture réquirement,
whereas, in the same locality, southern exposures are covered
with more drouth resistant grasses.

Topography also affects the climate of the soil where it
influences surface and internal soil drainage. Waterlogging
may occur in low-lying, flat arcas where removal of excess
water is difficult. This is well known as a major problem
to agriculture in the Indus and Ganges River Basins. The
nearly flat topography of these broad river valleys also permits
the inundation of large areas of land during periods of flood,
<ausing the frequent deposition of alluvial materials to the
land surface and more extensive leaching than would result
from normal rainfall.

As opposed to the problem of removal of excess water
from low-lying, flat areas, cxcessive runoff and erosion plague
more steeply sloping areas. Not only will excessive runoff
reduce the effectiveness of precipitation, but, also, the removal
of topsoil by erosion tends to maintain the soils in an immature,
undeveloped state. Relief has a direct bearing upon soil
formation under such conditions.

Living Organisms

Al BHving organisms associated with the soils—plants,
animals, and microbes—are active factors in soil formation.
Most important in this respect is natural vegetation which
develops in type as dictated by soil and climatic conditions.
Thus, vegetation itself does not influence independently the
soil-forming processes.

Growing plants return to the soil surface nutrients ex-
tracted from the subsoil. This modifies the effect of leaching
and tends to maintain a high level of base-forming cations
in the surface soil horizons. In addition, interception and
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scattering of rain drops by above-ground plant parts and
reduction in the rate of water flow over the soil surface reduces
erosion. Shade afforded by the plants reduces evaporative
loss of water, and thereby increases further the effectiveness
of the natural precipitation.

Vegetation makes a major contribution to soil formation
as a source of organic matter. The physical form of the
dominant plant species dictates the distribution of organic
residues in the soil profile.  Grasscs, on the one hand, produce
a profuse root system and result in characteristic profiles in
which organic matter is found throughout a thick surface
horizon. Forest vegetation, on the other hand, adds organic
residues predominantly as leaf litter which accumulates on
the soil surface rather than under it. Organic matter from
the litter is incorporated into the profile primarily by being
carried downward in percolating water or by burrowing
animals and insects.

The litter from different types of trees possess variable
qualities which reflect in the intensity of leaching and weather-
ing in the profile. Generally, the litter in coniferous forests is
lower in bases than that from deciduous trees. Thus, the
organic matter from conifers results in strongly acid leaching
waters which cause a rapid and more thorough decomposition
of minerals and loss of plant nutrients. Chandler (1939),
studying soils under three forest types in New York, showed
marked differences in the pH of accumulated organic matter
on the soil surface resulting from different species of trees.
The pH values for the A, horizons under spruce (coniferous),
spruce-hardwood, and hardwood (deciducus) trees, respect-
tvely, were 345, 3-74, and 556,

Organic matter as a constituent of the soil increases the
water-holding capacity, encourages soil aggregation, and
improves permeability to water. The greater efficiency of
absorption and movement of moisture will influence both
chemical and physical phases of the soil development processes.

As is emphasized by Muckinhern ¢t al. (1949), abrupt
changes from one vegetation type to another frequently
indicate major changes in ‘such soil properties as texture,
water-holding capacity, etc. These changes may also be
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correlated with variations in relief. Similarly, the natural
occurrence of various types of salt-loving plants is usually closely
correlated with salinity conditions in the soil. Since salts in
the soil or their effects on soil properties are not always obvious,
vegetation types frequently serve ag an index to salted condi-
tions.

In the more arid regions, plants may modify the soil
development processes by absorbing and reducing the amount
of water which would otherwise percolate through the soil.
This is of little consequence in humid regions where, after
plant requirements for moisture are met, there is still sufficient
water to pass completely through the profile.

Rodents, earthworms, and other animals and insects, as
a part of the soil biota, assist in the decomposition of organic
deposits, and mix the surface layer of soil through burrowing
activities. Microorganisms also are important in soil formation
because of the part they play in the decomposition of organic
matter. Furthermore, nitrogen-fixing organisms, both sym-
biotic and nonsymbiotic, assist in gustaining growth of vegeta-
tion at a much higher level than would be possible otherwise
on soil materials low in available nitrogen. As a conse-
quence, their presence may result in the addition of significant
quantities of organic residues to a forming soil.

BASIC TRANSFORMATIONS IN SOIL FORMATION

In a strict sense, we wmight delimit gealogic deposits to
those which have remained unaltered since their original
formation as a result of solidification from cooling magma.
‘This definition, however, would be unacceptable to the geo-
logist in many instances. Widespread deposits of sedimentary
and metamorphic materials are considered to be of a geologic
nature, and yet they result from major alteration of original
parent rock. Nonetheless, those of an unconsolidated nature
will, where they occur as a surface crust, support plant life and,
for this reason, fit as well into the concept of a soil as they do
into a geologic system of classification, Circumstances of this
type indicate the difficult and arbitrary nature of separation
of soils into a distinct category with unquestionable limits
with respect to apparent properties,
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The majority of the world’s soils are on transported
materials. In reality, the development of these soils com-
mences prior to the deposition of the materials in their present
location. While the initial transformation of the parent rock
could have been largely physical (i.e., comminution}, extensive
chemical weathering may have occurred also. Customarily,
however, soil formation is viewed as a scries of transformations
affecting parent material in place. Soil profile characteristics
are attributable directly to these transformations in many
instances. On the other hand, characteristics of the original
deposit (i.e., texture, textural variation or layering, mineral
composition, etc.) also influence strongly the features of the
resultant soil.

Aside from effects traceable to inherent properties of the
parent material and its deposition and layering, transformations
responsible for the development of characteristic soil profiles
are as follows (Smith and Moodie, 1955) :

1. Rock and mineral weathering,
2. Humus formation and organic matter accumulation.

3. Ion exchange and the movement and precipitation of
salts.

4. Movement (eluviation) and accumulation (illuviation}
of colloids within the profile.

5. Mechanical shifting and transfer of material within
the profile by organisms.

The extent to which these transformations will have taken
place in soil formation will be a function of the combined
influences of the five soil-forming factors. For example, the
first four transformations listed above will proceed most
rapidly under conditions of relatively high moisture and
temperature. The extent of change will be dependent upon
the length of time during which they have been taking place.
Young soils, or those which retain great similarity to the
original parent material, will have undergone these transfor-
mations to but a very limited extent.
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CLIMATE A3 A BASIS FOR SOIL CLASSIFIGATION!

Except where abrupt changes in elevation occur, the
climates of the world are noted to change only gradually over
wide areas. Since vegetation and climate are very closely
associated, we may expect vegetation to change gradually
with the chimate. The rather close relationship between these
two factors is shown in Fig, 13-2. The diagram illustrates
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FIG. 13-2. The generalized relationship between climate and
type of vegetation.

the fact that plant types capable of producing abundant vege-
tation become dominant as the precipitation increases. The
same trend in vegetation is noted in the change from cold
to hot climates,

As discussed previously, climate and vegetationare capable
of exerting a strong influence on thepattern of soil development.
Where parent materials and topography do not varyexcessively,
rather broad areas of similar soils are found o occur within
specific climatic and vegetational zones. Thus, as these
climatic and vegetational zones are distinguished one from

! The system of classification herein described is but one currently in use,
It corresponds to the system which has been developed and followed for the past
half century in the United States, Much ol the basic work leading to the formu-

lation of this system is attributable to Russian and European soil scientists as
well as to those in the United States,
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the other, so may we separate into zones the soils developing
within them. Such a distribution is depicted in Fig. 13-3.
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FIG. 13-3. A diagrammatic representation of the relationship
between climatic change and variation in some of the major
properties of soils.

Here s0il zones are superimposed upon the same climatic base
as 15 uwsed in Fig. 13-2. Because the properties of these soils
are associated very closely with the climate of the zone in which
they are forming, they are known as zonal soils.

All soils within a specific climatic zone do not reflect the
effect of the mean climate in a similar manner. Those which
do are considered normal for the area. 'This raises a guestion,
of course, as to which ones do represent the specific influence
of the prevailing climate, Also, if some soils do not, why is it
that they do not ? In answer, it must be stated that, again,
an arbitrary base is used in defining a normal soil. As the
clitnate for the area is described as average with respect to
precipitation, temperature, etc., so must be the other factors
of soil formation. Thus, topography, parent material, and
vegetation must be average for the area. Furthermore, the
time of development must have been sufficiently long to have
resulted in soil properties which represent a state of near
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equilibrium with the prevailing environment. Environment,
in turn, is expressed by conditions occurring within the deve-
loping soil profile and, thus, reflect the combined influences
of the soil-forming factors.

By definition, normal or average conditions of soil deve-
lopment include gently sloping land where surface and internal
drainage are adequate, and erosion, though slight, is present,
Since parent materials composed of siliceous rock are the
most common, the normal soil usually will develop from such
matter. Where mineral weathering is limited by arid
climatic conditions, parent materials of normal soils logically
would be one of the transported types.

Soils which are forming under conditions other than those
accepted as normal cannot be classed as zonal soils. Two
additional groups, then, are recognized as encompassing these
abnormal soils. They are the intrazonal and azenal categories,
Intrazonal soils are those which result from major modification
of climatic effects as a consequence of abnormalities in topo-
graphy or parent material. For instance, as opposed to
gently sloping land which loses a moderate portion of preci-
pitation falling upon it as run off, level land or that of a depres-
sional nature will retain virtually all of the rain or snow received.
As a result, vegetation there usually is more typical of that
common to areas of higher rainfall, and water available for
weathering and leaching is greater than that acquired by
associated normal soils. These conditions result in a different
effective elimate and will, obviously, increase the rate of trans-
formation responsible for soil development, Similarly, in-
trazonal soils form in waterlogged areas of arid regions since
the more nearly constant source of moisture causes profoundly
different consequences than are observed to occur in well-
drained soils. Unusual parent materials also can result in the
formation of intrazonal soils. One may conclude from these
facts that intrazonal soils are Jocated without respect to any
particular normal, zonal soil boundary. Like the zonal soils,
however, they tend to be at near equilibrium with the en-
vironment in which they persist.

The third or azonal group of soils is comprised of those
5o young that they have undergone only a minimum of trans-
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formation. Generally, azonal soils have resulted merely as
the consequence of deposition of previously comminuted parent
material. Soils maintaining their immaturity as the result of
continual removal of surface layers through erosion are azonal
also. These soils show no effect of the local prevailing climate
or vegetation on profile features,

Determining whether or not a seil is zonal, intrazonal,
or azonal is an initial step in classification which results in
placing a soil within its particular order. Soils within the zonal
or intrazonal orders may be separated further into suborders.
Among the zonal soils, this separation is on a climatic and
vegetational base. Six distinct zonal suborders have been
recognized and are shown in Table 13-1. The relationship
between these suborders and climate is indicated in Fig. 13-3,
and, by comparing this diagram with Fig. 13-2, the relation-
ship between these suborders and vegetational type can be
seen also.

Three suborders occur within the intrazonal soil category.
These include the imperfectly drained soils of both humid and
arid regions and soils developing on abnormal parent materials.
Since characteristics of azonal soils reflect essentially only
the effects of parent material, they are not divided into
suborders.

Although soils which go to make up an individual suborder
have a limit to the extent of their variation, changes among
them are of sufficient magnitude to allow for appreciably
greater subdivision than is permitted by the suborder grouping.
Subdivisions of the suborders are the great soil groups which are
shown also in Table 13-1.

Whereas all great soil groups within a suborder are grouped
together largely as the result of their occurrence under a
limited range in climate, separation among them is primarily
on the basis of specific differences in profile characteristics.
Characteristics of the horizons, incleding their number,
thickness, colour, texture, and presence or absence of lime are
the principal bases for separation among the great soil groups.

As the suborders of zonal soils are related to climate, so
are the great soil groups which constitute them. The
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Table 13-1.

The Higher Categories of a Soil Classification Systemn.

QOrder

Suborder

Great Soil Group

Zonal

Intrazonal

. Soils

. Halomorphic

. Soil of the cold zone.

. Light-coloured soils of

arid regions
{Desertic)

. Dark-coloured soils of

semiarid, subhumid,
and humid grasslands.
{Chernozemic)

of the forest-
grassland transition

. Light-coloured pod-

zolic sails of the tim-
hered region
{Podzolic)

. Soils of forested warm-

temperate andtropical
regions
{Latosolic)

(saline
and alkali} soils of im-
perfectly drained arid
regions and iittoral
deposits,

Tundra soils

Gray Desert soils
Red Desert soils
Sierozem soils
Brown soils

Reddish Brown soils

Chestnut soils

Reddish Chestnut soils
Chernczem soils
Prairie soils {Brunigra)
Reddish Prairie soils

Degraded Chernozem
Noncalcic Brown or
Shantung Brown soils

Podzol soils

Gray Wooded or Gray
Podzolic soils

Brown Podzolic soils

Gray-Brown Podzolic
soils

Red-Yellow Podzolic
soils

Reddish-brown Latosolic
soils

Yellowish-Brown
Latosolic soils

Latosols

Solonchak or Saline soils
Solonetz soils
Soloth soils

363
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Table 13-1. (Continued)

Order Subarder Great Soil Group

Intrazonal| 2, Hydromorphic soils of | Humic Glei soils
marshes, swamps, seep | (includes Wiesenboden)
areas, and flats Alpine Meadow soils
Bog soils
Half-Bog soils
Low-Humic Glei soils
Planosols
Ground-Water Podzol
soils
Ground-Water Latosol
- soils

3. Calcimorphic soils Brown Forest soils
{Braunerde)

Rendzina soils

Grumusols

Azonal Lithosols

Regosols (includes Dry
Sands)

Alluvial soils

relationship between the zonal great soil groups and climate is
shown diagrammatically in Fig. 13-4.

Separation of intrazonal and azonal soils into great soil
groups does not follow a general pattern as is noted above for
the zomnal soils. The basis for these separations will become
apparent from the individual discussions of these groups in
later sections of this chapter,

THE CLASSIFICATION OF ZONAL SOILS

The principal influence of climate on soil development
is attributable to the moisture effect. Water is essential to at
least four of the five transformations normally involved in
developmental processes. Temperature effects, which modify
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FIG, 13-4. The relationship among the zonal great soil groups
shown on a climatic base {after Smith and Moodie, 1955).

various of the chemical, physical, and biological functions
attending soil development, also play an important role. The
type of vegetation associated with a particular soil is controlled
largely by effective moisture and temperature. Thus, these
latter two factors are both directly and indirectly responsible
for the course followed in the gradual alteration of raw or
partially transformed parent material into soil.

As might be expected from the above considerations, major
changes in soil characteristics occur along transects of varying
effective precipitation. Furthermore, for any given moisture
condition, variation in soil properties are brought about also
by a change in mean temperature. The most significant
temperature effects are noted within regions of high rainfall.
In our inspection of zonal soil characteristics, we will attempt
to learn the various relationships between gross climates and
some specific zonal soil properties. For facility in discussion,
these zonal soils will be considered as members of four separate

groups with characteristics reflecting the influence of signi-
ficantly different climatic conditions.
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ZONAL S$OIL, DEVELOPMENT UNDER LOW TO
MODERATE RAINFALL

Soils formed under normal conditions of topography and
drainage in regions of low rainfall have profile characteristics
which refiect clearly the effects of limited leaching and low
biotic activity on soil development, Where precipitation is
at a maximum for this climatic range, readily soluble salts
will be lost from the profile. Calcium and magnesium carbo-
nate, while they may be redistributed within the profile, are
not removed from it completely. This pattern of leaching
is associated generally with climates where the mean annual
precipitation is moderate to low, i.s. from 2 or 3 up to no more
than 35 in. per year. The soils at equilibrium with the
environment are characteristic of desertic and chernozemic
categories (Table 13-1). Normal vegetation varies from talil
grasses, where rainfali is the highest, through the short grasses,
and finaily to the drouth-resistant shrubs, grasses, and other
plants of the deserts. The frequency and distribution of
precipitation throughout the year will have some bearing on
the equilibrium vegetation.

