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PREFACE

Unprecedented population increases have occurred since World War I, mostly
in those countries with low agricultural productivity and low per capita in-
comes. Population growth coupled with rising energy costs and worldwide
inflation has taxed the ability of farmers to meet human food requirements.
In fact, in some areas, such as sub-Saharan Africa, the per capita food produc-
tion has actually declined in the past decade. In other heavily populated regions,
including South Asia, per capita food production has remained reasonably
steady, but at levels so low as to dictate widespread nutritional deficiencies
and constant hunger for tens of millions of people. Meeting human food require-
ments continues to be a major worldwide challenge, not only for the developing
nations but for all of us.

Soils play a critical role in meeting human food needs. Their conservation
and wise use are essential today and will be even more critical in the future
as population pressures increase. These pressures are already forcing the use
of lands for food production that good judgment says should be kept in forests
and rangelands. This change in land use encourages accelerated erosion and
runoff losses that reduce soil productivity and simultaneously force sediment-
burdened floodwaters on downstream populations. Political leaders and devel-
opment analysts alike agree that at no time in the history of humankind has
the welfare of people been so dependent on the wise use and management
of soils.

Effective conservation and management of soils require an understanding
of these natural bodies and of the processes going on within them. These
processes, which are vital to the production of plants, also influence the many
other uses made of soils. The primary purpose of this text is to help the reader
to gain a better understanding of the nature and properties of soils and to
learn ways of making soils more useful to humankind. I hope that it will be
as useful to the student preparing to work in tropical areas as in the United
States or Europe.

This ninth edition recognizes the role soils must play in enabling the world
to feed itself. But most of the changes from the eighth edition are dictated
by the numerous recent advances in soil science. For example, specific empha-
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sis is placed on new and innovative “conservation tillage” systems, which
have expanded so rapidly in the United States in recent years. These systems
maintain soil cover and thereby reduce soil erosion and water runoff. Attention
is given to the effects of these systems on soil properties as well as on soil
productivity in a variety of agro-climatic zones, including those in the tropics.

New knowledge is presented of nitrogen transformations both in well-
drained upland soils and in soils of wetland paddy fields where much of the
food for developing countries is produced. Our improved understanding of
the nature of soil colloids, including the soil clays in tropical areas, is reflected
in several chapters. Likewise, recently acquired knowledge of the charge prop-
erties of different soils and of the nature of soil acidity is included.

The text has been rather extensively reorganized. The introductory chapter
has been expanded to include general information on the soil as a source of
nutrients for plants. Chapters 2-8 cover the basic physical, chemical, and biolog-
ical properties of soils. There follow three chapters (9-11) dealing with the
essential plant nutrients and three (12-14) concerned with soil formation, classi-
fication, and use. Chapter 13 on soil classification has been revised to conform
with recent changes in Soil Taxonomy.

Chapters 14-19 deal with the practical management of soils, first through
improved water conservation and management and then through use of lime,
fertilizer, and organic supplements. The treatment of pollution in Chapter 20
has been updated to include information on the dangers of domestic and indus-
trial wastes containing excessive quantities of heavy metals. Finally, Chapter
21 focuses on the role of soils in meeting human food needs. All chapters
have been revised to incorporate new knowledge of soil processes.

The format of the text has been improved to make it more attractive and
readable. A photograph at the beginning of each chapter gives the reader a
general idea of the subject to be covered. The charts and graphs have been
redrawn, and many new illustrations, both drawings and photographs, have
been added to better explain the text material. Ray Weil and Wybe Kroontje
have written a Study Guide that will greatly aid the student in mastering the
concepts involved in soil processes.

I am indebted to many soil and crop scientists for advice and counsel in
preparing this text and for permission to reproduce their graphs and charts.
I also appreciate the helpful suggestions of Macmillan's reviewers: Wybe
Kroontje, Virginia Polytechnic Institute and State University; Murray H. Mil-
ford, Texas A&M University; George Van Scoyoc and William McFee, Purdue
University; R. L. Thomas, University of Guelph; and Ray Weil, University of
Maryland. I am especially grateful to my wife, Martha, for her encouragement
and for her help in all stages in the preparation and checking of the figures
and manuscript. Dr. Joyce Torio was also most helpful in finding backup mate-
rial, including photographs, and in typing, checking, and proofreading the figures
and parts of the manuscript.

N. C. B.
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[Preceding page] Soils are natural three-dimensional bodies used for many purposes,
the most important of which is to produce food and fiber for humankind. [Courtesy
USDA Soil Conservation Service.]

2

People are dependent on soils—and to a certain extent good soils are dependent
upon people and the use they make of them. Soils are the natural bodies on
which plants grow. Society enjoys and uses these plants because of their beauty
and because of their ability to supply fiber and food for humans and for animals.
Standards of living are often determined by the quality of soils and the kinds
and quality of plants and animals grown on them.

But soils have more meaning for humankind than as a habitat for growing
crops. They underlie the foundations of houses and factories and determine
whether these foundations are adequate. They are used as beds for roads
and highways and have a definite influence on the length of life of these struc-
tures. In rural areas soils are often used to absorb domestic wastes through
septic sewage systems. They are being used more and more as recipients of
other wastes from municipal, industrial, and animal sources. The deposition
of undesirable silt in municipal reservoirs makes the protection of soils in
upstream watersheds as important to city dwellers as to their counterparts
on the farm or in the forest. Obviously, soils and their management are of
broad societal concern.

Great civilizations have almost invariably had good soils as one of their
chief natural resources. The ancient dynasties of the Nile were made possible
by the food-producing capacity of the fertile soils of the valley and its associated
irrigation systems. Likewise, the valley soils of the Tigris and Euphrates rivers
in Mesopotamia and of the Indus, Yangtze, and Hwang Ho rivers in India
and China were habitats for flourishing civilizations. Subject to frequent replen-
ishing of their fertility by natural flooding, these soils provided continued abun-
dant food supplies. They made possible stable and organized communities
and even cities, in contrast to the nomadic, shifting societies associated with
upland soils and with their concomitant animal grazing. It was not until the
value of manures and crop residues was discovered that people were able
to make extensive use of upland soils for sustained crop culture.

Soil destruction or mismanagement was associated with the downfall of
some of the same civilizations that good soils had helped to build. The cutting
of timber in the watersheds of the rivers encouraged erosion and topsoil loss.
In the Euphrates and Tigris valleys, the elaborate irrigation and drainage sys-
tems were not maintained. This resulted in the accumulation of harmful salts,
and the once productive soils became barren and useless. The proud cities
that had occupied selected sites in the valleys fell into ruin, and the people
migrated elsewhere.

History provides lessons that modern nations have not always heeded.
The wasteful use of soil resources in the United States during the first century
of intensive agricultural production by the early settlers and the following
generations provides such an example. Even today there are many who do

1 The Soil in Perspective



not fully recognize the long-term significance of soils. This may be due in
part to widespread ignorance of what soils are, what they have meant to
past generations, and what they mean to us and will mean to future generations.

1.1 What Is Soil?

Concepts of Soil. Part of the lack of concern for soils may be attributed to
different concepts and viewpoints concerning this important product of nature.
For example, to a mining engineer the soil is the debris covering the rocks
or minerals that he must quarry. It is a nuisance and must be removed. To
the highway engineer the soil may be the material on which a roadbed is to
be placed. If its properties are unsuitable, that particular soil will need to be
removed and replaced with rock and gravel.

The average homeowner also has a concept of soil. It is good if the ground
is mellow or loamy (Figure 1.1). The opposite viewpoint is associated with
“hard clay,” which resists being spaded into a good seedbed for a flower
garden. The homemaker can differentiate among variations in the soil, espe-
cially those relating to its stickiness or tendency to cling to the shoe soles
and eventually to carpets.

The farmer, along with the homeowner, looks upon the soil as a habitat
for plants. The farmer makes a living from the soil and is thereby forced to
pay more attention to its characteristics. To the farmer the soil is more than
useful—it is indispensable.

A prime requisite for learning more about the soil is to have a general
concept of what it is. This concept must encompass the viewpoints of the
engineer, the homeowner, and the farmer. It has developed through the practical
and scientific discoveries of the past.

FIGURE 1.1 A hard soil clod (left) that would be difficult to work into a good seedbed.
A friable soil intermixed with organic matter (right) is much more easily handled.
[Courtesy USDA National Tillage Machinery Laboratory.]
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1.2 Evolution of Modern Concepts of Soil

4

There are two basic sources of our current knowledge of soils. First, there is
the practical knowledge gained by farmers through centuries of trial and error.
This was the only information available before the advent of modern science,
which now provides the second source of facts about soils and their manage-
ment.

Experience of the Cultivator. The earliest recorded history contains evidence
that, through trial and error, humans learned to distinguish differences in soils.
They also learned the value of treating soils with plant and animal wastes.
More than 42 centuries ago the Chinese used a schematic soil map as a basis
for taxation. Homer, in his Odyssey, said to have been written about 1000
B.C., makes reference to the use of manure on the land. Biblical references
are made to the "dung hill” and to the beneficial practice of “dunging” around
plants. Greek and Roman writers described a reasonably elaborate system
of farming that involved leguminous plants and the use of ashes and sulfur
as soil amendments. This evidence suggests that by the time of the early Roman
civilization many of the practical principles governing modern agriculture, in-
cluding soil management, had been discovered and put to use by farmers and
livestock owners.

Further development and application of these principles were halted by
the barbarian invasions of Rome. Even so, Roman agriculture was the founda-
tion for most European agriculture during the feudal Dark Ages. The cultural
practices were passed from generation to generation even though the farmers
were ignorant about why the practices were necessary. When in the seven-
teenth and eighteenth centuries there was a blossoming of scientific inquiry,
the stage was set for the application of science to the improvement of agricul-
tural systems, including those involving soils.

Early Scientific Investigations and Soil Productivity. From the seventeenth
century until the middle of the twentieth century the primary occupation of
soil scientists was to increase the production of crop plants. Jan Baptista van
Helmont, a Flemish chemist, in his famous five-year willow tree experiment
concluded that 164 pounds of dry matter came primarily from the water supplied
since the soil lost no weight while producing the tree. This concept was altered
by John Woodward, an English researcher, who found that muddy water pro-
duced more plant growth than rainwater or river water, leading him to conclude
that the fine earth was the “principle” of growth. Others concluded that the
principle was humus taken in by the plants from soil. Still others assumed
that the principle was somehow passed on from dead plants or animals to
the new plant. Jethro Tull early in the eighteenth century demonstrated the
benefits of cultivation, thinking erroneously that stirring the soil would make
it easier for plants to absorb small quantities of fine earth.

It remained for the French agriculturist J. B. Boussingault, through a series
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of field experiments starting in 1834, to provide evidence that the air and rain
were the primary sources of carbon, hydrogen, and oxygen in plant tissues.
But his investigations were largely disregarded until 1840, when the eminent
German chemist Julius von Liebig reported findings that crop yields were di-
rectly related to the content of “minerals” or inorganic elements in the manures
applied to the soil. Liebig's reputation as an outstanding physical chemist was
instrumental in convincing the scientific community that the old theories were
wrong. He proposed that mineral elements in the soil and in added manures
and fertilizers are essential for plant growth.

Testing Liebig's Concepts. Liebig’s work revolutionized agricultural theory
and opened the way for numerous other investigations. Those of ]J. B. Lawes
and J. H. Gilbert at the Rothamsted Experiment Station in England are most
noteworth since they put Liebig’s theories to the test in the field. While they
confirmed many of his findings, they identified two errors. Liebig had theorized
that nitrogen came primarily from the atmosphere rather than the soil. He
further assumed that salts could be fused before being added as fertilizers;
apparently he gave no thought to what this drastic action would do to the
solubility and “availability” to plants of the nutrient elements. The Rothamsted
field research proved that nitrogen applications to the soil markedly benefited
plant growth. It showed further that mineral elements must be in an “available”
form for optimum uptake by plants. The investigations led to the development
of acid-treated phosphate rock or “superphosphate,” which is still an important
commercial fertilizer source of phosphorus.

While the work of Gilbert, Lawes, and others pinpointed weaknesses in
components of Liebig's theory, the primary concept is still considered basically
sound. For example, Liebig stated what has since been called the law of the
minimum: “By the deficiency or absence of one necessary constituent, all the
others being present, the soil is rendered barren for all those crops to the
life of which that one constituent is indispensable.” The significance of this
finding will be more apparent later as soil fertility and plant nutrition interac-
tions are considered (see Section 1.16).

After Liebig, unraveling the complexities of nitrogen transformations in
soil awaited the emergence of soil bacteriology. J. T. Way, who demonstrated
the cation adsorption properties of soils, discovered in 1856 that nitrates
are formed in soils from ammonia-containing fertilizers. Twenty years later
R. W. Warington demonstrated that this process was biological, and in 1890
S. Winogradski isolated the two groups of bacteria responsible for the transfor-
mation of ammonia to nitrate. Coupled with the discovery in the 1880s that
nitrogen-assimilating bacteria grow in nodules of the roots of legumes, these
findings provided background information for sound soil and crop management
practices.

Early Research in the United States. The European investigations on soil fertil-
izers were found to be quite applicable to the United States when they were

1.2 Evolution of Modern Concepts of Soil 5



6

tested in the late nineteenth century. Upon being tilled, the soils along our
eastern and southern seaboards were easily depleted of nutrients by the perco-
lation of rainfall and by crop removal. Edmond Ruffin, a Virginia farmer,
grasped the concepts of nutrient depletion and in his writings was especially
critical of those who did not properly care for and replenish their soil. Unfortu-
nately, the abundance of open land to the west encouraged the abandonment
of the “worn-out” soils in the east rather than the adoption of more realistic
management systems.

The establishment of the U.S. Department of Agriculture in 1862 and the
state Agricultural Experiment Stations in 1886 gave a decided boost to both
field and laboratory investigations on soils. Numerous field trials were initiated
to test the applicability of findings of the European investigators. Unfortunately,
in most of the trials soil was not considered to be a dynamic medium for
crop growth. Instead the soil was considered merely as a “storage bin,” in
keeping with Liebig's concepts. Exceptions existed, such as the work of men
like F. H. King of Wisconsin, who studied the movement and storage of water
in soils in relation to root penetration and crop growth. Also C. G. Hopkins
of Illinois developed effective soil-management systems based on limestone,
rock phosphate, and legumes. Milton Whitney of the U.S. Department of Agri-
culture urged greater consideration of properties of soils in the field and initiated
the first national soil survey system.

Field Soil Investigations. Liebig's concepts thoroughly dominated the thinking
of soil scientists in the late nineteenth and early twentieth centuries. Further-
more, except for the field testing of crop response to fertilizer, much of the
research was done in the laboratory and greenhouse. Inadequate attention
was given to the variable characteristics of the soils as found in the field.
Nor was much significance given to the differences in soils as related to the
climate in which they were found. Soils were considered as geological residues
on the one hand and as reservoirs of nutrients for plant growth on the
other.

As early as 1860, E. W. Hilgard, then in Mississippi, published his findings,
which called attention to the relationships among climate, vegetation, rock
materials, and the kinds of soils that develop. He conceived of soils not merely
as media for plant growth but as dynamic entities subject to study and classifi-
cation in their field setting. Unfortunately, Hilgard was ahead of his time. It
was necessary for many of his concepts to be rediscovered before they were
accepted.

Parallel to Hilgard's investigations were those made by the brilliant team
of soil scientists in Russia led by V. V. Dokuchaev. These scientists found
unique horizontal layerings in soils—layerings associated with the climate,
vegetation, and underlying soil material. The same sequence of layering was
found in widely separated geographical areas provided the areas had similar
climate and vegetation. The concept of soils as natural bodies was well devel-
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oped in the Russian studies, as were concepts of soil classification based on
field soil characteristics.

The Russian studies were under way as early as 1870. Unfortunately, lan-
guage barriers prevented effective communication of the Russian concepts to
scientists in Western Europe, Asia, and the Americas until 1914, when they
were published in German by K. D. Glinka, a member of the Russian team
of soil scientists. These concepts were quickly grasped by C. F. Marbut of
the U.S. Department of Agriculture, who had been placed in charge of the
U.S. National Soil Survey by Dr. Whitney. Marbut and his associates developed
a nationwide soil classification system based to a great extent on the Russian
concepts. Consideration of soils as natural bodies has led to further modifica-
tions in soil classification systems, which will receive attention in later chap-
ters.

1.3 The Approach—Edaphological Versus Pedological

The previous section suggests that two basic concepts of soil have evolved
through two centuries of scientific study. The first considers soil as a natural
entity, a biochemically weathered and synthesized product of nature. The sec-
ond conceives of the soil as a natural habitat for plants and justifies soil
studies primarily on that basis. These conceptions illustrate the two approaches
that can be used in studying soils—that of the pedologist and that of the
edaphologist.

The origin of the soil, its classification, and its description are involved
in pedology (from the Greek word pedon, which means soil or earth). Pedology
considers the soil as a natural body and does not focus primarily on the soil’s
immediate practical utilization. A pedologist studies, examines, and classifies
soils as they occur in their natural environment. These findings may be as
useful to highway and construction engineers as to the farmer.

Edaphology (from the Greek word edaphos, which also means soil or
ground) is the study of the soil from the standpoint of higher plants. It considers
the various properties of soils as they relate to plant production. The edapholo-
gist is practical, having the production of food and fiber as an ultimate goal.
Simultaneously, the edaphologist must be a scientist to determine the reasons
for variation in the productivity of soils and to find means of conserving and
improving this productivity.

In this textbook the dominant viewpoint will be that of the edaphologist.
Pedology will be used, however, to the extent that it gives a general understand-
ing of soils as they occur in nature and are classified. Furthermore, since studies
of the basic physical, chemical, and biological characteristics of soils contribute
equally to edaphology and pedology, it is not possible to separate these ap-
proaches fully. This is illustrated in the following section, which deals with
soils as they are found in the field.

1.3 The Approach—Edaphological Versus Pedological 7



1.4 A Field View of Soil

Someone has said that the soil is to the earth as the peel is to the orange.
This analogy is acceptable but should be modified to stress the great variability
in soil from site to site on the earth’s surface. Even a casual examination of
road cuts from one geographic area to another suggests differences in soil
depth, color, and mineral makeup. The trained eye of the soil scientist, however,
can identify common properties of soils from areas as distant as Hawaii, India,
and the continental United States. The common properties will receive immedi-
ate attention; the variations will be treated in succeeding chapters.

Soil Versus Regolith. Views such as that shown in Figure 1.2, in which uncon-
solidated materials are found on underlying rocks, are quite familiar. Above
bedrock some unconsolidated debris is present almost universally. This mate-
rial, known as regolith, may be negligibly shallow or hundreds of feet thick.
It may be material that has weathered from the underlying rock or it may
have been transported by the action of wind, water, or ice and deposited
upon the bedrock or upon other material covering the bedrock. As might be
expected, the regolith tends to vary in composition from place to place.

An examination of the upper 1-2 meters of the regolith shows that it differs
from the material below. It is higher in organic matter since plant residues

FIGURE 1.2 Relative positions of
the regolith, its soil, and the

underlying country rock. Sometimes
the regolith is so thin that it has been
changed entirely to soil; in such a
case, soil rests directly on bedrock.
[Photo courtesy Tennessee Valley
Authority.]
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deposited originally on the surface have been incorporated by earthworms
and other animals and have been decomposed by microorganisms. Being near
the surface, it has been more subject to weathering. Products of this weathering,
especially if they have moved vertically, give rise to characteristic layering.

This upper and biochemically weathered portion of the regolith! is the
soil. It is the product of both destructive and synthetic forces. Weathering
and microbial decay of organic residues are examples of destructive processes,
whereas the formation of new minerals, such as certain clays, and the develop-
ment of characteristic layer patterns are synthetic in nature. These forces have
given rise to a distinctive entity in nature called the soil, which, in turn, is
comprised of a large number of individual soils.

The Soil Versus A Soil. Characteristics of the soil vary widely from place
to place. For example, the soil on steep slopes is generally not as deep and
productive as soil on gentle slopes. Soil that has developed from sandstone
is more sandy and less fertile than soil formed from rocks such as limestone.
The properties of a soil that has developed in tropical climates are quite differ-
ent from those of a soil found in temperate or arctic areas.

Scientists have recognized these soil variations from place to place and
have set up classification systems in which the soil is considered as composed
of a large number of individual soils, each having its distinguishing characteris-
tics. Therefore, a soil, as distinguished from the soil, is merely a well-defined
subdivision having recognized characteristics and properties. Thus, a Cecil
clay loam, a Marshall silt loam, and a Norfolk sand are examples of specific
soils, which collectively make up the overall soil covering the world's land
areas. The term “soil” is a collective term for all soils, just as “vegetation”
is used to designate all plants.

1.5 The Soil Profile

Examination of a vertical section of a soil in the field reveals the presence
of more or less distinct horizontal layers (Figure 1.3). Such a section is called
a profile, and the individual layers are regarded as horizons. These horizons
above the parent material are collectively referred to as the solum (from the
Latin legal term solum meaning soil, land, or parcel of land). Every well-devel-
oped, undisturbed soil has its own distinctive profile characteristics, which
are utilized in soil classification and survey and are of great practical impor-
tance. In judging a soil one must consider its whole profile.

Soil Horizons. The upper layers or horizons of a soil profile generally contain
considerable amounts of organic matter and are usually darkened appreciably

1 Where the original regolith was relatively uniform, the material below the soil is considered
to have a composition similar to the parent material from which the soil was formed.

1.5 The Soil Profile 9



FIGURE 1.3 Field view of a road
cut that reveals the underlying layers
of a soil. The closeup emphasizes soil
layering and the distinctive character
of the soil profile. The surface layer
is darker in color because of its higher
organic matter content. One of the
subsurface horizons (point of pick) is
characterized by a distinctive
structure. The existence of layers such
as those shown is used to help
differentiate one soil from another.

because of such an accumulation. When a soil is plowed and cultivated, these
layers are included in what is termed the surface soil or the topsoil. This is
sometimes referred to as the furrow slice because it is the portion of the
soil turned or “sliced” by the plow.

The underlying layers (referred to as the subsoil) contain comparatively
less organic matter than the topsoil. The various subsoil layers, especially in
mature, humid region soils, present two very general belts: (a) an upper transi-
tion zone characterized by the loss of minerals and by some organic matter
accumulation and (b) a lower zone of accumulation of compounds such as
iron and aluminum oxides, clays, gypsum, and calcium carbonate.

The solum thus described extends a moderate depth below the surface.
A depth of 1-2 meters is representative for temperate region soils. Here, the
noticeably modified lower subsoil gradually merges with the less weathered
portion of the regolith whose upper portion is geologically on the verge of
becoming a part of the lower subsoil and hence of the solum.

The various layers comprising a soil profile are not always distinct and
well defined. The transition from one to the other is often so gradual that
the establishment of boundaries is rather difficult. Nevertheless, for any particu-
lar soil the various horizons are characteristic and their properties greatly
influence the growth of higher plants.

1.6 Topsoil and Subsoil

Topsoil, being near the surface, is the major zone of root development. It carries
much of the nutrients available to plants, and it supplies a large share of the
water used by crops. Also, as the layer that is plowed and cultivated, it is
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FIGURE 1.4 Root system of a corn

plant growing in a deep open soil.

Roots of crops such as alfalfa or of

trees probably penetrate even

further. [Courtesy USDA National

Tillage Machinery Laboratory.] 0.

subject to manipulation and management. By proper cultivation and the incor-
poration of organic residues, its physical condition may be modified. It can
be treated easily with chemical fertilizers and limestone, and it can be drained.
In short, its fertility and to a lesser degree its productivity? may be raised,
lowered, or satisfactorily stabilized at levels consistent with economic crop
production.

This explains why much of the soil investigation and research has been
devoted to the surface layer. Plowing, cultivation, liming, and fertilization are

1The term fertility refers to the inherent capacity of a soil to supply nutrients to plants in
adequate amounts and in suitable proportions. Productivity is related to the ability of a soil to
yield crops and is the broader term since fertility is only one of a number of factors that determine
the magnitude of crop yields.
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applied essentially to the furrow slice. In practice, then, the term “soil” usually
denotes the surface layer, the “topsoil,” or the furrow slice.

Even though the subsoil cannot be seen from the surface, there are few
land uses that are not influenced by subsoil characteristics. Certainly crop
production is affected by root penetration into the subsoil (Figure 1.4) and
by the reservoir of moisture and nutrients held therein. Likewise, the selection
of building sites and the location of roadways are influenced by subsoil charac-
teristics. These observations are of practical significance since, unlike the top-
soil, the subsoil is subject to little human alteration except by drainage. As
a consequence, land-use decisions are often more dependent on the nature
of the subsoil than on topsoil characteristics.

1.7 Mineral (Inorganic) and Organic Soils

The profile generalizations just described relate to soils that are predominantly
mineral or inorganic in composition. Even in their surface layers mineral soils
are comparatively low in organic matter, generally ranging from 1 to 10%. In
contrast, soils in swamps, bogs, and marshes commonly contain 80-95% organic
matter. Organic soils include all soils with more than 20% (by weight) organic
matter along with soils that are continually saturated with water and contain
12-18% organic matter (depending on clay content). When drained and cleared,
organic soils are most productive, especially for high-value crops such as fresh
market vegetables. Organic deposits may also be excavated, bagged, and sold
as organic supplements for home gardens and potted plants. The economic
significance of organic soils is considerable in localized regions.

Because they occupy such a high proportion of the total land area, mineral
soils are of greater importance than organic soils and will deservedly receive
major attention in this text. The origin, character, and agricultural use of organic
soils are considered as a unit in Chapter 14. Until then the discussion will
be concerned primarily with mineral soils.

1.8 General Definition of Mineral Soils

12

Mineral soils have already been denoted as the “upper biologically, chemically,
and physically weathered portion of the regolith.” When expanded by profile
and horizon study, this statement presents a pedological concept of soil origin
and characterization. Keeping in mind the role of soils in plant production,
we may define the soil as “a collection of natural bodies developed in the
unconsolidated mineral and organic material on the immediate surface of the
earth that (a) serves as a natural medium for the growth of land plants and
(b) has properties due to the effects of climate and living matter acting upon
parent material, as conditioned by topography, over a period of time."
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1.9 Four Major Components of Soils

Volume Composition of Mineral Soils. Mineral soils consist of four major
components: mineral materials, organic matter, water, and air. Figure 1.5 shows
the approximate proportions of these components in a representative silt loam
surface soil in optimum condition for plant growth. Note that this soil contains
about half solids and half pore space (water and air). Of the total soil volume,
about half is solid space, 45% mineral matter and 5% organic matter. At optimum
moisture for plant growth, the pore space is divided roughly in half; 26% of
the volume is water space and 25% is air. The proportions of air and water
are subject to rapid and great fluctuations under natural conditions, depending
on the weather and other factors.

It should be emphasized that the four major components of a typical soil
exist mainly in an intimately mixed condition. This encourages interactions
within and between the groups and permits marked variation in the environ-
ment for the growth of plants.

The volume composition of subsoils is somewhat different from that just
described. Compared to topsoils they are lower in organic matter content,
are somewhat lower in total pore space, and contain a higher percentage of
small pores. This means they have a higher percentage of minerals and water
and a considerably lower content of organic matter and air.

FIGURE 1.5 Volume composition of a
silt loam surface soil when in good
condition for plant growth. The air and
water in a soil are extremely variable,
and their proportions determine in large
degree the soil's suitability for plant
growth.
Air
20-30%

Pore Soil
space | ' | solids
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1.10 Mineral (Inorganic) Constituents in Soils

111

14

A casual examination of a sample of soil illustrates that the inorganic portion
is variable in size and composition. It is normally composed of small rock
fragments and minerals® of various kinds. The rock fragments are remnants
of massive rocks from which the regolith and, in turn, the soil have been
formed by weathering. They are usually quite coarse (Table 1.1). The minerals,
on the other hand, are extremely variable in size. Some are as large as the
smaller rock fragments; others, such as colloidal clay particles, are so small
that they cannot be seen without the aid of an electron microscope.