As is common to the development of all zonal soils, growing
plants contribute materiaily to profile characteristics of soils
in arid regions, They serve a major function as media for the
recirculation of bases within the soil profile (dase cyeling)., The
process involves the absorption of bases from the subsoil,
their trapsport to above-ground plant parts, and eventual
return to the surface soil upon decay of the plant. Thus, base
cycling tends to counter leaching effects even though they are
characteristically limited under conditions of low rainfall.
An important consequence of this is that the level of available
plant nutrients in the surface soil is elevated appreciably above
that of the original soil material. The maintenance of high
levels of Ca and Mg causes their precipitation as carbonates
at some point within the profile.!

1 The process of soil development wherein the seil exchange complex
remains essentially starurated with divalent cations and tree fime vccurs as a
common coastituent of the profile is referred ta as calification {Byers ef al., 1938).
Prairie soils, while included in the chernozemic suborder, are subjected to
somewhat greater leaching thanp are the chernozem soils,  As a result, they have
Mme-free profiles.
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One of the more outstanding features of soils developing
under conditdons of limited precipitation is the variation
in colouration due to the characteristic distribution of
organic matter within the profile. The effect, which is asso-
ciated with grass vegetation, becomes most apparent under
high effective precipitation, and results in a pronounced
darkening of the profile throughout the zone ofroot develop-
ment. The distribution of organic matter in four great soil
groups typical of the desertic and chernozemic suborders is
shown diagrammatically in Fig. 13-5. Here the effects of
increasing precipitation on organic matter content and dis-
tribution within the profile are obvious.
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FIG. 13-5. The approximate distribution of organic matter in
profiles of several of the great soil groups developed under
conditions of low rainfall {after $mith and Moodie, 1955).

A number of physical and chemical characteristics are
common to many of the soils developing under conditions of
 limited rainfall. A number of these are as follows:

I. The colloid is dominated by bases, primarily calcium.

2. The soil reaction is near or above neutral in most
horizons, with slight acidity often characterizing the
surface horizons.
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3. The chemical and mineralogical makeup of the
colloid fraction is relatively uniform throughout the
profile, except where variations in the composition
of the soil-forming material prevent this. Movement
of colloids by percolating water is limited, probably
because of the high state of aggregation due to the
abundance of calcium ions.

4. A zone of calcium carbonate and magnesium carbonate
frequently develeps.  This zone is thought to coincide
with the depth to which percolating water most
frequently penetrates.

5. Soil organic matter accumulates throughout virtually
the entire profile.

Light-Coloured Soils of the Arid Regions { Desertic Soils)

In well-drained desertic soils, movement of water into the
profile scldom is beyond a depth of 4 feet. Vegetation is
sparse, limited by the low and infrequent rainfall to fast-grow-
ing, short-lived grasses or drouth-resisting plants and shrubs.
This condition leads to a return of only a minimum of plant
residues to the soil. The surface layers of the soil profiles
are not darkened appreciably by organic matter, therefore.

Weathering of desertic soil mineral matter is confined pri-
marily to physical processes which result in generally coarse-
textured materials. The limited quantity of water available
restricts both the chemical break-down of mineral structures
and the removal of weathering products from the profile.
Percolation usually is adequate to carry out relatively soluble
salts ; however, slightly soluble salts which dissolve at the
surface may be precipitated at some lower depth when the
concentration of these salts in the soil solution is increased
through water removal by plant roots. This latter process
accounts for accumulations of lime and gypsum in subsoil
layers! of many soils in the arid and subhumid regions.

1 Where lime and gypsum accumulation i3 a predominant means for the
formation of B horizons in soils, the resulting soil layers are designated lrequently
as B, ca or Byew horizons. The symbol, cs, infers the presence of gypsum {calcium
sulfate}. In more humid regions where lime still remains in the profile but the
illuviation of ciay is the principle means of B-horizon formation, the lime then

may be considered to have accumulated in the parent material or C horizon.
Such horizons are commonly designated by the symbol Cea.
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Where both salts occur in the profile, gypsum normally will
be found at a greater depth than lime because of its greater
solubility.

Although B, horizons high in clay are formed in humid-
region soils as a result of the eluviation-illuviation process,
percolation in desertic soils usually is inadequate to cause this
effect. Nonetheless, faint textural and, therefore, structural
B, horizons somectimes are observed in desert-region soils.
Nikiforoff (1937} attributes the increase in clay under these
circumstances to be thie result of weathering and clay formation
in place and not the consequence of clay migration downward.
Layering of alluvial or aeolian materials also could result in a
variation in soil texture within soil profiles, and this might be
interpreted erroneously as being caused by the movement of
clay particles in percolating water.

Anincrease in the mean annual precipitation within regions
of desertic soils causes characteristics typical of B horizons
to become more pronounced. At the same time, the A horizon
darkens due to an increase in plant growth and the amount
of plant residue returned, and the depth to lime or gypsum
layers increases gradually, An increase in average tempera-
ture, on the other hand, causes soil colours to change from the
grays or browns in cooler areas to reddish or reddish browns
in warmer climates. The great soil groups falling within the
desertic suborder are gray desert, sierozem, red desert, brown, and
reddish brown. They are differentiated primarily on change in
appearance caused by variation in climate as illustrated in
g, 13-4,

The most outstanding features of the profiles of the light-
coloured soils of the arid regions are as follows:

Surface horizon only slightly darkened by organic
matter accumulation. Gray colour in cold, dry zones,
y becoming more red with temperature increase and
brownish with moisture increase. Salts and lime
generally absent. Colour of parent material may have
a dominating influcnce.
24



370 PRINCIPLES OF SOIL SCIENCE

Difficultly discernible horizon of transition between A
A,-B, and B, horizon. No A,, or eluviated horizon, is in
evidence.
Identification of B, horizons usually on the basis of
, Sstructure (prismatic or blocky), or occasionally on
colour. Structure more pronounced with increased
rainfail where a higher content of clay may occur,
Zone of lime accumulation, or lime and gypsum.
B,ca The depth of deposition for either salt will increase
with increasing precipitation, and the gypsum layer,
where present, will occur beneath the lime.
C  Slightly weathered parent material, usually calcareous,

Dazk-Coloured Soils of Semtarid, Subhumid, and Humid Grasslands
{Chernozemic Soils)

With increasing precipitation over that characteristic for
the arid regions, the influence of climate overshadows many
of the effects of parent material in the formation of soil. The
biotic factor, particularly vegetation, exerts a much greater
influence on profile characteristics. The vegetation gradually
changes from the true desert types, first to bunch grass, then
to short, and finally to tall grasses. But the nature of the
transition in vegetational type depends upon whether or not
the bulk of the precipitation occurs during the growing season.
Grasses which are characterized by dense root systems that
extend deep into the subsoil are potent factors in the develop-
ment of deep, dark soil profiles. In areas where the highest
effective precipitation occurs, soils may become somewhat
acid and lime zones may be absent from the profile.

Five great soil groups occur in this climatic range : chestnut,
Teddish chestnut, chernozem, prairie (brunigra), and reddish prairie.
The existence of a reddish chernozem docs not appear to be weli
established, but there is little reason why it should not occur.

Profile characteristics for the suborder are rather well
defined. With increasing precipitation they become more
pronounced as follows:

1. The colour of the surface soil changes from dark

brown to black due to the greater accumulation of
organic matter,
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The thickness of horizons increases, especially the
A horizon, and the effect of organic matter on profile
colour extends to greater depths in the profile.
Structure becomes more apparent ; crumb or granular
m the A, and blocky or prismatic in the B horizon.
Textural profiles, probably due to development of clay
in place, do occur.

The depth to a lime layer increases until, in the prairie
soils, the layer disappears. Only traces of soluble
salts are found. Calcium and magnesium dominate
the exchange complex.

The reaction of the surface soil varies from near neutral
in thc drier zones to slightly acid in the prairie soils.
typical profile to cover all members of this suborder

cannot be shown logically. However, principal features of
the profiles within the suborder of chernozemic soils are as
follows :

Dark brown to black colour depending on effective
precipitation. Thickness will increase with increasing
precipitation, and at a more rapid rate in the cooler
climates where organic matter is not oxidized so
readily. Granular to crumb structure.

Difficulty discernible and of varying thickness. Tran-
sition zone. No A, evident.

Slight to moderate development of a textural B, with
increasing rainfall, especially in the reddish soils of the
warmer areas. Clay accumulation probably due to
formation in place. Most prominent feature is the
increase in structural development,

Lime layer present in the chestnut and chernozem
soils only.

Parent material.

ZONAL 50IL DEVELOPMENT IN HUMID, TEMPERATE
CLIMATES

Soil development in humid, temperate regions occurs nor-
mally under forest vegetation. The dominant transformation
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involved is mineral weathering. Considerable eluviation
takes place with an appreciable portion of the eluviated
materials accumulating in the subsoil. A large part of the
weathering products are lost from the profile through leaching
also. Organic matter contributed by the forest vegetation
tends to remain as a strongly acid deposit on the surface of the
soil.  This has a profound influence on the pattern of weathering
and soll development within the underlying materials.

Because of the strongly acid nature of the layer of accu-
mulating organic materials, percolating water passing through
it acquircs exccptional solvent properties. The solubility of
¥Fe and Al in the upper mineral layers is enhanced by this fact.
Furthermore, certain organic fractions derived from the leaf
and ncedle litter appear capable of protecting these metallic
ions against precipitation, and permits their transfer out of
the surface horizon by the percolating waters (Stobbe and
Wright, 1959). A residue of silica, probably precipitated
after release from weathering minerals but also residual as
silica grains resistant to weathering, remains to form a whitish
A, horizon (dleicherde). Organic matter and exchangeable
base-forming cations also are removed from the surface layers,
Thus, the exchange complex there tends to become saturated
with H and Al ions.

The deposition of eluviated materials in the B horizon
follows a rather specific pattern. Organic matter accumulates
immediately heneath the bleached layer, along with iron and
aluminium. With increasing depth, the profile then grades
into a compact horizon of decreased organic matter content
but one which remains high in sesquioxides, particularly iron.
Often a horizon with a higher content of clay occurs imme-
diately beneath the sesquioxide layer. This probably results
from the recombination of cluviated weathering products
to form clay-sized, layered silicate minerals.

The weathering of the geologic materials under these
conditions may occur to great depths, particularly where
permeability to water and air is high. The transformations
involved proceed at a relatively rapid rate and lead to the



THE DEVELOPMENT AND CLASSIFICATION OF SOILS 373

evolution of podzolict soils. The more outstanding charac-
teristics of these soils include the presence of an acid organic
layer at or oa the soil surface, a bleached A, horizon, and a
B horizon subdivided into distinct though overlapping organic,
sesquioxide, and clay layers. The profile is normally low in
exchangeable bases and high in exchangeable H and Al.
The typical podzol profile has the following characteristics :

A, Normally thick, strongly acid, mor-type organic layer.

Highly leached gray to white horizon (true bleicherde),
coarse textured, low exchange capacity. Thickness
will wvary greatly over short distances.

0

Upper portion of the B, ; forms a distinct horizon
because of accumulation of organic matter. Sesqui-
oxides are also plentiful, but colour is masked by
organic matter. Texture will be finer than that of
the A, honzon.

Distinguished from the B, , horizon by decreased level
of organic matter and the greater prominence of
sesquioxides. May be a compact, cemented layer
due to the sesquioxides,

B,, This horizon, when present, is distinctive because of
an increase in clay content over the B, , horizon.

Transitional. May or may not be present. Boundaries
irregular.

C  Parent material, highly weathered, normally acid.

The true podzol is the mature soil of the humid, temperate
to cool regions. As one progresses from a podzol zone to areas
of like temperature but lower rainfall, the change in soils is
toward the prairie and chernozem types. An increase in
temperature but with similarly high precipitation, on the
other hand, causes a change in soils toward the latosolic types
which will be discussed shortly. As temperatures decrease, the
Precipitation intercepted by the soil is less likely to be lost
through evaporation, and, therefore, becomes more effective

! The transformations leading to the development of podzolic soils are
referred to in the literature as podzolization {Byers et al., 1938},
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in soil development processes. As a consequence, podzolic
soils may also be found in areas of relatively low rainfall if the
mean temperatures are quite cool.

Light-Coloured Podzolic Soils of the Timbered Region

In addition to the true podzels, four other great soil groups
are described in this suborder. 'These are the gray woeded or
gray podzelic, brown podzolic, gray-brown podzolic, and red and
yelfow podzolic groups. The relationship between these groups
and climate is shown in Iig. 13-4.

On the cooler, drier side of a podzol soil zone, transition
to the prairie or chernozem soil type is expected. Yet
soils in these areas show the effects of coniferous forest
vegetation, even under low rainfall. The upper horizons
have but weak podzolic characteristics. Organic horizons
and a relatively thick, gray A, horizon are present, however.
The B, horizon displays the typical accumulation of organic
matter and sesquioxides, but not to the extent noted in true
podzols, If the parent material is calcareous, free lime may
occur in the B, {or C.a) horizon, suggesting limited leaching.
Soils having these characteristics belong to the great soil
group of gray wooded or gray podzolic soils.

According to Cline (1949b) the gray-brown podzolic,
brown podzolic, and podzol soils form a series representing the
progressive advance in soil developmental processes under a
humid, temperate climate. The profile of the gray-brown
podzolic soil has an A horizon containing largely mull{* humus,
and a textural B horizon characterized by an accumulation of
mineral clay. The brown podzolic soil, which rcpresents an
advancement in the stage of development over the gray-brown
podzolic soil, is more strongly acid, has a lower level of ex-
changeable bases, and a surface layer of mer humus. The B
horizon has becn dcepleted partially of accumulated clay,
probably as the result of its breakdown in the more acid
percolating water. This horizon is found to contain also a
slight accumulation of organic matter and sesquioxides, a

1 Mull is well-decomposed organic matter mixed with the mineral soil
material. Mor is a layer of undecomposed or slightly decomposed organic
residue which lies on the surface of the mineral profile.
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feature more typical of the true podzol. Cline (1949b)
believes that representatives of these two great soil groups,
along with the true podzols, may occur within the same
climatic zone if there is a variation in the calcareous nature of
the parent material. Thus, highly calcareous materials,
which, when present, prolong base cycling, will result in the
persistence of a soil with grav-brown podzolic features, In
the same vicinity, brown podzolic and true podzol soils might
occur on parent materials that are lower in lime or lime free
in their initial state.

There appears to be a number of similaritics between the
gray podzolic soils of the drier, forested regions and the gray-
brown podzolic soils. However, the gray podzolic soil is
described as having a thicker A, horizon and as being less
acid than is the typical gray-brown podzolic soil.

The gradual increase in temperature in humid zones
results in the replacement of coniferous trees by deciduous
types. The forest litter loses its strongly acid properties,
Clay composed of silicate minerals appears to undergo con-
siderable breakdown and disappearance from the soil. Iron
oxides restdual from the mineral breakdown impart a yellowish
to reddish colour to the soil. The rapid oxidation of organic
matter limits its accumulatien, These conditions result in
weakly developed podzolic soils which may be considered as
transitory between podzolic soils of the cooler climates and
the latosolic soils of the humid to superhumid tropics. They
form the red and yellow podeolic soil groups. In spite of the
theoretical differences in conditions under which they form,
the distinction between gray-brown podzolic and yellow pod-
zolic is not clear and has led to much confusion in classification
(Tavernier and Smith, 1957). The current tendency in
classification appears to be one in which the yellow podzolic soils
are restricted to those forming on lime-free parent materials.

The surface horizons of red and yellow podzolic soils cre
thin, and do not appear to be particularly high in organic
matter. The A, horizon is bleached but not white in colour,
The B, horizon ranges from yellow to red and is higher in
clay than the A, horizon. Subsoil horizons are highly
weathered.
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Sotls of the Forest-Grassland Transition

Two great soil groups have been recognized in this
suborder, the degraded chernozem and the nomcaleic brown or
Shantung brown soils. Both occur in the forest-grassland
transition area in subhumid, temperate climates. The
degraded chernozem appears where grassiands have slowly
converted to forest conditions. Thus, it has been possible for
the organic profile of the chernozem to appear superimposed
upon a profife having the A,-B, horizon sequence of the
podzolic types. It is assumed that the chernozemic properties
are slowly disappearing from these soils.

The noncalcic brown soils are known to occur both in
the United States and China. They are found in subhumid
regions where the climate fluctuates between wet and dry
periods. The profiles do not vary markedly with depth, are
slightly acid in reaction, and have a light rcddish brown
appearance., Unlike the brown soils of desertic suborder,
they arc noncalcarcous. According to Tavernier and Smith
(1957, p. 280) the profile characteristics of noncalcic brown
soils are strikingly similar to those of gray-brown podzolic soils.
The outstanding difference between the two is climate rather
than profile properties, for the noncalcic brown soil occurs in
areas where winter precipitation is common and suramer
periods are characteristically drouthy. If lime occurred in
the profile of the noncalcic brown soil, it would become a
normal brown soil.

ZONAL SOIL FORMATION IN FORESTED WARM-~-TEMPERATE
AND TROPICAL REGIONS

Soil development within tropical and subtropical regions
is the result largely of intense mineral weathering and extensive
leaching. According to Byers et al. (1938), the wcathering
process is quite complete and leads eventually to the conversion
of the initial rock entirely to silicic acid, and aluminum and
jron hydroxides or their dehydration products. Some soils
developing on these highly weathered materials appear to
have characteristics of podzolic soils in that they have a surface
layer high in organic matter, a somewhat bleached A, horizon,
and a distinct B horizon. The B horizon, composed primarily
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of colloidal iron and aluminium hydroxides, is referred to
specifically as the laferite layer. When exposed to air and
allowed to dry, it becomes very hard. Soils containing a
laterite layer are latosols!, and those still in the apparent
process of laterite formation are latosolic soils,

The principal components of highly weathered latosolic
soils are colloidal, although, asin the laterite layer, considerable
cementation of these colloids may have taken place. In addi-
tion to the abundant sesquioxides, these soils may contain
kaolinitic clays in fairly high proportions. Both kaolinite and
the sesquioxides normally have low cation-exchange capacities®
Furthermore, being high in sesquioxides, these soils display a
high capacity for fixing phosphorous. It is little wonder,
then, that crops grown on latosolic soils frequently respond
markedly to the addition of plant nutrients.

In spite of the above-cited limitations, tropical soils often
are relatively productive. Even though nutrient cations may
not be held on the exchange complex in large quantities, their
release from organic matter is rapid because of the very high
rate of mineralization and large amounts of plant residues.
Thus, base cycling, and the recirculation of other plant nutrients
as well, are important aspects in the nutrition of plants in these
soils. Generally, the proportion of exchangeable bases is high
enough so that latosolic soils are only slightly to moderately
acid in reaction,

The more outstanding features of latosolic soils reflects
their intense weathering. A characteristic yellowish to red
colour is imparted by the abundance of oxidized iron and
aluminium compounds. The colloids, which make up a large
part of the soil, have a low silica content and generally are
well aggregated. They lack the propertes of stickiness when
wet and swelling upon hydration.

The development of soils in the humid, tropical regions is
not well understood. Because of this, classification of the soils

1 Previously called laterite soils.

% Exceptions to this are cited for soils with relatively large exchange capa-
cities which are high in hydrous Fe and Al oxides. Such soils have been
observed in the Cook (New Zealand) and Hawaiian Islands (Tieldes et al.,
1952 ; Kanchiro and Sherman, 1936). Ficldes and his associates attribute
the high exchange capacitics in these soils principally to Al oxides.
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is, as yet, quite incomplete. Relatively few detailed studies
of latosolic soils have been made. A wide variety of profiles
have been described, but, in general, classification has not been
organized into the well-defined groupings as are recognized
among soils of the temperate regions.

As a general rule, the more intense the weathering of a
latosolic soil the higher is its sesquioxide content. Martin
and Doyne (1927) recognized this fact and suggested that the
stage of maturity of these soils could be expressed on the basis
of the molecular ratio of Si0, and Al,O, in the clay fraction.
If the ratio were less than 1:33, the soil would be mature and
should correspond to the latosol as recognized today. Those
soils having a ratio between 1-33 and 2-00 would be termed
latosolic according to current terminology. TFrom this it may
be seen that the lower the silica-sesquioxide ratio the higher
is the degree of latosolic soil development. 1t should be pointed
out, however, that a satisfactory classification on a morpho-
logical basis will not result from this method of chemical
classification.

Three great soil groups occur in this suborder: lafosols,
and reddish brown and yellowisk brown latosolic soils. No attempt
is made to give specific profile characteristics. However, those

properties common to all three groups are as follows (Kellogg,
1950) :

1. Ratio of silica to sesquioxides in the clay fraction is low.

2. The cation-exchange capacities of the clays are low.

3. Only highly resistant primary minerals occur in any
appreciable amount.

4, Soluble materials are at a minimum.

5. Aggregates are relatively stable.

6. The predominant soil colour is red.

7. Organic matter accumulation on the surface is rela-
tively light.

8. Clay and sand are normally present in greater quan-

tities than is silt.

S0IL5S OF THE COLD ZONES

The soils of the cold zones found in arctic regions and
elsewhere at high elevations have not been described ade-



THE DEVELOPMENT AND CLASSIFICATION OF SOILS .

379
quately. All are placed into a single great soil group ag

scils, ‘The process responsible for their formation is ngy ut&‘ndm
stood to any great extent. Climate, relief (particulayy ‘Hdm:_
affects drainage), and parent material all have an inf as it
on the pattern of soil development. Uence

Common to tundra soils are continuously frozen 5 .
(permafrost).  Failure of percolating water to penetry, soils
the subsoil creates a waterlogged condition which py,~ Pt
lateral leaching and creates in the soil a low state of Dxid$0tes

10n,

THE, DEVELOPMENT AND CLASSIFICATION OF INTRAZONA| Sorg
The classificatton of intrazonal soils, as yet, is in a st ;
flux. Considerable change may be expected to take ate of
within this area of classification in the future. ace
The principal suborders of intrazonal soils include
resulting from imperfect drainage and a high wate, ; Ose
(halomorphic and hydromorphic soils), those influenced in sy f"lble
way that they retain a high level of lime relative to the nm}h a
zonal soils for the area in which they exist (calcimorphi, Sfflal,
and those in which impervious layers occur either as the ouls),
of eluviation-illuviation processes or layering of the f)affsult

material {plarosols). ‘tent

HALOMORPHIC SOILS OF THE ARID REGIONS

All halomorphic soils have one characteristic in cor,
they are, or have been at some time in the past, aﬁ‘ectedon;
accumulations of salts within the soil profile, They ing) Y
saline and alkali soils. Ude

The initial stage of halomorphic soil formation is Selin;
ion. During this period, salts are introduced into th, Ka-
matertal normally as the consequence of a high water ta ]i?l}.
The resulting soil 1s classed as a morphological unit withj, t“e'
solonchak great soil group!. Except for the high levels of s he
the solonchak soil profile has no characteristics attributah]Le S

the salinization process. If the accumulating salts Cong to
sufficient Na,CO, to produce a strongly alkaline re&ctizm

the soil is designated as an alkali solonchak. If the quang, n’f
0

1 Known locally as thur.
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exchangeable Na and salt were sufficient, the alkali solonchak
would be classed as a saline-alkali soil,

An improvement in drainage with the resultant dis-
appearance of the water table will result in the cessation of salt
accumulation in the solonchak soil.  Except where the effective
precipitation is very low, reversal in the mean movement
of water through the profile will tend to move the salts into the
subsoil of the solonchak, and desafinization will occur.  If the
previously accumulated salts are high in soluble Ca, desalini-
zation will return the soil to a condition which is more nearly
normal for the area. If, on the other hand, the soil is an
alkali solonchak, desalinization will result in the removal of
excess salts but, during the early stages at least, the level of
exchangeable Na will remain high. Particles of clay left in
this state are easily dispersed. Because of this, they tend to
migrate into the subsoil with percolating water and accumulate
there to form a distinct textural B, horizon, This devclops
within the profile a layer of slow permeability and a solum of
high pH. The soil, a product of alkalization, is categorized
within the selonetz' great soil group.

The more notable features of the solonetz profile arc:

Low organic matter content.

A, Leached, thin layer ; grayish colour. The reaction
18 near neutral and the salt content and exchange-
able sodium are low.

B, Prismatic or columnar structure, the surfaces of the
structural units being coated with a thin organic
deposit which imparts a dark colour. Exchange-
able Na and pH are high. CaCO, may be present,
especially in the lower part of the horizon,

B, Moderately alkaline layer, salts may be present and
lime is usually high.

G Calcarcous parent material with salts commonly
present.

1 Desalinization and alkalization are referred to collectively as solonization,
since together they are responsible for the formation of solonetzic soils.  Within
this concept, alkalization includes not only the establishment of a desalinized
alkali soil, but also the ensuing formation of the textural B, horizon.
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Subjection of a solonetz soil to continual leaching will
lead to the eventual removal of exchangeable sodium and its
conversion to a soloth soil. Basically, the process (dealkalization)
depends upon the hydrolysis and replacement of exchangeable
sodium by hydrogen ions. The characteristics of the structural
profile of the solonetz become more pronounced as the clay
continues to move downward. Replacement of the sodium
with hydrogen, however, produces a weakly to moderately
acid reaction in the surface soil, although the B horizon and
parent matertal remain neutral or alkaline. Theoretically,
at least, the reestablishment of normal vegetation on the
soloth would, through base cycling, return this soil to one more
nearly normal for the area.

Although solonchak soils are of common occurrence in
the subcontinent, it appears that none with characteristics of
the solonetz or soloth have been recognized as yet. So long as
the broad, central alluvial plains in the subcontinent remain
subject to frequent flooding and the presence of a high water
table, development of the soils beyond the solonchak stage
may not be expected in these areas.

In many instances, man can influence halomorphic soil
formation. Reclamation of solonchak (saline) or alkali-
solonchak (saline-alkali) soils serves as onc example. The use
of highly saline irrigation water, on the other hand, can cause
the relatively rapid formation of valueless solonchak soils from
otherwise productive land.

CALCIMORPHIC SOIL FORMATION

There are three great soil groups which occur in humid
regions but which have profile characteristics more typical
of soils common to areas of lower rainfall. They are the
calcimorphic soils. They contain free lime in their profiles,
the result either of highly calcareous parent materials, or soil
and weather conditions which prevent the effective removal
of lime from the soil even under a relatively high total annual
rainfall.
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Brown Forest Soils (Braunerde)*

Brown forest soils have as an outstanding feature an
unusually high level of exchangeable bases when compared
with the normal zonal soils in the area of their occurrence.
This may result from conditions that are conducive to a low
level of leaching, or the soil may have developed from highly
calcareous parent material. Brown forest soils occur where
the vegetation types are dominantly deciduous forests. The
litter produced by the leaf fall is characteristically higher i1
bases than is the litter from coniferous trees. This fact also
coniributes to the maintenance of higher levels of Ca in the
profile.

The brown forest soils have a moderately acid mull layer
at the surface, much like the adjacent podzolic soils. However,
the A horizon is deep and dark due to the accumulation of
organic matter which has been incorporated into the surface
layers. A brownish B horizon occurs but is apparently not
the result of particularly high levels of organic matter, ses-
quioxides, or clay. The C horizon consists of highly calcareous
parent material,

Rendzina Soils

Rendzina soils develop under grass vegetation on limestone
parent materials which may have a high gypsum content.
Soft rather than hard limestones are conducive to rendzina
formation. The topography is normally hummocky.

The rendzina has a dark-coloured, relatively thin surface
horizon (less than 18”) very high in organic matter. Ex-
changeable ions, adsorbed largely by the humus fraction, will
be predominantly calcium or calcium and magnesium, depend-
ing on the nature of the parent material from which the sotle
are formed. The colloids, which occur as stable aggregates,
are not subject to eluviation.

The surface layers of rendzina soils consist primarily of the
relatively insoluble materials residual from the solution and

1 A large variety of soils throughout the world have been classed as brown
forest soils, or braunerde, but only a few have the characteristics herein described.
For a detailed discussion ol these soils, see the article by Tavernier and Smith
(1957).
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leaching away of the original calcareous (or gypsiferous)
parent material. By means of this process, organic matter
and mineral particles of low selubility accumulate and the
relatively thin layer formed may consist of residues from the
weathering of several feet of limestone. The colour of the
rendzina may correspond to that of chernozemic soils.

Grumusols

Grumusol is a tentative name applied by Oakes and
Thorpe {1951} to black scils which, so far, have not fitted welt
under other classifications. Like the chernozem, they develop
under grass or similar vegetation. However, they are asso-
ciated with much warmer climatic conditions than the cherno-
zem. A Jarge arca of this group of soils occurs in central
India where the descriptive namics of black earths, black
cotton soils, or regur are commonly applied. The dark colour
of regur may be attributable largely to parent material rather
than to the accumulation of organic matter. Failure of these
soils to develop characteristics more of a2 podzolic or latosolic
nature may be the result of the excessive evaporation. Accord-
ing to Robinson (1949), even though the annual rate of preci-
pitation is high, moisture loss from the surface preveats a
complete leaching of lime and it accumulates as a zone of
calcium carbonate concretions {kankar). The high clay content
of these soils also will reduce leaching and attendant effects.

The profile of the grumusol reflects the effects of both
climate and parent material. It has a deep, dark A horizon
which grades slowly with depth into calcareous clay or basalt
in the subsoil. The B horizon occurs primarily as a transition
layer between the A and G horizons.  A4nde soils, which were
described first in Japan, are like grumusol soils.

HYDROMORPHIC SOILS OF THE HUMID REGIONS
Gleization

Gleization refers to the process of soil formation occurring
under waterlogged conditions in humid regiens. The high
precipitation and relatively low evaporation preclude the
accumulation of salts. The normal gleization process requires,
to varying extents, an alternation between complete saturation
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with water and an incompletely saturated, yet moist, state.
Under these conditions chemical reduction occurs. The
solubility and mobility of iron, manganese, calcium, and
magnesium is increased. In the reduced state, the metallic
ions, particularly iron, impart a bluish or greenish colour to.
the soil.

The ground water in a gleied soil is a dilute solution con-
taining, among other things, iron in a reduced state. Contact
between the ground water and the soil air will expose the iron
in solution at the interface to a higher oxygen pressure bringing
about its oxidation and precipitation. Seasonal changes in
the ground water level allow for the accumulation of iron
precipitates as a band corresponding to the limits of variation
in the surface level of the water table. The bluish or greenish,
compact horizon that develops is referred to as the glei (or gley)
layer.

In the more temperate climates, gleization will result in
the formation of ground-water podzols, soils similar in appear-
ance to the normal podzol. In tropical regions where soit
moisture conditions vary between wet and dry due to a fluc-
tuating water table, ground-water latosols are formed. Such
soils oceur commonly in flat areas adjacent to rivers which can
influence the ground-water level.

Peat Formation

The development of peat oecurs under conditions of vir--
tually continuous saturation with water. In its classical concept,
peat formation takes place on the surface of submerged land
where abundant growth of vegetation is possible. Death and
submersion of plants slowly builds up a deposit of organic
residues beneath the surface of the water. Lack of oxygen
impedes decomposition and permits, in certain instances,
relatively deep deposits to accumulate.

The nature and classification of peat will depend upon the
material from which it forms. Sphagnum and other mosses
are perhaps the predominant sources of residues, although
trees, shrubs, and a variety of aquatic plants also make material
contributions to them.
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Except where natural phenomena have occurred to expose
the deposits, drainage of peat areas is required before they can
be used agriculturally. After drainage and exposure to air,
oxidation of the peat beds will occur, Oxidation is encouraged
by cultivation of the beds and results in the gradual subsidence
of their surface.

Humic-Glei Soils

This group of soils includes the wiesenboden or gleyboden soils
as described by Robinson (1949, p. 354). The humic-glei
group has recently been described by Thorp and Smith (1949)
as an intrazonal group of poorly drained to very poorly drained
hydromorphic soils. They are composed of characteristically
dark~-coloured organic-mineral horizons of moderate thickness
overlying mineral-glei horizons. They occur under either
swamp-forest or herbaceous marsh vegetation mostly in humid
and subhumid climates. A large proportion of these soils are
medium acid to mildly alkaline in reaction. Few are strongly
acid.

Robinson (1949) described three horizons in a typical
wiesenboden: (1) a surface layer largely aerobic but some-
times absent, (2) a zone existing between limits of the fluctuating
water table, and (3) the subsoil continuously waterlogged and
anaerobic. The second horizon is the glei layer. Organic
matter occurs primarily in the surface soil.