TABLE 1.1 Four Major Size Classes of Inorganic Particles and Their
General Properties

Common Means of Dominant
Size fraction name observation composition
Very coarse Stone, gravel Naked eye Rock fragments
Coarse Sands Naked eye Primary minerals
Fine Silt Microscope Primary and secondary
minerals
Very fine Clay Electron Mostly secondary
microscope minerals

Quartz and some other primary minerals such as micas and feldspars
have persisted with little change in composition since they were extruded in
molten lava. Other minerals, such as the silicate clays and iron oxides, have
been formed by the weathering of less resistant minerals as soil formation
progressed. These minerals are called secondary minerals. In general, the pri-
mary minerals dominate the coarser fractions of soil, whereas secondary miner-
als are most prominent in the fine materials, especially in clays. Clearly, mineral
particle size has much to do with the properties of soils in the field.

Soil Organic Matter

Soil organic matter represents an accumulation of partially decayed and par-
tially synthesized plant and animal residues. Such material is continually being
broken down as a result of the work of soil microorganisms. Consequently,

3The word “mineral” is used in this book in two ways: (1) as a general term to describe
soils dominated by inorganic constituents and (2) as a more specific term to describe distinct
minerals found in nature, such as quartz and feldspars. More detailed discussions of the common
soil-forming minerals and the rocks in which they are found are given in Section 1.19 and in
Chapter 12.
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it is a rather transitory soil constituent and must be renewed constantly by
the addition of plant and/or animal residues.

The organic matter content of a soil is small, varying from 2 to 6% by
weight in typical well-drained mineral soils. Its influence on soil properties
and consequently on plant growth, however, is far greater than the low percent-
age would indicate. Organic matter functions as a “granulator” of mineral
particles, being largely responsible for the loose, easily managed condition
of productive soils. Also, it is a major soil source of two important mineral
elements, phosphorus and sulfur, and essentially the sole soil source of nitrogen.
Through its effect on the physical condition of soils, organic matter also in-
creases the amount of water a soil can hold and the proportion of this water
available for plant growth (Figure 1.8). Finally, organic matter is the main
source of energy for soil organisms, both plant and animal. Without it, biochemi-
cal activity would come nearly to a standstill.

Soil high Soil low
n in
organic matter organic matter
Soil high Soi! low
in in
organic matter organic matter

FIGURE 1.6 Soils high in organic matter are darker in color and have greater water-
holding capacities than do soils low in organic matter. The same amount of water
was applied to each container. As the lower photo shows, the depth of water penetration
was less in the soil at the left because of its greater water-holding capacity.

111 Soil Organic Matter 1D



Soil organic matter consists of two general groups: (a) original tissue and
its partially decomposed equivalents and (b) humus. The original tissue includes
the undecomposed roots and the tops of higher plants. These materials are
subject to vigorous attack by soil organisms, which use them as sources of
energy and tissue-building material.

The more resistant products of this decomposition, both those synthesized
by the microorganisms and those modified from the original plant tissue, are
collectively known as humus. This material, usually black or brown in color,
is colloidal in nature. Its capacity to hold water and nutrient ions greatly ex-
ceeds that of clay, its inorganic counterpart. Small amounts of humus thus
augment remarkably the soil’s capacity to promote plant production.

112 Soil Water—A Dynamic Solution

16

Two major concepts concerning soil water emphasize the significance of this
component of the soil in relation to plant growth.

1. Water is held within the soil pores with varying degrees of tenacity depend-
ing on the amount of water present and the size of the pores.

2. Together with its dissolved salts, soil water makes up the soil solution,
which is so important as a medium for supplying nutrients to growing plants.

The tenacity with which water is held by soil solids determines to a marked
degree the movement of water in soils and its use by plants. For example,
when the moisture content of a soil is optimum for plant growth (Figure 1.5),
plants can readily absorb the soil water, much of which is present in pores
of intermediate size. As some of the moisture is removed by the growing plants,
that which remains is present in only the tiny pores and as thin films around
the soil particles. The attraction of the soil solids for this water is great, and
they can compete successfully with higher plants for it. Consequently, not
all the soil water is available to plants. Much of it remains in the soil after
plants have wilted or died as a consequence of water shortage.

The soil solution contains small but significant quantities of dissolved
salts, many of which are essential for plant growth. Nutrients are exchanged
between the soil solids and the soil solution and then between the soil solution
and plants. These exchanges are influenced to a degree by the concentration
of salts in the solution, which, in turn, is determined by the total salts in the
soil, by the makeup of the soil solids, and by the content of soil water. Such
are the dynamic nature and importance to plant life of this solute-bearing
water.
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1.13 Soil Air—Also a Changeable Constituent

Soil air differs from the atmosphere in several respects. First, the soil air is
located in the maze of soil pores separated by soil solids. This fact accounts
for its variation in composition from place to place in the soil. In local pockets,
reactions involving the gases can greatly modify the composition of the soil
air. Second, soil air generally has a higher moisture content than the atmo-
sphere; the relative humidity of soil approaches 100% when the soil moisture
is optimum. Third, the content of carbon dioxide is usually much higher and
that of oxygen lower than those found in the atmosphere. Carbon dioxide is
often several hundred times more concentrated than the 0.03% commonly found
in the atmosphere. Oxygen decreases accordingly, and in extreme cases may
be no more than 10-12% as compared to about 20% for normal atmosphere.

The content and composition of soil air are determined to a large degree
by the water content of the soil. The air is found in those soil pores not occupied
by water. After a rain, large pores are the first to be vacated by the soil
water, followed by medium-sized pores as water is removed by evaporation
and plant utilization. Thus the soil air first occupies the large pores and then,
as the soil dries out, those intermediate in size.

This explains the tendency for soils with a high proportion of tiny pores
to be poorly aerated. In such soils, water dominates, and the soil-air content
is low, as is the rate of diffusion of the air into and out of the soil from the
atmosphere. The result is high levels of CO; and low levels of O,, conditions
unsatisfactory for best plant growth. The dynamic nature of soil air is apparent.
The tendency for rapid changes in air content and composition has marked
effects not only on the growth of economic plants but also upon the soil organ-
isms, both plant and animal.

1.14 The Soil—A Tremendous Biological Laboratory

Mineral soils harbor a varied population of living organisms. Both animals
and plants are abundant in soils. The whole range in size from the larger
rodents through worms and insects to the tiniest bacteria commonly occurs
in normal soils. Moreover, most organisms vary so much both in number and
in amount as to make precise statements impossible. For example, the numbér
of bacteria alone in 1 gram of soil may range from 100,000 to several billion,
depending on conditions. In any case, the quantity of living organic matter
including plant roots is sufficient to influence profoundly the physical and chem-
ical trend of soil changes (Figure 1.7). Virtually all natural soil reactions are
directly or indirectly biochemical in nature.

Activities of soil organisms range from the largely physical disintegration
of plant residues by insects and earthworms to the eventual complete decompo-
sition of these residues by smaller organisms such as bacteria, fungi, and actino-
mycetes. Accompanying these decaying processes is the release of several
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FIGURE 1.7 Plant roots tell us something about soil characteristics and the treatment
the soil has received. The corn crop was grown on an Illinois (Cisne) soil that received

no fertilizers or crop residues (left) and that received both fertilizers and crop residues
(right). [Courtesy J. B. Fehrenbacher, University of Illinois.)

nutrient elements, including nitrogen, phosphorus, and sulfur, from organic com-
bination. By contrast, conditions in nature are such that organisms need these
elements for their growth and a reversal occurs; that is, the elements are con-
verted again into organic combinations not available to higher plants. The
total process is an excellent example of biocycling, through which residues
and wastes are incorporated into soils, disintegrated and decomposed, and
pertinent products are then taken up by plants to stimulate further biomass
production.

Humus synthesis, exclusively a biochemical phenomenon, also results from
soil organism activity. This material is certainly one of the most useful products
of microbial action.

Clay and umus—The Seat of Soil Activity

The dynamic nature of the finer portions of the soil—clay and humus—has
been indicated. Both these constituents are characterized by extremely small
individual particles, the smallest of which are colloidal in size. They have
large surface area per unit weight, and the presence of surface charges to
which ions and water are attracted.
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The chemical and physical properties of soils are controlled largely by
clay and humus. They are centers of activity around which chemical reactions
and nutrient exchanges occur. Furthermore, by attracting ions to their surfaces,
they temporarily protect essential nutrients from leaching and then release
them slowly for plant use. Because of their surface charges, they also act as
“contact bridges” between larger particles, thus helping to maintain the stable
granular structure that is so desirable in a porous, easily worked soil.

On a weight basis, the humus particles have greater nutrient- and water-
holding capacities than does clay. However, clay is generally present in larger
amounts, and its total contribution to the chemical and physical properties
will usually equal that of humus. The best agricultural soils contain a balance
of the properties of these two important soil constituents.

The clay and humus along with other soil solids, soil water, and soil air
determine the suitability of soils for all kinds of use, most important of which
is to sustain plant growth and development. We will turn briefly to a consider-
ation of soils as a habitat for plants and as a source of essential mineral
elements for these plants.

1.16 Soils as a Habitat for Plants

Plants are dependent on a favorable combination of some six environmental
factors: (a) light, (b) mechanical support, (c) heat, (d) air, (e) water, and (f)
nutrients. With the exception of light, soils can supply each of these factors.
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FIGURE 1.8 An illustration of the law of the minimum. The level of water in each
barrel above represents the level of crop production. (a) Nitrogen is represented as
being the factor that is most limiting. Even though the other elements are present in
more adequate amounts, crop production can be no higher than that allowed by the
nitrogen. (b) When nitrogen is added, the level of crop production is raised until it is
controlled by the next most limiting factor, in this case potassium.
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1.17 The

But only when they are supplied in the right combination is best plant growth
obtained. The factor that is least optimum will limit this growth (Figure 1.8).
The principle, called the law of the minimum (Section 1.2), may be stated in
a practical way as follows: The level of plant production can be no greater
than that allowed by the most limiting of the essential plant growth factors.
One of the principal reasons for studying soils is to ascertain which factor is
least optimum and how its limitation to plant growth can be removed.

The physical properties of soils, especially as they affect water, air, and
heat, will receive attention in the next three chapters. We shall consider briefly
in this chapter the supply and availability of plant nutrients and the general
mechanisms by which soils can make these nutrients available.

Essential Ele ents

Starting with the work of Liebig and other nineteenth-century scientists dis-
cussed in Section 1.2, research has shown that certain elements are essential
for plant growth and that each element must be present in a specific concentra-
tion range for optimum plant growth (Figure 1.9). If the concentration of a
given element in the plant root zone is too low, a deficiency of that element
occurs and plant growth is restricted. Likewise, if the root zone concentration
of that element is too high, toxicity occurs and plant growth is similarly limited.
Only in a specific middle range of concentration is optimum plant growth
attained. One of the principal objectives of soil scientists is to maintain concen-
trations of each essential element in this middle range.

Some seventeen elements have been found to be universally essential
for plant growth. Three of them come from air and water and fourteen from
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FIGURE 1.9 Relationship between plant growth and concentration in the soil of
elements that are essential to the plant.

20 1 The Soil in Perspective



TABLE 1.2 Essential Nutrient Elements and Their

Sources®
Used in relatively
Used in relatively large amounts small amounts
Mostly from
air and water From soil solids From soil solids
Carbon Nitrogen Iron
Hydrogen Phosphorus Manganese
Oxygen Potassium Boron
Calcium Molybdenum
Magnesium Copper
Sulfur Zinc
Chlorine
Cobalt

s Other minor elements, such as sodium, fluorine, iodine,
silicon, strontium, and barium, do not seem to be universally
essential, as are the seventeen listed here, although the solu-
ble compounds of some will increase the growth of specific
plants.

soil solids (Table 1.2). Six of the fourteen are used in relatively large amounts
and are called macronutrients, while the other eight, needed in only very
small amounts, are called micronutrients. Even though the micronutrients are
just as essential for plant growth as the macronutrients, they are required in
such small quantities that most soils are able to provide them in sufficient
quantities for normal plant growth. The conditions under which limited quanti-
ties of these nutrients needed by plants are made available will be given
further attention in Chapter 11.

The macronutrients nitrogen, phosphorus, potassium, calcium, magnesium,
and sulfur are absorbed by plants in sufficiently large quantities as to tax
the ability of most soils to supply the plant’s needs. Supplementary additions
through fertilizers provide nitrogen, phosphorus, and potassium, and to a lesser
degree, sulfur. Limestone is usually applied to help supplement the system’s
needs for calcium and magnesium.

1.18 Essential Macronutrient Content of Soils

The macronutrient chemical compositions for representative soils of three dif-
ferent regions are given in Table 1.3. It should be mentioned that these data
do not fit particular soils, but represent a rough median of data available
from the regions. Note that the soils from arid regions are highest in all constitu-
ents listed except nitrogen and organic matter. In turn, the representative culti-
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TABLE 1.3 Amounts of Organic Matter and Primary Nutrients Present in Representative Cultivated
Mineral Surface Soils from Humid and Arid Temperate Regions and a Humid Tropical Region

Humid temperate Arid temperate Humid tropical
region soil region soil region soil
Range
ordinarily (kg/hectare- (kg/hectare- (kg/hectare-
expected furrow furrow furrow
Constituent (%) (%) slice) (%) slice) (%) slice)
Organic matter 0.40-10.0 4.00 90,000 3.00 67,500 2.50 56,250
Nitrogen (N) 002~ 0.5 0.15 3,400 0.12 2,700 0.10 2,250
Phosphorus (P) 0.01- 0.2 0.04 900 0.07 1,570 0.03 675
Potassium (K) 0.17- 3.3 1.70 38,000 2.00 45,000 0.90 20,250
Calcium (Ca) 0.07- 38 0.40 9,000 1.00 22,500 0.15 3,375
Magnesium [Mg) 012- 1.5 0.30 6,700 0.60 14,400 0.10 2,400
Sulfur (S) 0.01- 0.2 0.04 900 0.08 1,800 0.03 675

As a supplement to the general figures above, the analyses of 12 soils from the southeastern part of the United
States are presented as published by Lechler et al. (1981).

Soil SiOz AlgOa FBgOa‘ CaO MgO N 820 Kzo MnO TlOz szs LOP® Total
Beaumont 67.3 12.8 4.28 79 .83 .18 .83 048 85 a1 13.15  100.57
Hiwassee 434 27.5 12.8 .028 20 011 40 .025 1.36 19 15.00 100.93
Houston 46.8 18.3 6.36 7.30 77 14 71 037 .98 12 18.27 99.79
Houston

Black 42.2 6.52 3.03 18.6 91 078 .56  .080 36 13 25.81 100.26
Iredell 50.6 15.68 12.0 1.15 4.07 23 286 .25 .98 13 15.28  100.55
Katy 78.5 9.85 3.48 a7 27 .097 35 .006 42 .086 6.99 100.00
Nacogdoches 63.1 11.6 15.1 .16 .28 054 80 .029 45 17 7.45 96.99
Oktibbeha 48.7 22.8 9.52 .50 .61 064 .38  .008 79 .15 15.97 99.49
Sango 79.4 7.16 7.21 .046 24 .081 37 013 80 .099 5.04 100.26
Sequoia 82.3 18.1 7.24 .081 .59 21 3.03 .013 95 15 7.31 99.97
Varina 94.4 1.50 .58 .030 030 .01 .07 .004 57 097 2.37 99.66
Whitestore 55.1 22.2 6.78 .087 84 .30 230 .027 .80 a3 12.28 100.60

® Total Fe calculated as Fe,Os.
®LOI = loss on ignition: weight loss at 1050°C for 2 hr.

vated soil from the humid tropics is lowest in all constituents including nitrogen
and organic matter. This is to be expected in view of the high temperature
and rainfall conditions under which these well-weathered tropical soils have
formed. In each of the regions the levels of nitrogen, phosphorus, and sulfur
are much lower than for the other elements. And potassium contents are gener-
ally the highest.

Total Versus Available Nutrients. While the data in Table 1.3 provide some
information on the potential supply of mineral elements from soils, they give
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no indication as to the proportion of any of the nutrients that is available to
plants during a growing season. In fact, this proportion is generally quite low,
no more than about 1-2% of the total quantity of most nutrients in a soil
being readily available for crop uptake. This is a fact of great importance in
the study of soils and plant nutrition.

1.19 Forms of Macronutrients in Soils

The original sources of macronutrients are the rocks and minerals from which
soils form. Table 1.4 shows examples of these nutrient-containing minerals.
Primary minerals such as feldspars, micas, hornblende, and augite, formed
as molten magma cooled, contain small quantities of these macronutrients.
As these primary minerals weather, secondary minerals such as silicate clay
minerals, calcite, apatite, and gypsum are formed. They too contain and react
with macronutrients.

The original and secondary minerals are examples of complex insoluble
compounds in which macronutrients are found. These sources serve as reserves
for these nutrients. They are complemented by simple, more soluble forms
readily available to higher plants. As a result of the chemical and biological
processes at work, elements in the soil commonly move slowly from the more
complex to the simpler forms. The reverse also occurs, however, and available
elements can revert to insoluble and unavailable forms.

The reactions each element undergoes in soils as it moves to or from a
more available state are relatively specific for that element. Nevertheless, there
are some general principles governing the reactions in soils of the cations,
such as Na*, K*, Ca?*, Mg?*, and NH,*, on the one hand, and of the anions
such as NOs~, HSO,", and HoPO,~ on the other. In this chapter we will discuss
briefly some of these principles as they relate to the supply of nutrients for
plants, leaving more specific reactions for subsequent chapters. We start with
the cations, K*, Ca?*, Mg2?*, and NH,*.

TABLE 1.4 Examples of Original and Secondary Minerals in Soils

Note the macronutrients these minerals contain, as shown in their formulas.

Original minerals

Secondary minerals

Mineral Formula Mineral Formula

Feldspar Calcite CaCO,
Microcline KAISisO, Gypsum Ca80,°2H,0
Plagioclase CaAl;Si;,0s Goethite FeOOH

Micas Apatite Cas(PO4)a*(CLF)
Muscovite KAIl;3SisO,10(OH)2 Clay minerals Variable
Biotite KAIl(Mg,Fe)sSiy010(OH).

Hornblende CazAl;MgoFesSig02:(OH).
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1.20 Macronutrient Cations

24

framework cations

To understand how macronutrient cations are made available to growing
plants, attention must be given to the general inorganic makeup of mineral
soils which contain these elements. While this makeup will vary considerably
from soil to soil, most of the chemical and physical properties are related to
three basic types of components. First, there is a solid framework that includes,
in addition to small quantities of the essential macroelements, much larger
quantities of silicon, oxygen, aluminum, and iron, in the case of inorganic
materials, and of carbon, hydrogen, and oxygen in the case of organic materials
(Figure 1.10). This framework dominates the soil in shear mass and holds most
of the essential elements in relatively unavailable forms. It includes many of
the coarse-sized primary minerals such as the feldspars, micas, and quartz,
along with coarse organic particles. It also includes the finer clay and humus
particles.

Second, there is an associated assemblage of cations held on the surface
of clay and humus particles by negative charges that characterize these colloids
(Figure 1.10). Cations thus held are not so significant in mass as the solid
framework cations, but they dominate the chemical properties of soils in supply-
ing essential elements to plants. Third are the cations in the soil solution,
which are readily available for plant absorption or for leaching from the soil.
These cations are present in smaller quantities than either those in the solid
framework or those held on the colloidal surfaces.

Plants absorb soil solution cations, which, to a degree at least, are then
replenished by cations held on the colloidal surfaces. In turn, cations held
within the solid framework are released over a period of time by weathering
and become adsorbed* or held on colloidal surfaces. The solid framework is
thus seen to be a reservoir of nutrients for long-term future use. The release
of these cations can be illustrated in a general way as follows.

—

framework cations

Primary minerals ) - ( colloidal fraction ) . ( surface-adsorbed ) - (soil solution)

exchangeable cations cations

Note that, to a degree, the reactions are reversible, making it possible to
add soluble nutrients and have them held in less available forms in the soil.
This may be a desirable feature since the soil solution cations are subject
not only to plant uptake but to leaching from the soil. The reaction also suggests
that cations in the soil solution can exchange for cations adsorbed on colloidal
surfaces. This process, called cation exchange, can be shown simply by illus-
trating how hydrogen ions in carbonic acid (H,COs), formed by CO; and water
in the soil, can exchange with Ca?* adsorbed on the colloidal surface.

¢ Note the difference between adsorption, a phenomenon by which ions are held on the surface
of colloidal particles, and absorption, the process by which these ions are taken into plant roots.

1 The Soil in Perspective



Ca Collfndal 4+ 2 H,COs =
particle
Solid Soil
framework solution

H
H

Colloidal

particle + Ca(HCOs):
Solid Soil

framework solution

This exchange of H* ions for Ca?* jons and vice versa is of great practical
significance in helping to maintain the proper acid-base balance in soils (see
Section 1.22).

As previously emphasized, the bulk of the macronutrient elements is in
unavailable forms as part of the solid framework of soil minerals. Figure 1.11
shows the proportion of potassium, calcium, and magnesium in exchangeable
form compared to that in less available solid framework forms. Note that,
especially for potassium, a very high proportion of the element is found in
the relatively unavailable forms in the solid framework minerals. This empha-
sizes once again that the total quantity of a nutrient element in a soil is much

FIGURE 1.10 Diagram
illustrating the three major
components of the most
chemically active parts of the
soil. (a) The solid framework
is made up of coarse particles
and finer or colloidal
particles, which comprise the
bulk of the soil solids. (b) The
adsorbed and exchangeable
cations held on the surface
of the colloidal particles are
subject to exchange with (c)
cations in the soil solution
from which plants are able to
absorb the essential
elements. The coarse fraction
is relatively inactive
chemically, but over long
periods of time can break
down to yield colloid-sized
particles and exchangeable
cations. The colloidal
fraction incluc'es particles
with negatively charged
surfaces that are able to
attract and hold (adsorb) the
cations on their surfaces.

Coarse fraction

Primary minerals such
as feldspars, quartz,
and micas (mostly Si,
Al, Fe, O, and OH with
some essential elements)

Large organic particles
(mostly C, H, and O
with some essential
elements)

Colloidal fraction

Silicate clays and other
secondary minerals
(mostly Si, Fe, Al,O
and OH with some
essential elements)

Humus (mostly C, H, and O
with some essential elements)

Rigid and semirigid solid framework

(a)

prrirrbrrrrreril

caz+ ca2+
Mg2+
H+ Mgz+
K+
A|3+
Ca2+
H* H*
Na+ K+
K+
Mg2+

H+

Adsorbed and
exchangeable
cations

(b)

Soil solution

(c)
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FIGURE 1.11 Percentages of total and exchangeable (adsorbed) K, Ca, and Mg
present in a representative humid temperate region mineral soil. Note that the amount
of exchangeable Ca is approximately ten times greater than the exchangeable K and
five times that of the exchangeable Mg.

less important than is the amount that is available or that can be made readily
available for plant uptake.

It is obvious from the general reaction described in this section that the
supply of macronutrient cations is largely controlled by chemical reactions.
It is also obvious that the finer fractions of the soil, clay and humus, are
essential as focal points for these reactions, and that knowledge of these colloi-
dal materials is essential to fully utilize the soil's ability to provide plant nu-
trients,

1.21 Macronutrient Anions

26

Nitrogen, sulfur, and phosphorus are the soil macronutrients that are absorbed
most readily by plants in the forms of anions, NO3-, HSO,~ and H,PO,"- being
examples of specific ions. Though each element undergoes specific reactions
in the soil, there are some common types of reaction that illustrate how complex
forms are simplified.

A major source of these anions is the soil organic matter. These elements
are critical components of organic compounds such as proteins, amino acids,
and nucleic acids found in the solid framework of plant materials, and in
turn, of colloidal humus. In such organic compounds these macronutrients are
not available for plant uptake. As with the cation macronutrients, these ele-
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ments must be transformed to simple inorganic ions, before they can be taken
up by plants. In this case, however, the reactions are biochemical, that is,
they are accomplished by enzymes associated with microorganisms in the
soil. The elements held as part of the organic solid framework are released
in a manner which can be illustrated simply as follows.

Microbial action Microbial action Microbial action
R—NH, ——— NH/* ——— NO, ——— NOs
R—S ——— HS" ——— HSO, —=—— HSO,

R"’SOQ ﬁ HSO4-

R"’P04 _:‘_\ H2P04-
Organic - —~—
forms Inorganic forms (soil solution)

Since mineral or inorganic anions are the end products of these reactions,
the process of their simplification is termed mineralization. The reverse of
this process, whereby the inorganic forms are converted to organic compounds,
is called immobilization, a process also accomplished by microorganisms.
Sometimes immobilization is desirable since it may prevent leaching of soluble
elements from the soil. At other times it is harmful because nutrients needed
by plants are tied up in unavailable forms.

As the equations indicate, mineralization and immobilization of nitrogen,
sulfur, and phosphorus are controlled by the action of microorganisms. Thus,
higher plants are largely dependent on activities of these tiny microbes. In
turn, microorganisms utilize plant residues as food and as sources of energy.
The interdependence of soil microorganisms and higher plants is extremely
important to crop production.

Mineral Forms of Phosphorus and Sulfur. A considerable portion of phos-
phorus and somewhat less of sulfur are held in mineral forms. For example,
phosphorus ions (such as H,PO,~) react with iron and aluminum compounds
(in acid soils) or with calcium compounds (in neutral and alkaline soils) to
form quite insoluble phosphates that are largely unavailable to plants. Likewise,
much of the soil sulfur may be held as iron sulfides (pyrite) or calcium sulfate
(gypsum) and must be solubilized before it can be used by higher plants.

Phosphorus may be changed from insoluble to soluble forms in the soil,
although the speed of the process is often much too slow to provide adequate
phosphorus for optimum plant growth. This release can be shown as follows,
using Cas(PO,); as an example of the insoluble phosphate and carbonic acid
(from CO; + H;0) as the solubilizing agent.

CBa[PO‘)z + 4H,CO3 —= 3 Ca?t + 2H, PO, + 4 HCO;-

Insoluble Carbonic Water-soluble
phosphate acid phosphate
(solid) (soil solution)
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TABLE 1.5 Forms in Which Macronutrients Occur in Mineral Soils

Solid Exchangeable Soil solution
framework cations ions
Potassium
Original minerals such as feldspars and micas K* K*
Silicate clays and humus
Calcium
Original minerals such as feldspars, micas, hornblende Caz* Cat*
Limestone (calcite & dolomite)
Magnesium
Original minerals such as micas, hornblende, and ser-
pentine " .
Limestone (dolomite) Mg? Mg
Silicate clays and humus
Nitrogen®
Organic: such as proteins and amino acids NH,* NH,*
NO;-
NO;-
Phosphorus®
Organic: phytin, nucleic acid, etc. — H.PO,~
Inorganic: Ca, Fe, and Al phosphates HPO,2~
Sulfurs
Organic: proteins, amino acids — HSO;~
Inorganic: gypsum, pyrite — HSO-
S04~
o Ry

* Anions of phosphorus and sulfur, and to a lesser extent, nitrogen, may be adsorbed on

certain positively charged particles in the soil, but at much lower rates than those that characterize
the adsorption of cations.