Low-Humic Glei Soils

This group of soils would, by definition, appear to lie
somewhere between the hurnic-glel and half-bog type of soils.
Conditions for development are nearly identical to the humic-
glei group. Instead of a well-developed surface horizon,
however, only a thin layer of mineral soil, high in organic
matter, occurs above the gleied subsoil. The reaction of the
profile is strongly acid, which corresponds more to the hog
soils formed under coniferous forest than to humic-glei soils,

Alpine Meadow Soils
Soils of this group are limited to higher altitudes where
conditions of poor drainage and alpine meadows exist. If

25
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timber is present, it is sparse. ‘Topography is normally
moderate. to steeply sloping. Parent materials for alpine
meadow soils are usually thin deposits of coarse-textured and
stony, glacial, alluvial, or colluvial deposits. Leaching is
intense and removal of bases results in an acid reaction.
Chemical weathering, however, is limited by prevailing low
mean temperatures.

The development of a profile in the alpine meadow soils
s limited to the accumulation of humus in the surface soil
{A, horizon) and the development of an incipient gleied layer
in the subsoil. The alpine-humus soils, as described by
Robinson (1949, p. 329), correspond to this group of soils.

Bog and Half-Bog Sotls

These two groups of soils are similar in that they are
characterized by the accumulation of peat or muck at the surface.
In bog soils, however, peat comprises the subsoil, whereas in
the half-bog soils, the organic surface layer is underlain with
mineral matter atlected by gleization., They differ {from the
humic-glei soils in that the surface layers of the latter types
are admixed mineral and organic materials.

Peat is commonly used as a general term embracing all
organic soils or soil material in which the organic matter
content exceeds 20 percent. In a strict sense, however, peat
refers to undecomposed or slightly decomposed organic deposits,
the decay of which has been impaired by excessive moisture
(anaerobic conditions). The colour may be quite light, some-
times very nearly the same as the original material from which
the deposits arc formed.  Muck, as opposed to peat, is composed
of organic residues that have undergone considerable decom-
position. It is very dark in colour.

The word peat, as used in the European system of ciassi-
fying organic soils, is based primarily on the type of vegetation
that has contributed to the peat formation. Moisture condi-
tions at the time of deposition contribute matcrially to the type
of organic matter that is deposited. Three groupings occur:

(a) Low-moor or fen peat, which is the result of the
accumulation of organic residues under water in lakes or wet
basins.
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() Transition moor formed from trees and shrubs
normally growing on the surface formed by low moor.

{(¢) High-moor peat, formed from peat moss {sphagnum)
and cotton grass (Eriophorum)., Accumulation of these materials
tends to be above free water surfaces, giving the basis for the
name, high moor. Plant residues in high-moor peat are
capable of retaining large amounts of moisture. Thus, even
above the free water table, excessively wet conditions are
maintained.

Any of the above three types of peat deposits may develop
independently of one another if conditions permit. However,
Robinson (1949) pictures them as occurring at a single location
in a time sequence beginning with low-moor and ending with
the high-moor types.

Ground-Water Podzols and Ground-Water Latosols

From outward appearance, the ground-water podzols and
latosols are quite similar to the zonal podzols and latosols.
The two ground-water types arc also similar to one another
in that they have bleached A, and compacted B, horizons
high in sesquioxides. They arec dissimilar, however, with
respect to colour and naturc of organic matter accumulations
within the profile. These latter characteristics are influenced
by the normal variation in climate and other factors of soil
development occurring between regions of podzolic and
latosolic soils. Enrichment of the B, horizons with sesqui-
oxides of the ground-water podzolic and latosolic soils occurs
as the result of gleization.

Planosols

According to Thorp and Smith (1949), planosols have been
defined as soils with major and abrupt changes between horizons
in the profile as the result of differences in the degree of ccmenta-
tion, compaction, or clay content. The planosol may include
a wide variety of soils with characteristics which may or may
not reflect primarily the effect of the more common transforma-
tions responsible for zonal soil development. Included within
this group are stratified soils resulting from the layering of
parent materials of different textures.
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Topography has a dominant influence on the formation
of some planosols. For instance, flat land surfaces or depres-
sional areas will tend to retain more of the precipitation they
receive than will the normal soils on gently sloping land.
Where internal soil drainage is good, then, the increased
effectiveness of water percolating through the profile causes
the formation of more pronounced A, and B, horizons. The
higher clay content of the B, horizon results either from the
transfer of soluble weathering products from the surface with
their reconstitution into layered silicate minerals in the subsoil,
or from direct eluviation-illuviation of the clay particles. The
resultant horizon normally is compact and tends to be im-
pervious. These effects arc more noficeable in regions of
desertic and chernozemic soils where the precipitation is
inadequate to create similar characteristics in the normal soils
of the area.

Proposals have been made to apply the name, planosol,
to a new suborder within the intrazonal category (Thorp and
Smith, 1949). If this were done, other soils with indurated
subsoil layers could be classified together and all would have
this one very important profile characteristic in common. Such
groups as the ground-water podzols and latosols and soloth
soils then would fall within this suborder.

AZONAL SOILS

Excessive crosion on the steeper slopes or continual addition
of aoelian or water-borne materials to existing deposits prevent
the development of normal soil characteristics, Immaturity
of the profile requircs its classification under the azonal order.
Azonal soils are characterized by incompletely developed
profiles. Three groups are recognized :

(a) Alluvial soils, with an almost unlimited variation in
profile texture, colour, and horizonal configuration.

(b)  Lithosols, forming on weathering hard rock or rock
fragments, and,

(¢) Regosols, forming on unconsolidated rock, as loess.
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A LIMITATION IN SOIL QLASSIFICATION ON A
CLIMATIC BASE

The general system of classification described above has
a major limitation caused by relating zonal soils to specific
external climates when other environmental factors may modify
climatic effects to a large cxtent. Strict adherence to this
system prevents classifying together soils of essentially identical
chemical and physical characteristics if they happen to occur
in climates peculiar to different suborders. Thorp and Smith
{1949) cite as an example certain soils which are intrazonal
in humid regions but which have many properties common
to zonal soils of drier areas. If these soils were classified
on the basis of profile characteristics, they would occur within
the same suborder. Such placement would connote their
physical, chemical, and biological similarities to a much
greater cxtent than does the current system of classification.
There is a trend toward modification of the present system so
that seils may be classified within the higher categories more
along lines of soil properties.

SOILS OF THE ASIAN SUBCONTINENT

A very generalized soils map for the subcontinent is
presented in Fig, 13-6. It is patterned largely after similar
maps of Chatterji (1957} and Stewart (1947). Modifications
consist primarily of deletions of areas whose descriptions relate
only to soil texture or which arc differentiated on the basis of
the presence of lime in the soil profile.

Because of the very limited information on the genetic
classification of soils in the Asian subcontinent, it is all but
impossible to present an accurate map of their occurrence.
The eleven areas shown in Fig. 13-6 are separations based to
some extcnt on differences in physiography. Aside from
limited personal examination, conclusions as to great soil
groups which occur within each of these varicus zones depend
on the assumed influence of ¢limate and on limited descriptions
of soils found in the literature. FEach zone is considered
briefly in the following paragraphs.
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Soils of the Arid to Subhumid Mountainous Region

The aridity of the southern reaches of this region results
in the development of the desert or sicrozem soils, Consider-
able reworking of the soil material by wind and torrential
floods maintains the soils over a large part of the area in an
immature, azonal condition. Approaching the more moist
regions In northern West Pakistan, soils of the brown or
chestnut group may be expected. However, due to erosional
influences, zonal soils again are of very limited extent.

Sand Dunes

The shifting sand dunes of the desert areas are classed in
the great soil group of regosols. Limited dune areas occur in
many locations throughout the arid regions.

Alluvial Soils of the Arid to Subhumid Regions

Because of the ever-present influence of floods, these
alluvial soils must be considered as azonal. In the waterlogged
areas, salinization has resulted in intrazonal, solonchak soils.
The incidence of salinized soils decreases as one moves eastward
along the Ganges River and into areas of higher precipitation.
However, even though the rainfall is relatively high, its pattern
is torrential, runofl is excessive, and the total moisture entering
the soils is relatively low. Therefore, flushing of salts from
the soil is not in proportion to that which would occur in other
places where the rainfall distribution is more uniform through-
out the year,

Upland Soils of the Semiarid to Subhumid Regions

‘Three small areas are shown in this category in Fig. 13-6.
Again, where erosion is not a problem, chestnut and, possibly,
chernozem soils will occur. The effects of base cycling is in
strong evidence and has resulted in the formation of distinct
calcareous horizons in the soil profile. The soil orgamic
matter, which seldom exceeds 19 in the surface layer, imparts
a much darker colour than would be expected through
comparison with soils of similar carbon content from other
parts of the world.
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Hitl and Mouniain Soils of Subkumid to Humid Regions

This grouping represents mountainous soils of the wetter
regions. The increased precipitation is the result of the higher
elevations of the Himalayan Mountains. With the increase
n prccipitation the potential for the formation of podzolic
soils improves, Podzols, and peaty and gleied soils have been
reported for this area.  Many red solls are present and appear
to be derived from reddish sedimentary parent malerials of
ancient origin which accur in many locations.

Dark Soils of the Subkumid to Humid Regions

This area in central western India contains a high pro-
portion of grumusol soils. In areas of low rainfall, salinized
soils are found in assoclation with otherwise immature alluvial
solls.

Coastal Alluvium, Soils on Old Aliwvium, and Alluvial Seils of the
Humid Region

All three regions considered here occur in areas of high
rainfall. As a consequence, the tendency for formation of
podzolic and latosolic soils is strong. Whether or not the soils
have developed podzolic or latosolic characteristics depends
largely on the length of time parent materials have been in
place, The older alluvium tends definitely toward podzolic
types. However, most of the alluvial area in Assam and Bengal
is under the influence of current deposition. Thus, azonal soils
are common and show only minor effects of local environment
Im many instances.

Latasalic Soils of the Humid and Superhumid Areas

Because of the high temperature and rainfall, these aveas
are ideal for the progressive formation of latosolic soils. True
latosols, with characteristic latezrite lavers, are found often,
although they are frequently seriously eroded. Reddish
latosolic soils are observed also In association with darker
coloured grumusols. The red soils occur in upland, well-
drained locations, whereas the dark soils are found where
drainage is poor. Some areas where this type of association is
found is sufficiently extensive to permit their separate delinea-
tion in Fig. 13-6.
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REVIEW QUESTIONS

What is meant by ‘normal’ soil ? Explain why the terms
‘normal’ and ‘zonal’ carry the same significance.

What is meant by macroclimate and microclimate ?  Effective
climate ?

The halomorphic soils are intrazonal. Why is this ?  Would
they occur within areas of humid-region soils 7

What are the basic similarities between hydromorphic and
halomorphic soils ?

Desert, sierozem, and brown soils are all members of the
same suborder. 'What are the major reasons for separation of
these soils into their respective great soil groups ?

Why will many soils of the Indus-Ganges Plains be azonal
rather than zonal 7 Generally, where would you expect to
find zonal soils in the subcontinent ?

Explain why the nature of the parent material has a dominant
influence on the soils of the Indus Plains but is relatively
without influence in the Western Ghats of the Indian peninsula.
Why would you expect to find evidence of more advanced
soil formation on southern exposures of the Pir Panjal Mountains
than on the northern slopes ?

A sandy soil adjacent to a clay soil is lime free, whereas some
evidence of lime occurs in the clay. What would be the
probable cause of difference in the effective climates of these
two soils ?

How does relief affect soil climate and, therefore, vegetation ?
Why may desalinization cause an Increase in soil pH ?

How are salinization and gleization similar, and how do they

differ ?



CHAPTER FOURTEEN

SOIL SURVEY AND MAPPING

Tar survey and mapping of soils might be looked upon
as the practical application of the fundamentals of soil
classification. In conducting the survey, an effort is made to
group together soils of essentially the same characteristics.
To make the survey of practical value, specific properties of the
individual groupings are described and related to their crop-
producing potentialities, Thus, if we know the capabilities
of a particular soil type, we can apply that knowledge to soils
with the same characteristics regardless of where they are found.
The ability to do this obviously is limited by the accuracy of
the survey which designates these locations, Humian error
will be involved in the original mapping of the soil. Also,
because of differences in the exploitation of soil resources, two
persons farming essentially the same soil may obtain such diverse
results as to make it appear they are working with dissimilar
soils,

Moon ¢f al. (1949) cite the broad objectives of soil surveys
as being :

“{a) to classify soils according to their characteristics into units
of a uniform system of classification with uniform nomencla-
ture ; (b} to show their distribution on maps ; and {c) to
define their adaptability for crops, grasses, and trees, their
management requirements for sustained production, and the
expected yields of individual crops under different systems of
use and management,” :

To satisfy condition (a), above, the surveyor must have
adequate knowledge of the basic principles of soil development
and classification. For (b), he must have experience and the
desire or willingness to carry out his work in the best possible
manner, To provide the definition in {¢) requires that the
area under consideration be either cropped or supporting
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vegetation which can serve as the basis for predicting yield
potentials, or that similar areas already surveyed can be used
as the basis for such predictions.

SOIL CLASSIFICATION AND SURVEY

The major categories of classification, as discussed in
Chapter Thirteen, allow for the separation of soils into broad,
generalized groupings. The practical application of survey is
primarily for the separation of soils on the basis of their crop-
producing ability. FEach of the great soil groups contains a
large number of different soils representing a wide variation
in productive capacity, and it is necessary to distinguish these
differences in mapping and survey., The classification units
used for this are series, type, and phase.  Each of these categories
is defined in the following paragraphs. They are discussed
also by Baldwin ef al. (1938).

Soil Series

If we expose a soil profile and study tt, we note certain
features which may be identified and described. In zonal and
intrazonal soils, for instance, the different horizons are obvious
because of their colour, texture, and structure. Exposing a
number of profiles in the same vicinity will probably reveal that
all arc similar unless major changes in topography or parent
material occur. All of the soils that are similar would be
members of the same soil series.

It may be said generally that readily recognizable variation
between soils is necessary before they will be placed in separate
series. Usually the greatest variation permitted within a
single series is in the texture of the surface soil, A series is
usually named after a place near which it is first described.

Soil Type

Variation in the texture of the A horizon is permitted
without altering the series name. A major change in surface
soil texture does give rise to different soil types, however. Thus,
members of a soil type will be alike in all characteristics
including the textural grade of the surface soil. There is a
limit to which variation in texture can take place without
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altering other morphological characteristics. It follows, then,
that we may find a range, say, from clay loam to silt loam,
within a series but not from the extremes of clay to a sandy loam
or sand. Generally there will be a maximum of three types
within a sertes, with the current tendency being toward
limiting members of the same series to but one or two
textural classes.

Sail Phase

The last minor category is the phase of a soil type.
Generally, phases are separated not on differentiating morpho-
Jogical features of the soil profile but on characteristics that
affect land use and crop growth. In the past, phases have been
separated on the basis of stoniness, slope, or degree of or sus-
ceptibility to erosion. Depth to an unconforming I horizon
and presence or absence of salts have been used also to separate
one phase from another,

The recent trend has been toward eliminating the use of
soil phase as a category of classification. It may be assumed
that factors important enough to affect soil use will affect
morphological features also and reguire recognition at the soil
scries or type level. In this connection, Whiteside (1954)
quotes a statement published by the Soil Survey Sub-Committee
of the North Central Regional (U.S.A.) Soil and Fertilizer
Research Committee :

“The soil type is the lowest category in the natural system of
soil classification. It is a subdivision of the soil series based
on the texture of the surface soil (or degree of decomposition
of organic soils), shape or inclination of the surface, stoniness,
degree of erosion, depth of the solum, depth to lavers of un-
conformable material, and of the salinity of the soil. Tt is
the taxonomic unit concerning which the greatest number of
precise statements and predications can be made about sail
use, management, and productivity.”

Sotl Complexes, Assaciations, and Catenas

In general, soils of like characteristics respond in a uniform
manner when subjected to the same management practices.
If, on the other hand, an area is comprised of 2 number of
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soil series of considerably different properties, different systems
of management must be employed if uniform plant growth and
yields are to be expected. Obviously, then, mapping has as
a major objective the forecasting of the complexity of manage-
ment which must be employed within the area being surveyed.