By this means, growing plants are supplied with available phosphorus,
although at a very slow rate. Even when the phosphorus so solubilized is
combined with that from the mineralization of organic phosphates, the amount
available to plants is often too little for normal plant growth. An inadequate
supply of both phosphorus and nitrogen is often the primary factor limiting
optimum crop production.

Table 1.5 lists the forms of macronutrients in soils. The relatively unavail-
able forms in the solid framework, the more readily available exchangeable
forms, and the ions in soil solution, which are immediately available to plants,
can be seen from this table.

Soil Solution

The soil solution is simply water in which are found varying amounts of the
cations and anions just discussed. Because of the different sizes and location
of soil pores in which it is found, the soil solution is discontinuous, and the
amount and kind of ions it contains differ greatly from place to place.

1 The Soil in Perspective



Concentration of Ions. At any one time, the soil solution contains only a
tiny fraction of the total nutrients in a soil (Table 1.6). In humid regions the
nutrient content in the soil solution in the plow layer of cultivated areas will
likely amount to no more than about 500-1000 kg/ha. This is compared with
the nearly 50,000 kg of total essential elements found in a hectare-furrow
slice of the same soil.

The quantity of nutrient elements in the soil solution at any one time is
far less than is needed to produce a crop. As plants absorb ions and draw
down the soil solution nutrient level, additional ions are released either from
the exchangeable form or by the biochemical breakdown of organic matter
in the soil. Thus, the soil is seen to be a remarkable nutrient-supplying system.
Only in modern times has it become necessary to provide substantial nutrients
from alternate sources such as fertilizers to complement those provided by
the soil.

Reaction of the Soil Solution. Another important property of the soil solution
is its soil reaction; that is, whether it is acid, neutral, or alkaline. Acidity
denotes an excess of H* ions over OH- ions and alkalinity denotes the opposite
(Figure 1.12). At neutral reaction the H* and OH- ion concentrations are equal.
Nutrient availability as well as plant growth is drastically affected by the
relative concentrations of these two ions.

Soil reaction is customarily expressed as pH, which is the negative loga-
rithm of the hydrogen ion concentration. It may be shown as follows, assuming
[H*] is the concentration of the hydrogen ion.

1
(H*]

pH=log

TABLE 1.6 Quantities of Several Essential Elements Commonly Found in Different
Forms in a Representative Humid Region Soil

Note that most of the elements at any one time are in the solid framework, a small
portion in exchangeable form and an even smaller portion in the soil solution. The
soil solution ions are readily available to plants, the exchangeable cations moderately
available and the solid framework ions very slowly available.

Kilograms per hectare 15 cm deep

Element Solid framework Exchangeable® Soil solution
Ca 6,000 2000 50-100
Mg 8,600 400 10-30

K 33,800 200 10-30

P 800 — 0.5-1.0

S 800 —_ 3-15

N 3,000 — §5-25

s Small but significant quantities of N, P, and S are also exchangeable by a process called
anion exchange. This will be considered in Chapter 5.
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FIGURE 1.12 Diagrammatic representation of acidity, neutrality, and alkalinity. At
neutrality the H* and OH- ions of a solution are balanced, their respective numbers
being the same (pH 7). At pH 6, the H* ions are dominant, being ten times greater,
while the OH- ions have decreased proportionately, being only one-tenth as numerous.
The solution therefore is acid, there being 100 times more H* ions than OH- ions
present. At pH 8, the exact reverse is true, the OH- ions being 100 times more numerous
than the H* ions. Hence, the solution is alkaline. This mutually inverse relationship
must always be kept in mind when using pH data.

A measure of the pH of a solution gives an account of both H* ion and
OH- ion concentrations because of the mathematical relationship between
these two ions. In any solution in which water is the solvent, the product of
the concentrations of these two ions is 104 at 25°C. Thus

[H*] X [OH"] = 10-1¢

At a pH of 6.0 the H* ion concentration is 10~¢ mole/liter and the hydroxyl
concentration is 1074/10~¢ = 10~# mole/liter. Likewise, at pH 9.0 the concentra-
tion of OH- is 10~% mole/liter.

Range in pH. The pH of mineral soils varies from values of 3 or less in
very acid soils of some coastal areas to more than 10 in alkali soils of some
arid and semiarid areas (Figure 1.13). The range for productive cultivated soils
is much narrower, however, generally 5-7 for humid region soils and 7-9 for
soils of arid regions.

Nutritional Importance of Soil pH. At extreme pH values the hydrogen or
hydroxyl ions can have some direct detrimental effects on plant growth. But
perhaps the major effect of soil pH is on the concentration of inorganic ions
in the soil solution, bringing about either deficiencies or toxicities of these
ions. As the pH of some acid soils is raised from 5 to 7 or 8, nutrients such
as iron, manganese, and zinc become unavailable whereas molybdenum availa-
bility increases. Phosphorus is never readily available, but its availability is
generally highest in a range centering around pH 6.5.
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FIGURE 1.13 Extreme range in pH for most mineral soils and the ranges commonly

found in humid region and arid region soils. Also indicated are the maximum alkalinity
for alkali soils and the minimum pH likely to be encountered in very acid peat soils.

At pH values below 5, aluminum, iron, and manganese are often soluble
in sufficient quantities to be toxic to plant growth. At very high pH values
the bicarbonate ion can produce similar negative effects on certain plants.

Soil pH also determines the particular anionic species present for certain
elements such as phosphorus and sulfur. For example, under very acid condi-
tions the H,PO,~ ion dominates. As the pH is raised, HPO,?~ and finally PO~
are found. The influence of soil pH on plant nutrition is obvious.

and Plant Relations

The uptake of essential elements is determined not only by the availability
of the soil-held nutrients but by their being in proximity to the root surface
(Figure 1.14). Nutrients are supplied to the root surfaces in three ways: First,
as roots penetrate the soil they come in contact with soil colloids on which
nutrients are held. This is termed root interception. Second, some nutrients
move to the roots with water as it is absorbed by plants. Such movement is
called mass flow. Third, as nutrients are absorbed by plant roots, a concentra-
tion gradient is set up between the zone immediately around the root surfaces
and the soil zones farther away. In response to this gradient, diffusion of
ions toward the root surfaces takes place. For cations such as K* and Ca?*
diffusion is by far the most important means of supplying nutrients to plant
roots. Diffusion is also important for anions such as NO;~, although mass flow
also can be quite significant for these negatively charged ions.
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FIGURE 1.14 Scanning
electron micrograph of a cross
section of a peanut root
surrounded by soil. Note the
intimacy of contact. [From Tan
and Nopamornbodi (1981).

© 1981 The Williams & Wilkins
Co., Baltimore, MD; used with
permission.]
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FIGURE 115 Cross-sectional diagram illustrating how inorganic elements move from
the soil solution across the root to a vessel through which they can be transported
upward to the stems and leaves. Note that through metabolic activity carriers (probably
proteins) transport the ions across membranes into and out of the cytoplasm of the
cells. Movement from cell to cell is by diffusion [Redrawn from Epstein (1977). Copyright
© 1977 by the American Institute of Biological Sciences; used with permission. ]
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Nutrient Absorption. Root uptake of nutrients by plants requires intimate
root-soil association. But research has clearly demonstrated that the plant
does not simply absorb in a passive way essential nutrients presented to it.
In the first place nutrient solubility is markedly affected by root exudates
and by microbial activity in the vicinity of the roots (rhizosphere). Furthermore,
entrance of soluble nutrients into root cells is stimulated by plant root metabo-
lism (Figure 1.15). Chemical “carriers” (probably proteins) transport ions across
membranes into cells. A combination of active transport and ion diffusion
makes possible the movement of ions from the soil solution to the vessels
that can carry the nutrients upward in the plant. Respiration by the root cells
supplies energy for this nutrient absorption. Thus plant and microbial processes,
coupled with the soil processes, implement the effective utilization of essential
elements for crop production.

1.24 Summary

Soils are naturally occurring bodies whose origin, classification, and characteri-
zation are worthy of study. The pedologist is concerned with these aspects
as well as with the variety of purposes, farm and nonfarm, for which soils
may be used. The edaphologist, on the other hand, is concerned principally
with one major use of soils—as a medium for the production of plants and
particularly crop plants. This text will give deserved consideration to the pedo-
logical viewpoint, but most attention will be given to the edaphological aspects.

Of the six major factors affecting the growth of plants, only light is not
supplied by soils. The soil supplies water, air, and mechanical support for
plant roots as well as heat to enhance chemical reactions. It also supplies
seventeen plant nutrients that are essential for plant growth. These nutrients
are slowly released from unavailable forms in the solid framework of minerals
and organic matter to exchangeable cations associated with soil colloids and
finally to readily available ions in the soil solution. The ability of soils to

provide these ions in a proper balance determines their primary value to human-
kind.
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[Preceding page] The physical conditions of soils are altered by many factors, including
plowing and tillage operations. [Courtesy USDA National Tillage Machinery

Laboratory.)

Physically, a mineral soil is a porous mixture of inorganic particles, decaying
organic matter, and air and water. The larger mineral fragments usually are
embedded in and coated over with colloidal and other fine materials. Where
the larger mineral particles predominate, the soil is gravelly or sandy; where
the mineral colloids are dominant, the soil has clayey characteristics; and
all gradations between these extremes are found in nature. Organic matter
acts as a binding agent between individual particles, thereby encouraging the
formation of clumps or aggregates.

Two very important physical properties of soils will be considered in this
chapter: soil texture and soil structure. Soil texture is concerned with the
size of mineral particles. Specifically, it refers to the relative proportions of
particles of various sizes in a given soil. No less important is soil structure,
which is the arrangement of soil particles into groups or aggregates. Together,
these properties help determine not only the nutrient-supplying ability of soil
solids but also the supply of water and air so important to plant life.

2.1 Soil Texture (Size Distribution of Soil Particles)

The size of particles in mineral soil is not subject to ready change. Thus, a
sandy soil remains sandy, and a clay soil remains clay. The proportion of
each size group in a given soil (the texture) cannot be altered and thus is
considered a basic property of a soil.

To study successfully the mineral particles of a soil, scientists usually
separate them into convenient groups according to size. The various groups
are spoken of as separates. The analytical procedure by which the particles
are separated is called particle-size analysis. It is a determination of the parti-
cle-size distribution.

As might be expected, a number of different classifications have been
devised. The size ranges for four of these systems are shown in Figure 2.1.
The classification established by the U.S. Department of Agriculture is used
in this text.

Particle-Size Analyses. To make a particle-size analysis, a sample of soil is
broken up and the very fine sand and larger fractions are separated into the
arbitrary groups by the use of sieves and the weight of each group is determined.
The silt and clay percentages are then determined by methods that depend
on the rate of settling of these two separates from suspension. The principle
involved in the method is simple. When soil particles are suspended in water,
they tend to sink. Since there is little variation in the density of most soil
particles, their rate of settling is roughly proportional to their size. The suspen-
sion of a sample of soil is therefore the first step. The particles are then allowed
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FIGURE 2.1 Classification of soil particles according to size by four systems. The
U.S. Department of Agriculture system is used in this text.

to settle and the rate of settling determined either by monitoring changes in
specific gravity of the suspension or by measuring directly the solids in suspen-
sion at given time intervals as settling occurs. Knowledge of the rate of settling
of particles of known size makes it possible to calculate the percentage of
each size of particle in a given sample, which in turn identifies the soil textural
class (sand, silt, loam, etc.).

Although stone and gravel figure in the practical examination and evalua-
tion of a field soil, they do not enter into the analysis of the finer particles.
Their amounts are usually rated separately. The organic matter, ordinarily
comparatively small in quantity, is usually removed by oxidation before the
mechanical separation.

Sand, when dominant, yields a coarse-textured soil that has properties
known to everyone as sandy. Such soils are sometimes referred to as light
since they are easily tilled and cultivated. On the other hand, a fine-textured
soil is made up largely of silt and clay, and its plasticity and stickiness indicate
that it is likely to be difficult to till or cultivate; it is therefore termed heavy.
The terms light and heavy refer to ease of tillage or manipulation and not
to soil weight. As we shall see later, the dry weight of a cubic meter of sand
is actually greater than that of a cubic meter of clay.

A particle-size analysis yields a general picture of the physical properties
of a soil. It also is the basis for assigning the textural class name—that is,
whether a soil is a sand, sandy loam, loam, and so on. This phase is considered
in Section 3.5.
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2.2 Physical Nature of S il Se arates

Coarse Fragments. Fragments that along their greatest diameter range from
2 to 75 mm (up to 3 in.) are termed gravel or pebbles; those ranging from 75
to 250 mm (3-10 in.) are called cobbles or flags; and those more than 250
mm across are called stones.

Sands. Sand grains may be rounded or quite irregular depending on the
amount of abrasion they have received (Figure 2.2). When not coated with
clay and silt, such particles are not sticky even when wet. They do not possess
the capacity to be molded (plasticity) as does clay. Their water-holding capacity
is low, and because of the large size of the spaces between the separate parti-
cles, the passage of water and air is rapid. Hence, they facilitate drainage
and good air movement. Soils dominated by sand or gravel, therefore, possess
good drainage and aeration, but may be drought prone.

Clay and Silt. Surface area is the characteristic most affected by the small
size and fine subdivision of silt and especially clay. Fine colloidal clay has
about 10,000 times as much surface area as the same weight of medium-sized
sand. The specific surface (area per unit weight) of colloidal clay ranges from
about 10 to 1000 m?/g. The surface areas of the smallest silt particles and
for fine sand are 1 and 0.1 m?/g, respectively. Since the adsorption of water,

(a) (b) (c)

FIGURE 2.2 (a) Sand grains from soil. Note that the particles are irregular in size
and shape. Quartz usually predominates, but other minerals may occur. Silt particles
have about the same shape and composition, differing only in size. Scanning electron
micrographs of sand grains show quartz sand (b) and a feldspar grain (c). The grains
have been magnified about 40 times. [Photos courtesy ]. Reed Glasmann, Union Oil
Company, Brea, CA.]
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FIGURE 2.3 The finer the texture

of a soil, the greater is the effective

surface exposed by its particles. Note

that adsorption, swelling, and the

other physical properties cited follow Surfm".area
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Colloidal Clay Silt Sand
clay

nutrients, and gas and the attraction of particles for each other are all surface
phenomena, the significance of the very high specific surface for clay is obvious.
This relationship is shown graphically in Figure 2.3.

Clay particles commonly are platy in shape and highly plastic when moist.
When clay is wetted, it tends to be sticky and is easily molded. Water tightly
held on the surfaces of soil particles is in a lower energy state than free water.
Consequently, energy in the form of heat is released from water as it is adsorbed
by very dry soils. This heat of wetting is also related to particle size (Figure
23).

In contrast with the plate-like clay, silt particles are irregularly fragmental,
diverse in shape, and seldom smooth or flat (Figure 2.2). They really are micro-
sand particles; usually quartz is the dominant mineral. The silt separate, be-
cause it usually has an adhering film of clay, possesses some plasticity, cohesion
(stickiness), and adsorptive capacity, but much less than the clay separate
itself. Silt may lead to compaction and crusting of the soil surface unless it
is supplemented by adequate amounts of sand, clay, and organic matter.

The presence of clay in a soil imparts to it a fine texture and slow water
and air movement. Such a soil is highly plastic, becoming sticky when too
wet, and hard and cloddy when dry unless properly handled. The expansion
and contraction on wetting and drying usually are great, and the water-holding
capacity of clayey and silty soils generally is high. As already mentioned,
such soils are spoken of as heavy because of their difficult working qualities,
in marked contrast to light, easily tilled sandy and gravelly surface soils.

2.3 Mineralogical and Chemical Compositions of
Soil Separates
Although at this point our interest in soil particles is largely a physical one,

a glance at their mineralogical makeup and chemical composition may be in
order.
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Mineralogical Characteristics. The coarsest sand particles often are fragments
of rocks as well as minerals. Quartz (SiO;) commonly dominates the finer
grades of sand as well as the silt separate (see Figure 2.4). In addition, variable
quantities of other primary minerals, such as the various feldspars (aluminosili-
cates) and micas (iron and aluminum silicates), usually occur. Gibbsite (hydrous
oxide of aluminum), hematite, and goethite (hydrous iron oxides) also are found,
usually as coatings on the sand grains. Hematite and goethite, because of
their iron content, impart various shades of red and yellow if present in suffi-
cient quantities. The soils of the southeastern part of the United States and
well-oxidized tropical soils are good examples.

Some clay-size particles, especially those in the coarser clay fractions,
are composed of minerals such as quartz and the hydrous oxides of iron and
aluminum. But by far the most important are the complex silicate clays, which
occur as plate-like particles comprised of thin sheets much like the pages of
a book. In some sheets silicon and related minerals dominate, whereas in
others aluminum and magnesium are prominent. These clays are classified
in relation to the number of Si and Al/Mg sheets they contain in the crystal
structure as follows: 1:1 (kaolinite), 2:1 (smectite, hydrous micas, and vermicu-
lite), and 2:1:1 (chlorite). These groups vary markedly in plasticity, cohesion,

Other secondary bri »
minerals rimary silicate

minerals

Quar z

Clay Silt Sand

FIGURE 24 General relationship between particle size and kinds of minerals present.
Quartz dominates the sand and coarse silt fractions. Primary silicates such as the
feldspars, hornblende, and micas are present in the sands and, in decreasing amount,
in the silt fraction. Secondary silicates dominate the fine clay. Other secondary minerals,
such as the oxides of iron and aluminum, are prominent in the fine silt and coarse
clay fractions.
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and adsorptive capacity, the 1:1 group being lowest in each case and the 2:1
group highest. It is therefore important to know which clay type dominates
or codominates any particular soil. These clays will be considered in greater
detail in Chapter 5.

Chemical Makeup. Since sand and silt are dominantly quartz (SiO,), a mineral
known for its resistance to weathering, these two fractions are generally quite
inactive chemically. Even the primary minerals that may contain nutrient ele-
ments in their chemical makeup are generally so insoluble as to make their
nutrient-supplying ability essentially nil. An exception to this general rule is
the silt fraction of certain potassium-bearing minerals, such as the micas, which
have been known to release this element at a sufficiently rapid rate to meet
some plant requirements.

Chemically, the silicate clays vary widely. Kaolinite is a relatively simple
aluminosilicate. But the smectites, vermiculites, and chlorites contain in their
crystal structures varying quantities of iron, magnesium, and other elements.
The hydrous micas are basically potassium aluminosilicates. At the surfaces
of all the silicate clays are held small but significant quantities of cations
such as Ca?*, Mg?*, K*, H*, Na*, and NH,*. The cations are exchangeable
and can be released for absorption by plants.

In highly weathered soils, such as those in the hot, humid tropics, oxides
of iron and aluminum are prominent if not dominant, even in the clay-size
fraction. Thus, climate can have a profound effect on the chemical and minera-
logical composition of soil separates.

TABLE 2.1 Average Phosphorus, Potassium, and Calcium Contents of Sepa-
rates from Various United States Surface Soils®

P K Ca

(%) (%) (%)
Sand 07 1.38 2.60
Silt 10 2,01 3.21
Clay .28 2.53 3.16

* From Failyer et al. (1808). Data in respect to the distribution of other elements
through the various separates as reported by Joffe and Kunin (1942) are as follows.

Chemical Composition of Montalto Silt Loam Topsoil

SiO, Fes0s Al;04 TiO, CaO MgO
Separate (%) (%) (%) (%) (%) (%)
Sand 86.3 5.19 8.77 1.05 0.37 1.02
Coarse silt 81.3 31 7.21 1.05 041 0.82
Fine silt 64.0 9.42 12.00 1.05 0.32 2.22
Coarser clay 45.1 13.50 21.10 0.96 0.38 2.09
Finer clay 30.2 17.10 22.80 0.88 0.08 1.77
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Since soil separates, from very coarse sand to ultrafine clay, differ so
markedly in crystal form and chemical composition, it is not surprising that
they also vary in their content of mineral nutrients. Logically, the sands, being
mostly quartz, would be expected to be lowest and the clay separate to be
highest. This inference is substantiated by the data in Table 2.1. The general
relationships shown by these data hold true for most soils, although some
exceptions may occur.

Soil Textural Classes

As soils are composed of particles varying greatly in size and shape, specific
terms are needed to convey some idea of their textural makeup and to give
some indication of their physical properties. For this, soil textural class names
are used, such as sand, sandy loam, and silt loam. These names originated
through years of soil study and classification and gradually have become more
or less standardized. Three broad and fundamental groups of soil textural
classes are recognized—sands, loams, and clays. Within each group specific
textural class names have been devised.

Sands. The sand group includes all soils of which the sand separates make
up at least 70% and the clay separate 15% or less of the material by weight.
The properties of such soils are therefore characteristically sandy in contrast
with the stickier nature of clays. Two specific textural classes are recognized—
sand and loamy sand—although in practice two subclasses are used: loamy
fine sand and loamy very fine sand.

Clays. To be designated a clay, a soil must contain at least 35% of the clay
separate and in most cases not less than 40%. In such soils the characteristics
of the clay separate are distinctly dominant, and the class names are clay,
sandy clay, and silty clay. Note that sandy clays may contain more sand
than clay. Likewise, the silt content of silty clays usually exceeds that of the
clay fraction itself.

Loams. The loam group, which contains many subdivisions, is more difficult
to explain. An ideal loam may be defined as a mixture of sand, silt, and clay
particles that exhibits light and heavy properties in about equal proportions.
Roughly, it is a half-and-half mixture on the basis of properties.

Most soils of agricultural importance are some type of loam. They may
possess the ideal makeup described above and be classed simply as loam.
Usually, however, the quantities of sand, silt, or clay present require a modified
textural class name. Thus, a loam in which sand is dominant is classified as
a sandy loam of some kind; in the same way there may occur silt loams,
silty clay loams, sandy clay loams, and clay loams.
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TABLE 2.2 General Terms Used to Describe Soil Texture
in Relation to the Basic Soil Textural Class Names

U.S. Department of Agriculture classification system

General terms

Common Basic soil textural
names Texture class names

. Sands
Sandy soils Coarse Loamy sands

[ Sandy loam

Fine sandy loam®
Very fine sandy loam®
Loam
Silt loam
Silt

{Sandy clay loam

Moderately coarse

Loamy soils < Medium

Moderately fine Silty clay loam

Clay loam
{Sandy clay

L

Clayey soils Fine Silty clay

Clay

* While not included as class names in Figure 2.5, these soils
are commonly treated separately because of their fine sand content.

Variations in the Field. The textural class names—sand, loamy sand, sandy
loam, loam, silt loam, silt, sandy clay loam, silty clay loam, clay loam, sandy
clay, silty clay, and clay—form a more or less graduated sequence from soils
that are coarse in texture and easy to handle to the clays that are very fine
and difficult to manage (Table 2.2). It is also obvious that these textural class
names are a reflection not only of particle-size distribution but also of tillage
characteristics and other physical properties. For some soils, qualifying factors
such as stone, gravel, and the various grades of sand become part of the textural
class name. Even silt and clay become qualifying terms in practice.

2.5 Determination of Soil Class

“Feel” Method. The common field method of classifying a soil is by its feel.
Probably as much can be judged about the texture and hence the class of a
soil merely by rubbing it between the thumb and fingers as by any other superfi-
cial means. Usually it is helpful to wet the sample in order to estimate plasticity
more accurately. The way a wet soil “slicks out”"—that is, develops a continuous
ribbon when pressed between the thumb and fingers—gives a good idea of
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the amount of clay present. The slicker the wet soil, the higher the clay content.
The sand particles are gritty; the silt has a floury or talcum-powder feel when
dry and is only slightly plastic and sticky when wet. Persistent cloddiness
generally is imparted by silt and clay.

The “feel” method is used in field operations such as soil survey and
land classification. Accuracy in such a determination is of great practical value
and depends largely on experience. Facility in class determination is one of
the first things a field researcher should develop.

Laboratory Method. The U.S. Department of Agriculture has developed a
method for naming soils on the basis of particle-size analysis. The relationship
between such analyses and class names is shown diagrammatically in Figure
2.5. The diagram reemphasizes that a soil is a mixture of particles of different

Qb

50 A .
Sandy \
40 clay\ /
% ay loym
0 A =

7\Sand ylloa}i{\j\\J//\\/ \

\Vavay
VAVAVAX

X Percent sand

FIGURE 2.5 Percentage of sand, silt, and clay in the major soil textural classes.
To use the diagram, locate the percentage of clay first and project inward as shown
by the arrow. Do likewise for the percent silt (or sand). The point at which the two
projections cross will identify the class name.
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FIGURE 2.6 Particle-size distribution in three soils varying widely in their textures.
Note that there is a gradual transition in the particle-size distribution in each of these
soils.

sizes. It illustrates how particle-size analyses of field soils can be used to
check the accuracy of the soil surveyor's class designations as determined
by feel. A working knowledge of this method of naming soils is essential.
The legend of Figure 2.5 explains the use of this soil texture triangle.

The summation curves in Figure 2.6 illustrate the particle-size distribution
in soils representative of three textural classes. Note the gradual change in
percentage composition in relation to particle size. This figure emphasizes that
there is no sharp line of demarcation in the distribution of sand, silt, and
clay fractions and suggests a gradual change of properties with change in
particle size.

Changes in Soil Texture. The textural classes of soil horizons are not subject
to easy modification in the field. For some garden and horticultural crops with
high economic value, large quantities of sand may be added to a fine-textured
soil to improve its tillage properties. In greenhouses, mixtures of different soils
and organic materials are commonly used and the textural class of the mixture
may be different from any of the components mixed. For most field crop and
forest production areas, however, soil texture is not changed by cultural man-
agement. We now turn to a physical property of the soil that is subject to
some change—the soil structure.
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2.6 Structure of Mineral Soils

The term structure relates to the grouping or arrangement of soil particles. It
is strictly a field term that describes the gross, overall combination or arrange-
ment of the primary soil separates into secondary groupings called aggregates
or peds.

A profile may be dominated by a single type of aggregate. More often,
several types are encountered in the different horizons. Soil conditions and
characteristics such as water movement, heat transfer, aeration, bulk density,
and porosity are much influenced by structure. In fact, the important physical
changes imposed by the farmer in plowing, cultivating, draining, liming, and
manuring his land are structural rather than textural.

Types of Soil Structure. The dominant shape of peds or aggregates in a horizon
determines their structural type. The four principal types of soil structure are
spheroidal, platy, prism-like and block-like. The spheroidal, prism-like, and
block-like types have two subtypes each. A brief description of each of these

FIGURE 2.7 Various Plate-like
structural types found in
mineral soils. Their location in
the profile is suggested. In
arable topsoils, a stable
granular structure is prized.

v

Platy— leafy and May occur in any part of profile. At times
flaky also found inherited from the soil material,

Prism-like h
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structural types with schematic drawings is given in Figure 2.7. A more detailed
description of each follows.

1. Spheroidal (granular and crumb subtypes). All rounded peds or aggregates
may be placed in this category, although the term more properly refers to
those not over about 1 cm in diameter. These rounded complexes usually
lie loosely and are readily shaken apart. Oridinarily the aggregates are called
granules and the pattern granular. However, when the granules are espe-
cially porous, the term crumb is applied.

Granular and crumb structures are characteristic of many surface soils,
particularly those high in organic matter, and are especially prominent in
grassland soils. They are the only types of aggregation that are commonly
influenced by practical methods of soil management.

2. Plate-like (platy). In this structural type the aggregates (peds) are arranged
in relatively thin horizontal plates, leaflets, or lenses. Platy structure is most
noticeable in the surface layers of virgin soils, but may characterize the
subsoil horizons as well.

Although most structural features are usually a product of soil-forming
forces, the platy type is often inherited from the parent materials, especially
those laid down by water or ice.

3. Prism-like (columnar and prismatic subtypes). These subtypes are charac-
terized by vertically oriented aggregates or pillars that vary in length with
different soils and may reach a diameter of 15 cm or more. They commonly
occur in subsoil horizons in arid and semiarid regions and when well devel-
oped are a very striking feature of the profile. They also occur in some
poorly drained soils of humid regions.

When the tops of the prisms are rounded, the term columnar is used.
This rounding may occur when the profile is changing and certain horizons
are degrading. When the tops of the prisms are still plane, level, and clean
cut, the structural pattern is designated prismatic.

4. Block-like (blocky and subangular blocky subtypes). In this case the original
aggregates have been reduced to blocks, irregularly six-faced, with their
three dimensions more or less equal. In size these fragments range from
about 1 to 10 cm in thickness. In general, the design is so individualistic
that identification is easy.

When the edges of the cubes are sharp and the rectangular faces distinct,
the subtype is designated blocky. When subrounding has occurred, the ag-
gregates are referred to as subangular blocky. These types usually are con-
fined to the subsoil, and their stage of development and other characteristics
have much to do with soil drainage, aeration, and root penetration.

As already emphasized, two or more of the structural conditions listed
usually occur in the same soil profile. In humid temperate regions, a granular
aggregation in the surface horizon with a blocky, subangular blocky, or platy
type of some kind in the subsoil is usual, although granular subhorizons are
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not uncommon. In soils of regions of low rainfall the blocky type in the subsoil
may be replaced by a columnar or prismatic arrangement.

Soil Structure Classes. The peds in each structural type and subtype are fur-
ther classified according to their size into soil structure classes as follows:
(a) very fine or very thin, (b) fine or thin, (c) medium, (d) coarse or thick,
and (e) very coarse or very thick. While the exact dimension for each class
varies from one type or subtype to another, the class designation assures accu-
rate description of the nature of the soil structural units.

Soil Structure Grades. Soil structure grades relate to the degree of inter-
aggregate adhesion and to aggregate stability. Four grades are recognized.

1. Structureless. Particles not arranged into peds or aggregates. If separates
are not bound together (not coherent), as in a coarse sand, the term single
grain is used. If they are tightly bound (coherent), as in a very compact
subsoil or in a puddled surface soil, massive is used.

. Weak. Poorly formed peds or aggregates barely observable in place.

3. Moderate. Well-formed and moderately durable peds that are not very dis-

tinct in undisturbed soil.

4. Strong. Durable peds that are quite evident in undisturbed soil and become

separated when the soil is disturbed.

N

Genesis of Soil Structure. The mechanics of structure formation is exceedingly
complicated and rather obscure. The nature and origin of the parent material
play significant roles, as do the physical and biochemical processes of soil
formation. Climate is also a prime consideration. Soluble salts influence the
development of structural units, particularly in the soils of arid regions. In
more humid areas the downward migration of clay, iron oxides, and lime is
a factor. Undoubtedly, the accumulation of organic matter and its type of decay
are significant, too, especially in the development of the crumb structure so
common in the surface soils of grasslands. The need to preserve and encourage
this particular structural type is becoming critical in cultivated lands.

2.7 Particle Density of Mineral Soils
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One means of expressing soil weight is in terms of the density of the solid
particles making up the soil. It is usually defined as the mass (or weight) of
a unit volume of soil solids and is called particle density (D). In the metric
system, particle density is usually expressed in terms of megagrams per cubic
meter (Mg/m?). Thus, if 1 m? of soil solids weighs 2.6 Mg, the particle density
is 2.6 Mg/m3.t

! Since 1 Mg = 1 million grams and 1 m® = 1 million cubic centimeters, this particle density
can also be expressed as 2.6 g/cm?.
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2.8 Bulk

Although considerable range may be observed in the density of the individ-
ual soil minerals, the figures for most mineral soils usually vary between the
narrow limits of 2.60 and 2.75 Mg/m3. This occurs because quartz, feldspar,
and the colloidal silicates with densities within this range usually make up
the major portion of mineral soils. When unusual amounts of minerals with
high particle density such as magnetite, garnet, epidote, zircon, tourmaline,
and hornblende are present, the particle density may exceed 2.75 Mg/m?. It
should be emphasized that the size of the particles of a given mineral and
the arrangement of the soil solids have nothing to do with the particle density.
Particle density depends on the chemical composition and crystal structure
of the mineral particle.

Organic matter weighs much less than an equal volume of mineral solids,
having a particle density of 1.1-1.4 Mg/m3. Consequently, the amount of this
constituent in a soil markedly affects the particle density. This accounts for
the fact that mineral surface soils (which almost always have higher organic
matter content than the subsoils) usually possess lower particle densities than
do subsoils. Some mineral topsoils high in organic matter (say, 15-20%) may
have particle densities as low as 2.4 Mg/m?, or even below. Nevertheless,
for general calculations, the average arable mineral surface soil (3-5% organic
matter) may be considered to have a particle density of about 2.65 Mg/m?.

Density of Mineral Soils

Bulk Density. A second important weight measurement of soils is bulk density
(Dy). 1t is defined as the mass (weight) of a unit volume of dry soil. This
volume includes both solids and pores. The comparative calculations of bulk
density and particle density are shown in Figure 2.8. A careful study of this
figure should make clear the distinction between these two methods of express-
ing soil weight.

Factors Affecting Bulk Density. Unlike particle density, which is a char-
acteristic of solid particles only, bulk density is determined by the volume
of pore spaces as well as soil solids. Thus, soils with a high proportion of
pore space to solids have lower bulk densities than those that are more compact
and have less pore space. Fine-textured surface soils such as silt loams, clays,
and clay loams generally have lower bulk densities than sandy soils. The
solid particles of the fine-textured soils tend to be organized in porous grains
or granules, especially if adequate organic matter is present. This condition
assures high total pore space and a low bulk density. In sandy soils, however,
organic matter contents are generally low, the solid particles lie quite closely
together, and the bulk densities are commonly higher than in the finer-textured
soils.
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In the field, If all the solids
one cubic meter were compressed to
of a certain soil the bottom, the cube
appears as would look like
|
1 I
Solids and 2 POTE Spaces | cmpmris

1.33 Mg
ore spaces
P P -;- solids| 1,33 Mg

To calculate bulk density of the soil: To calculate solid particle density:
Volume = 1 m® Weight = 1.33 Mg Volume = 0.5 m? Weight = 1.33 Mg
(solids + pores) (solids only) (solids only) (solids only)

weight of oven dry soil

Bulk density = weight of solids

(\s/gllil.:jr:ic;’fos;:) Solid particle density = volume of soilds
Therefore Therefore
Bulk density, Dy =--33-= 1.33 Mg/m? Solid particle density, D, = 122 = 2.66 Mg/m?

FIGURE 2.8 Bulk density, Dy, and particle density, Dy, of soil. Bulk density is the
weight of the solid particles in a standard volume of field soil (solids plus pore space
occupied by air and water). Particle density is the weight of solid particles in a standard
volume of those solid particles. Follow the calculations through carefully and the
terminology should be clear. In this particular case the bulk density is one-half the
particle density, and the percent pore space is 50.

The bulk densities of clay, clay loam, and silt loam surface soils normally
may range from 1.00 to as high as 1.60 Mg/m?, depending on their condition.
A variation from 1.20 to 1.80 Mg/m?® may be found in sands and sandy loams.
Very compact subsoils may have bulk densities of 2.0 Mg/m? or even greater.
The relationship among texture, compactness, and bulk density is illustrated
in Figure 2.9.

Even in soils of the same surface textural class, great differences in bulk
density are found, as is clearly shown by data on soils from several locations
in Table 2.3. Moreover, there is a distinct tendency for the bulk density to
rise with profile depth. This apparently results from a lower content of organic
matter, less aggregation and root penetration, and a compaction caused by
the weight of the overlying layers.

The system of crop and soil management employed on a given soil is
likely to influence its bulk density, especially of the surface layers. The addition
of crop residues or farm manure in large amounts tends to lower the weight
figure of surface soils, as does a bluegrass sod. Intensive cultivation operates
in the opposite direction. Data presented in Table 2.4 show this relationship
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FIGURE 2.9 Generalized relationship between compactness and the range of bulk
densities common in sandy soils and in those of finer texture. Sandy soils generally
are less variable in their degree of compactness than are the finer-textured soils. For
all soils, the surface layers are more likely to be medium to loose in compactness
than are the subsoils.

very well. These data are from longtime experiments in different locations,
the soils having been under cultivation for from 40 to 150 years. Cropping
increased the bulk density of the topsoils in all cases.

Other Weight Figures. Densities expressed in metric units can be converted
to the English system. On a dry weight basis clayey and silty surface soils
may vary from 65 to 100 Ib/ft3; sands and sandy loams may show a range of
75-110 1b/ft. The greater the organic content, the less is this weight. Very
compact subsoils, regardless of texture, may weigh as much as 125 lb/fts.

Another figure of interest is the weight of soil in one hectare to a depth
of normal plowing (15 cm). Such a hectare-furrow slice of a typical surface
soil weighs about 2.2 million kg. A comparable figure in the English system
is 2 million 1b per acre-furrow slice.
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TABLE 2.3 Bulk Density (D) Data for Several Soil Profiles®

Note that sandy soils generally have higher bulk densities than those high in silt and
clay. The Erie soil has a very dense subsoil, while the Oxisol from Brazil is loose
and open.

Grandfield Erie

fine sandy Miami channery Houston Oxisol

loam silt loam silt loam clay clay
Horizon (Oklahoma) (Wisconsin) (New York) (Texas) (Brazil)
Plow layer 1.72 1.28 1.33 1.24 0.95
Upper subsoil 1.74 1.41 1.46 1.36 —
Lower subsoil 1.80 1.43 2.02 1.51 1.00
Parent material 1.85 1.49 — 1.61 —

* The data for Grandfield soil from Dawud and Gray (1979); Miami from Nelson and Mucken-
hirn (1941); Houston from Yule and Ritchie (1980); Erie calculated from Fritton and Olson (1972);
Oxisol from Larson et al. (1980).

TABLE 24 Bulk Density and Pore Space of Certain Cultivated Topsoils and of Nearby
Uncropped Areas® (One Subsoil Included)

The bulk density was increased by cropping in every case while the pore space de-
creased proportionately.

Bulk density (Mg/m?®) Pore space (%)

Years Cropped Uncropped Cropped Uncropped

Soil cropped soil soil soil soil
Hagerstown loam (Pa) 58 1.25 1.07 50.0 57.2
Marshall silt loam (lowa) 50+ 1.13 0.93 58.2 62.7
Nappanese silt loam (Ohio) 40 131 1.05 50.5 60.3
Ave. 19 Georgia soils 45-150 145 1.14 45.1 57.1
Blaine lake silt loam (Canada) 90 1.30 1.04 50.9 60.8
Sutherland clay (Canada) 70 1.28 0.98 517 63.0
Sutherland clay, subsoil 70 1.38 1.21 47.9 54.3

* Data for Canadian soils from Tiessen et al. (1982); others from Lyon et al. {1952).
® Pore space percentages for the Canadian soils were calculated from bulk density data in
Tiessen et al. (1982).

2.9 Pore Space of Mineral Soils
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The pore space of a soil is that portion of the soil volume occupied by air
and water. The amount of this pore space is determined largely by the arrange-
ment of the solid particles. If they lie close together as in sands or compact
subsoils, the total porosity is low. If they are arranged in porous aggregates,
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as is often the case in medium-textured soils high in organic matter, the pore
space per unit volume will be high.

The validity of the above generalizations may be substantiated readily
by the use of a very simple formula involving particle density and bulk density
figures. The derivation of the formula used to calculate the percentage of total
pore space in soil follows.

Let D,=bulk density Vs =volume of solids
D, = particle density V, = volume of pores
W, = Weight of soil (solids) Vs + V, = total soil volume

By definition,

Solving for W, gives

We=D,XV, and W,=Dy(Va+ V;)

Therefore
Dy X Vo= Dy(Vs+ V)
and
_ Vs _Dy
Ve+ Ve D,
Since
LA X 100 = % solid space
Vet V, P

% solid space = Dy X 100
D,

Since % pore space + % solid space = 100, and % pore space = 100 — %
solid space, then

% pore space =100 — (Q—b X 100)
D,

Using this formula, a sandy soil having a bulk density of 1.50 and a particle
density of 2.65 will be found to have 43.4% pore space. A silt loam for which

the corresponding values are 1.30 and 2.65 possesses 50.9% air and water space.
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The latter value is close to the pore capacity of a normally granulated silt
loam or clay loam surface soil.

Factors Influencing Total Pore Space. Considerable difference in the total
pore space of various soils occurs depending upon conditions. Sandy surface
soils show a range of 35-50%, whereas medium- to fine-textured soils vary
from 40 to 60%—even more in cases of high organic matter and marked granula-
tion (Figure 2.10). Pore space also varies with depth; some compact subsails
have as little as 25-30%. This accounts in part for the inadequate aeration of
such horizons.

Past cropping exerts a decided influence upon pore space of the furrow
slice. For instance, the continuous bluegrass sod of the Hagerstown loam of
Pennsylvania cited in Table 2.4 had a total porosity of 57.2%, whereas the
comparable rotation plot showed only 50%. Additional data presented in this
table from three other states show that cropping tends to lower the total pore
space to less than that of the virgin or uncropped soils. This reduction usually
is associated with a decrease in organic matter content and a consequent
lowering of granulation. Pore space in the subsoil also has been found to de-
crease with cropping, although to a lesser degree.

Size of Pores. Two types of individual pore space occur in soils—macro and
micro. Although there is no sharp line of demarcation, pores less than about
0.06 mm in diameter are considered as micropores and those larger as macro-
pores. The macropores characteristically allow the ready movement of air and
percolating water. In contrast, the micropores are mostly filled with water in
a normal field soil and do not permit much air movement into or out of the
soil. The water movement is restricted primarily to slow capillary movement.
Thus, in a sandy soil, in spite of the relatively low total porosity, the movement
of air and water is surprisingly rapid because of the dominance of the macro-
spaces.

Fine-textured soils, especially those without a stable granular structure,
allow relatively slow gas and water movement despite the unusually large
volume of total pore space. Here the dominating micropores often stay full
of water. Aeration, especially in the subsoil, frequently is inadequate for satis-
factory root development and desirable microbial activity. Therefore, the size
of the individual pore spaces rather than their combined volume is the important
consideration. The loosening and granulating of fine-textured soils promotes
aeration not so much by increasing the total pore space as by raising the
proportion of the macrospaces.

It has already been indicated (Section 1.6 and Figure 1.4) that in a well-
granulated silt loam surface soil at optimum moisture for plant growth the
total pore space will be near 50% and is likely to be shared equally by air
and water. Soil aeration under such a condition is satisfactory, especially if
a similar ratio of air to water extends well into the subsoil.
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FIGURE 2.10 Volume distribution of
organic matter, sand, silt, clay and pores
of macro and micro sizes in a
representative sandy loam (a) and two
representative silt loams, one with good
soil structure (b) and the other with poor
structure (c). Both silt loam soils have
more total pore space than the sandy
loam, but the silt loam with poor
structure has a smaller volume of larger
(macro) pores than either of the other two
soils.
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Cropping and Size of Pores. Continuous cropping, particularly of soils orig-
inally very high in organic matter, often results in a reduction of large or
macropore spaces. Data from a fine-textured soil in Texas (Figure 2.11) show
this effect very strikingly. Cropping significantly reduced soil organic matter
content and the total pore space. But the most striking effect of cropping was
on the size of the soil pores. The amount of macropore space so necessary
for ready air movement was reduced about one half by cropping the soil.
This severe reduction in pore size also extended into the 15-30 cm layer. In
fact, samples taken as deep as 107 cm showed the same trend.

In recent years, so called conservation tillage practices, which minimize
plowing and associated soil manipulations, have been widely adopted in the
United States (Sections 2.14 and 16.12). Such practices are remarkably effective
in reducing soil erosion losses but unfortunately do not seem to increase soil
porosity. In fact, in some trials pore space is less with conservation tillage
than with conventional tillage.

[ virgin soil (5.6% o.M.) [ virgin soil (4.2% 0.M.)
40t [ Titted soil (2.9% O.M.) ] itted soil (2.8% 0.M.)
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FIGURE 2.11 Effect of continuous cropping for at least 40-50 years (tilled soil) on
the macro- and micropore spaces of a Houston Black clay in Texas. The virgin soil is
not only higher in total pore space but has much more macropore space to permit
good aeration. Note that the cultivated (tilled) soil also is much lower in organic matter
than the virgin untilled soil. [Data from Laws and Evans (1949).]
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210 Aggregation and Its Promotion in Arable Soils

In a practical sense we are concerned with two sets of factors in dealing
with soil aggregation: (a) those responsible for aggregate formation and (b)
those that give the aggregates stability once they are formed. Since both sets
of factors are operating simultaneously, it is sometimes difficult to distinguish
their relative effects on stable aggregate development in soils.

Genesis of Granules and Crumbs. Since the spheroid-type structure (granular
and crumb) is the most common in surface soils, its formation and stability
are of great practical significance. Although there is some uncertainty about
the exact mechanism by which granules and crumbs form, several specific
factors influence their genesis. These include (a) wetting and drying, (b) freezing
and thawing, (c) the physical activity of roots and soil animals, (d) the influence
of decaying organic matter and of the slimes and other products from the
microorganisms and other forms of life, () the modifying effects of adsorbed
cations, and (f) soil tillage.

Any action that will develop lines of weakness, shift the particles back
and forth, and force contacts that otherwise might not occur will encourage
aggregation. Alternate wetting and drying, freezing and thawing, the physical
effects of root extension, and the mixing action of soil organisms and of tillage
implements encourage such contacts and, therefore, aggregate formation. The
benefits of fall plowing to certain types of soil and the slaking of clods (breaking
into smaller aggregates) under the influence of a gentle rain have long been
known and utilized in seedbed preparation. And the aggregating influences
of earthworms and other soil organisms should not be overlooked.

Influence of Organic Matter. The major agency in the encouragement
of granular and crumb type aggregate formation in surface soil horizons is
organic matter (Figure 2.12), which not only binds but also lightens and expands,
making possible the porosity so characteristic of individual soil aggregates.
Plant roots promote this aggregation by their decay in the soil and by the
disruptive action of their movement through the soil. The chemical properties
of the humus and clay are probably effective in the organization and the later
stabilization of the aggregates. Moreover, slime and other viscous microbial
products encourage crumb development and exert a stabilizing influence. Gran-
ulation thus assumes a highly biological aspect.

Organic matter is of much importance in modifying the effects of clay
on soil structure. An actual chemical union may take place between the decay-
ing organic matter and the clay particles. Moreover, the high adsorptive capac-
ity of humus for water intensifies the disruptive effects of temperature changes
and moisture fluctuations. The granulation of a clay soil apparently cannot
be promoted adequately without the presence of a certain amount of humus.

Effect of Adsorbed Cations. Aggregate formation is definitely influenced
by the nature of the cations adsorbed by soil colloids (see Section 5.17). For
instance, when sodium is a prominent adsorbed ion, as in some soils of arid
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FIGURE 2,12 Puddled soil
(left) and well-granulated soil
(right). Plant roots and
especially humus play the
major role in soil granulation.
Thus a sod tends to
encourage development of a
granular structure in the
surface horizon of cultivated
land. [Courtesy USDA Soil
Conservation Service.]
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and semiarid areas, the particles are dispersed and a very undesirable soil
structure results. By contrast, the adsorption of ions such as calcium, magne-
sium, or aluminum may encourage aggregate formation starting with a process
called flocculation. These ions encourage the individual colloidal particles
to come together in small aggregates called floccules. Flocculation itself, how-
ever, is of limited value because it does not provide for the stabilization of
the aggregates.

Influence of Tillage and Compaction. Tillage has both favorable and un-
favorable effects on aggregation. The short-time effect is generally favorable
because the implements break up the clods, incorporate the organic matter
into the soil, and make a more favorable seedbed. Some tillage is thus consid-
ered necessary in normal soil management.

Over longer periods, tillage operations have detrimental effects on surface
soil granules. In the first place, by mixing and stirring the soil, tillage generally
hastens the oxidation of organic matter from soils. Second, tillage operations,
especially those involving heavy equipment, tend to break down the stable
soil aggregates. Compaction occurs from repeatedly running over fields with
heavy farm equipment. An indication of the effect of such traffic upon bulk
density is given in Figure 2.13. These data explain the increased interest in
farming systems that drastically reduce the number of tillage operations (Sec-
tions 2.14 and 16.12).
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FIGURE 2.13 Heavy equipment used for tillage and other purposes compacts the
soil, increases bulk density, and reduces crop growth. (a) Such equipment compacted
the zone just below the plow layer on a Norfolk soil and increased bulk density to
more than 1.8 Mg/m3, the limit of penetration for cotton roots. (b) Wheel traffic on a
Nicollet silty clay loam reduced the number of nitrogen-fixing nodules on a soybean
field in Minnesota and brought about decreased yields. [Data (a) from Camp and Lund
(1964); (b) from Voorhees et al. (1976); used with permission of the American Society of
Agronomy.]

Aggregate Stability. The stability of aggregates is of great practical impor-
tance. Some aggregates readily succumb to the beating of rain and the rough
and tumble of plowing and fitting of the land. Others resist disintegration,
thus making the maintenance of a suitable soil structure comparatively easy
(Figure 2.14). Apparently there are three major factors influencing aggregate
stability.

1. The temporary mechanical binding action of microorganisms, especially fun-
gal mycelia. These effects are pronounced when fresh organic matter is
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FIGURE 2.14 The aggregates of soils high in organic matter are much more stable
than are those low in this constituent. The low organic matter soil aggregates fall
apart when they are wetted; those high in organic matter maintain their stability.

added to soils and are at a maximum a few weeks or months after this
application.

2. The cementing action of the intermediate products of microbial synthesis
and decay, such as microbially produced gums and certain polysaccharides.
These compounds are sometimes called “pre-humus constituents” and are
clearly effective as aggregate stabilizers for at least several months.

3. The cementing action of the more resistant stable humus components aided
by similar action of certain inorganic compounds, such as oxides of iron.
These materials provide most of the long-term aggregate stability.

It should be emphasized that aggregate stability is not entirely an organic
phenomenon. There is continual interaction between organic and inorganic
components. Polyvalent inorganic cations that cause flocculation (e.g., Ca2*,
Mg?*, Fe?*, and Al3*) are thought also to act as bridges between the organic
matter and soil clays, encouraging the development of clay-organic matter
complexes. In addition, films of clay called “clay skins” often surround the
soil peds and help provide stability. The noted stability of aggregates in red
and yellow soils of tropical and semitropical areas is due to the hydrated
oxides of iron they contain.

As a general rule, the larger the aggregates present in any particular soil,
the lower is their stability. This is why it is difficult to build up soil aggregation
beyond a certain size of granule or crumb in cultivated land.

2.11 Structural Management of Soils
Coarse-Textured Soils. Looseness, good aeration and drainage, and easy til-
lage are characteristics of sandy soils. On the other hand, such soils are com-

monly too loose and open; they lack the capacity to adsorb and hold sufficient

60 2 Some Important Physical Properties of Mineral Soils



moisture and nutrients. They are likely to be droughty and lacking in fertility.
They need granulation. There is only one practical method of improving the
structure of such a soil—the addition of organic matter. Organic material will
not only act as a binding agent for the particles but will also increase the
water-holding capacity. The addition of farm manures and the growth of sod
crops are practices usually followed to improve the structural condition of
sandy soils.

Fine-Textured Soils. The structural management of a clay soil is not such a
simple problem as that of a sandy one. In clays and similar soils of temperate
regions the potential plasticity and cohesion are always high because of the
presence of a large amount of colloidal clay. If such a soil is tilled when
wet, its pore space becomes much reduced and it becomes nearly impervious
to air and water. The aggregates are broken down, the individual particles
tend to act independently, and the soil is said to be puddled. When a soil in
this condition dries, it usually becomes hard and dense. The tillage of clay
soils must be carefully timed. If these soils are plowed too wet, their structural
aggregates are broken down and an unfavorable structure results. On the other
hand, if they are plowed too dry, large clods, which are difficult to work into
a good seedbed, are turned up. In sandy soils and the hydrous oxide clays
of the tropics such difficulties usually are at a minimum.

The granulation of fine-textured surface soils should be encouraged by
the incorporation of organic matter. In this respect sod crops should be utilized
fully and the crop rotation planned to attain their maximum benefits. The
data in Table 2.5, from an experiment in [owa, show the degranulating influence
commonly attributed to row crops such as corn. The detrimental effect is less
rapid, of course, when the crop is grown in a suitable rotation, and it may
be offset by modern conservation tillage practices, which minimize plowing
(see Section 2.14). The aggregating tendency of sod, whether it is a meadow
mixture or a bluegrass sward, is likewise obvious. The data also suggest the

TABLE 2.5 Water-Stable Aggregation of a Marshall Silt
Loam near Clarinda, lowa, under Different Cropping Systems®

Water-stable aggregates (%)

Large Small
Crop (1 mm and above) (less than 1 mm)
Corn continuously 8.8 91.2
Corn in rotation 23.3 76.7
Meadow in rotation 42.2 57.8
Bluegrass continuously 57.0 43.0

» From Wilson et al. (1947).
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degrees of soil granulation normally expected and disclose the rapidity with
which aggregation may decline.

Rice Soils. The detrimental effects of puddling the soil on most upland crops
are not evident where wetland rice is grown. In fact the opposite is true—
that is, puddling the soil is generally beneficial to the production of rice. In
preparation for the planting of rice, the soil is flooded with water, either by
irrigation or heavy rains, and is then puddled by intensive tillage, which essen-
tially destroys the structural aggregates. Rice seeds are then sown or seedlings
transplanted into the freshly prepared mud. Such soil management helps control
weeds and also reduces the rate of water movement down through the soil
(Figure 2.15). The second effect is important since it is the common practice
to maintain standing water in the rice through much of the growing season.
By reducing water percolation, puddled soil markedly decreases the amount
of water needed to produce a rice crop.

Unique characteristics of the rice plant account for its positive response
to a type of soil management that destroys aggregate stability. Rice survives
flooded conditions because oxygen moves downward inside the stem of the
plant to supply the roots. This characteristic permits rice to compete well
with all but a few aquatic weeds and grasses. The advantage possessed by
the rice plant is its response, not to puddling per se, but to a flooded soil
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FIGURE 2.15 Effects of puddling a rice soil on the loss of water by percolation
and evapotranspiration. Note that in this case puddling greatly reduced percolation.
[From De Datta and Kerim (1974).]
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condition. Rice can also be grown successfully on unpuddled but flooded soil.
The unpuddled soil maintains at least some structural aggregation. After water
is withdrawn and the rice harvested, the soil condition is quite favorable for
the growth of a crop such as corn or an edible legume, which may follow
rice in a cropping sequence.

The response of rice to soil structural management is important in two
ways. It calls attention to a soil management system commonly followed in
the tropics and subtropics where the majority of the world’s population lives.
Also, it illustrates the interaction between plants and soil in determining the
type of soil structure required.

2.12 Soil Consistence

Soil consistence is a term used to describe the resistance of a soil at various
moisture contents to mechanical stresses or manipulations. It is a composite
expression of those cohesive and adhesive forces that determine the ease with
which a soil can be reshaped or ruptured. It is commonly measured by feeling
and manipulating the soil by hand, or by pulling a tillage instrument through
it. The consistence of soils is generally described at three soil moisture levels:
wet, moist, and dry.

Wet Soils. For wet soils, consistence is described in terms of stickiness and
plasticity. The degree of stickiness is indicated by nonsticky, slightly sticky,
sticky, and very sticky.