In areas of high soil variability, difficulty cncountered by
both the surveyor and the farmer in coping with rapid changes
in soil properties will determine the practicality of separating
soils of the area into the series, types, or phases actually present.
As an example, alluvium often will exhibit major changes
in texture, organic matter cqutent, and other properties
irregularly and very frequently over a given landscape.
Delineation of soil boundries under these circumstances could
be an almost endless chore, and applying different cultural
treatments to these individual soils would be essentially
impossible. Thus, primarily as a matter of convenience to
all concerned, soils in such an area commonly are grouped
together and mapped as a complex rather than as series, types,
or phases, The management system then recommended,
while probably not ideal for all soils present, would be designed
to take greatest advantage of the average production potental
of the complex.

It is not unusual in survey work to group two or more
series together into single units for mapping even when the
individual series are easily identifiable and the arcas they
comprise are relatively large. Presumably, location of the
member series can be recognized in the field easily by both
the surveyor and the farmer. Since the farmer still can make
full use of survey information, the reduced cost of acquiring it
justifies mapping several series together rather than as individual
units. -

When differences among adjacent serics are the result of
formation on dissimilar parent materials, the recognized
grouping is referred to as an association. If the related series
are on the same parent material but soil development has not
been uniform due to topographical variation, the grouping
they form is designated as 2 catena®. The topographic influence

! The word catena means chain. Soil series in a catena may be likened
to the links that make up a length of chain.
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is one of altering the effectiveness of precipitation, erosion,
and subsoil drainage. Conditions conducive to variation in
the soil-forming processes responsible for catena formation
and the wide range in soils which may occur together within
a given catena are illustrated in Fig. 14-1.

Hilly

Paonr Swomp
Drainage

Unduloting

Normal Planosoal Thin
sail solum

FIG. 14-1. The effect of variation in surface relicf on the develop-
ment of soils from the same parent material (after
Byers o al., 1938).

TYPES OF SURVEYS

Soil surveys vary in their nature, There are numerous
reasons for this, but the most common cause is related to the
use to be made of them,

The Soil Survey Staff (1951, p. 15) recognizes three types
of mapping for soil survey purposes, namely: (1} detailed,
(2} reconnaissance, and (3} detailed-reconnaissance. Detailed
maps show minor variation of significance to soil use and
management, and are the result, usually, of the mapping of soil
types and phases. Obviously, as the complexity of the area
increases, it becomes progressively more difficult to segregate all
variation on this basis. Thus, at times, mapped boundaries must
include more than a single phase or type. In these instances,
so0il associations or complexes, which include a number of soils
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mapped together, represent the mapping units, On publica-
tion, the scale of detailed maps is frequently 2 inches to the mile,
but this may vary depending upon the detail and accuracy
required.

Reconnaissance mapping permits coverage of an area in
the shortest possible time. Soil associations rather than the
individual soil series form the basis for such mapping.
Reference to slope, common in detailed surveys, often is ignored,
as are soil phases. The exact nature of the reconnaissance
survey will also depend upon its intended use and upon the
time and resources available for its completion. Important to
this also is the nature of the land being surveyed. - Mountainous
country of minor agricultural significance, for instance, would
warrant only the simplest of reconnaissance maps.

Preliminary surveys of large development areas, such as
the Thal Development Project {Irrigation) along the Indus
River, could hardly justify great detail to survey and mapping.
A reconnaissance survey of a very genecral nature can provide
the basic data necessary to assess production potentialitics and
engineering requirements of the area (see Fig. 14-2). As the
project develops, however, those lands that are brought under
irrigation will display problems specific for the soils present and
will necessitate the conduct of more detailed surveys. By
means of the survey, practices observed to be most suitable for
cach soil type then can be applied to all areas of like soil
throughout the project.

BASE MAPS FOR SOIL MAPPING

In the early stages of soil survey work, it was necessary
in many instances for the surveyor to provide his own base map
for field use. This lahorious operation, which often consumed
more than half of the surveyor’s time, was necessary so that
s0il boundaries could be shown relative to other land surface
features. Maps constructed showed such details as roads,
fences, buildings, drainageways, and similar physical features.
More useful topographic maps are available, and have served the
soil surveyor well by climinating the need for construction of
scparatc base maps. The contour lines shown on topographic
maps are very helpful since, in mapping, topographic variation
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is often a major key to change in soil type. Contour lines serve
not only as a means for the orientation of the surveyor with
respect to the topography, but, also, often correspond closely to
boundaries between soil types.

One of the most significant advances in soil mapping was
the introduction, in the early 1930°s, of aerial photographs as
basc maps. Because they lend themselves so readily to
mapping, their use has become widespread. Large scale
photographs (4 inches to the mile) will normally allow as much
detail in soil mapping as is required. At this scale, each acre
of land is represented by a square about 1/6th inch on each side.
Changes in vegetation types, drainage patterns, roadways,
buildings, etc., are easily seen on an aerial photograph of this
scale. Waterlogged areas, patches of saline soil, and even
features attributable to changes in soil texture frequently are
discernible. An added advantage to the use of aerial photo-
graphs is the three-dimensional effect they exhibit. When two
photographs of the same area, taken from slightly different
angles during the flight, are viewed with a stereoscopic device,
variations in the surface of the land stand out in bold relief.
By this means, a relatively accurate evaluation of topography
can be made. This technique has been sufficiently well
developed so that it is being applied to replace costly surveys,
as normally performed by engineers, in establishing the most
logical routes for highways over diflicult terrain. Clarke {1957,
pp. 136-167) provides a good discussion on the use and interpre-
tation of aerial photographs for soil survey.

DELINEATION OF SOILS FOR MAPPING PURPOSES

When a surveyor goes to the field, he first must familiarize
himself with the soil types comnion to the area. This may he
done by observations of soils in adjacent areas which have been
surveyed previously. For the man with limited experience,
personal guidance from someone acquainted with the soils in
the area is desirable. Slowly the technician gains competence
In recognizing the various soil types from texture and profile
characteristics as determined by boring or digging frequent test
holes, More important, however, he learns to relate these

26
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characteristics to physical features of the land surface—topogra-

phy or slope, vegetation, and appearance of the surface soil.

Having attained this ability, he will be able to predict often

the soil type present from landscape features. Test borings

are necessary to verify the prediction and to locate boundaries
of the mapping unit where such boundaries are not distinct
at the soil surface,

The actual operation of soil mapping requires a thorough
investigation of the area being mapped through observation of
numerous borings. The terrain must be traversed at frequent
intervals, generaliy at right angles to drainageways., Through
use of physiographic and surface soil features, boundaries
between soil types may be determined. Since surface features
serve only as a guide to the identity of a soil type, examination
of the subsoil for texture, colour, presence or absence of lime or
karkar, etc., needs to be done repeatedly. This is especially
true of the flat plains areas, as typified by the Indus-Ganges and
Brahmaputra Basins, where alluvial deposits vary markedly
over short distances.

Considering that differentiating between soil types requires
separations based on variations in profile characteristics, it is
helpful in survey to know which outward features of the area
indicate such change. The following conditions, as modified
from a listing by Clarke (1957, p. 134), provide such
indications :

. Change in texture and colour of the surface of the soil,

Change in topography.

. Change in vegetation, either in type of plant cover or
its disappearance, as frequently occurs with increases
in salinity,

4, Variation in the feel underfoot, as compaction,

fluffiness, crusting, ctc.

The satisfactory delineation of soil types in the field is not
always possible. Tihis is particularly truec when such features
as salinity, alkalinity, or chemical composition are being used
as criteria for separation of mapping units. Seriously affected
saline and alkali soils nsually are readily identified, but rain or
floods may obscure the visible traits whereby such soils are
recognized. Proof, then, rests with chemical analysis of samples

e

[ ]
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taken from the area in question. East Pakistan soils of
podzolic or latosolic types frequently are characterized on the
basis of their chemical composition. Although it would
represent an extremely difficult problem to base an entire survey
on laboratory analyses, any soil survey programme should
include a certain amount of this type of characterization.

Simple tests can be made in the field which aid in survey
work (i.¢., measurement of pH and conductivity of salted soils,
showing lime to be present by effervescence with acid, estima-
tion of texture by feel, and others). However, field testing
generally requires an ¢xcessive amount of time except for the
very rapid tests. It often is more desirable to collect samples
for appraisal in the laboratory, unless this necessitates the taking
of so large a number as to be impractical.

THE SOIL SURVEY REPORT

Soil mapping serves little purpose until the completed map
is incorporated in a detailed written report. The report
normally is prepared by the surveyor, and has as its objectives
the description of each mapped soil in terms of its properties,
behaviour, and use. As many factors pertinent to utilization
of the individual soils as possible are included. Production
capabilities in terms of yields, general level of fertility and
fertilizer requirements, management problems, and the like
are described. In addition, information of a general nature,
such as climate, phystography and drainage, population, agri-
culture of the area, etc., are important to an overall assessment
of the agricultural value of the land. With these facts, the
agriculturist is able to interpret the soil map and devise a
suitable system of farming for the land under consideration,
In the Asian subcontinent, the inability to read on the part of
most farmers will place certain limitations on the use that may
be made of the reports. Interpretation must come to them
through technicians. The availability of the report to the
technician, however, will assist him materially in providing
Proper guidance.

The map of a surveyed area is the basis for a useable soil
Survey report. One may determine from the map the soil
types present in any location covered by the survey. Natural
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topographic and man-made features, such as rivers, villages,
roads, etc., are shown and aid in locating a particular site on
the map. These features are apparent on the map for a small
area of Gwalior surveyed and reported on by Pendleton (1947)
and reproduced in Fig. 14-3.

In Fig. 14-4, an attempt is made to relate the mapped soils
in Fig. 14-3 to topography and other local conditions. The
land profile shown corresponds to that occurring along a iine
extending westward from a point of high elevation (i.e., bench-
mark BM 1758} down to the Sipra River. Soils present in the
field at higher elevation show the eflect of erosion. These soils
are thin, immature, and azonal in character. The Malwa
soil, being on a gentle slope where soil development can proceed
at a reasonable rate, represents the more nearly mature or zonal
soil for the area. The lower-lying soils may be mature or
immature depending upon how long they have persisted without
change through additional deposition or erosion by flood waters.

The final preparation of a soils map for publication must
be done by a draftsman. The development of a soil survey pro-
gramme requires training of personnel for this purpose as well
as for the mapping operations. The preparation and publica-
tion of maps must conform to the skills of the technicians
preparing them and to the facilities for their publication. More
important than a complex and costly map is a properly written
report which supplements the map,

Further discussion on the preparation of the soil survey
report would serve little purpose here. For the student
interested in this phase of soils work, reference is made to the
Soil Survey Manual of the U, S. Department of Agriculture
{Soil Survey Staff, 1951, pp. 409-434).

30IL SURVEY PROGRAMMES

Current conditions in the Asian subcontinent would suggest
that certain limitations must be placed on the amount of detail
that can be collected in soil survey work. Personnel and funds
available for survey purposes, the use that can be made of the
information detailed surveys will provide, and the urgency of
the programme will determine to a large extent the number of
recognizable soil features that are practical to delineate in 2
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FIG., 14-4. Diagramatic land profile Gfom a section of Gwalior
State, India, showing the relationship among soil series, topo-
graphy, and parent material,

soil survey. Not only is there an extreme shortage of trained
personnel both for mapping and interpretation, and of funds
for pursuit of these phases, the process of publication of useable,
allied reports will undoubtedly encounter numerous difficulties.
This discouraging aspect of soll survey is prevalent in many
parts of the world.

The reconnaissance survey, then, would appear to be of
definite value to the programme for soil mapping in the subcon-
tinent. Such a survey will record the major groupings of soils
and indicate the extremes in characteristics and properties
encountered. By this means, evaluation of soil conditions on
a broad scale can bhe accomplished in the shortest possible time.
Tipis wilt assise i making Ghe docision ar &0 witere the greatest
increase in productivity can be achieved in the most expedient
manner and with the least expenditure of funds., Furthermore,
this procedure permits establishing relatively clearly the full
range of soil types and provides a basis for a more detailed soil
classification for the entire area under consideration.

The development of a soil survey programme usually follows
the pattern in which each agency interested attempts to develop
its own system of mapping. There 1s good reason for this when
the purpose of agencies do not overlap. However, where
coordination is possible, every effort should be made to develop
survey work along cooperative lines, This is particularly true
where both funds and trained personnel are so limited.
Because of the general lack of information on soil distribution and
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the great demands placed on science to produce greater quan-
tities of food for the rapidly increasing population, delay in
formulating a sound programme can have serious detrimental
effects.

These considerations suggest, then, that a central authority
be charged with the overall control of survey work. A uniform
programme should be devcloped with the contributing and
interested agencies accepting certain responsibilities for the
conduct of the programme,

Much can be gained by considering carefully the problems
experienced in other countries during the course of development
of their soil survey programmes over the past 50 years. Many
costly mistakes can be avoided if this is done. This limited

resources available indicate this approach as being absolutely
essential.

LAND CLASSIFICATION

As indicated above, soil survey has as a prime objective
the expression of the capability of the land for productivity or
use. A major portion of the information necessary for this
evaluation is embodied in the soil map and report. However,
knowing merely the distribution of soil types, as determined
from a study of profile charactcristics, does not provide a suffi-
ciently complete analysis for planning efficient land utilization.
This requires separate surveys which are based partly on soil-
type or soii-phase data and partly on other factors contributing
to satisfactory land use. As opposed to soil classification, then,
land classification includes external factors that contribute
materially to productivity of a soil.

Land classification is subject also to the errors in decision
on the part of the classifier. Accuracy in conducting the
survey is a function of the knowledge of the technician perform-
ing the operation and the availability of factual data on which
the survey may be based. The classification must be made by
a person familiar not only with the productive capacity of a
soil type but also one experienced in relating all factors
of production common to the area in question.

Certain general types of soils are rather widely distributed
throughout broad areas in the subcontinent. They occur under
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a variety of conditions—differing rainfall, degree of water-
logging, etc. It may be realized that the production potential
of one soil type will be greater if irrigation water is available
ta it than if it must depend solely on scanty natural rainfall.
On the other hand, should waterlogging have become a serious
prablem, then irrigation may have lowered the production
capabilities of the land below that possible under dry-farming
conditions, These factors and others are taken into cansidcra-
tion in the classification of land.

Land classification mormally requires the grouping of
soils together into units of like potentialities. Categorizing
soils in this way is referred to by Barnes (1949) as interpretive
sotl classification. It assumes many forms and purposes. Soils
mav be grouped together into classes indicating differences in
agricultural use and management {Barnes and Harper, 1949},
or for timber, range land, and watershed management {Gardner
and Retzar, 1949). Important to the engineer involved in
roadway and airport construction are the interpretive surveys
based on the enginecering properties of soils (Stokstad and
Humbert, 1949).

For the soil scientist, groupings according to land-use
capabilities assume greatest importance. Classifications of
this type are usually developed within a particular area and
take into account those factors highly important to crop growth
{erosion, texture, drouthincss, availability of water, etc.).
Classes of land are established and given a numerical designa-
tion with Class I land having the greatest agricultural value.
The range in variation in conditions will determine the number
of classes established, but from four to six will usually allow for
separation into significantly different groupings.

Utilitarian soil surveys in the subcontinent will require
different bases from area to area. In upland areas, slope and
crosion contribute to production potentialities and play an
important role in distinguishing between soil classes. In the
lowland areas, particularly in West Pakistan and northwest
India, soil class diflerentiation is influenced by the availability
and quality of irrigation water, susceptibility to waterlogging
and to wind erosion, and the presence of salts and alkali.
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REVIEW QUESTIONS

What is meant by the expression ‘a soil is a three-dimensional
piece of landscape’? Can observations of the surface features
of the landscape be used to judge some of the qualities of the
profile 7 Explain,

What purpose is played by the base map in soil mapping ?
Name three types of base maps.

In surveying, vou find the nearly level crest of a hill composed of
soil having a dark surface layer and a light-coloured sub soil
with lime nodules {kankar) starting at about 18 in. beneath the
surface. On an adjacent, steep slope, you find the surface soil
light in colour and containing kankar. What is the probable
explanation of this difference in adjacent soils ? Would you
separate these two soils Into separate series or into two phases
of the same series ?