Plasticity is the capacity of soil to be molded—that is, to change shape
in response to stress and to keep that shape when the stress is removed. It
is evidenced when a thin rod is formed by rolling soil between the thumb
and forefinger. Terms used to describe the degree of plasticity are nonplastic,
slightly plastic, plastic, and very plastic.

Moist Soils. The consistence of moist soils is most important since it best
describes the condition of soils when they are tilled in the field. In practice
it is a general measure of the resistance of the soil to crushing between the
thumb and forefinger. Consistence of a moist soil is described in the following
terms, going from the material with least coherence to that which adheres so
strongly as to resist crushing between the thumb and forefinger.

1. Loose: noncoherent.

2. Very friable: coherent but very easily crushed.

3. Friable: easily crushed.

4. Firm: crushable under moderate pressure.

5. Very firm: crushable only under strong pressure.

6. Extremely firm: resistant to crushing between thumb and forefinger.
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Since the consistence of moist soils is quite dependent on the soil moisture
level, the accuracy of field measurement of this soil characteristic is most
dependent on the estimate of the soil moisture level. Therefore, coarse sands
would be expected to have a loose consistence. Well-granulated loams and
silt loams would be very friable, friable, or perhaps firm. Clays, silty clays,
and silty clay loams are more likely to be firm or very firm, especially if they
are low in organic matter. Such generalizations must be used with caution,
however, since soil consistence is influenced by factors such as type of clay
and kind and amount of humus present.

Dry Soils. When dry, soils resist crushing or other manipulation. The degree
of this resistance is related to the attraction of the particles for each other
and is expressed in such terms as rigidity and brittleness. In describing the
consistence of dry soils, the following terminology is used, starting with a
condition of little interparticle attraction and moving to a state of high cohesive
forces.

1. Loose: noncoherent.

2. Soft: breaks under slight pressure between thumb and forefinger to a pow-
dery mass.

3. Slightly hard: breaks under moderate pressure.

4. Hard: breaks with difficulty under pressure.

5. Very hard: very resistant to pressure; cannot be broken between thumb
and forefinger.

6. Extremely hard: extreme resistance to pressure; cannot be broken in the
hand.

Cementation. Some soil horizons exhibit cementation quite independent of
soil moisture level. The cementing agents are compounds such as oxides of
iron and aluminum, calcium carbonate, and silica. The consistence of the hori-
zons is expressed in terms of the degree of cementation.

1. Weakly cemented; cemented units can be broken in the hand.

2. Strongly cemented: units cannot be broken in the hand but can be broken
easily with a hammer.

3. Indurated: units breakable only with sharp blows of a hammer.

Field Example. How soil consistence varies with moisture content can be
explained by using the above terms to describe the variation of this soil property
in the field. Fine-textured clay soon after a rain is quite high in soil moisture
and is sticky to feel. It obviously is too wet to work and if manipulated will
tend to puddle or run together. Even when this soil is allowed to dry somewhat,
it may still be slightly sticky and will be plastic. It can be molded into various
forms by applying pressure. Although it can be plowed at this moisture content,
the furrow slice thus turned will likely form clods when the soil is allowed
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to dry. The consistence of these clods would then be considered as hard or
very hard.

At a moisture content slightly below that required for plastic consistence,
a soil is in optimum condition for working. If it has a high organic matter
content, it probably has the appropriate properties to be termed friable. The
exact moisture range over which this condition occurs will vary for different
soils. In general, this range is much wider for medium-textured soils such as
loams-and some silt loams than for finer-textured clays.

All soils should not be expected to behave like the clay soil just described.
Sandy soils, for example, do not become plastic or sticky when wet, or hard
when dry. They have a tendency to stay quite loose throughout their normal
field moisture range. Loams and silt loams will be intermediate in their behavior
between the clays and sands.

Consistence has importance for the practical utilization of soils. The terms
used to describe this soil property are relevant to soil tillage, compaction by
farm machinery, and so on. These subjects are covered in the next section.

2.13 Tilth and Tillage

Although frequent mention has been made of plowing and cultivation in relation
to soil structure, attention must be given to seedbed preparation and to the
maintenance of stable soil structure throughout the crop-growing season. A
convenient term, tilth, will greatly facilitate such a discussion.

Tilth Defined. Simply defined, tilth refers to “the physical condition of the
soil in relation to plant growth” and hence must include all soil physical condi-
tions that influence crop development.

Tilth depends not only on granule formation and stability but also on
such factors as moisture content, degree of aeration, rate of water infiltration,
drainage, and capillary-water capacity. As might be expected, tilth often
changes rapidly and markedly. For instance, the working properties of fine-
textured soils may be altered abruptly by a slight change in moisture and a
concomitant change in consistence.

Tillage and Crop Production. Tillage involves the manipulation of the soil
mechanically with the objective of promoting good tilth and in turn high crop
production. For centuries farmers have tilled the soil for three primary reasons:
(1) to control weeds, (2) to present a suitable seedbed for crop plants, and
(3) to incorporate organic residues into the soil.

Since the Middle Ages the moldboard plow has been the primary tillage
implement most used in the Western world. Its purpose is to lift, twist, and
turn the soil while incorporating crop residues and animal wastes into the
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plow layer. In more recent times, it has been supplemented by the disk plow,
which is used to cut up the residues and partially incorporate them into the
soil. In conventional practice such primary tillage has been followed by a
number of secondary tillage operations, such as harrowing, to kill weeds and
to break up clods and thereby prepare a suitable seedbed.

After the crop is planted, the soil may receive further secondary tillage
to control weeds and to break up crusting of the immediate soil surface. In
modern agriculture all these tillage operations are performed with tractors
and other heavy equipment that pass over the land many times before the
crop is finally harvested.

Short-Term Versus Long-Term Effects on Soil Tilth. The immediate ef-
fects of most tillage operations are beneficial. Crop residues are more quickly
broken down if they are cut up and incorporated into the soil by tillage imple-
ments. Immediately after plowing, the soil is loosened and the total pore space
is higher than before plowing. Tillage can provide excellent seedbeds and is
a good means of weed control. However, in the short term conventional tillage
leaves the soil surface bare and subject to wind and water erosion.

The long-term effects of tillage, especially plowing, are generally undesir-
able. Rapid breakdown of organic residues can hasten the reduction of soil
organic matter content and, in turn, of aggregate stability (see Figure 2.11).
Tractors and other heavy implements compact the soil not only through their
own weight but by the development of a dense zone (plow pan) immediately
below the plowed layer (Figure 2.16).

FIGURE 2.16 Root
distribution of a cotton plant.
On the right, interrow tractor
traffic and plowing have
caused a plowpan that
restricts root growth. Roots are
more prolific on the left where
there had been no recent
tractor traffic and the plowpan
had been broken up by a
subsoiling implement.
[Courtesy USDA National
Tillage Machinery
Laboratory.]
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2.14 Conservation Tillage?

The weaknesses of conventional tillage practices were emphasized in 1943
by E. H. Faulkner (1943) in his famous book Plowman’s Folly. However, the
minimum tillage practices he advocated were not widely adopted because of
the accompanying weed problems. When in the late 1950s and early 1960s
effective herbicides became widely available, most weeds were controllable
without tillage. This permitted the adoption over wide areas of tillage systems
that minimized or even eliminated the use of the plow. These new tillage
practices are collectively known as conservation tillage. Some involve plowing
but little if any secondary tillage, the crop being planted directly on the plowed

FIGURE 2.17 An illustration of one conservation tillage system. Wheat is being
harvested and soybeans are planted with no intervening tillage operation. This no-
tillage system permits double cropping, saves fuel costs and time, and helps conserve
the soil. [Courtesy Allis-Chalmers Corporation.)

1See Unger and McCalla (1980) for an excellent review of this subject. Also see Phillips
and Young (1973).
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land or in the wheel tracks of tractors pulling the planting equipment over
the plowed land. Others involve no plowing. Instead, the total land area is
tilled lightly before planting with implements that stir the soil but do not com-
pletely invert it (disks, chisels, sweeps). The extreme in minimum tillage in-
volves essentially no primary or secondary tillage (Figure 2.17). The crop is
planted on previously untilled soil. Only in the seedbed area does any mechani-
cal stirring or movement take place. A narrow slot, trench, or band is prepared
to permit seed placement and cover. This “no-till” system is growing in popular-
ity especially on well-drained, friable soils.

A key element of all conservation tillage practices is the judicious use
of herbicides to control weeds. In the spring, a previous year's sod crop or a
winter cover crop can be treated before the new crop is planted. This stops
the growth of the sod, leaves the soil covered to prevent erosion and to encour-
age water penetration, and permits the new crop to grow with little competition.

In the United States, conservation tillage is becoming increasingly popular,
the area so tilled having reached more than 33 million hectares (82 million
acres) by 1982. The annual rate of increase since 1972 has averaged about
1.7 million hectares.
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FIGURE 2,18 In well-drained soils no-till systems usually give equal or higher corn
yields than conventional tillage does. On poorly drained soils, however, conventional
systems-—where the land is plowed and then a seedbed prepared—are superior. [Indiana
data from Griffith et al. (1976); Ohio data from Van Doren et al. (1976).]
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Assessment of Conservation Tillage. In areas where they have been adopted,
conservation tillage systems have some advantages over conventional tillage
systems. Conservation tillage generally makes possible greater coverage of
the soil with crop residues. This assures better water and wind erosion control,
increases infiltration of water into the soil, and reduces evaporation from it
(see Section 16.12). In addition, the reduction in time required for land prepara-
tion and planting permits double cropping in some situations. These matters
will all be given more detailed consideration in Chapter 16.

Among the disadvantages of conservation tillage is the cost of the herbi-
cides to keep weeds under control. However, this must be weighed against
savings in fuel from the lower energy requirements of the conservation tillage
systems. Insect and pathogen damage may be increased by conservation tillage,
probably due to the favorable effects of crop residues on these pests.

Crop yields from the two systems are about the same on well-drained
soils (Figure 2.18). On poorly drained soils, however, the conventional system,
which requires plowing, has given higher yields. This may be due to the fact

FIGURE 2.19 The effect of tillage on Soil surface
the bulk density of a loam soil that had 0 B e L TR B S S R D S S R RN
been cropped for 6 years with barley.
The no-till plot had higher bulk
densities at all depths. Measurements
made just before harvest. [Data 6
selected from Soane and Pidgeon
(1975). Copyright © 1975, The Williams No-till
& WilkinsCo., Baltimore, MD; used with
permission.]
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that bulk density is generally higher (Figure 2.19) and pore space is somewhat
less in the soils with minimum or no tillage. Also, pore size tends to be smaller.
Although reduced porosity of well-drained soils apparently has no adverse
effects on crop yields, such is not the case in poorly drained areas.

The use of conservation tillage systems probably will continue to spread,
and this trend should have decided benefits for erosion control. It may also
have long-term benefits on soil tilth.
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[Preceding page] A neutron probe is used to measure soil moisture to help plan irrigation
cycles and to conserve water in an avocado grove in California. [Courtesy USDA Soil
Conservation Service.|
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We are interested in soil-water relationships for several reasons. First, large
quantities of water must be supplied to satisfy the requirements of growing
plants as the water is lost by evaporation from leaf surfaces (evapotranspira-
tion). This water must be available when the plants need it, and most of it
must come from the soil. Second, water is the solvent that, together with the
dissolved nutrients, makes up the soil solution. The significance of this soil
component has already been adequately stressed. Third, soil moisture helps
control two other important components so essential to normal plant growth—
soil air and soil temperature. And last but not least, the control of the disposition
of water as it strikes the soil determines to a large extent the incidence of
soil erosion—that devastating menace which constantly threatens to impair
or even destroy our soils.

Structure and Related Properties of Water

Water participates directly in dozens of soil and plant reactions and indirectly
affects many others. Its ability to do so is determined primarily by its structure.
Water is a simple compound, its individual molecules containing one oxygen
atom and two much smaller hydrogen atoms. The elements are bonded together
covalently, each hydrogen proton sharing its single electron with the oxygen.
The resulting molecule is not symmetrical, however. Instead of the atoms being
arranged linearly (H—O—H) the hydrogen atoms are attached to the oxygen
in sort of a V arrangement at an angle of only 105°. As shown in Figure 3.1,
this results in an asymmetric molecule with the shared electrons being closer
to the oxygen than to the hydrogen. Consequently, the side on which the hydro-
gen atoms are located tends to be electropositive and the opposite side elec-
tronegative. This accounts for the polarity of water and in turn for many reac-
tions so important in soil and plant science.

Polarity. The property of polarity helps explain how water molecules interact
with each other. Each water molecule does not act completely independently
but rather is coupled with other neighboring molecules. The hydrogen or posi-
tive end of one molecule attracts the oxygen end of another, resulting in a
polymer-like grouping. Polarity also accounts for a number of other important
properties of water. For example, it explains why water molecules are attracted
to electrostatically charged ions. Cations such as Na*, K*, and Ca?* become
hydrated through their attraction to the oxygen, or negative, end of water.
molecules. Likewise, negatively charged clay surfaces attract water, this time
through the hydrogen, or positive, end of the molecule. Polarity of water mole-
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FIGURE 3.1 Two-dimensional
representation of a water molecule showing a
large oxygen atom and two much smaller
hydrogen atoms. The HOH angle of 105° resuits
in an asymmetrical arrangement. One side of
the water molecule (with the two hydrogens)
is electropositive (P) and the other
electronegative (N). This accounts for the
polarity of water.

Hydrogen nucleus

Oxygen nucleus

Hydrogen nucleus

cules also encourages the dissolution of salts in water since the ionic compo-
nents have greater attraction for water molecules than for each other.

When water molecules become attracted to electrostatically charged ions
or clay surfaces, they do so in closely packed clusters. In this state their free
energy is lower than in pure water. Thus, when ions or clay particles become
hydrated, energy must be released. The released energy is evidenced as heat
of solution when ions hydrate, or as heat of wetting in the case of hydrating
clay particles (see Section 2.2).

Hydrogen Bonding. The phenomenon by which hydrogen atoms act as links
between water molecules is called hydrogen bonding. This is a relatively low
energy coupling in which a hydrogen atom is shared between two small elec-
tronegative atoms such as O, F, and N. Because of its high electronegativity,
an O atom in one water molecule can exert some attraction for the H atom
in a neighboring water molecule. This type of bonding accounts for the polymeri-
zation and structure of water and for the relatively high boiling point, specific
heat, and viscosity of water compared to the same properties of other hydrogen-
containing compounds, such as H,S, which has a similar molecular weight
but no hydrogen bonding. It is also responsible for the structural rigidity of
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FIGURE 3.2 Comparative forces acting on water
molecules at the surface and beneath the surface. Forces
acting below the surface are equal in all directions since
each water molecule is attracted equally by neighboring
water molecules. At the surface, however, the attraction
of the air for the water molecules is much less than that
of water molecules for each other. Consequently, there
is a net downward force on the surface molecules, and
the result is something like a compressed film or membrane
at the surface. This phenomenon is called surface tension.

Air
Water-air interface N\ ‘

Water

kaolinite crystals and for the structure of some organic compounds, such as
proteins.

Cohesion Versus Adhesion. Hydrogen bonding accounts for two basic forces
responsible for water retention and movement in soils. One is the attraction
of molecules for each other (cohesion). The other is the attraction of water
molecules for solid surfaces (adhesion). By adhesion, solids hold water mole-
cules rigidly at their soil-water surfaces. These molecules in turn hold by
cohesion other water molecules further removed from the solid surfaces. To-
gether, these forces make it possible for the soil solids to retain water and
control its movement and utilization. They also make possible the property
of plasticity possessed by clays (see Section 2.2).

Surface Tension. One other important property of water that markedly influ-
ences its behavior in soils is that of surface tension. This phenomenon is com-
monly evidenced at liquid-air interfaces and results from the greater attraction
of water molecules for each other (cohesion) than for the air above (Figure
3.2). The net effect is an inward force at the surface that causes water to
behave as if its surface were covered with a stretched elastic membrane. Be-
cause of the relatively high attraction of water molecules for each other, water
has a high surface tension compared to that of most other liquids. As we
shall see, surface tension is an important property, especially as a factor in
the phenomenon of capillarity.

Capillary Fundamentals and Soil Water

The phenomenon of capillarity is a common one, the classic example being
the movement of water up a wick when the lower end is immersed in water.
Capillarity is due to two forces: (a) the attractive force of water for the solids
on the walls of channels through which it moves (adhesion) and (b) the surface
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tension of water, which is due largely to the attraction of water molecules
for each other (cohesion).

Capillary Mechanism. Capillarity can be demonstrated by placing one end
of a fine glass tube in water. The water rises in the tube, and the smaller
the tube bore, the higher the water rises (Figure 3.3). The water molecules
are attracted to the sides of the tube and start moving up the tube in response
to this attraction. The cohesive force between individual water molecules as-
sures that water ot directly in contact with the side walls is also pulled up
the tube. This continues until the weight of water in the tube counterbalances

The height of rise in a capillary tube is inversely proportional to the tube
diameter and directly proportional to the surface tension, which in turn is
determined largely by cohesion between water molecules. The capillary rise
can be approximated as

where h is the height of capillary rise in the tube, T is the surface tension, r
is the radius of the tube, d is the density of the liquid, and g is the force of
gravity. For water, this equation reduces to the simple expression

p =018
r

FIGURE 3.3 Diagrams illustrating
the phenomenon of capillarity. (a) The
situation just before lowering a fine
glass tube to the water surface. (b)
When the tube is inserted in the liquid, ] e
water moves up the tube owing to (c) s
the attractive forces between the d
water molecules and the wall of the e
tube (adhesion) and to the mutual L=l
attraction of the water molecules for ) ~
each other (cohesion). Water will
move up the tube until the downward
pull of gravity equals the attractive 3
forces of cohesion and adhesion. ¥
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FIGURE 3.4 Upward movement by capillarity (a) in glass tubes of different sizes
and (b) in soils. While the mechanism is the same in the tubes and in the soil, adjustments
are extremely irregular in soil because of the tortuous nature and variability in size
of the soil pores and because of entrapped air.

This emphasizes the inverse relation between height of rise and the size of
the tube through which the water rises.

Height of Rise in Soils. Capillary forces are at work in all moist soils. However,
the rate of movement and the rise in height are less than one would expect
on the basis of soil pore size. One reason is that soil pores are not straight,
uniform openings like glass tubes. Furthermore, some soil pores are filled with
air, which may be entrapped, slowing down or preventing the movement of
water by capij i

The upward movement due to capillarity in soils is illustrated in Figure
3.5. Usually the height of rise resulting from capillarity is greater with fine-
textured soils if sufficient time is allowed and the pores are not too small.
This is readily explained on the basis of the capillary size and the continuity
of the pores. With sandy soils the adjustment is rapid, but so many of the
pores_are noncapillary that the height of rise cannot be great.

Although the principle of capillarity is traditionally illustrated as an up-
ward adjustment, movement in any direction takes place in response to capillar-
ity. This is expected since the attractions between soil pores and water are
as effective with horizontal pores as with vertical ones. The significance of
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FIGURE 3.5 Upward movement of 100

moisture from a water table through

soils of different textures and Loam
structures. Note the very rapid rise in 75

the sand but the moderate height
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capillarity in controlling water movement in small pores will become evident
as we turn to soil water energy concepts.

3.3 Soil Water Energy Concepts!

The retention and movement of water in soils, its uptake and translocation
in plants, and its loss to the atmosphere are all energy-related phenomena.
Different kinds of energy are involved, including potential, kinetic, and electri-
cal. In the discussions that follow, however, free energy is the term we shall
use to characterize the energy status of water. This is appropriate since free

energy_is sort of a summation of all other forms of energy available to da_
work, Also, its level in a substance is a general measure of the tendency of
that substance to change. As we consider energy, we should keep in mind
that all substances, including water, have a tendency to move or change from
a state of higher to one of lower free energy. Water movement in soils is
from a zone where the free energy of the water is high to one where its free
energy is low. Water will move readily from a soil saturated with water (high
free energy) to a dry soil (low free energy). Therefore, knowledge of the energy
levels at various points in a soil makes possible predictions of the direction
of water movement and gives some idea of the forces to which the water is
subjected. As one might expect, there is great variability in the free energy
levels of water in soils. However, the absolute level of free energy of water
is not so critical as are differences in energy levels from one contiguous site
to another.

! For a more comprehensive coverage of this subject see Papendick and Campbell (1981)
and Hillel (1982).
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Forces Affecting Free Energy. The discussion of properties of water in the
previous section suggests three important forces affecting the free energy of
soil water. Adhesion, or the attraction of the soil solids (matrix)-for water,
provides a matric force (responsible for capillarity) that markedly reduces
the free energy of the adsorbed water molecules and even those held by cohe-
sion. Likewise, the attraction of ions and other solutes for water resulting in
osmotic forces tends to reduce the free energy of soil solution. Osmotic move-
ment of pure water across a semipermeable membrane into a solution is evi-
dence of the lower free energy state of the solution.

The third major force acting on soil water is gravity, which tends to pull
themmm'a given elevation in
the profile is thus higher than that of pure water at some lower elevation.
Such a difference in free energy level causes water to flow.

Total Soil Water Potential. While free energy levels are important, the differ-
ence in free energy from one contiguous site to another is of greater practical
significance. This difference, termed the total soil water potential, ultimately
determines soil water behavior. Technically, the total soil water potential is
defined as “the amount of work that must be done per unit quantity of pure
water in order to transport reversibly and isothermally an infinitesimal quantity
of water from a pool of pure water at a specified elevation at atmospheric
pressure to the soil water (at the point under consideration).” While it is imprac-
tical to make the measurements specified in this formal definition, the definition
stresses that soil water potential is the difference between the energy state
of soil water and that of pure free water.

Total soil water potential is in effect the sum of the potentials resulting
from various forces acting on soil water. Thus, the gravitational, matric, and
osmotic potentials are the differences in free energy resulting from the gravita-
tional, matric, and osmotic forces, respectively. These relationships can be
expressed by

Y =Yg +m + Yo + .

where s, is the total soil water potential, {, is the gravitational potential,
Um is the matric potential, and {, is the osmotic potential. (Other less signifi-
cant potentials are indicated by the dots.) The relationship of soil-water poten-
tial to free energy is shown in Figure 3.6.

Gravitational Potential. The force of gravity acts on soil water the same as
it does on any other body, the attraction being toward the earth’s center. The
gravitational potential (Y;) of soil water may be expressed mathematically
as

Yo = gh

3 Soil Water: Characteristics and Behavior
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FIGURE 3.6 Relationship between the free energies of pure water and of soil water
and the effect of elevation on free energy to illustrate the gravitational potential. Note
that osmotic effects and the effects of attraction of the soil solids (matrix) for water
both decrease the free energy of soil water. The extent of this decrease represents
the osmotic and matric potentials, respectively. The effect of gravity is to increase
the free energy if the standard reference point assigned to free water is at a lower
elevation than the soil water in the profile. Note that both osmotic and matric potentials
are negative, explaining why they are sometimes referred to as suction or tension.
The gravitational potential is generally positive. The behavior of soil water at any
one time will be affected by each of these three potentials.

where g is the acceleration of gravity and h is the height of the soil water
above a reference elevation. The reference elevation is usually chosen within
the soil profile or at its lower edge, thus assuring that the gravitational potential
of soil water above the reference point will always be positive. The reference
point could be selected at some elevation above the soil water under consider-
ation, in which case the gravitational potential would be negative.

Gravity plays an important role in removing excess water from the upper
rooting zones following heavy precipitation or irrigation. It will be given further
attention when the movement of soil water is discussed (Section 3.7).

Matric and Osmotic Potentials. The relationship between these two com-
ponents of total soil water potential is shown in Figure 3.7. Figures 3.6 and
3.7 should be studied carefully to be certain the meaning of these two potentials
is clear.

Matric potential is the result of two phenomena, adsorption and capillarity
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FIGURE 3.7 Relationship among osmotic, matric, and combined soil water potentials.
Assume a container of soil separated from pure water by a membrane permeable only
to the water (left). Water will move into the soil in response to the attractive forces
associated with soil solids (matric) and with solutes (osmotic). At equilibrium, the
height of rise in the mercury in the tube above the vessel A is a measure of this
combined soil water potential (matric plus osmotic). If a second container were to be
placed between the pure water and the soil and if it were separated from the soil by
a membrane permeable to both water and solutes (right), ions would move from the
soil into this container, eventually giving a concentration not too different from the
soil solution. The difference between the free energies of the pure water and of the
soil solution gives a measure of the osmotic potential. The matric potential is the
difference between the combined and osmotic potentials and is measured by the height
of rise of the mercury in vessel B. The gravity potential is not shown in this diagram.
[Modified from Richards (1965).]

Y|

(Figure 3.8). The attraction of soil solids and their exchangeable ions for water
(adsorption) was emphasized in a previous section, as was the loss of energy
(heat of wetting) when the water is adsorbed. This attraction, along with the
surface tension of water, also accounts for the capillary force (see Section
3.2). The net effect of these phenomena is to reduce the free energy of soil
water as compared to that of unadsorbed pure water. Consequently, matric

potentials are always negative.

The matric potential exerts its effect not only on soil moisture retention
but on soil water movement as well. The adsorptive and capillary forces tend
to resist soil water movement when the soil pores are mostly filled with water.
The opposite is true, however, at lower moisture contents where these forces
encourage water movement from a moist zone (high free energy) to a dry
one (low free energy). Although this latter movement is slow, it is extremely

important, especially in supplying water to plant roots.
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FIGURE 3.8 Two “forms"” of water that
together give rise to matric potential. The soil
solids tightly absorb water, whereas capillary
forces are responsible for water’s being held
in the capillary pores.
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Adsorbed
water
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The osmotic potential is attributable to the presence of solutes in the
soil—in other words, to the soil solution. The solutes may be ionic or nonionic,
but their net effect is to reduce the free energy of water, primarily because
the solute ions or molecules attract the water molecules. The process of osmosis
is illustrated in Figure 3.9. This figure should be studied carefully.

Unlike the matric potential, the osmotic potential has little effect on the
mass movement of water in soils. Its major effect is on the uptake of water
by plant roots. The root membrane, which transmits water more freely than
solutes, permits the osmotic effects to be exerted, a matter of considerable
importance if the solute content of soils is high. The osmotic potential also
affects the movement of water vapor since water vapor pressure is lowered
by the presence of solutes.

Suctions and Tensions. Both the matric and osmotic potentials are negative
because the attractive and osmotic forces responsible for these potentials both
reduce the free energy level of the soil water (Figure 3.6). Consequently, these
negative potentials are sometimes referred to as tensions or suctions, indicating
that they are responsible for the soil’s ability to attract and adsorb pure water.
The terms “tension” and “suction” have the advantage over “potential” in
that they are expressed in positive rather than negative units. Thus, soil solids
are responsible for a negative potential, which can be expressed as a positive
tension or suction. For that reason the terms “suction” and “tension” will be
used from here on to refer to the matric and osmotic negative potentials.
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FIGURE 3.9 Illustration of the process of osmosis and of osmotic pressure. (a) A
U-tube containing water (W) in the left arm and a solution (S) of sugar in water in
the right arm. These are separated by a membrane that is permeable to water molecules
but not the dissolved sugar. (b) Enlarged portion of the membrane with H,O molecules
moving freely from the water side to the solution side and vice versa. The sugar
molecules, in contrast, are unable to penetrate the membrane. Since the effect of sugar
is to decrease the free energy of the water on the solution side, more water passes
from left to right than from right to left. (c} At equilibrium sufficient water has passed
through the membrane to bring about significant differences in the heights of liquid
in the two arms. The difference in the levels in the W and S arms represents the
osmotic potential. [Modified from Keeton (1972).]

Methods of Expressing Energy Levels. Several units have been used to express
differences in energy levels of soil water. A common means of expressing
tension (negative potential) is in terms of the height in centimeters of a unit
water column whose weight just equals the tension under consideration. The
greater the centimeter height, the greater is the suction or tension measured.
We may thus express the tenacity with which water is held in soils in centime-
ters of water or we may convert such readings into other units. For example,
the logarithm of the centimeter height is sometimes used.

Another common means of expressing tension is that of the bar, which
is the pressure exerted by a column of water 1023 cm in height. This approxi-
mates the standard atmosphere, which is the average air pressure at sea level,
14.7 1b/in.2 or 760 mm Hg. The term millibar (mbar) identifies %, bar. The
suction of water 10 cm high is about Y, bar (10 mbars), that of a column
100 cm high about %, bar (100 mbars), and that of a 1,000 cm column about 1
bar (1000 mbars). In Table 3.1 the moisture tension in bars is compared with
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equivalent tension resulting from different heights of a column of water. The
bar and millibar units are used in most cases in this text.

TABLE 3.1 Approximate Equivalents of Common
Means of Expressing Differences in Energy Levels of

Soil Water
Height of unit column Soil water Soil water
of water (cm) potential (bars) tension (bars)®
0 0 0
10.2 —0.01 0.01
102 -0.1 01
204 —-0.2 0.2
306 -0.3 0.3
1,023 -1.0 1.0
10,230 -10 10
15,345 —15 15
31,713 -=31 31
102,300 =100 100

a To obtain an expression of soil water tension in the SI
unit megapascal (MPa), multiply the number of bars by 0.1.

3.4. Soil Moisture Content Versus Tension

The previous discussions suggest an inverse relation between the water content
of soils and the suction or tension with which the water is held. Water is
more apt to flow out of a wet soil than from one low in moisture. As we
might expect, many factors affect the relationship between soil water tension
and moisture content. A few examples will illustrate this point.

Soil Moisture-Energy Curves. The relationship between soil water tension
and moisture content of three soils of different texture is shown in Figure
3.10. The absence of sharp breaks in the curves indicates a gradual decrease
in tension with increased soil water and vice versa. The clay soil holds much
more water at-agiven tension level than does loam or sand. Likewise, at a
given moisture content the water is held much more tenaciously in the clay
as compared to the other two soils. As we shall see, much of the water held
by clay soils in the field is held so tightly that it cannot be removed by growing
plants. In any case, the influence of texture on soil moisture retention is obvious.

The structure of a soil also influences its soil moisture-energy relationships.
A well-granulated soil has more total pore space than has a similar soil where
the granulation has been destroyed and the soil has become compacted. The
reduced pore space may be reflected in a lower water-holding capacity. The
compacted soil may also have a higher proportion of small and medium-sized
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FIGURE 3.10 Soil moisture tension curves for three representative mineral soils.
The curves show the relationship obtained by slowly drying completely saturated soils.

pores, which tend to hold the water with a greater suction than do the larger
pores.

The soil moisture-suction curves in Figure 3.10 have marked practical sig-
nificance. They illustrate retention-energy relationships, which influence vari-
ous field processes, the two most important of which are the movement of
water in soils and the uptake and utilization of water by plants. The curves
should be referred to frequently as the applied aspects of soil water behavior
are considered, in the following sections.

3.5 Measuring Soil Moisture

Two general types of measurements are applied to soil water. The moisture
content may be measured, directly or indirectly, or the soil moisture potentia

. . \’-—'-’\,___—-—————A
(tension or Suction] may be determined.

Moisture Content. A common method of expressing soil moisture percentage
is in terms of wet weight percentage or the kilograms of water associated
with 1 kg of dry soil. For example, if 1 kg of moist soil (soil and water) loses
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FIGURE 3.11 How a neutron moisture meter operates. The probe, containing a source
of fast neutrons and a slow neutron detector, is lowered into the soil through an access
tube. Neutrons are emitted by the source (e.g., radium or americium-beryllium) at a
very high speed (fast neutrons). When these neutrons collide with a small atom such
as hydrogen contained in soil water, their direction of movement is changed and they
lose part of their energy. These “slowed"” neutrons are measured by a detector tube
and a scalar. The reading is related to the soil moisture content.

0.2 kg of water when dried, the 0.8 kg of dry matter is used as the base for
the percentage calculation, 0.2/0.8 X 100 = 25%. The weight of the wet soil
is an unsatisfactory basis for calculation since it changes with every moisture
fluctuation.

Moisture content is also commonly expressed in volume percentage, that
is, the volume of soil water as a percentage of the volume of the soil sample.
Other volume measures, such as cubic meters of HO per cubic meter of soil,
are employed. These measures have the advantage of giving a better picture
of the moisture available to roots in a given volume of soil.

The gravimetric method for measuring soil moisture is most commonly
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used to measure weight percentage. A known weight of a sample of moist
soil, usually taken in cores from the field, is dried in an oven at a temperature
of 100-110°C and weighed again. The moisture lost by heating represents the
soil moisture in the moist sample.

The resistance method takes advantage of the fact that the electrical resis-
tance of certain porous materials such as gypsum, nylon, and fiberglass is
related to their water content. When blocks of one of these materials, with
suitably embedded electrodes, are placed in moist soil, they absorb soil mois-
ture until equilibrium is reached. The electrical resistance in the blocks is
determined by their moisture content and in turn by the tension or suction
of water in the nearby soil. The relationship between the resistance reading
and the soil moisture tension (and the moisture percentage) can be determined
by calibration. The blocks are used for measuring the moisture content in
selected field locations over a period of time. They give reasonably accurate
moisture readings in the range of 1-15 bars tension.
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FIGURE 3.12 Tensiometer method of determining moisture stress. (a) Tensiometers
in place in the field. (b) Cross section showing essential components of a tensiometer.
Water will move through the porous end of the instrument in response to the pull of
the soil, and the resulting tension is measured by the gauge. [Photo courtesy T. W.
Prosser Co., Arlington, CA.]
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FIGURE 3.13 Pressure membrane apparatus used to determine moisture content-
matric tension relations in soils. An outside source of gas creates a pressure ingide
the cell. Water is forced out of the soil through a porous plate into a cell at atmospheric
pressure. This apparatus will measure much higher soil suction values than will
tensiometers or tension plates.

Another method of determining soil moisture in the field involves neutron
scattering. The principle of the neutron moisture meter is based on the ability
DI I T Doy . (]
of hydrogen to reduce drastically the speed of fast-moving neutrons and to
scatter them (Figure 3.11). These meters are versatile and give quite accurate
results in mineral soils, where water is the primary source of combined hydro-
gen. In organic soils, however. the method has limited value because much
hydrogen in these soils is combined in substances other than water.

Tension Methods. Field tensiometers, such as the one shown in Figure 3.12,
measure the tension with which water is held in soils. Their effectiveness is
based on the principle that water in the tensiometer equilibrates through a
porous cup with adjacent soil water and that the suction in the soil is the
same as the suction in the potentiometer. They are used successfully in deter-
mining the need for irrigation when the moisture is being kept near the field
capacity. Their range of usefulness is between 0 and 0.8 bar tension.

A tension plate apparatus is a form of tensiometer used under laboratory
conditions. A core of soil is placed firmly on a porous plate to which a suction
is applied. The soil core eventually reaches equilibrium with the porous plate.
The sample is weighed and the relationship between tension and soil moisture
content determined. The range of suitability of this apparatus is from 0 to 1
bar only.

A pressure membrane apparatus (Figure 3.13) is used to measure matric
tension-moisture content relations at tension values as high as 100 bars. This
important laboratory tool makes possible the accurate measurement of energy—
soil moisture relations of a number of soil samples over a wide energy range
in a relatively short time.
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3.6 Types of Soil Water Movement

Water is a notably dynamic soil constituent, and three types of movement
within the soil are recognized—unsaturated flow, saturated flow, and vapor
equilizations. Both saturated and unsaturated flow involve liquid water in
contrast to vapor flow. We shall consider liquid water flow first.

The flow of liquid water is due to a gradient in soil water potential from
one soil zone to another. The direction of flow is from a zone of higher to
one of lower moisture potential. Saturated flow takes place when the soil
pores are completely filled (or saturated) with water. Unsaturated flow occurs
when the pores in even the wettest soil zones are only partially filled with
water. In each case, moisture flow is due to energy-soil water relations. This
will be evident as we consider the three types of movement.

3.7 Saturated Flow Through Soils

90

In most soils, at least some soil pores contain air as well as water; that is,
they are unsaturated. Under some conditions, however, at least part of a soil
profile may be completely saturated; that is, all pores, large and small, are
filled with water. The lower horizons of poorly drained soils are often saturated
with water. Even portions of well-drained soils are sometimes saturated. Above
stratified layers of clay, for example, the soil pores may all be saturated at
times. During and immediately following a heavy rain or irrigation application,
pores in the upper soil zones are often filled entirely with water.

The flow of water under saturated conditions is determined by two major
factors, the hydraulic force driving the water through the soil and the ease
with which the soil pores permit water movement. This can be expressed
mathematically as

V=Kf

where V is the total volume of water moved per unit time, f is the water
moving force, and K is the hydraulic conductivity of the soil. It should be
noted that the hydraulic conductivity of a saturated soil is essentially constant,
being dependent on the size and configuration of the soil pores. This is in
contrast to the situation in an unsaturated soil, where hydraulic conductivity
decreases with the moisture content.

An illustration of vertical saturated flow is shown in Figure 3.14. The driving
force, known as the hydraulic gradient, is the difference in height of water
above and below the soil column. The volume of water moving down the
column will depend upon this force as well as the hydraulic conductivity of
the soil.

It should not be inferred from Figure 3.14 that saturated flow occurs only
down the profile. The hydraulic force will also cause horizontal and upward
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FIGURE 3.14 Saturated (percolation) Water
flow in a column of soil. All soil pores

are filled with water. The force drawing

the water through the soil is Ah, the

difference in the heights of water above

and below the soil layer. This same force

could be applied horizontally. The water

is shown running off into a side container

to illustrate that water is actually moving

down the profile.

Soil column

flow. The rate of flow is usually not quite as rapid, however, since the force
of gravity does not assist horizontal flow and hinders upward flow. Downward
and horizontal flow is illustrated in Figure 3.15, which records the flow of
irrigation water into two soils, a sandy loam and a clay loam. Most of the
water movement was likely by saturated flow. The water moved down much
more rapidly in the sandy loam than in the clay loam. On the other hand,
horizontal movement was much more evident in the clay loam.

Factors Influencing the Hydraulic Conductivity of Saturated Soils. Any factor
affecting the size and configuration of soil pores will influence hydraulic conduc-
tivity. The total flow rate in soil pores is proportional to the fourth power of
the radius. Thus, flow through a pore 1 mm in radius is equivalent to that in
10,000 pores with a radius of 0.1 mm even though it takes only 100 pores of
radius 0.1 mm to give the same cross-sectional area as a1 mm pore. Obviously,
the macropore spaces will account for most of the saturated water movement.

The texture and structure of soils are the properties to which hydraulic
conductivity is most directly related. Sandy soils generally have higher satu-
rated conductivities than finer-textured soils. Likewise, soils with stable granu-
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FIGURE 3.15 Comparative rates of irrigation water movement into a sandy loam
and a clay loam. Note the much more rapid rate of movement in the sandy loam,
especially in a downward direction. [Redrawn from Cooney and Peterson (1955).]

lar structure conduct water much more rapidly than do those with unstable
structural units, which break down upon being wetted. Fine clay and silt can
clog the small connecting channels of even the larger pores. Fine-textured
soils that crack during dry weather at first allow rapid water movement. Later,
these cracks swell shut, thereby drastically reducing water movement.
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Hydraulic conductivity is influenced markedly by the moisture content
of the soil (Figure 3.16). At high moisture levels, especially near saturation, a
large proportion of the soil water is in the macropores and saturated flow is
relatively rapid. As the moisture content decreases, the soil water is held
mostly in the micropores and hydraulic conductivity is greatly reduced.

From a practical point of view saturated flow is very important, especially
with poorly drained soils. We shall discuss these aspects in later chapters
where percolation and soil drainage are considered.

3.8 Unsaturated Flow in Soils

Under field conditions most soil water movement occurs where the soil pores
are not completely saturated with water. The soil macropores are mostly filled
with air, and the micropores (capillary pores) with water and some air. Further-
more, the irregularity of soil pores results in isolated pockets of water not in
contact with each other. Water movement under these conditions is very slow
compared to that occurring when the soil is saturated. This fact is illustrated
in Figure 3.17, which shows the generalized relation between matric tension
(suction) and conductivity. At or near zero tension, the tension at which satu-
rated flow occurs, the hydraulic conductivity is orders of magnitude greater
than at tensions of 0.1 bar and above, which characterize unsaturated flow.

At low tension levels hydraulic conductivity is higher in the sandy soil
than in the clay. The opposite is true at higher tension values. This relationship
is to be expected since the dominance of large pores in the coarse-textured
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FIGURE 3.18 Rate of water 19
movement from moist soils at three
moisture levels to a drier one. The
higher the water content of the moist
soil, the greater will be the tension
gradient and the more rapid will be the
delivery. Water adjustment between
two slightly moist soils at about the
same water content will be exceedingly
slow. [After Gardner and Widtsoe
(1921).]
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soil encourages saturated flow. Likewise, the prominence of finer (capillary)
pores in the clay soil encourages more unsaturated flow than in the sand.

Factors Affecting Unsaturated Flow. Unsaturated flow is governed by the
same general principles affecting saturated flow—that is, its direction and rate
are related to the hydraulic conductivity and to a driving force, which in this
case is moisture tension gradient or moisture suction gradient. This gradient
is the difference in tension between two adjoining soil zones. Movement will
be from a zone of low tension (high matric potential) to one of high tension
(low matric potential) or from a zone of thick moisture films to one where
the films are thin. The force responsible for this tension is the attraction of
soil solids for water.

The influence of tension gradient is illustrated by the moisture curves
shown in Figure 3.18, where the rate of water movement from a moist soil
into a drier one is shown. The higher the percentage of water in the moist
soil, the greater is the tension gradient and the more rapid is the flow. In
this case the rate of movement obviously is a function of the tension gradient.

3.9 Water Movement in Stratified Soils

94

The discussion up to now has dealt almost entirely with soils that are assumed
to be quite uniform in texture and structure. In the field, layers differing in
physical makeup from the overlying horizons are common. These have a pro-
found influence on water movement and deserve specific attention.

Various kinds of stratification are found in many soils. Impervious silt
or clay pans are common, as are sand and gravel lenses or other subsurface
layers. In all these cases, the effect on water movement is similar—that is,
the downward movement is impeded. The influence of layering is represented
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FIGURE 3.19 Downward water movement
in soils having a stratified layer of coarse
material. (a) Water is applied to the surface
of a medium-textured topsoil. Note that after
40 min, downward movement is no greater
than movement to the sides, indicating that
in this case the gravitational force is
insignificant compared to the tension gradient
between dry and wet soil. (b) The downward
movement stops when a coarse-textured
layer is encountered. After 110 min no
movement into the sandy layer has occurred.
(c) After 400 min the moisture content of the
overlying layer becomes sufficiently high to
give a moisture tension of 0.5 atm or less,
and downward movement into the coarse
material takes place. Thus, sandy layers, as
well as compact silt and clay, influence
downward moisture movement in soils.
[Courtesy W. H. Gardner, Washington State
University.}

(c)
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in Figure 3.19. The change in texture from that of the overlying material results
in conductivity differences that prevent rapid downward movement.

The significance of this effect of stratification is obvious. For example, it
definitely influences the amount of water the upper part of the soil holds in
the field. The layer acts as a moisture barrier until a relatively high moisture
level is built up. This gives a much higher field moisture level than that normally
encountered in freely drained soils.

3.10 Water Vapor Movement in Soils
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Water vaporization as it relates to soils may be distinguished for convenience
of discussion as internal and external. In the one case, the change from the
liquid to the vapor state takes place within the soil, that is, in the soil pores.
In the second case, the phenomenon occurs at the land surface, and the resulting
vapor is lost to the atmosphere by diffusion and convection. The latter, com-
monly called surface evaporation, will be considered later (see Section 15.4).
For the present, only vaporization and vapor adjustment tendencies within
the soil are pertinent.

Relative Humidity of the Soil Air. The soil air is maintained essentially satu-
rated with water vapor so long as the moisture tension is not above about
31 bars. At this tension and less, water seems to be free enough to maintain
the air at nearly 100% relative humidity. But when the moisture is held with
a greater tenacity, water vaporizes with great difficulty and its vapor pressure
is reduced.

This maintenance of the soil air at or very near a relative humidity of
100% is of tremendous importance, especially in respect to biological activities.
Nevertheless, the actual amount of water present in vapor form in a soil at
optimum moisture is surprisingly small, being at any one time perhaps not
over 11 kg in the upper 15 ¢cm of a hectare of soil (10 1b per acre—furrow
slice).

Mechanics of Water Vapor Movement. The diffusion of water vapor from
one area to another in soils occurs in response to differences in free energy.
The moving force in this case is the vapor pressure gradient. This gradient
is simply the difference in vapor pressure of two points a unit distance apart.
The greater this difference, the more rapid is the diffusion and the greater is
the transfer of vapor water during a unit period. Thus, if a moist soil where
the vapor pressure is high is in contact with a drier layer where the vapor
pressure is lower, a diffusion of water vapor into the drier area will tend to
occur. Likewise, if the temperature of one part of a uniformly moist soil mass
is lowered, the vapor pressure will be decreased and water vapor will tend
to move toward the cooler part. Heating will have the opposite effect.

The two soil conditions mentioned above—differences in relative humidity
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FIGURE 3.20 Vapor movement Soil horizons
tendencies that may be expected
between soil horizons differing as to

temperature and moisture. In (a) the Moist Cool Dry Cool
tendencies more or less negate each

other, but in (b) they are coordinated and

considerable vapor transfer might be

possible if the liquid water in the soil Dry Warm Moist Warm
capillaries does not interfere.

(a) (b)

and in temperature—seem to set the stage for the movement of water vapor
under ordinary field conditions. However, they may work at cross purposes
and reduce vapor transfer tendencies to a minimum, or they may be so coordi-
nated as to raise them to a maximum. The possible situations are diagrammed
in Figure 3.20.

Undoubtedly, some vapor transfer does occur within soils. The extent of
the movement by this means, however, probably is not great if the soil water
is within the range optimum for higher plants. In dry soils some moisture move-
ment may take place in the vapor form. Such movement may be of some signifi-
cance in supplying moisture to drought-resistant desert plants, many of which
can exist at extremely low soil-moisture levels.

311 Retention of Soil Moisture in the Field

With the energy-soil moisture relations covered in previous sections in mind,
we now turn to some more practical considerations. We shall start by following
the moisture and energy relations of a soil during and following a very heavy
rain or the application of irrigation water.

Maximum Retentive Capacity. During a heavy rain or while being irrigated,
a soil may become saturated with water and ready downward drainage will
occur. At this point the soil is said to be saturated with respect to water
(Figure 3.21), and at its maximum retentive capacity. The matric tension is
essentially zero.

Field Capacity. Following the rain or irrigation there will be a continued rela-
tively rapid downward movement of some of the water, in response to the
hydraulic gradient. After 2 or 3 days this rapid downward movement will
become negligible. The soil is then said to be at its field capacity. At this
time water has moved out of the macropores, and its place has been taken
by air. The micropores or capillary pores are still filled with water and will
supply the plants with needed moisture. The matric tension will vary slightly
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Saturation Field capacity Wilting point

7 Solid
[] water

Saturated soil 4. mL

T Ed T/F T
Field capacity I 199 g mL 1
Wilting coefficient "00 g
e 27
Hygroscopic coefficient 1008 8 mL Air
Aa

I-—Solid i Pore space—-l

FIGURE 3.21 Volumes of water and air associated with 100 g of a well-granulated
silt loam at different moisture levels. The top bar shows the situation when a
representative soil is completely saturated with moisture. This situation will usually
occur for short periods of time during a rain or when the soil is being irrigated. Water
will soon drain out of the larger or macropores. The soil is then said to be at the
field capacity. Plants will remove moisture from the soil quite rapidly until the wilting
coefficient is approached. Permanent wilting of the plants occurs at this point even
though there is still considerable moisture in the soil (wilting coefficient). A further
reduction in moisture content to the hygroscopic coefficient is illustrated in the bottom
bar. At this point, the water is held very tightly, mostly by the soil colloids. [Upper
drawings modified from Irrigation on Western Farms published by the U.S. Departments
of Agriculture and Interior.)
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from soil to soil but is generally in the range of 0.1-0.3 bar, assuming drainage
into a less moist zone of similar porosity. Moisture movement will continue
to take place, but the rate of movement (unsaturated flow) is quite slow since
it is now due primarily to capillary forces, which are effective only in the
micropores (Figure 3.20).

Permanent Wilting Percentage. As plants absorb water from a soil, they lose
most of it through evapotranspiration at the leaf surfaces. Some water is also
lost by evaporation directly from the soil surface. Both of these losses occur
simultaneously.

As the soil dries, plants begin to wilt during the daytime, especially if
temperatures are high and there is some wind movement. At first the plants
will regain their vigor at night. Ultimately, however, the rate of the supply of
water to the plants will be so slow that the plant will remain wilted night
and day. Although not dead, the plants are now in a permanently wilted condi-
tion and will die if water is not added. A measure of soil matric tension would
show a value of about 15 bars for most crop plants. Some xerophytes can
continue to remove water at this and even higher tensions.

The soil moisture content of the soil at this stage is called the permanent
wilting percentage. The water remaining in the soil is found in the smallest
of the micropores and around individual soil particles (Figure 3.20). Obviously,
a considerable amount of the water in soils is not available to higher plants.

Hygroscopic Coefficient. If a soil is kept in an atmosphere that is essentially
completely saturated with water vapor (98% relative humidity), it will lose

TABLE 3.2 Hygroscopic and Capillary Water Capacities of Various Soils®

1 2 3 4 5
Maximum
Field retentive
capacity Capillary  capacity
Organic Hygroscopic  (moisture  water (tension
matter coefficient equiv.) (col. 3 —2) near 0)
Sails (%) (%) (%) (%) (%)
Western soils
Sandy soil (Nebraska) 1.22 3.3 7.9 4.6 34.2
Red loam (New Mexico) 1.07 10.0 19.2 9.2 49.0
Silt loam (Nebraska) 4.93 10.2 27.8 17.8 60.9
Black adobe {Arizona) 2,22 129 25.8 12.9 60.3
lowa soils
Dickinson fine sand 213 34 7.6 4.2 44.5
Clarion sandy loam 3.01 6.9 15.5 8.6 58.0
Marshall silt loam 3.58 10.4 24.0 13.6 76.5
Wabash silty clay 5.91 16.1 304 14.3 87.0

aData on Western soils from Alway and McDole (1917), on Iowa soils from Russell (1939).
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the liquid water held in even the smallest of the micropores. The remaining
water will be associated with the surfaces of the soil particles, particularly
the colloids, as adsorbed moisture. It is held so tightly that much of it is consid-
ered nonliquid and can move only in the vapor phase. The matric tension is
about 31 bars. The moisture content of the soil at this point is termed the
hygroscopic coefficient. As might be expected, soils high in colloidal materials
will hold more water under these conditions than will sandy soils and those
low in clay and humus (see Figure 3.21 and Table 3.2).

Tension and Moisture Content. The simple case of water retention described
in this section is related directly to the tension-moisture content curves dis-
cussed in Section 3.4. This relationship is illustrated in Figure 3.22, which shows
the moisture content-matric tension relationship for a loam soil and identifies
the ranges in tension for each of the field soil conditions just described. The
diagram at the upper part of this figure also suggests physical and biological
classification schemes for soil water. However, this diagram is coupled inten-
tionally with the moisture-tension curve to emphasize the fact that there are
no clearly identifiable “forms” of water in soil. There is only a gradual change
in tension with moisture content. This should be kept in mind in the next
section as we discuss some commonly used soil moisture classification
schemes.

3.12 Conventional Soil Moisture Classification Schemes
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On the basis of observations of the drying of wet soils and of plants growing
on these soils, two types of soil water classification schemes have been devel-
oped: (a) physical and (b) biological. These schemes are useful in a practical
way even though they lack the scientific bases that characterize the preceding
moisture—energy discussions.

Physical Classification. From a physical point of view the terms gravitational,
capillary, and hygroscopic waters are identified in Figure 3.22. Water in excess
of the field capacity (0.1-0.3 bar tension) is termed gravitational. Even though
energy of retention is low, gravitational water is of little use to plants because
it is present in the soil for only a short time and, while in the soil, it occupies
the larger pores, thereby reducing soil aeration. Its removal from the soil in
drainage is generally a requisite for optimum plant growth.

As the name suggests, capillary water is held in the pores of capillary
size and behaves according to laws governing capillarity. Such water includes
most of the water taken up by growing plants and exerts tensions between
0.1 and 31 bars.

Hygroscopic water is that bound tightly by the soil solids at tension values
greater than 31 bars. It is essentially nonliquid and moves primarily in the
vapor form. Higher plants cannot absorb hygroscopic water, but some microbial
activity has been observed in soils containing only hygroscopic water.
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FIGURE 322 Tension-
moisture curve of a loam soil
as related to different terms
used to describe water in
soils. The wavy lines in the
upper diagram suggest that
measurements such as field
capacity are not very
quantitative. The gradual
change in tension with soil
moisture change discourages
the concepts of different
“forms” of water in soil. At
the same time, such terms as
gravitational and
availability assist in the
qualitative description of
moisture utilization in soils.

Soil water tension (bars, log scale)

A A A b e b At A A At A Ao A,

Hygroscopic
water

Stowly Rapidly
available available

Capillary water ———

<+————— Available water ————

<— Optimum zone—=

Gravitational
water

10,000

1,000

Hygroscopic
coefficient

100
31 Wilting
151 coefficient

10

|—Field capacity

0. e e
Maximum
0.01} retentive
: capacity
T I ] | | |
0 10 20 30 40 50

Soil moisture (kg/100 kg dry soil)

Biological Classification. As one would expect, there is a definite relationship
between moisture retention and its utilization by plants. Gravitational water
is obviously of little use to plants and may be harmful. In contrast, moisture
retained in the soil between the field capacity (0.1-0.3 bar) and the permanent
wilting percentage (15 bars) is said to be usable by plants and as such is
available water. Water held at tensions greater than 15 bars is said to he
unavailable to most plants (Figure 3.22).

In most soils, optimum growth of plants takes place when the soil moisture
content is kept near the field capacity with a moisture tension of 1 bar or
less. Thus, the moisture zone for optimum plant growth does not extend over
the complete range of moisture availability.

While the various terms employed to describe soil water physically and
biologically are useful in a practical way, at best they are only semiquantitative.
For example, measurement of field capacity tends to be somewhat arbitrary
since the value obtained is affected by such factors as the initial soil moisture
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in the profile before wetting and the removal of water by plants and surface
evaporation during the period of downward flow. Also, the determination as
to when the downward movement of water due to gravity has “essentially
ceased” is rather arbitrary. These facts stress once again that there is no
clear line of demarcation between different “forms” of soil water.

3.13 Factors Affecting Amount of Available
Soil Moisture
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The amount of water plants absorb from soils is determined by a number of
plant, climatic, and soil variables. Rooting habits, basic drought tolerance,
and stage and rate of growth are important plant factors. Significant climatic
variables include air temperature and humidity and wind velocity and turbu-
lence. These will be considered further in Chapter 15, which is concerned
with vapor losses of moisture.