Outline the requirements of an adequate soil survey report.

Why is the reconnaissance survey preferable to the detailed
survey under current conditions in the subcontinent ?

What is the purpose of land classification, and how docs it differ
from soil classification

Why are land classes different for irrigated as compared to
hilly, vpland areas ?






APPENDIX

Table 1, Approximate hole size {or sieves commonly used in soils research.

i Number of Diameter )
mesh of
per inch opening
Im.
4 476
8 2-38
92 200
12 1-41
17-2 1-00
20 34
30 54
490 49
60 - 25
80 18
100 ‘ 13
140 | 10
300 ‘05
Table 2. Some properties of common jons.
Chemical Molecular Equivalent
Symbol weight weight
Ba 137-36 6868
B 10-32
Ca 40-08 20-04
Cl 3546 3546
H I-01 1-01
Fe 2584
Mg 2432 1216
Mn 96-00 .
N {4-01
O 16-00
P 3102
K 3%-10 39-10
Si 28-06
Na 23-00 2300
5 32-06

Zn 6533 39-69
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Table 3. The equivalent weight and solubility of some commonly used
chemical compounds.

Formula Equivalent I Solubility
weight in water
/100 ml.
CaCl, 5549 595 (091
CaS0, 68-07 0-298 (20°)
CaSOrQHeO 8609 0-223 (0°)
CaCOy 50:04 0-0014 (25°)
Ca (H,PO,),.H,0O 126-05 Solubie
CaHPO,.2H,O 86-05 0-02 (245%)
MgCl, 4762 528 (0%
MgSO, 60-19 259 (0%)
MgCO, 42-16 0-0106
NaCl 58-45 357 (00)
Na,S0, 71:03 488 (40°)
Na, CO, 5300 71 (0%
NaHCO, 84-01 69 (0°)
NaNO, 85-01 730 (0°)
KCl 74°55 34-7 (20°)
K,50, 87-13 12:0 (20°)
K,CO, 69-10 112:0 (20°)
NH,NO, 80-05 1183 (0°)
(NH,),S80, 66-07 706 (0°)

ITemperature of solution in °C.
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Abrasion in mineral wcathering,

109

Acidity in soils (see also pH of soils)
active and potential forms, 152
causcs of, 144-45, 151.52
correction by liming, 158-G8
tolerance of fungi to, 193

Acre-furrow slice, 304
Actinomycetes, 194-95

Adhesions in soil
and capillarity, 52
defined, 20

Adsorpiion of cations {se¢ Cation
exchange)

Aeolian parent matcrials, 346-47

Acration
and iron solubility, 92, 384
and nitrifiction, 226
and organic matler decay, 92, 94

185, 384

and seed germination, 41.42
definition, 11, 91
drainage requirements and, 96.98
influence on plant growth, 92
requirement in clay soils, 40
scction on, 91-102
soil puddling and, 35
soil texiure and, 7, 93-94

Aerial photographs, 401

Aggregation in soils {se¢ Soil aggre-
gation}

Algae, 191-93

Alkali soils (see also Saline and
alkah soils)
bari type of, 337
calcium carbonate in, 332
definition of, 319
formation of, 325
gypsum in, 328
measuring amendment need for,

329

nutrient availability in, 292, 321
reclamation of, 330-32

Alkaline soils
acidifying, 292.93, 294, 330.32

ammonium lertilizer usc on, 241

exchange reactions and pH of,
144-45

manganese availability in, 294

phosphate fertilizer use on, 259,
264-65

phosphorus retention in, 268

sofubility of lime in, 156

Alkali solonchak soils, 374
Alkalizacion of soils, 388
AHluvial fans, 348

Alluvial soils

glaciation and, 110

in Brahmapuira vallcy, 115, 391

nature of, 113, 388, 402

of Indus-Ganges plains, 115, 287,

315, 334-37, 390

poor drainage in, 97, 353

source of parent material, 347
Alluvium, as parent material, 346-47
Alpine meadow soils, 385
Alumina sheet, in minerals, 120

Alumino-silicate minerals {see also
Clay mincrals)
layer-lattice types, 121-33
negative charge in, 121
oxygen-layer holes in, 130
structure of, 118-21

Aluminiuim
and phosphate solubility, 252,
267-68
as exchangeable cation, 143-45,
153-55
as toxic substance, 157
effect on soil pH, 144, 133-55
hydrolysis {from clay, 144
mevement in acid soils, 372
precipitation by liming, 159, 168
release in mineral weathering, 112
Aluminium oxides
as cementing agent in soils, 27
as clay mineral, 133
Amendments
as calcium source, 281-82
for acid soil reclamation, 157.58
for alkali soil reclamation, 329-32
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Ammonification, 179, 224-26
Ammonium nitrate fertilizer, 234
Ammonium-nitrogen

fixation by soil minerals, 148

loss from soil, 231

release from organic mateer, 179,

224-26
use by plants, 171, 219-20

Ammonium sulfate fertilizer, 234
Analysis of soils (see Soil analysis)
Anauxite, 125
Ando soils, 383
Anhydrous ammonia fertilizer, 235
Animals
compaction ol soil by, 38
overgrazing and eresion, 84
Anion exchange, 267
Apatite, 252-53, 257
Appendix tables, 411-12
Aguecus ammonia fertilizer, 235

Arid-region soils
classification of, 360, 363, 368-70
exchangeable cations in, 151,
366-67
formation of, 366-68
leaching in, 366
mineral weathering in, 115
organic meatter in, [98, 367
pH of, 233, 367
phosphorus in, 253, 256
potassium fertility of, 310
saltsand waterlogging in, 315, 322
sodium carbonate in, 325
Assam, soils in, 391

Atmosphere

as pressure term, 57

plant nutrients from, 266, 221-24
Availability of nutrients, 109, 147

156, 171, 181, 208-09, 303-08
Available water

defined, 10, 81

estimating supply in soil, 81

factors affecting supply of, 79-90
Azofcation, 222

Azonal soils
classification of, 364, 388
defined, 361
in West Pakistan, 390

Azotabacter, 222

Bacteria
nitrogen fixation by, 222-24
section on, 193-94

Bar, as pressure term, 57
Bari soils, 337

Base cycling
a base defined, 154
and soi] development, 3266
in podzolic soils, 375
in tropical soils, 377

Base exchange {see Cation exchange)
Base saturation, 145, 154-35, 164
Bengal

percolation in soils of, 76
soils of, 391

Berseem
use as green manure, 247
use as hay, 248

Bibliography, 413-21
Biological activity in soils

and soil structure, 36
general nature of, 12

Biota, (2

Biotite, 107 .
Black alkali soils, 321.22

Black cotton soils, 383
Bleicherde, 372

Bog soils, 386

Bone meal lertilizer, 259

Boron
as toxic substance in soil, 157
pH and availability of, 28930
section on, 289-91

Brakmaputra River (see River valley
soils)

Braunerde, 382

Brawn forest soils, 382

Brown soils
in West Pakistan, 390
noncalcic brown soils, 376
Shantung brown soils, 376
zonal brown soils, 365, 369

Brucite sheet
in alumino-silicate minerals, 121
in chlorite, 132
in talc, 127

Brunigra soils {see Prairie soils)
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Buffering in soils
effect of free lime on, 332
exchangeable aluminium and, 133
lime requirement and, 164

Bulk density
and available water supply, 81
compared with particie density, 37
definition, 37
relation to pore space volume,
37, 39

Calcareous soils
availability of calcium in, 281
availability of iron in, 292
availability of manganese in, 294
availability of phosphorus in, 211,
268-71
buffering in, 332
defined, 282
effect of parent material on,
381-82
kankar in, 282
of arid regions, 38, 368-70
of Potwar plateau, 38
Calcification, 366
Calcimorphic soils, 381-83
Calcium
adsorption affinity for clay, 143
and boron availability, 290
and organic matter decay, 185
as an exchangeable cation, 143,
147, 155, 331
as a plant nutrient, 206-07
availability in limed soil, 166-67,
285
carbonate precipitation of, 283,
319-20, 325, 366
deficiency symptoms in plants,
280-81
cffect on phosphate availability,
252, 254
forms in soil, 107, 280, 252
in soil amendments, 157-58, 282,
330
measurement of in soils, 284-85
need in alkali soils, 326-29
pH and availability of, 151,
155-58, 280-52
section on, 280-85

Calcium carbonate (see Lime)
Canals, seepage from, 336

Capillarity
and salt accumulation, 323, 326
forces responsible for, 52.55
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soil layering and, 70
water table and, 74, 97
Capillary fringe, 93, 97
Carbon dioxide
and mineral weathering, 111-12
and organic matier cycle, 177
effect on calcium solubility, 281
effect on exchangeable catioins,
143
in alkali soil reclamation, 332
in soil air, 11, 93
loss from bicarbonatesolution, 325
loss of organic carbon as, 173
sources of in soil, 11, 177-79
use of by plants, 206

Carbon-nitrogen ratio
and organic matter decay, 176, 244
influence on available nitrogen,
180-81
of soil organic matter, 186-89
plant age and, 244
Cation exchange
and nutrient availability, 9-10,
147, 166-67, 210, 275
and soil pH, 151-56, 320, 372
effect of salts on, 142, 321
cquilibria in, 142
hydrolysis in, 144, 320-21
m soil formation, 143, 15[, 338,
372, 377, 380-82
ion adsorption in, 9, 121
nature of reactions, 142
scction on, 141-51
sodium carbonate and, 319.20
sotlamendments and, 157-58, 166,
168, 282, 330-32
Cation-exchange capacity
and nutrient supply, 9-10
constant nature of, 150
definition, 145-46
determination of, 146-47
estimation of, 164-66
lime requirement and, 164-66
of clays and soils, 148-51
organic matter contcnt and, 150
pereent base saturation and, 155,

164
Cations (see Exchangeable cations,
Cation exchange)
Charge density of ions, 143
Chelation compounds
of iron, 293
of zinc, 289
Chemical analysis (sez also  Soil
testing}
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cation-exchange capacity, 146-47
of organic substances, 186

Chemical weathering (see Mineral
weathering)

Chernozem soils
carbon content of, 189
degraded chernozem, 376
in subecontinent, 390
section on, 366-71

Chestnut soils
classification of, 363-70
in West Pakistan, 390
organic matier in, 367

Chlorite
as soil mineral, 132-33
formation of, 138

Chlorosis
as iron-deficiency symptom, 292
a3 magnesium-deficiency symp-
tom, 285
as mangancse-deficiency symp-
tom, 293
as zinc-deficlency symptom, 288

Classification of soils, 359-89

Clay (se¢ also Clay minerals)
adsorption of protein by, 176
as textural class, 25
effect on moisture movement,

67-68, 71, 74-75
effect on pore spaee volume, 39
cffect on soil properties, 31, 337
size limits of, 18
source of negative charge i, 121
structure of minerals in, 118-21
synthesis in B horizon, 372

Clav minerals (see alse Alumino-
silicate rninerals, Minerals)
cation-exchange capacity of, 149
classification of, 122-33
iron and aluminium compounds

as, 133
oxygen-layer holes in, 130
permanent charge in, 148
pH-dependent charge in, 148
relation to lime requirement, 166
significance of term, 116
structure of silicate types, 118-21
substitution of ions in, 121, 131
weathering  environment and

types of, 134-33

Clay pans, 175

Climate
and mineral weathering, 113, 115
and type of clay mineral, 134-38
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and vegetation type, 85, 359-60

and zonal soil types, 364-78

as basis for soil classification,

359-64

effective climate defined, 354

effect on spil development, 333-5¢
Cloddy soils

aeration in, 40-41

cause of, 20-21

effect of clay mineral tvpe on, 128
Clostridium, 222
Clouds and soil temperature, 46
Cohesion

and aggregate stability, 21

as cause of plasticity, 20

as force in capillarity, 52

definition, 19

influence of clay type on, 21

in soil organic matter, 21, 174

soil particle orientation and, 19-20

Colloid, dcfined, 18

Colluvium as parent material, 347,
348

Colour in soils (see Soil colour)

Compaction of soil

and heat transfer, 47

and plant growth, 38

and water movement, 38

influence on bulk density, 37
Companion crops, 246
Composting, 239, 243
Conductance as salinity measure,

37
Conductive capacity of soil (s

Permeability of soils)
Conglomerate rock, 108
Conservation

of calcium from lime, 167

of fertilizer potassium, 276

of irrigation water, 303

of moisture from rainfall, 84

of nuirients in composts, 243-44

of soil organic matter, 201, 232

Consistence, 17, 22-24

Consumptive use of water, 91

Contact exchange, theory of nutrient
availability, 210

Copper, scction on, 2B7-88

Cotton

aeration requirement of, 94
need for sulfur, 286
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Cover crops, 46, 232
Crystal unijt, 121

Cultivation of soil
and organic rnatier content,
172-73
and nitrate level, 227
effect on infiltration, 73
cflect on soil properties, 3, 38
of puddled soil, 521

Dealkalization of soils, 381

Deccan Plateau, soils of
clay minerals in, 136
salts as problem in, 313

Decomposition of minecrals  (see
Mineral weathering)

Decomposition of organic matter
{see Organiec matter)

Deficiency symptoms (see Plant
nutrients, Chlorosis)

Denitrification, 230
Desalinization of soils, 380

Desert soils (se¢e also Arid-region
soils)
in subcontinent, 3%
section on, 366-70

Dickite, 125

Diflusion
of oxygen in soil, 94
of water vapour in soil, 65

Dispersion of soil
cementing agents and, 27
exchangeable sodium and, 327
in bari soils, 337
in particle-size analysis, 27
in solonetz formation, 380
salt removal and, 321

Drainage

and aeration, 93

and ficld capacity values, 72, 83

and organic matter decay, 183,
383-87

and perched water tables, 71

effect on water table level, 95

in intrazonal soil formation,
379-80, 383-87

in saline soil reclamation, 329-30

leaching and, 76

principles of, 101-02

requirements (or plant growth,
95-96
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seciion on, 91-102

systems of, 101

topographic influence on, 335, 398
water-disposal problems in, 338

Dune sands
as parent matesial, 347
in subcontinent, 390

Effective diameter (see Particle size
analysis)

Electron microscope, 113

Eluviation
and B horizon in podzols, 372
in planosol formation, 388
zone of, in soil profile, 348, 350

Equilibria in soil systems
and maturity in soils, 4
and mincral weathering, 109
as influenced by environment, 3
dynamic, 14
importance in soil studies, 13-15
in cation-exchange reactions, 142
moisture movement and, 63

Erosion
azonal soil formation and, 362
loss of organic matter by, 201
nutrient loss by, 252
overgrazing and, 84
topography and, 333, 398
Essential plant nutrients (s¢e Plant
nutrients)

Evaporation
and salt accumulation, 98, 322-23
and soill moisture movement, 66
as [actor in transpiration, 79
effect of temperature on, 43
eflect on soil moisture supply, 353
effcct on soil temperature, 46

Evapo-transpiration
defined, 91
influence on water table, 100

Exchangeable bases
defined, 154
importance to plant nutrition, 147
in latosolic souls, 377
in soils of dry regions, 366

Exchangeable cations
adsorption affinities of, 143
adsorption by clay, 9, 141-44
aluminium as, 143-45, 153.55
and plant nutrition, 9, 147, 210,
281
calcium as, 143, 166-67, 281, 331
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charge density of, 143

hydrolysis of, 144, 321

influcnce on pH, 155, 321, 377

nature of, 9, 141.44

principal types in soils, 135

sodium as, 156, 319.21, 328-32,
334

LExchange complex, 141
Expanding lattice minerals, 126

Fallowing, 76, 247-48
Farmyard manurc
as sourcc of nitrogen, 181, 200
238-39, 242-44
in maintaining soil organic
matter, 196-57
nutrients in, 200
storage and use of, 199-201,
242-44

Feldspar minerals
content in earth’s crust, 107
resistance to weathering, 114

Ferromagnesium minerals
content in earth’s crust, 107
resistance to weathering, 114

Fertility
defined, 205
in highly leached soils, 133
management of, chapter on,
298-312
of subcontinent soils, 308-10