Among the important soil characteristics influencing water uptake by
plants are (a) moisture tension relations (matric and osmotic), (b) soil depth,
and (c) soil stratification or layering. Each will be discussed briefly.

Matric Tension. Matric tension will influence the amount of available moisture
in a soil as it influences the amount of water in a soil at the field capacity
and at the permanent wilting percentage. The texture, structure, and organic-
matter content all influence these two characteristics and in turn the quality
of water a given soil can supply to growing plants. The general influence of
texture is shown in Figure 3.23. Note that as fineness of texture increases,
there is a general increase in available-moisture storage, although clay soils
frequently have a smaller capacity than do well-granulated silt loams. The
comparative available water-holding capacities are also shown by this graph.

Ths influence of organic matter deserves special attention. A well-drained
mineral soil containing 5% organic matter will probably have a higher available
moisture capacity than a comparable soil with 3% organic matter. One might
erroneously assume that this favorable effect is all due directly to the moisture-
holding capacity of the organic matter. Such is not the case. Rather, most of
the benefit of organic matter is attributable to its favorable influence on soil
structure and in turn on soil porosity. Although humus does have high moisture
content at field capacity, its permanent wilting percentage is proportionately
high. Thus, the net direct contribution toward available moisture is less than
one would suppose.

Osmotic Tension. The presence of salts in soils, either from applied fertilizers
or as naturally occurring compounds, can influence soil water uptake. Osmotic
tension effects in the soil solution will tend to reduce the range of available
moisture in such soils by increasing the permanent wilting percentage. The
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FIGURE 323 General relationship between soil moisture characteristics and soil
texture. Note that the wilting coefficient increases as the texture becomes heavier.
The field capacity increases until we reach the silt loams, then levels off. Remember,

these are representative curves. Individual soils would probably have values different
from these shown.

total moisture stress in such soils at this point is the matric tension plus the
osmotic tension of the soil solution. Although in most humid region soils these
osmotic tension effects are insignificant, they become of considerable impor-
tance in some saline soils of arid and semiarid regions.

Soil Depth and Layering. All other factors being equal, deep soils will have
greater available moisture-holding capacities than will shallow ones. For deep-
rooted plants this is of practical significance, especially in those subhumid
and semiarid regions where supplemental irrigation is not possible. Soil mois-
ture measurements to depths as great as 1.5-2 m are sometimes used as bases
for predicting wheat yields in the Great Plains area of the United States. Shallow
soils are obviously not well suited to these climatic conditions.

Soil stratification or layering will influence markedly the available water
and its movement in the soil. Hardpans or impervious layers, for example,
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slow down drastically the rate of movement of water and also influence unfa-
vorably the penetration of plant roots. They sometimes restrict root growth
and effectively reduce the soil depth from which moisture is drawn. Sandy
layers also act as barriers to soil-moisture movement from the finer-textured
layers above. Movement through a sandy layer is very slow at intermediate
and high tensions. The moisture tension in the overlying layers must be less
than about 0.5-0.3 bar before movement into the sand will take place. The
explanation for this unusual situation was given in Section 3.9 and Figure
3.19.

The capacity of soils to store available moisture determines to a great
extent their usefulness in practical agriculture. This capacity is often the buffer
between an adverse climate and crop production. It becomes more significant
as the utilization of water for all purposes—industrial and domestic as well
as agricultural—begins to tax the supply of this all-important natural resource.

3.14 How Plants Are Supplied with Water—Capillarity
and Root Extension
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At any one time, only a small proportion of the soil water lies in the immediate
neighborhood of the absorptive surfaces of plant root systems. Moreover, an
immense amount of water (see Section 15.5) is needed to offset transpiration
by vigorously growing crops. Two phenomena seem to account for the acquisi-
tion of this water: (a) the capillary movement of the soil water to plant roots
and (b) the growth of the roots into moist soil.

Rate of Capillary Movement. When plant rootlets absorb water, they reduce
the moisture content of and increase the tension in the soil immediately sur-
rounding them. In response to this higher tension water tends to move toward
the plant roots. The rate of movement depends on the magnitude of the tension
gradients developed and the conductivity of the soil pores. With some soils,
the adjustment may be comparatively rapid and the flow appreciable; in others,
especially fine-textured and poorly granulated clays, the movement will be
sluggish and only a meager amount of water will be delivered. Thus, a root
hair, by absorbing some of the moisture with which it is in contact, auto-
matically creates a tension gradient, and a flow of water is initiated toward
its active surface.

How effective this flow may be under field conditions is questionable.
Water must be supplied to plant roots at a rapid rate, especially during periods
of hot, dry weather when evaporative demand is high, and the rate of capillary
movement (capillary flow) is generally too slow to meet this demand. The
influence of capillarity is exerted through only a few centimeters so far as
the hour-by-hour needs of plants are concerned.

Nevertheless capillary adjustments in the aggregate may be significant.
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It is not always necessary for capillary water to move great distances in the
soil to be of value to plants. As roots absorb moisture, capillary movement
of no more than a few millimeters (if occurring throughout the soil volume)
may be of practical importance. Capillary adjustment along with vapor move-
ment is a major factor in supplying water for plants, especially those growing
on soils with low moisture contents. Since there is little root extension at
moisture tensions approaching the permanent wilting percentage, the water
must move to the plants.

Rate of Root Extension. Limitations in rates of capillary movement of water
are in part compensated for by rapid rates of root extension, which assure
that new root-soil contacts are constantly being established. During favorable
growing periods such root elongation may be rapid enough to take care of
most of the water needs of a plant growing in a soil at optimum moisture.
The mat of roots, rootlets, and root hairs in a meadow is an example of the
viable root systems of plants. Table 3.3 provides information on roots of several
comnmon crop plants.

TABLE 3.3 Approximate Numbers of Roots and Root Hairs in
1 cm? of Soil®

Number of Combined Combined

Number root hairs length surface
Plant of roots  (thousands) (m) (cm?)
Oats 7 9 12 6
Rye 9 18 24 12
Kentucky bluegrass 122 61 74 26

a Calculated from Ditmer (1938).

The primary limitation of root extension as a means of providing water
to plants is the small proportion of the soil with which roots are in contact
at any one time. Commonly, root-soil contacts account for less than 1% of
the soil surface area. This suggests that much water must move from soil to
the root even though the distance of movement may be no more than a few
millimeters. It also suggests the complementarity of capillarity and root exten-
sion as means of providing soil water for plants.

Root Distribution. The distribution of roots in the soil profile determines to
a considerable degree the plant's ability to absorb soil water. Some plants,
such as corn and soybeans, have most of their roots in the upper 25-30 cm
of the profile (Table 3.4). In contrast, perennial crops such as alfalfa and fruit
trees have deep root systems and are able to absorb a high proportion of
their moisture from subsoil layers. Even in these cases, however, it is likely
that a high proportion of root absorption is in the upper layers of the soil.
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TABLE 3.4 Dry Weight of Roots of
Soybeans, Corn, and Sorghum in the
Surface 0-30 c¢m of a Silt Loam Soil
in Kansas Compared to That in the 30—
180 cm Layers (6.7 cm Diameter Cores,
Irrigated Plots)e

Root dry weight (g)

Crop Upper 30 cm 30-180 cm
Soybeans 1.90 0.76

Corn 1.22 0.68
Sorghum 3.60 0.59

* From Mayaki et al. (1978).

Root-Soil Contact. As roots grow into the soil, they move into pores of suffi-
cient size to accommodate them. Contact between the outer cells of the root
and the soil is such as to permit ready movement of water from the soil into
the plant in response to differences in energy levels (Figure 3.24). When the
plant is under moisture stress, however, the roots tend to shrink in size in

(b)

FIGURE 3.24 Cross section of a corn root surrounded by soil. (a) During periods
of little soil moisture stress on the plant, the root completely fills the soil pore. (b)
When the plant is under severe moisture stress such as during a hot dry period, the
root shrinks, significantly reducing root-soil contact. Such shrinkage of roots may occur
on a hot summer day, even when the soil moisture content is high.
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response to this stress. Such conditions exist during a hot, dry spell and are
most severe during the daytime when transpiration from plant leaves is at a
maximum. The diameter of roots under these conditions may shrink by 30-
50%. This reduces considerably the direct root-soil contact as well as the move-
ment of liquid water and nutrients into the plants. Water vapor can still be
absorbed by the plant, but its rate of absorption would be much lower than
that of liquid water.

3.15 Soil Water and Soil Microorganisms?

As is the case for plant roots, soil microbes largely complete their life cycle
in the soil and consequently are influenced significantly by soil-water relations.
By exerting major control on soil aeration, soil water influences the types of
microorganisms present in soils, their numbers and activities. Although many
soil microorganisms can survive at moisture levels below the wilting coefficient,
their activities are affected even at higher moisture levels. Unfortunately, how-
ever, only in recent years has research been focused on the quantitative influ-
ences of moisture tension on microbial activity.

The influence of soil moisture tension on selected soil microorganisms is
shown in Table 3.5. The movement of bacteria, protozoa, and certain spores

TABLE 3.5 Soil Moisture Tolerance Levels for Different Microbial
Activities®

Tension tolerance

(bars) Examples of microbial activity in soil
5 Protozoa, zoospores, and bacteria move
15—40 Nitrification, sulfur oxidation
100 Fusarium fungal growth
400 Aspergillus fungal growth

s Selected data from several sources compiled by Harris (1981).

(zoospores) ceases at a moisture tension level of about 5 bars. Nitrification
and sulfur oxidation may continue until a tension of up to 40 bars is reached,
while the growth of some fungi may continue to moisture tensions of up to
400. It is obvious that there are significant differences among organisms in
their ability to function at high moisture tension levels. Even so, most soil
organisms are able to function at moisture tensions far above those that higher
plants can tolerate. This is of considerable significance in the microbial release
of nutrients in dry soils.

2 For review of this subject see SSSA (1981).
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3.16 Conclusion

The characteristics and behavior of soil water appear to be complex. As we
have gained more knowledge about them, however, it has become apparent
that they are governed by relatively simple basic physical principles. Further-
more, researchers are discovering the similarity between these principles and
those governing the uptake and utilization of soil moisture by plants. These
principles are the subject of Chapter 15.
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[Preceding page] Differential frost heaving has disrupted the bituminous concrete
pavement in this rocadway in Pennsylvania. [Courtesy G. L. Hoffman, Pennsylvania
Department of Transportation. |

4.1
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As indicated in Chapters 1 and 2, approximately half of the total volume of
arepresentative mineral surface soil is occupied by solid materials. The remain-
ing nonsolid or pore space is occupied by water and gases. Chapter 3 placed
major emphasis on the soil moisture phase, but constantly emphasized the
interrelationship of soil air and soil water; one cannot be affected without
changing the other. We now focus on soil aeration, and on soil temperature,
a second physical characteristic significantly affected by soil water.

Soil Aeration Defined

The two most important biological reactions involving gases that take place
in soils are (a) the respiration of higher plants and (b) the decomposition by
microorganisms of incorporated organic residues. Although differing in many
respects, these processes are similar in that they involve the oxidation of or-
ganic compounds. The generalized reaction that illustrates this process may
be expressed as follows.

[C] + 0,— COo,
Organic
compounds

Thus each of these processes utilizes O, and generates CO,. If there were
no mechanism to replenish the O, and permit the escape of the CO,, each
process would be curtailed and plant growth would suffer. Soil aeration is
the mechanism of gas exchange in soils that prevents oxygen deficiency and
CO:; toxicity. Thus, a well-aerated soil is one in which gas exchange between
the soil air and the atmosphere is sufficiently rapid to prevent a deficiency
of oxygen or a toxicity of CO, and thereby permits normal functioning of
plant roots and of aerobic microoganisms.

A soil in which aeration is considered satisfactory must have at least
two characteristics. First, sufficient spaces free of solids and water should
be present. Second, there must be ample opportunity for the ready movement
of essential gases into and out of these spaces. Water relations largely control
the amount of air space available, but the problem of adequate air exchange
is probably a much more complicated feature. The supply of oxygen, a gas
constantly being used in biological reactions, must be continually renewed.
The activities of the roots of many plants are hampered when the oxygen
content of soil air is less than 10%. At the same time, the concentration of
CO., the major product of these or similar reactions, must not be allowed to
build up excessively in the air spaces.
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4.2 Soil Aeration Problems in the Field

Under actual field conditions there are generally two situations that may result
in poor aeration in soils: (a) when the moisture content is excessively high,
leaving little or no room for gases, and (b) when the exchange of gases with
the atmosphere is not sufficiently rapid to keep the concentration of soil gases
at desirable levels. The latter may occur even when sufficient total air space
is available.

Excess Moisture. The first case is characterized in the extreme by a water-
logged condition in the soil. This may be quite temporary; yet it often seriously
affects plant growth. Waterlogging is frequently found in poorly drained, fine-
textured soils having a minimum of macropores through which water can move
rapidly. It also occurs in soils normally well drained if the rate of water supply
to the soil surface is sufficiently rapid or if the soil has been compacted. A
low spot in a field, a flat area where water tends to stand for a short while,
or an area that has been compacted by heavy machinery or the pressure of
plowing (Section 2.10) are good examples of this condition.

Such complete saturation of the soil with water can be disastrous for
certain plants in a short time, a matter of a few hours being critical in some
cases. Plants previously growing under conditions of good soil aeration are
actually more susceptible to damage from flooding than are plants growing
on soils where poor aeration has prevailed from the very start.

Prevention of this type of poor aeration requires the rapid removal of
excess water either by land drainage or by controlled runoff. Because of the
large volume of small capillary pores in some soils, even these precautions
leave only a small portion of the soil volume filled with air soon after a rain.
This makes the artificial drainage of heavy soils surprisingly effective.

Gaseous Interchange. The seriousness of inadequate interchanges of gases
between the soil and the free atmosphere above it is dependent primarily on
two factors: (a) the rate of biochemical reactions influencing the soil gases
and (b) the actual rate at which each gas is moving into or out of the soil.
Obviously, the more rapid the usage of O, and the corresponding release of
CO., the greater will be the necessity for the exchange of gases. Factors mark-
edly affecting these biological reactions—temperature, organic residues, etc.—
undoubtedly are of considerable importance in determining the air status of
any particular soil (see Section 4.4).

The exchange of gases between the soil and the atmosphere above it is
facilitated by two mechanisms: (a) mass flow and (b) diffusion. Mass flow
of air is apparently due to pressure differences between the atmosphere and
the soil air and is relatively unimportant in determining the total exchange
that occurs. However, in the upper few inches of soil diurnal changes in soil
temperature may result in mass flow of some significance. The extent of mass
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flow is determined by such factors as soil and air temperatures, barometric
pressure, and wind movements.

Apparently most of the gaseous interchange in soils occurs by diffusion.
Through this process each gas tends to move in a direction determined by
its own partial pressure (see Figure 4.1). The partial pressure of a gas in a
mixture is simply the pressure this gas would exert if it alone were present
in the volume occupied by the mixture. Thus, if the pressure of air is 1 atmo-
sphere, the partial pressure of oxygen, which makes up about 21% of the air
by volume, is approximately 0.21 bar.

Diffusion allows extensive movement from one area to another even though
there is no overall pressure gradient. There is, however, a concentration gra-
dient for individual gases which may be expressed as a partial pressure gra-
dient. Thus, even though the total soil air pressure and that of the atmosphere
may be the same, a higher concentration of O, in the atmosphere will result
in a net movement of this particular gas into the soil. An opposite movement
of CO; and water vapor is simultaneously taking place since the partial pres-
sures of these two gases are generally higher in the soil air than in the atmo-
sphere. A representation of the principles involved in diffusion is given in
Figure 4.1.

In addition to being affected by partial pressure differences, diffusion seems
to be directly related to the volume of pore spaces filled with air. On heavy-
textured topsoils, especially if the structure is poor, and in compact subsoils,
the rate of gaseous movement is seriously slow. Moreover, such soils allow
very slow penetration of water into the surface layer. This prevents the rapid
escape of CO; and the subsequent inward movement of atmospheric O, after
a heavy rain or irrigation.

FIGURE 4.1 How the process of diffusion takes place. The
total gas pressure is the same on both sides of boundary A-A.
The partial pressure of oxygen is greater, however, in the top

portion of the container. Therefore this gas tends to diffuse into

the lower portion, where fewer oxygen molecules are found. Q000000000

The carbon dioxide molecules, on the other hand, move in the 0000000000

opposite direction, owing to the higher partial pressure of this 0000000000

gas in the lower half. Eventually equilibrium will be established 0000000000

when the partial pressures of O, and CO, are the same on both

sides of the boundary. O\O °0Q0 ?O Q\O O
00O 0 Qb O
0000000000
Q000000000
0O0000Q00000O0
0000000000
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4.3 Means of Characterizing Soil Aeration

The aeration status of a soil can be characterized conveniently in three ways:
(a) the content of oxygen and other gases in the soil atmosphere, (b) the oxygen
diffusion rate (ODR), and (c) the oxidation-reduction (redox) potential. Each
will receive brief attention.

Gaseous Oxygen of the Soil. The amount of O, gas in a soil is determined
by the quantity of air-filled pore space and the proportion of that space that
is filled with oxygen. These two parameters are usually well correlated since,
if the total soil air space is limited, the small amount of O, in that space is
quickly utilized by plant roots and soil microbes, and CO, is released.

The atmosphere above the soil contains nearly 21% O, 0.03% CO;, and
nearly 79% N,. In comparison, soil air may have about the same percent, or
somewhat higher, N, content, but is consistently lower in O, and higher in
CO,. The O, content may be only slightly below 20% in the upper layers of
a soil with a stable structure and an ample quantity of macropores. It may
drop to less than 5% or even to zero in the subsoil of a poorly drained soil
with few macropores. Low O, contents characterize soils in low-lying areas
where water tends to accumulate, and even in well-drained soils after a heavy
rain (Figure 4.2). Marked reductions in the O, content of soil air may follow

FIGURE 42 Oxygen content of soil Soil surface
air before and after heavy rains in a 0 pragmednc s b Sy SRR B AU A TR DR S S TS s RN TR
soil on which cotton was being grown.
Oxygen was consumed in the . .
respiration of crop roots. The carbon After heavy rains /
dioxide content probably increased /
accordingly. [Redrawn from Patrick 30+ /
(1977); used with permission of the I
Soil Science Society of America.) |
E I
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=
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(7]
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a rain, especially if plants are growing rapidly or if large quantities of manure
or other decomposing organic residues are present.

It is well to note that small but significant quantities of O, are dissolved
in the soil water. Even when all the soil pores are filled with water, soil microor-
ganisms can extract some of the O, dissolved in the water for metabolic pur-
poses. This small amount of dissolved O, is soon used up, however, and if
the excess water is not removed to permit soil air to return to the macropores,
even the microbial activities are jeopardized.

There is a general reverse relationship between the O, and CO, contents
of soil air, that of O, decreasing as the CO, increases. Although the actual
differences in CO, contents are not impressive, comparatively speaking they
are significant. Thus, when the soil air contains only 0.25% CO,, this gas is
more than 8 times as concentrated as it is in the atmosphere. In cases where
the CO, content becomes as high as 10%, there is more than 300 times as
much present as is found in the air above.

Some of the CO; gas in soil air dissolves in soil water forming carbonic
acid (H;CO;). This acid is of universal importance, especially in relation to
pH and the solubility of soil minerals.

Oxygen Diffusion Rates. Perhaps the best measurement of the aeration status
of a soil is the oxygen diffusion rate (ODR). This determines the rate at which
oxygen can be replenished if it is used by respiring plant roots or by micro-
organisms, or is replaced by water.

Figure 4.3 is a graph showing how ODR decreases with soil depth. Even
when atmospheric air with 21% O, was used, the ODR rate at 97 cm (38 in.)
was less than half that at 11 cm (4.5 in.). When a lower oxygen concentration
was used, the ODR decreased even more rapidly with depth. Note that root
growth ceased when the ODR dropped to about 20 X 10-8 g/cm? per minute.

Researchers have found that the ODR is of critical importance to growing
plants. For example, the growth of roots of most plants cease when the ODR
drops to about 20 X 1078 g/cm? per minute. Top growth is normally satisfactory
so long as the ODR remains above 30-40 X 108 g/cm? per minute. In Table
4.1 are found some field measurements of ODR along with comments about
the condition of the plants. Note the sensitivity of sugar beets to low ODR
and the general tendency for difficulty if the ODR gets below the critical level.

Naturally, some plants are affected more by low ODR than are others.
Grasses tend to be more tolerant of low diffusion rates than legumes. Sugar
beets and alfalfa require higher rates than ladino clover.

Oxidation-Reduction (Redox) Potential (E,). One important chemical char-
acteristic of soils that is related to soil aeration is the reduction and oxidation
states of the chemical elements in these soils. If a soil is well aerated, oxidized
states such as that of ferric iron (Fe3*), manganic manganese (Mn**), nitrate
(NOs7), and sulfate (SO,?>") dominate. In poorly drained and poorly aerated
soils the reduced forms of such elements are found, for example, ferrous iron
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FIGURE 4.3 Effect of soil depth and oxygen concentration at the surface on the
oxygen diffusion rate (ODR). Arrows indicate snapdragon root penetration depth. Even
with a 20% O level at the surface, the diffusion rate at ~ 95 cm is less than half that
at the surface. Note that when the ODR drops to ~ 20 X 10~® g/cm? per minute, root
growth ceases. [Redrawn from Stolzy et al. (1961).]

(Fe?*), manganous manganese (Mn2*), ammonium (NH*), and sulfides (5%7).
The presence of these reduced forms is an indication of restricted drainage
and poor aeration.

An indication of the oxidation and reduction states of systems (including
those in soils) is given by the oxidation-reduction or redox potential (Ey). It
provides a measure of the tendency of a system to reduce or oxidize chemicals
and is usually measured in volts or millivolts. If it is positive and high, strong
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TABLE 4.1 Relationship Between Oxygen Diffusion Rates (ODR) and the Condition
of Different Plants®

When the ODR drop below about 40 X 1078 g/cm? per minute, the plants appear to
suffer. Sugar beets require high ODR even at 30 cm depth. ODR values in 1078 g/
cm? per minute.

ODR at three soil depths

Plant Soil type 10 cm 20 cm 30 cm Remarks

Broccoli Loam 53 31 as Very good growth
Lettuce Silt loam 49 26 a2 Good growth
Beans Loam 27 27 25 Chlorotic plants
Sugar beets Loam 58 60 16 Stunted tap root
Strawberries Sandy loam 36 32 34 Chlorotic plants
Cotton Clay loam 7 9 — Chlorotic plants
Citrus Sandy loam 64 45 39 Rapid root growth

® From Stolzy and Letey (1961).

oxidizing conditions exist. If it is low and even negative, elements are found
in reduced forms.

The relationship between O, content of soil air in one soil and Ep, redox
potential is shown in Figure 4.4. In a well-drained soil the E} is in the 0.4-
0.7 volt (V) range. As aeration is reduced, the E} declines to a level of about
0.3-0.35 V when gaseous oxygen is depleted. At even lower Ej, levels, oxygen
dissolved in soil water is used by the microbes and finally combined oxygen
in nitrates, sulfates, and ferric oxides is utilized for microbial metabolism.
Under drastic waterlogged conditions, the E, may be lowered to an extreme
of —04 V.

The E} value at which oxidation-reduction reactions occur varies with
the specific chemical to be oxidized or reduced. In Table 4.2 are listed oxidized
and reduced forms of several elements of importance in soils along with the
approximate redox potentials at which the oxidation-reduction reactions occur.
These data emphasize the very close relationship between soil aeration, which
is basically a physical process, and the change in forms of chemical elements
present in soils, a chemical process. As a consequence, soil aeration has a
profound influence on the specific chemical species present in soils and in
turn on nutrient availability as well as chemical toxicities in them.

Compared to the atmosphere, soil air usually is much higher in water
vapor, being essentially saturated except at or very near the surface of the
soil. This fact has already been stressed in connection with the movement
of water. Also, under waterlogged conditions, the concentration of gases such
as methane and hydrogen sulfide, which are formed by organic matter decompo-
sition, is notably higher in soil air.
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FIGURE 4.4 Relationship between oxygen content of soil air and the redox potential
(E1). Measurements were taken at a 28 cm depth in a soil that had been irrigated

continuously for 14 days previous to the drying. Note the general relationship between
these two parameters. [ Data selected from Meek and Grass (1975); used with permission
of the Soil Science Society of America.)

TABLE 4.2 The Oxidized and Reduced
Forms of Certain Elements in Soils and
the Redox Potentials (Ey) at Which
Change in Forms Commonly Occurs®

Note that gaseous oxygen is depleted at
E\ levels of 0.38-0.32 V. At lower E\, levels
microorganisms utilize combined oxygen
for their metabolism and thereby reduce

the elements.

Oxidized Reduced E\, of change
forms forms of forms (V)
0. H.,O 0.38 to 0.32
N03_ Nz 0.28 to 0.22
Mn#+ Mn?* 0.28 to 0.22
Fes* Fe2+ 0.18 to 0.15
S0, S~ —0.12 to —0.18
CO. CH, —0.2 to —0.28

s From Patrick and Reddy (1978).
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4.4 Factors Affecting Soil Aeration

The composition of soil air is largely dependent upon the amount of air space
available together with the rates of biochemical reactions and gaseous inter-
change.

Soil surface
0 PO A A B T (L O AT O N S T N L 13 S AR M R R MRS S W S PR S SN Rt

Soil depth (cm)
N
S
T

w
o
T

50 | ] ! ]
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Oxygen in soil air (%)

FIGURE 4.5 The effect of soil depth and straw residue application on the oxygen
content of a Yolo loam soil. Ten tons of chopped barley straw was mixed in the upper
10 cm of soil 2 months before the measurements were made. Note that the oxygen
content at the 5 and 15 cm depths of soil was greatly reduced, the gas having been
used in the decomposition of the straw. [From Rolston et al. (1982); used with permission
of the Soil Science Society of America.]
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FIGURE 4.6 Average oxygen content of two orchard soils Soil surface
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The total porosity of soils is determined chiefly by the bulk density (Section
2.8). This, in turn, is related to factors such as soil texture and structure, and
soil organic matter. Not all the pore space in field soils is filled with air, some
being occupied by water. In both poorly drained and well-drained soils, a
high proportion of the pore space is filled with water immediately after a
heavy rain or irrigation. If this situation persists for a period of time, only
small amounts of oxygen will be available for plants.

The concentrations of both O, and CO; in soil air are definitely related
to the biological activity in the soil. Microbial composition of organic residues
apparently accounts for the major portion of the CO. evolved. Incorporation
of large quantities of manure, crop residues, or heavy rates of sewage sludge,
especially if moisture and temperature are optimum, will alter the soil-air com-
position appreciably. Respiration by higher plants and the continuous contribu-
tion of their roots to the organic mass by sloughage are also significant pro-
cesses. These influences are well illustrated by data in Figure 4.5. The effects
of organic residues are clearly shown.

Subsoil Versus Topsoil. As might be expected, subsoils are usually more defi-
cient in oxygen than are top soils. The total pore space as well as the average
size of the pores is generally much less in the deeper horizons. Average oxygen
contents at different soil depths at two orchard sites in the months of May
and June are shown in Figure 4.6.

In both cases the oxygen percentage in the soil air decreased with depth,
the rate of decrease being much more rapid with the heavier soil. Throughout
the depth sampled, the lighter-textured sandy loam contained a much higher
oxygen percentage. In both cases the decrease in O, content could be largely,
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but not entirely, explained by a corresponding increase in CO, content. For

example, CO; percentages as high as 14.6 were recorded for the lower horizons
of the heavier-textured soil.