Fertilizers

apatite in manufacture of, 257

application methods, 241, 262,
300-02

boron, 251

calcivrm, 284-82

copper, 288

determining need f{or, 299

eflicient use of, 213-16, 232-33,
24(-41, 299-303

magnesium, 286

manganese, 294

nitrification of amemenium form,
228

nitrogen, 233-36

phosphorus, 256-61

potassium, 273-76

response of plants to, 215, 502

sulfur, 287

use in subcontinent, 216, 308-10

use on acid soils, 167.68, 259,
264-65

Field capacity of soils
and available water, 81
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effect of texiure on, 69-70, 82
section on, 69-72

Fixation (se¢e Nitrogen fxation,

Phosphorus, Potassium}

Floods

and parent material deposilion,
347
and salts in soil, 323

Forest-grassland transition, soily of,
376

Forest vegetation
soil  development under, 336,
371-79
soil organic matter under, 175

Friability in soils, 23
Fungi in soils, 192-93

Ganges River (ser River valley soils)
Gibbsite, 119, 134

Glacial deposits
as parent materials, 347-48
soil development in, 351

Glaciation, 110
Glei (gley) layer in soils, 350, 384,
386.87

Gleization, 383-84
Gleyboden soils, 385

Grassland vegetation
soil development under, 366-71
soil organic matter under, 175

Gravel, 18, 110

Gravity, force in moisture move-
ment, §5-66

Great soil groups
as category of classification, 362
carbon content in soiis of, 189
carbon-nitrogen ratic in soils of,
189
list of, 363-64
relation to climale, 365

Green manure
as source of nitrogen, 181, 200,
244-48
defined, 200
section on, 244.48
use of legumes as, 181, 201, 248

Ground water (se alro Drainage)

and soil formation, 384-87
salts in, 323-26
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Grumusols, 383, 391

Gypsum

as soil amendment, 157, 329-31,
338

as source of calciurn, 282
effect on soil salinity, 319
in desertic soils, 368
in phosphate fertilizer, 260
need for in subcontinent, 333
accurrence in alkali soils, 328
precipitation in soil, 324
usc in irrigation water, 341

Halloysite, 125
Halomorphic soils, 379-81
Hear,

conduction of in soil, 46-47

reflection by soil, 44
soil colour and, 44
Hectorite, 128
Hematite, 134
Himalayas, soils of, 284, 391
Herizens, of profile, 348.50, 352
Hurnic-glei soils, 385
Humid-region soils (see also Podzolic
soils, Latosolic soils)
percolation losses in, 77, 232, 243
phosphorus in, 253, 256
use of potassium on, 167-68
Humus
and soil colour, 174
as part of soil organic matter,
8, 174
dehned, 8
mor type, 374
mull type, 374
organic matter cycle and, 178
properties of, 174
proximate composition of, 186
Hydraulic gradient, 66
Hydraulic head
and flow of drainage water, 101
defined, 66
Hydrogen-ion concentration (see pH
of soils)
Hydrolysis
definition, 144
of exchangeable aluminium, 144
of exchangeable sodivm, 144, 321
of sodium carbonate, 321.22

Hydromorphic soils, 383-88
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Igneous rock, 107
Illite
tormation of, 135-36, 138
potassium fixation by, 273
section on, 129-31
Tluviation
in planocsol formaticn, 388
in podzol formatien, 372
zone in soil profiles, 348, 350
Immature soils, 4, 362, 388
Immobilization of nutrients, 180
Inhltration
and deep percolation, 76
defined, 72
lactors aflecting, 73-74

Intrazonal soils
defned, 361
scetion on, 379-88

Iron

acration and solubility of, 92, 384

as exchangeablc ion, 143

effect on soil colour, 43-44, 375,
377, 364

fixation of phosphorus by, 252,
267-68

mineral forms of, 107

movernent in acid soils, 372

oxidation of ferrous form, 113

FH and availability of, 292

seciion on, 291-93

solution in mineral weathering,

112

Iron oxides
and soil colour, 43-44, 375, 384
as a clay mineral, 133
as cermnenting agent in soils, 27

Irrigation
and plant root growth, 84
and water table level, 99

Irrigation water
as source of sulfur, 287
boron in, 290
efficient use of, 82, 303
quality evaluation, 338-39
salts in, 324, 338-41
use of inferior, 340

Kankar
formation of, 283
in black cotton soils, 383

Kanlinite
formation of, 135-37
in soils of Deccan Plateau, 136
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in tropical soils, 377
pH-dependent charge in, 148
properties of, 122-25
reaction with phosphorus, 267

Lacustrine parent materials, 346-47
Land classification, 407-08
Landslides, 110

Laterite, 377

Latosolic soils
carbon content of, 189
ground-water type, 384, 387
in subcontinent, 391
section on, 377-78

Layering in soils (see Stratification)

Lavyer lattice minerals (see aiso
Alumino-silicate minerals, Clay
minerals)
classification of, 122-33
significance of term, 121

Leaching

and mineral weathering, 112,
134, 372, 376

and salt removal, 76, 330, 331, 333

and soil pH, 151

deep percolation and, 76

influence of plants on, 353

in soil formation, 366, 372, 376,
380.81

nutrient loss by, 77, 232, 241,
252, 287

Legumes
as green manures, 181, 201, 248
bersecem {Egyptian clover), 247-48
guara, 748
lucerne, 97, 237, 266
molybdenum dehciency in, 294
need for sulfur, 296
nitrogen fixation by, 223-24, 245
nitrogen in roots of, 243
phosphorus use by, 261
use of soil nitrogen by, 246

Lichens, 193
Lignin, in humus, 185-86

Lime {see alsa Calcarcous soils)
amounts in soils, 283
as cementing agent, 27, 35, 283
as soil amendment, 157
as source of calcium, 282, 285
cffect in soil development, 375
cffect on bulk density, 38
in alkali soils, 332

in parent materials, 375, 381.82

in soils of dry regions, 366, 368,
370

Judging need on acid soil, 163-66

neutralizing value of, 159-62

phosphorus adsorption by, 211,
268

precipitation insoils, 117,283, 325

reaction with acid soil, 159,
161-62, 166-67

solubility in alkaline soils, 156, 325

Limestone
as rock type, 108
for acid soil treatment, 158

Liming of soils

amendments for, 158 -

cation-cxchange capacity and,
164-66

deterrnining Lime rates for, 163-66

effect on boron availability, 290

effect on mangancse availability,
294

residual effect from, 167

section on, 158-68

Lithium, in clay minerals, 128
Lithosols, 388

Litter, leal
effect on soil properties, 356, 372,
375

source of, 175

Loam
as textural class of soil, 25
water movement i, 74

Loess, 347

Lucerne
nitrogen in tops, 237
phosphorus fertilizers {or, 266
rooting habit of, 97

Luxury consumpticn, 276

Macropores )
and seed germination, 42
definition, 39

Magnesium
as exchangeable cation, 143, 154
in clay minerals, 126-28, 132
in ground water, 324
in lime, 158
loss [rom soil, 156
mineral forms of, 107
section on, 285-86
weathering of mineral form, 116
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Maize
drainage and growth of, 96
moisture requirement of, 88
potassium requirement al, 306-07

Manganese
as exchangeable cation, 143
as toxic substance in soils, 157
section omn, 293-94
soil aeration and solubility of, 92

Manure (see Farmyard manure,
(Green manure)

Marine deposits
as parent material, 346-47
mineral formation in, 116, 138

Maturity in soils, 4, 360-61, 388

Mecchanical analysis (see Particle-
size analysis}

Mesh of sieves and screens, 160,
Appendix Table 1

Metamorphic rock, 108
Mica minerals, 107

Microorganisms

and organic matter decav, 176,
189-95

carbon-nitrogen ratio of, 187

encrgy source of, 190

in nitrogen minevalization, 224-
30, 236-35

morphology of, 190.94

need lor calcium, 282

nitrogen fixation by, 191, 222-24
246-48, 294

oxXygen requirement of, 190

role in soil development, 357

special purpose types, 191

sullur-oxidizing, 287

Micropores, 39, 42

Mineralization of nutrients, 178-80
224-30, 236-38

Minerals (se¢ alse Clay minerals,
Mineral weathering)
chapter on, 106-38
heat transfer through, 46-47
identification of, 117-18
in earth’s crust, 107
primary types, 107
properties of, in soils, 116-17
source of in soils, 3, 106
synthesis of in seil, 117
Mineral weathering
and soil formation, 3, 7, 346-48,
352, 358
as an equilibrium process, 109
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chemical effects in, 111-16

constructive, 116

eflect of pH on, 112, 151, 372-73

physical effects in, 109-10 i

release of nutrients by, 109, 131,
275, 280

role of ice in, 109, 347-48

section on, 109-16

under forest vegelation, 372

under tropical conditions, 376

Moisture hlocks, 62-64

Moisture in soils (sé¢ Soil moisture,
Available water}

Moisture stress, 64
Mold fungi, 192-93
Molyhdenum, section on, 294-95
Monocalcium phosphate
in superphosphate, 257-58, 262
reaction with soils, 262-64
Monsoons

and green manuring, .24»7-48
percolation losses during, 76

Montmorillonite
formation of, 135-36
in soils of Deccan Plateau, 136
patassium fixation by, 132
propertics of, 123-29, 149

Mor hurnus, 374

Muck soils

conditions for formation, 183
defined, 386

Mull humus, 374
Muscovite, 167
Mycorrhiza, 193

Negative charge
in organic matter, 141, 148
in sesquioxides, 133
in silicate minerals, 121, 126
131-32

Negative pressure in soil moisture,
58-59

Neutralizing power of lime, 159-62

Nitrate-nitrogen
absorption by roots, 211-12, 240

as availahle nutrient, 171

from organic matter, 179, 225-30

minimizing percolation loss of,
77, 246

utilization by plants, 219-20
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Nitrification, 179, 225-30
Nitrites in seil, 226, 227
Nitrogen (see alss Ammonium-
nitrogen, Nitrate-nitrogen, - Soil
nitrogen)
deficiency symptoms in plants, 221
fertilizers, 233-36, 241, 247
Nitrogen fixation
by algae, 191
effect of molybdenum on, 294
in legumes, 221, 223-24, 245
i the atmosphere, 171
methods of control, 246
soil nitrogen level and, 246

symbiotic and nonsymbiotic,
221-24

Noncapillary pores {sez Macropores}
Nontronite, 126

Normal soils, definition, 360-61
Nuirient balance, 207

Nutrients (see Plant nutrients)

Octahedra, in silicate minerals, [ {9

Organic matter (see also Soil organic
maiter)
aeration and decay of, 92, 94,
185, 384
and solubility of iron and alumi-
nium, 253, 372
as spurce of plant nutrients,
236-40, 256, 261, 298
decay of in soils, 176, 185-86,
189-95, 224-30, 236
in alkali soil rectamation, 332
Osmotic pressure, 65
Over-liming injury, 290
Oxidation
and mineral weathering, 113
effect on iron availability, 292
Oxygen
amount in soil air, 93
requiremcnt of fungi for, 193
solubility in water, 94

Oxygen-layer holes, 130

Paddy soils, 191

Parent materials
and intrazonal soil development,
361, 381-84
as profile horizon, 349-50

classification of, 346-48

effect on soil properties, 351-53,
375

influence of lime in, 375, 381-82

of alluvial soils, 115, 347

of normal soils, 360

of subcontinent soils, 115, 347-48,
353

untformity of, 349, 387

Particle density
and pore space in soils, 39
and settling velocity, 30
average value for, 31

Particle size
and weathering rate of minerals,

of fime for acid soils, 160-62
soil properties related to, 116

Particle-size analysis
effective diamcter judged by, 30
practical value of, 31-32
procedure of, 26, 27-31

Particle-size classification
soil separates defined, 17
systems of, 17-18, 26
uvse in determining soil texture,

26, 27-31

Peat soils
conditions for formation, 183, 384
described, 386

Pedology, 345

Perched water table
conditions inducing, 7]
example, 99, 100
Percolation, 76-78
Permafrost in Tundra soils, 379
Permeability of soils
and ficld capacity, 69-.70
and perched water table, 71
and plant wilting, 81
defiuttion, 66
saturated and unsaturated, 66
water flow and, 66-68

pF of soil moisture, 57
pH-dependent charge in clays, 148

pH of soils (see also Acidity in soils)
and aluminium solubility, 264,
268, 372
and base saturation, 152, 15¢4-35,
163-64, 373
and cation-exchange capacity,
147



INDEX

and iron solubility, 156, 262, 264
292, 372

and lime need, 164

and mineral weathering, 12,
151, 372.73

and organic matter decay,
183-84

and phosphate fixation, 262, 264,
267-68, 271

and plant growth, 154-58, 292

and toxic ions, 157

control of, 157-68, 332

defined, 143

exchangceable cations and, 144-45,
151-56, 319-21, 372

in arid regions, 367

measurement of, 152-33

nitrification and, 227

section on, 151-68

sodium carbonate and, 320

under forest litter, 356

Phosphorus
absorption by roots, 211, 254,
263, 265
availability to plants, 257-59
263, 265
deficiency symptoms in plants,
252

fertilizers, 256-61

fixation in soils, 262-G4, 267-68

forms in soils, 252-56

fur;zcstlions in plants and animals,

in subcontinent soils, 309

Ieaching loss from soil, 252

mobility in soils, 263

reactions with soils, 261.65

retention by soils, 211, 266-71

soil pH and form of, 254, 259,
263, 268-71

soil test for, 307-08

Photosynthesis, 87, 206

Physical properties of soils
and moisture retention, 40-41, 60
as judged from consistence, 19, 22
chapter on, 16-47
organic matter and, 8, 21, 27, 31,
36, 174, 332
relation to plant growth, 16,
40-41, 94
tilth, 16, 40, 94
Placement of fertilizers, 262
Planosols, 387

Plant cover
and percolation loss, 76
effect on soil temperature, 46
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Plant growth

interrelationship among [actors of,
204, 213, 216, 303

nitrogen and, 17[, 201

oxygen level and, 93, 95-97

physical properties and, 16, 40, 94

salt level and, 319

soil acidity and, 156

soil moisture level and, 85-88

soluble phosphorus and, 270

Plant nutrients

and organic matter decay, 185

antagonism among, 209

availability aspects, 171, 208-09

cation -exchange and, 9-10, 141,
147, 166-67, 210, 275

conservation of, 232, 243-44, 276G

deficiency symptoms of, 300

delined, 4

detecting shortages of, 299, 303-08

efficiency of absorption, 21i-12

exchangeable bases as, 147

immobilization by microbes, 180

list of, 206

tuxury consumption of potassium,
276

minerals as source of, 106, 109

percolation loss of, 77, 232, 276

pH and availability of, 156, 168

physiological balance among, 207

release [rom aqrganic malter,
178-81

role of sodium, 276-77

soil aeration and absorption of, 92

Plant roots
aeration and depth of, 92, 95
as source of organic matter, 175,
367
influence on mineral weathering,
109, 112
influence on soil structure, 35-3G
moisture use by, 66, 76, 84, 97
mycorrhiza and, 193
nodulation in legumes, 223-24
nutrient availability to, 208-09,
211-12
soil conditions affecting, 84, 92,
95-98
Plants
cffect on soil development, 355-56,
366, 377, 3684-85
relative phosphorus needs of, 266
salt tolerance of various types, 335
Plant tissue, composition of, 186

Plasticity of soils
cohesion and, 20
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defined, 20
effect of humus on, 174

Ploughing, 31, 38

Podzolic soils
carbon content of, 189
ground-water type of, 384, 387
in subcontinent, 391
relation among types ol, 374-75
section on, 373-76

Podzolization as soil development
process, 373

Pore space (see Soil pore space)

Potassium
absorption by roots, 211
bonding of silicate minerals by,
129-31
deficiency symptoms in plants,
272
equilibrium in soils, 273-74
fertilizing acid soils with, 167-68
fixation of, 132, 273, 275
forms in soil, 272-75
function in plants, 271
in subcontinent soils, 310
losses from soil, 276
luxury consumption of, 276
soil test for, 305-07
supplying power of soils, 275
Potwar plateau
bulk density of soils of, 38
loess deposits of, 347
organic matter in soils of, 44,
197-98
Prairic soils, 189, 3635, 370
Pressure
e)q;;essing moisture tension as,
hvdrostatic, 58
negative, 58-59
Productivity of soils, 204
Profile (see Soil profiles)
Proteins, 176, 185-86
Puddled soils
aeration in, 35, 41, 94

alkali soils as, 321
definition, 35

Pyrophyllite, 126

Quartz, 107, 114
Quartzite, 108

Radiation, of heat 43

Rainfall (see also Climatc)
and percolation losses, 76-77
and salt accumulatton, 390
cffect on available water, 83-84
effect on water table, 336

Reconnaissance surveys, 398-400,
406-07

Regosols, 388

Regur soils, 383

Relief {see Topography)
Rendzina soils, 382

Residual parent materials, 346

Residual sodium carbonate, 324-25
338-41

Resistance blocks, 62-64
Rhizobium, 223-24
Rice
fertilization of, 234
in saline soil reclamation, 333
soil culture for, 35

soil texture of paddies. 31
tolerance of waterlogging, 95

River valley soils

calcareous types, 282

deposition of parent materials,
347

distribution in subcontinent, 390,
391

general naiure of, 115, 462

land classification of, 408

of Brahmaputra area, 115
391

of Indus-Ganges area, 115, 282,
287, 315, 334-37, 390

of Sipra River, Gwalior State,
404-06

of Thal Development Project, 197,
400

organic matter io, 197-99

salts in, 315, 336-37

sullur in, 287

Rock phosphate fertilizer, 258-59
Rocks, types of, 107-08

Runoff
and available water supply,

3

and soil development, 355
effect of plant cover on, 76
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Sedimentary rock
as source of soil material, 108
clay formation in, 137-38
definition, 107

Secpage, 96, 100, 336

Sepatates of soil (see Soil separates)

Saline and alkali soils
as halomorphic soils, 379
causes of, 322, 325
characterization of, 316-19
diagnosis of, 328.29
in subcontinent, 390
management of, 332.34
properties of, 319-22

reclamation of. 376.39 Sesquioxides (see also Iron oxides,

Saline soils
definition, 318-19
effect of gypsum on, 319
measurement of salts in, 316
vegetation on, 357
water table in, 326

Salinization of soils, 379

Salts (see Saline soils, Solonchak
soils)

accumulation in soils, 98, 322,
336

and cation-cxchange reactions,

colloid flecculation by, 32t
control in row crops, 333
effect on soil pH, 321

in irrigation water, 340
osmotic pressure from, 63
plant tolerance to, 335

Sand

Aluminium oxides)
accumulation in B horizon, 372
as clay minerals, 133

as precipitate in soils, 117
formation of, 133

in tropical soils, 377

ratio to silica, 112, 378

Shale, 108
Sierozem soils

classification of, 363-369
in subcontinent, 390

Sieves, mesh of, 160, Appendix

Table 1

Silica

as precipitate in soils, 117
content in tropical soils, 377
in podzol profile, 372

quartz in earth’s crust, 107
weathering of quartz, 112, 114

Silica : sesquioxide ratio, 112, 129,

as soil textural class, 25 378
size limits of, 18 Silica sheet, In minerals, 120
Sand dunes, 347, 400 Silicate minerals (se¢  Alumino-

Sandstone, 108 silicate minerals)

Sandy soils Sily, 18, 309
aeration in, 97 Siwalik lormation, 43
as general textural class, 25
behaviour of, 31 SlatF, 198 .
improved by organic matter, Sodic soils, 316
21-22 Sodium

moisture-holding capacity of,
82.83
relative pore-space volume in, 39
water movement in, 74-73
Saponite, 127
Saturated flow of water, 66, 102

Saturation, as moisture statc
defined, 64
influence on oxygen supply, 93

Saturation-paste extract, 318
Sauconite, 128

Screens, mesh of, 160, Appendix
Table 1

as exchangeable cation, 143-45,
156, 319-21, 328-32, 334

as plant nutrient, 276.77

in ground water, 324-26

in halomorphic secils, 379-80

in irrigation: water, 338-41

mineral forms of, 107

nitrate fertilizer, 235

Sodium carbonate in soils, 319-22,

325

Soil age (see Maturity in soils)
Soil aggregation (see also  Soil

structure)
and aeration, 40
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and pore space valume, 39
stabilization of aggregates, 21, 35

Soil air, 11, 92-94

Sotl anabysis
cation-exchange capacitly, 146-47
for salinity, 317-18
gvpsum requirement test, 329
judging consistence, 23-24
time requiremcnt, 163-66
particle-size analysis, 26-31
soil testing, 303-08

Soil associations, 396-97
%01l catena, 396-98

Soil classification
arid-region soils, 368-70, 379-81
black cotton soils, 383
chapter on, 345-92
chernozemic soils, 370-71
climate as basis for, 359-64
desertic soils, 368-70
great soil groups, 362-64
mnterpretive types of, 408
intrazonal soils, 379-88
land classification, 407-08
latosolic (tropical) soils, 376-78
peat, 384.87
podzolic soils, 374-76
soil complexes, associations, and

catenas, 396-98

soil order, 362-G%
soil phase, 396
soil series, 395
soil suborder, 362-64
soil type, 393
tundra soils, 378-79

Soil colour
and heat absorption, 44
as index of crop-producing
capacity, 13
effect of iron on, 43-44, 375,
377, 384
effect of waterlogging on, 384
organic matter (humus) content
and, 174, 367
section on, 41-45
soil development and, 43
Soil complexes, 396-97
Soil consistence, 17, 22.24
Soil development
chapter on, 345-92
colour as index of, 42-43
effect of hase cyeling on, 366
factors countrolling, 349-57
transformations in, 357-58
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Saoil fertility
concepts of, 205
evaluation through soil testing,
303-08
in subcontinent, 308-12
section on, 205-16
Soilformation (see Soil development)

Soil management
and organic matter maintenance,
196, 198
conserving soil calcium by, 167
Soil mapping {see Soil survevs}
Soil moisture {sz¢ alse Available
water)
and aeration, 93
and consistence properties, 23-24
and heat transfer, 46-47
and organic matter accumulation,
183.84
chapter on, 51.102
characteristic curves for, 61
conservation of, 84, 303
effect on soil colour, 44
evglggration of, 45, 79, 98, 322.23,

infltration of, 72-74

influence on photosynthesis, 87

level of and plant growth, 85-88

measuring content of, 60, 62

movement of, 64-69

plant utilization of, 79-91

role in soils and plants, 10, 51, 78

seepage and salt accumulation,
322.23, 335-36

stress in, O4

tension in, 32-68, 62

water table as source of, 97

Soil mitrogen {se¢e also Nitrogen)

avatlable lorms of, 171

chapter on, 219-48

immobilization by microbes, 240

in subcontinent soils, 308

losses of, 230-32, 241

no soit test for, 362

organic sources of, 181, 200,
236-40, 244-48

soil organic matter and, 171-73
176, 178-81, 185, 225-30

temperature and accumulation of,

use by plants, 211, 219.20, 246
volatilization of, 230-31, 240

Soil orders, 362
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Soil organic matter (see also Organic

matter)

accumulation of, 4, 171-73,
353-56, 367, 384-87

and aggregate stability, 21, 27, 36

and soil physical properties, 8, 21,
31, 174

as cementing agent, 27

as part of soil solids, 8

as source of plant nutrients, 8-9,
178-81, 224-26, 255-56, 287

carbon dioxide release from, 112,
177-79

carbon-nitrogen ratio of, 176,
186-89

cation-exchange capacity of, 149

chapter on, 170-201

contribution to by algae, 192

cycle in soils, 177-78

effect of cultivation on, 173,
195-99

effeet on soil colour, 8, 12-13, 42,
174, 321, 367

humus as part of, 8, 174

in grasstand soils, 367-71

in subcontinent soils, 197-99,
390

maintenance of, 173, 195-201

nature of, 173-76

pH and ion adsorption by, 148

source of negative charge in, 141

under forest vegetation, 356

Soil phase, 396
Seil pore space
and aeration, 7, 35, 93-94
and heat transfer, 47
and toisture movement, 67, 75
and moisture retention, 55, 68-71,

factors affecting voluine of, 7, 39

influence of structure on, 7, 21,
35, 40-41

measurement of, 39

relation to bulk density, 37

relation to consistence, 22

Soil profiles

bulk density values in, 38

defined 4,

distribution of organic matter in,
175, 367, 374-75, 382-87

effect of leaching on, 76, 366,
372, 376, 380-81

formation of, 358

general description of, 348-50

glei horizon in, 350, 384, 386

mavement of clay in, 37-38, 372,
380-81
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natural variability among, 5
of chernozemic soils, 371
of desertic soils, 369
of podzolic soils, 373, 375
of solonetz soils, 380

Soil properties
as judged fromm consistence, 22-24
colour as index of, 13, 174
concept of, 6
fertility aspects, 205
particle-size analysis as index of,

27-32

soil structure as index of. 40
sotl texture as index of, 7

Soils
as biological systerns, 12-13
as three-phase systems, 5-12
change with time. 2
classification af, 359-89
development of, 343-58
introductory chapter on, 1-15
relation to envirenment, 2-5
Soil sampling, 308
Soil separates (see also Particle-size
classification)
definition of, 17
determining proportions of, 26,
27-31
size classification of, 18
Soil series, 395

Soil solution
compaosition  of and mineral
weathering, 111.12, 134-35,
372-73
nutrient supply from, 209
osmotic pressure of, 317
salts in, 316

Soil structure
and waler infiltration, 73
assessing development of, 40
classification of, 32-34
climate and aggregation, 354
defined, 7, 17, 32
formation of, 34-36
influence on soil pore space, 7,

35, 40, 94

relation to plant growth, 40-¢1
section on, 32-41
stability of, 21, 35-36

Soil suborders, 362-64

Sail surveys
base maps for, 399
chapter on, 394-408
field mapping in, 401-03
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formal report of, 403
importance to reclamation, 337
map of Gwalior State, 405
objectives of, 394

programme for, 406-07

types of, 398

Soil testing
for available boron, 289
for gypsum requircment, 329
for liming rates, [63-65
for pH, 152-53
for phosphorus, 307-08
for potassium, 306-07
section on, 303-08

Soil texture

and aeration, 7, 93-94

and capillarity, 74

and liming rates, 165

and mineral weathering, 114

and moisture movement, 67,
73-74, 93, 102, 320

and moisture retention, 69, 69-72,
82

and need for potassium fertilizer,
275

and organic matter content,
197-98

and phospherus retention, 268.70

and salt accumulation, 326

and soil classification, 395-96

as guide to general soil properties,

7
definition, 17, 24
factors determining, 7, 24
influence of parent material on,
352
particlessize analysis and, 26-31
section on, 24.32
wind deposition and, 110
Soil type, 395
Solar radiation, 45
Solonchak soils, 379
Solonetz soils, 380
Solonization, 380
Soloth soils, 381
Stoke’s law, 30
Stratification in soils
and field capacity values, 70.71
and profile characteristics, 358
eflect on infiltration, 73-74
Stress in soil moisture, 64
Structure
of silicate minerals, 118-21
ol sell, section on, 32-41

PRINCIPLES OF SOIL SCIENCE

Subcontinent soils

boron in, 290-91
cation-exchange  capacity of,

clay minerals in, 136

climate and, 353

[ertility status of, 308-10

occurrence of calcareous types,
282-84

of alluvial origin, 115, 287, 315,
334-37, 390-91

organic matter in, 183, 197-99

_parent materials of, 347-48, 353

percolation in, 76-77

saline and alkali tvpes, 324,
334-38

section on, 389-91

trends in productivity, 311-12

use of fertilizer on, 212-16, 302

wateglogging of, 315, 334-37,
35

Subsoil
builk density of, 38
claypans in, 175, 388
effect on infltration, 73-74
lime zones i, 283, 368
nutrient absorption from, 366
siructura] forms in, 36

Substitution in minerals {s¢¢ Clay
minerals}

Sulfur
acidifying soil with, 292, 294
in phosphate fertilizers, 260
plant requirements for, 286-87
release from organic form, 181
section, 286-87
use on alkali soils, 331, 332

Supcrphosphate [ertilizers
as source ol sulfur, 287
reaction with soils, 262-65
types of, 260

Surface soils

cultivation and bulk density of,
38

sampling for soil testing, 308
structural forms in, 36
temperature relations in, 46
the acre-furrow slice, 304
water infiltration into, 73

Surflace tension, 52-54
Swelling of clays, 128

Symbiosis
and nitrogen fixation, 223
fungi in, 192



INDEX

Talc, 127
Tea, 287

Temperature
and carbon-nitrogen ratio of soil
organic matter, 187-88
and organic matter decay, 181
and soil development, 354.55
and soil nitrogen content, 182
effect on mineral weathering, 13
effect on nitrification, 229
of soil, section on, 45-47
soil colour and, 44
Tensiometers, 62, 63
‘[ension in soil water
and turgidity in plants, 87
at feld capacity, 70
at root surlaces, 81
atl wilting peint, 80
defined, 52
forces responsible for, 55
gradient of, 63
in waterlogged soils, 56
measurement ol, 62
methods of expressing, 56-60
normal range of, 60
relation to moisture content, 55,
60-61, 87
Tetrahedra in mineral structures,

118
Textural classes of soils, 24-29
Textural layering {see Stratifica-
fication in soils)
Textural triangles, 28-29
Texture {see Soil texture)
Thal Desert
soil of, 198

source of soil materials, 110
survey of, 399, 400
Thar Desert, 110
Thur soils, 379
Till, as parent material, 110
Tilth, 16, 40, 94
Time
and mineral weathering, 113-14,
351
and rate of organic matier decay,
177, 179
and soil formation, 351
and soil organic matter accumu-
lation, 171-72
equilibrium reaction rates and,
13-14
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Titration curves
determining liming rate [rom,
[63-64
influence of exchangeable hy-
drogen and aluminium on,
154
nature of, 133-54
Tobacco, 286
Topographic maps, 399
Topography
and erosion, 353, 388
and mineral weathering, [35-36,
354
and soil developinent, 354, 397.98
and soil drainage, 322, 355
effect on  salt aecumulation,

322
Toxic ions, 157
Transpiration
defined, 79

soil moisture level and, 87, 100
transpiration ratio defined, 90

Tropical (Latosolic) soils
carbon-nitrogen ratio of, 188
development of, 376-78

True density {se¢e Particle density)
Tundra soils, 379 ~
Turgidity in plants, 78, 87

Unsaturation, as moisture state, 64
Urca fertilizer, 235

Vapour pressure of soil water, 65

Vegetation
and organic matter in soils, 175
effect on soil development, 355-36,
366-79
of desert soils, 368
of humid-temperature regions,

relation to climate, 359-60
type dictated by soil properties,
[ 85, 356

Vermiculite
formation of, 135-36
potassium fixation by, 273
scction on, 131-32

Volatilization of soil nitregen,

230
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Water-bolding capacity of soil (se
also Available water)
and natural vegetation, 83
texture and, 7, 31, 82.83

Waterlogging

adaptation of plants to, 94

aeration in, 93-94

and salt accumulation, 315, 322,
336

and soil moisture tension, 75

and soil reclamation, 97-98,
101-02

causes of, 98-100

economic crop growth and, 97

effect of topography on, 355

cffect on soil colour, 43-4%, 384

Water requirement of plants, 90

Water table (s¢¢ also Ground water)
and salt accumulation, 323, 320
and soil formation, 384-87
as source of water for plants, 97
factors influencing level  of,

98-100, 323, 336
perched, 71, 99-100
rise of water [rom, 74

Weathering (see Mineral weather-

ing)

Woest Pakistan, soils of {sze Sub-
continent soils)

SOIL SCIENCE

Wetting of soil
process described, 68-69
role in structure formation, 35
the wetting front defined, 70

Wheat, 85, 214, 307
White alkali, 322
Wiesenboden soils, 385

Wilting point
and available water supply, 81
defined, 80
relation to pore size, 82

Wind, and soil formation, 110,
346-47

X-ray analysis of minerals, 118

Zinc
as exchangeable cation, 143
chelation compounds of, 289
in clay mineral structures, 128
section on, 288-89

Zonal soils
classificarion of, 363-78
defined, 360
normal soils as, 560-61
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