Soil Heterogeneity. It should be emphasized that considerable variation exists
in the aeration status of different components of a given soil. Thus, poorly
aerated zones or pockets may be found in an otherwise well-drained and well-
aerated soil. While the poorly aerated component may be a heavy-textured
or compacted soil layer, it may also be located inside a soil structural unit
where tiny pores may limit ready air exchange. For these reasons oxidation
reactions may be taking place within a few centimeters or so from another
location where reducing conditions exist. This heterogeneity of soil aeration
should be kept in mind.

Seasonal Differences. As would be expected, there is marked seasonal vari-
ation in the composition of soil air. Most of this variation can be accounted

20r
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FIGURE 4.7 Relationship between soil matric tension and soil oxygen content in a
silty clay loam soil under summer irrigation. Note that at very low soil matric tension
levels (high moisture contents) the soil oxygen content is reduced to levels that
discourage the growth of a crop such as alfalfa. [Redrawn from Meek et al. (1980);
used with permission of the Soil Science Society of America.]
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for by soil moisture and soil temperature differences. High soil moisture (low
soil tension) tends to favor low oxygen and high CO, levels in the soil air.
(Figure 4.7). In temperate regions, this situation often prevails in the winter
and late spring when the soil moisture is generally highest.

Because soils are normally drier during the summer months, opportunity
for gaseous exchange is greatest during this period. This results in relatively
high O, and low CO; levels. Some exceptions to this rule may be found, how-
ever. Since high summer temperatures also encourage rapid microbiological
release of CO,, a given soil containing easily decomposable organic matter
may have higher CO; levels in the summer than in the winter. The dependence
of soil air composition on soil moisture and soil temperature is of vital signifi-
cance.

4.5 Effects of Soil Aeration on Biological Activities

Effects on Activities of Higher Plants. Higher plants are adversely affected
in at least four ways by conditions of poor aeration: (a) the growth of the
plant, particularly the roots, is curtailed; (b) the absorption of nutrients is
decreased, as is (c) the absorption of water; and (d) the formation of certain
inorganic compounds toxic to plant growth is favored by poor aeration.
Plant growth. The ability of different plant species to grow in soils with
low soil air porosity varies greatly (Table 4.3). Sugar beets, for example, require
high air porosities for best growth. In contrast, ladino clover can grow with

TABLE 4.3 Comparative Tolerance by Different Crop
Plants of a High Water Table and in Turn of Conditions
of Restricted Aeration®

Ladino clover grows well with a water table near the soil
surface, but wheat and other cereals grow best when the
water table is at least 100 cm below the surface.

Plants tolerant to constant table at each depth

15-30 cm 40-60 cm 75-80 cm 100+ cm
Ladino clover Alfalfa Corn Wheat
Orchard grass Potatoes Peas Barley
Fescue Sorghum Tomato Qats
Mustard Millet Peas
Cabbage Beans
Snap beans Horse beans
Sugar beets
Colza

s From several sources reviewed by Williamson and Kriz (1970).
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very low air porosity, and rice grows normally submerged in water. Further-
more, the tolerance of a given plant to low porosity may be different for
seedlings than for rapidly growing plants. The tolerance of red pine to restricted
drainage during its early development, and its poor growth or even death on
the same site at later stages is a case in point.

In spite of these wide variations in soil air porosity limitation, soil physi-
cists generally consider that if the soil air porosity is reduced below 10-12%,
soil oxygen renewal is extremely slow and most plants are likely to suffer.

The abnormal effect of insufficient aeration on root development has been

(a) (b)

FIGURE 4.8 Effect of soil compaction on the development of the root system of
the rape plant. (a) Subsoil loosened before planting. (b) Compacted layer at plow depth
not loosened. | From work of H. C. de Roo, Connecticut Agricultural Experiment Station. )
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observed often. With root crops such as carrots and sugar beets the influence
is most noticeable. Abnormally shaped roots of these plants are common on
compact, poorly aerated soils. Even with sod crops the presence of an impervi-
ous soil layer generally results in restricted growth, particularly of the smaller
roots. An example of this is found in Figure 4.8b, which shows the root system
of rape plants growing on a compacted soil. The lack of extensive root penetra-
tion within the impervious layer is noteworthy. Such restricted root systems
can hardly be expected to effectively absorb sufficient moisture and nutrients
for normal plant growth.

Apparently, different levels of soil oxygen are required for the various
functions of roots. Boynton and co-workers (1938) found that apple tree roots
required at least 3% oxygen in the soil air to subsist, while 5-10% was sufficient
for the growth of existing roots. At least 12% O, was required for new root
growth. Their results clearly emphasize the complexity of soil aeration prob-
lems.

Nutrients and water. A deficiency of oxygen has been found to curtail
nutrient and water absorption by plants, two processes that are known to
be influenced quite markedly by the rate of root respiration. Apparently, the
energy of respiration is utilized in bringing about at least part of the nutrient
and water absorption. Since a supply of oxygen must be available if roots
are to respire normally, a deficiency of this gas results in sluggish nutrient
and water uptake. It is surprising as well as ironical that an oversupply of
water in the soil tends to reduce the amount of water absorbed by plants.

The effect of aeration on nutrient absorption is of considerable practical
significance (Table 4.4). Under poor aeration conditions, for example, plants
exhibit nutrient-deficiency symptoms on soils fairly well supplied with availa-
ble nutrient elements. Also, on certain soils, improper tillage may destroy the
granulation, leaving conditions that lead to inefficient nutrient utilization. The

TABLE 4.4 The Effect of Water Table Level on the Oxygen Content of Soil Air in
a Hoytville Silty Clay, the Yield of Cotton, and the Plant Uptake of N, P, and K®

Oxygen content at a depth of 23 cm in this heavy soil was sharply reduced as the
water table was raised from 90 to 30 cm depth, and cotton yields and nutrient uptake
were decreased accordingly.

Depth of Nutrient uptake by five plants (mg)
water table Oxygen content Yield of

(cm) at 23 cm® (%) cotton (g) N P K
30 1.6 57 724 a5 1091
60 8.3 108 1414 120 2069
90 13.2 157 2292 156 3174

* From Meek et al. (1980).
® On June 23, 1976.
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desirability of cultivating heavy-textured poorly drained soils when planted
to row crops is undoubtedly related to this problem of nutrient uptake.

Effect on Microorganisms. In most soils microbial metabolism accounts for
most of the respiration, even when crops are growing vigorously. Since this
respiration requires O; and releases CO,, soil microorganisms are significantly
affected by soil aeration.

The most apparent evidence of the effect of soil aeration on microbial
activity is the slow decay of plant residues in swampy areas. Even in cultivated
land, poorly drained soils have high organic matter contents primarily because
of the negative influence of poor aeration on plant residue decay.

Soil aeration also affects microorganisms responsible for other critical
biochemical reactions. For example, an ample supply of oxygen is required
for those bacteria responsible for the oxidation of nitrogen and sulfur com-
pounds to nitrates and sulfates, respectively, which are available to plants.

Soil aeration determines the class of microorganisms that flourishes a soil.
Where gaseous O, is available, aerobic organisms exist and use the O; to
oxidize organic matter. In the absence of gaseous O,, alternate microbes (anaer-
obic organisms) take over, utilizing combined oxygen in compounds such as
nitrates, sulfates, and iron (ferric) oxides. The reduced forms of some of these
elements, such as iron and manganese, may be present in sufficiently high
quantities to be toxic to higher plants. While both aerobic and anaerobic organ-
isms play important roles in soils, in general, conditions favoring the aerobic
forms likewise favor the growth of most crop plants.

Soil Compaction and Aeration. All negative effects of soil compaction are
not due to poor aeration. Soil layers can become so dense as to impede the
growth of roots even if an adequate O, supply is available. For example, some
compacted soil layers adversely affect cotton more by preventing root penetra-
tion than by lowering available oxygen content.

4.6 Other Effects of Soil Aeration
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As previously indicated, anaerobic decomposition of organic materials is much
slower than that occurring when ample gaseous oxygen is available. Moreover,
the products of decomposition are entirely different. For example, the complete
anaerobic decomposition of sugar occurs as follows.

CsHmOs — 3002 + 3CH4
Sugar Methane

Less complete decomposition yields other products, such as organic acids,
which under extreme conditions may accumulate in toxic quantities. Examples
of acids occurring by anaerobic decay are lactic, butyric, and citric acids.

4 Soil Air and Soil Temperature



The formation of ethylene (C:H,), a hydrocarbon that can adversely affect
some plant roots, also occurs in poorly drained soils.

When decomposed anaerobically, organic nitrogen compounds usually
yield amines and gaseous nitrogen compounds in addition to ammonia. Of
course, these nitrogen compounds remain in reduced forms, not being subject
to nitrification under anaerobic conditions. The absence of oxygen thus com-
pletely changes the nature of the decay processes and the rates at which they
occur.

The chemical forms of certain elements found in soils in the oxidized
and reduced states are shown in Table 4.5. In general, the oxidized forms
are much more desirable for most of our common crops in humid regions.
The oxidized states of the nitrogen and sulfur compounds are readily available
to higher plants (Sections 8.7 and 8.8). The desirability of the higher-valent
forms of iron and manganese is associated with the solubility of these elements
at least in humid region soils. The reduced states, being more soluble than
the oxidized forms, are often present in such quantities as to be toxic. This
is true especially if the poor aeration occurs in an acid soil. Lack of lime
thus intensifies the adverse effects of poor aeration on iron and manganese
toxicity.

TABLE 4.5 Oxidized and Reduced Forms of Several Important Elements

Normal form in Reduced form found
Element well-oxidized soils in waterlogged soils
Carbon CO, CH.,
Nitrogen NO;- Na, NH/*
Sulfur SO‘2- HzS. S2-
Iron Fe3* (ferric oxides) Fe?* (ferrous oxides)
Manganese Mn** (manganic oxides) Mn?* (manganous oxides)

The insolubility of the oxidized forms of iron and manganese under alkaline
conditions may result in a deficiency of these elements. Consequently, the
interrelation of soil pH and aeration is very important in determining whether
an excess or a deficiency of iron and manganese is likely to occur.

In addition to the chemical aspect of these differences, soil color is mark-
edly influenced by the oxidation status of iron and manganese. Colors such
as red, yellow, and reddish brown are encouraged by well-oxidized conditions.
More subdued shades such as grays and blues predominate if insufficient O:
is present. These facts are utilized in field methods of determining the need
for drainage. Imperfectly drained soils usually show a condition wherein alter-
nate streaks of oxidized and reduced materials occur. The mottled condition
indicates a zone of alternate good and poor aeration, a condition not conducive
to proper plant growth.
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4.7  Aeration in Relation to Soil and Crop Management
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In view of the overwhelming importance of soil oxygen to the growth of most
of the common crop plants, the question naturally arises as to the practical
means of facilitating its supply. Interestingly enough, almost all methods em-
ployed for aeration control are involved directly or indirectly with the manage-
ment of soil water.

Measures encouraging soil aeration logically fall into two categories: (a)
those designed to remove excess soil moisture, and (b) those concerned with
the aggregation and cultivation of the soil.

Both surface drainage and underdrainage are essential if an aerobic soil
environment is expected. Since the nonsolid spaces in the soil are shared by
air and water, the removal of excess quantities of water must take place if
sufficient oxygen is to be supplied. The importance of surface runoff and tile
drainage will be discussed later (Sections 15.13 and 16.1).

The maintenance of a stable soil structure is an important means of aug-
menting good aeration. Pores of macrosize, usually greatly encouraged by large
stable aggregates, are soon freed of water following a rain, thus allowing gases
to move into the soil from the atmosphere. Organic matter maintenance by
addition of farm manure and growth of legumes is perhaps the most practical
means of encouraging aggregate stability, which in turn encourages good drain-
age and better aeration.

In poorly drained heavy soils, however, it is often impossible to maintain
optimum aeration without resorting to the mechanical cultivation of the soil.
Thus, in addition to controlling weeds, cultivation in many cases has a second
very important function—that of aiding soil aeration. Yields of row crops, espe-
cially those with large tap roots such as sugar beets and rutabagas, are often
increased by frequent light cultivations that do not injure the fibrous roots.
Part of this increase, undoubtedly, is due to aeration.

Crop-Soil Adaptation. In addition to the direct methods of controlling soil
aeration, one more phase of soil and crop management is of practical impor-
tance—that of crop-soil adaptation. The seriousness of oxygen deficiency de-
pends to a large degree on the crop to be grown. Alfalfa, fruit and forest
trees, and other deep-rooted plants require deep, well-aerated soils and are
quite sensitive to a deficiency of oxygen, even in the lower soil horizons. Shal-
low-rooted plants such as grasses and alsike and ladino clovers, conversely,
do very well on soils which tend to be poorly aerated, especially in the subsoil.
The rice plant flourishes even when the soil is submerged in water. These
facts are significant in deciding what crops should be grown and how they
are to be managed in areas where aeration problems are acute.

The dominating influence of moisture on the aeration of soils is universally
apparent. And the control of the moisture means at least a partial control of
the aeration. This leads to a second important physical property at times influ-
enced by soil water—that of soil temperature.
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FIGURE 4.9 The influence of soil temperatures on the early growth of corn tops
and roots when the air temperature was kept optimum for plant growth. Obviously,

corn is quite sensitive to soil temperature differences.
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made available. For example, the oxidation of nitrogen to the nitrate form
(nitrification) does not begin in the spring until the soil temperature reaches
about 5°C (40°F), the most favorable limits being 27-32°C (80-90°F). Also,
plant processes such as seed germination and root growth occur only above
certain critical soil temperatures. Likewise, absorption and transport of water
and nutrient ions by higher plants are adversely affected by low temperature.

Plants vary widely in the soil temperature at which they grow best. There
is variability in the optimum temperature for different plant processes. For
example, corn germination requires a soil temperature of 7-10°C (45-50°F)
and is optimum near 38°C (80-85°F), although this apparently varies under
different conditions of air temperature and soil moisture. Potato tubers develop
best when the soil temperature is 16-21°C (60~70°F). Oats also grow best at
about 21°C, although the roots of this plant apparently do better when the
soil temperature is about 15° (Figure 4.9). Optimum vegetative growth of apples
and peaches is obtained when the soil temperature is about 18°C. A comparable
figure for citrus is 25°C. In cool temperate regions, the yields of some vegetable
and small fruit crops are increased by warming the soil (Figure 4.10). The
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FIGURE 4.10 The influence of heating the soil in an experiment in Oregon on the
yield of broccoli and strawberries. Heating cables were buried about 92 cm deep. They
increased the average temperature of the 0~100 cm layer by about 10°C, although the
upper 10 cm of soil was warmed by only about 3°C. [From Rykbost et al. (1975);
used with permission of the American Society of Agronomy.]
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life cycle of some flowers and ornamentals also is influenced greatly by soil
temperature. For example, the tulip bulb requires “chilling” to develop flower
buds in early winter although flower development is suppressed until the soil
warms up the following spring.

In addition to the direct influence of temperature on plant and animal
life the effect of freezing and thawing must be considered. Frost action along
with later thawing is responsible for some of the physical weathering that
takes place in soils. As ice forms in rock crevices, it forces the rocks apart,
causing them to disintegrate. Similarly, alternate freezing and thawing subject
the soil aggregates and clumps and rocks to pressures and thus alter the physical
setup in the soil. Freezing and thawing of the upper layers of soil can also

(d) (e

() (8)

FIGURE 4.11 The diagrams illustrate how frost action in soils can move (heave)
plants and stones upward. (a) Position of stone and plant before the soil freezes. (b)
Frost action has started. Thin lenses of ice form in the upper few centimeters of soil.
Since water expands when it freezes, the lenses of ice expand and move the soil as
well as the rock and plant upward, breaking the plant roots. (c) Maximum soil freezing
with rock and upper plant parts moved farther up. (d) Partial thawing. (e) Final thawing,
which leaves the stone on or near the soil surface and the plant upper roots exposed.
(f) Alfalfa plants pushed out of the ground by frost action. (g) Fence posts encased
in concrete “jacked’”’ out of the ground by frost action. [Courtesy Bureau of Reclamation,
Engineering, and Research Center, U.S. Department of the Interior.]

4.8 Soil Temperature
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result in heaving of perennial forage crops such as alfalfa (Figure 4.11). This
action, which is most severe on bare, imperfectly drained soils, can drastically
reduce the stand of alfalfa, some clovers, and trefoil. Changes in soil tempera-
ture have the same effect on shallow house foundations and roads with fine
material as a base. They show the effects of heaving in the spring.

The temperature of soils in the fields is dependent directly or indirectly
upon at least three factors: (a) the net amount of heat the soil absorbs, (b)
the heat energy required to bring about a given change in the temperature of
a soil, and (c) the energy required for changes such as evaporation, which
are constantly occurring at or near the surface of soils. These phases will
now be considered.

4.9 Absorption and Loss of Solar Energy
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The amount of heat absorbed by soils is determined primarily by the quantity
of effective radiation reaching the earth. Only a part of the solar radiation
reaches the soil. The remainder, before it reaches the earth, is reflected back
into the atmosphere by clouds, is absorbed by atmospheric gases, or is scattered
into the atmosphere (Figure 4.12). In relatively cloud-free arid regions as much
as 75% of the solar radiation reaches the ground. In contrast, only 35-40%
may reach the ground in cloudy humid areas. An average global figure is about
50%.

Some 30-45% of the radiation energy reaching the earth is reflected back
to the atmosphere or is lost by thermal radiation. Of that which is not returned
to the atmosphere (termed net radiation) about 3% is used to energize photosyn-
thesis and metabolic reactions in plants. Most of the remainder is utilized to
evaporate water from soil and plant surfaces (evapotranspiration). Unless the
soil is dry and little energy for vaporization is required, only about 5-15% of
the net radiation is commonly stored as heat in the soil and plant cover.

Solar radiation in any particular locality depends fundamentally upon cli-
mate. But the amount of energy entering the soil is in addition affected by
other factors such as (a) the color, (b) the slope, and (c) the vegetative cover
of the site under consideration. It is well known that dark soils will absorb
more energy than light-colored ones and that red and yellow soils will show
a more rapid temperature rise than will those that are white. This does not
imply that dark soils are always warmer. Actually the opposite may be true
since dark soils usually are high in organic matter and consequently hold
large amounts of water, which must also be warmed and evaporated.

Observation has shown that the nearer the angle of incidence of the sun’s
rays approaches the perpendicular, the greater will be the absorption (Figure
4.13). As an example, a southerly slope of 20°, a level soil, and a northerly
slope of 20° receive energy on June 21 at the 42nd parallel north in the proportion
106:100:81.
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FIGURE 4.12 Schematic representation of the radiation balance in daytime and
nighttime in the spring or early summer in a temperate region. About half the solar
radiation reaches the earth, either directly or indirectly, from sky radiation. Most
radiation that strikes the earth in the daytime is used as energy for evapotranspiration
or is radiated back to the atmosphere. Only a small portion, perhaps 10%, is used to
heat the soil. At night the soil loses some heat, and some evaporation and thermal
radiation take place.

49 Absorption and Loss of Solar Energy 131



FIGURE 4.13 Effect of the angle at
which the sun’s rays strike the soil on
the area of soil that is warmed. (a)
If a given amount of radiation from
the sun strikes the soil at right angles,
the radiation is concentrated in a
relatively small area and the soil
warms quite rapidly. (b) If the same
amount of radiation strikes the soil at
a 45° angle, the area affected is larger
by about 40%, the radiation is not so
concentrated, and the soil warms up
more slowly. This is one of the reasons
why north slopes tend to have cooler
soils than south slopes. It also
accounts for the colder soils in winter
as compared to summers.
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The temperature of southward slopes varies with the time of year. For
instance in the northern hemisphere the southeasterly inclination is generally
warmest in the early season, the southerly slope during midseason, and the
southwesterly slope in the fall. Southern or southeasterly slopes are often pre-
ferred by gardeners. Orchardists and foresters consider exposure an important
factor regarding not only the species or variety of tree to be grown but also
sunscald and certain plant diseases.

Whether the soil is bare or is covered with vegetation or a mulch is another
factor markedly influencing the amount of solar radiation reaching the soil.
The effect of a dense forest is universally recognized. Even an ordinary field
crop such as bluegrass has a very noticeable influence, especially upon tem-
perature fluctuations. Bare soils warm up more quickly and cool off more rapidly
than those covered with vegetation or with artificial mulches. Frost penetration
during the winter is considerably greater in bare noninsulated land.

4.10 Specific Heat of Soils
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Another major factor affecting the temperature relations of a soil is its specific
heat or its thermal capacity compared with that of water. Specific heat may
be expressed as a ratio of the quantity of heat required to raise the temperature
of a given substance from 15 to 16°C compared to that required for the same
temperature rise of an equal weight of water. The importance of this property
in soil temperature control undoubtedly is great. The mere absorption of a
given amount of heat by a soil does not necessarily assure a rapid rise in
temperature. Everything else being equal, a soil with a high specific heat exhib-
its much less rapid temperature change than does one having a low specific
heat. The moisture tends to buffer the soil from too rapid change in temperature.
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Under actual field conditions, the soil moisture content determines more
than any other factor the energy required to raise the temperature of soils.
For instance, the dry weight specific heat of mineral soils, in spite of variations
in texture and organic matter, is about 0.20 cal/g or 200 cal/kg. But if the
moisture is advanced to 20%, the specific heat of the wet mass becomes 330
cal/kg, while an increase of moisture to 30% raises the wet weight specific
heat to 385 cal/kg.! Obviously, since moisture is one of the major factors deter-
mining the heat capacity of a soil, it has much to do with the rates of warming
up and cooling off of soils.

411 Heat of Vaporization

Soil moisture is also of major importance in determining the amount of heat
used in the process of evaporation of soil water. Vaporization results from
an increased activity of the soil water molecules, which is made possible by
the absorption of heat from the surrounding environment. This results in a
cooling effect, especially at the surface, where most of the evaporation occurs.
To evaporate 1 g of water at 20°C (68°F) requires about 540 cal. If evaporation
of water from a representative soil lowered the soil moisture content from
25 to 24% (only a 1% decrease), and if all the thermal energy needed to evaporate
the water came only from the moist soil, the soil would be cooled by about
12°C. Such a figure is hypothetical because only a part of the heat of vaporiza-
tion comes from the soil itself. Nevertheless, it indicates the tremendous cooling
influence of evaporation.

The low temperature of a wet soil is due partially to evaporation and
partially to high specific heat. The temperature of the upper few centimeters
of wet soil is commonly 3-6°C (6-12°F) lower than that of a moist or dry
soil. This is a significant factor in the spring in a temperate zone when a

1 These figures can be easily verified. For example, consider the above soil at 20% moisture
content. Since soil moisture is expressed as kilograms of water per kilogram of soil solids, there
is in this case 0.2 kg of H,O with each kilogram of dry soil. The number of calories required to
raise the temperature of 0.2 kg of water by 1°C is

0.2 kg % 1000 cal/kg = 200 cal
The corresponding figure for the kilogram of soil solids is
1 kg X 200 cal/kg = 200 cal
Thus a total of 400 cal is required to raise the temperature of 1.2 kg of the moist soil by 1°C.
Since the specific heat is the number of calories required to raise the temperature of 1 kg of

wet soil by 1°C, in this case it is

400/1.2 = 330 cal/kg
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few degrees will make the difference between the germination or lack of germi-
nation of crop seeds. Stand failures are commonly due to wet cold soils.

Soil Color and Temperature. At this point it is appropriate again to emphasize
the interrelationship of soil color and soil temperature. Although dark-colored
soils absorb heat readily, such soils, because of their usually high organic
matter status, often have high moisture contents. Under such soil conditions,
the evaporation and specific heat relationships become especially important.
Consequently, a dark-colored soil, particularly if it happens to be somewhat
poorly drained, may not warm up as quickly in the spring as will a well-
drained light-colored soil nearby.

4.12 Movement of Heat in Soils

As already mentioned (Section 4.9), much of the solar radiation is dissipated
into the atmosphere. Some, however, slowly penetrates the profile largely by
conduction. While this type of movement is influenced by a number of factors,
the most important is probably the moisture content of the soil layers. Heat
passes from soil to water about 150 times more easily than from soil to air.
As the water increases in a soil, the air decreases and the transfer resistance
is lowered decidedly. When sufficient water is present to join most of the
soil particles, further additions will have little effect on heat conduction. Here
again the major role of soil moisture is obvious.

The significance of conduction in respect to field temperatures is not diffi-
cult to comprehend. It provides a means of temperature adjustments but, be-
cause it is slow, the subsoil changes tend to lag behind those to which the
surface layers are subjected. Moreover, the changes occurring are always less
in the subsoil. In temperate regions, surface soils in general are expected to
be warmer in summer and cooler in winter than the subsoil, especially the
lower horizons of the subsoil.

Mention should also be made of the effect of rain or irrigation water on
soil temperature. For example, in temperate zones spring rains definitely warm
the surface soil as the water moves into it. Conversely, in the summer the
rainfall is often cooler than the soil into which it penetrates and thus cools
the soil.

4.13 Soil Temperature Data
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The temperature of the soil at any time depends on the ratio of the energy
absorbed and that being lost. The constant change in this relationship is re-
flected in the seasonal, monthly, and daily temperatures. The accompanying
data (Figure 4.14) from College Station, Texas, are representative of average
seasonal temperatures in relation to soil depth.
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It is apparent from these figures that the seasonal variations of soil tem-
perature are considerable even at the lower depths. The surface layers vary
more or less according to air temperature and therefore exhibit a greater fluctua-
tion than the subsoil. On the average, the surface 15-cm layer of soil is warmer
than the air at every season of the year, while the subsoil is warmer in autumn
and winter but cooler in the spring and summer because of its protected position

and the lag in conduction.
Menthly Variations. The lag in temperature change in the subsoil is especially
noticeable when the average monthly soil temperatures at Lincoln, Nebraska,
are considered. These averages plotted in Figure 4.15 show a greater annual
range in temperature for the surface soil than for the air. Note that monthly
average soil temperature at a 7.5 cm depth is higher than the air temperature
throughout the year. In contrast, the temperature at the 90 cm depth is higher
in the winter but lower in the summer than air temperature. Consequently,
temperature variation in the subsoil is much less than in the topsoil. This is
an advantage not only from the standpoint of agriculture but for other sectors
as well. Thus, the deep subsoils are less apt to freeze in the winter months,
thereby protecting the roots of perennial crop plants and trees. Likewise, frost
action on houses (Figure 4.8) or roads is not as apt to occur if the house or

135

road foundation is anchored in the subsoil.
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FIGURE 4.15 Average monthly air and soil temperatures at Lincoln, NE (12 years).
Note that the 7.5 cm soil layer is consistently warmer than the air above and that
the 90 cm soil horizon is cooler in spring and summer, but warmer in the fall and
winter, than surface soil.

The temperature lag of subsoils is also of practical importance in tempera-
ture regulation in houses that use a so-called heat pump. These pumps utilize
water circulating in a subsoil field surrounding a house and take advantage
of the fact that subsoils are cooler in summer and warmer in winter to help
reduce temperature extremes in the house.

Daily Variations. The daily and hourly temperatures of the atmospheric air
and the soil in temperate zones may show considerable agreement or marked
divergence according to conditions. Fluctuations are naturally more rapid in
the case of air temperatures and usually are greater in temperate regions (Figure
4.16). However, the maximum temperature of a dry surface soil may definitely
exceed that of the air, possibly approaching in some cases 50-55°C (122-131°F).
But in winter even surface soils do not fall greatly below freezing.

With a clear sky, the air temperature in temperate regions rises from morn-
ing to a maximum at about two o’clock. The surface soil, however, does not
reach its maximum until later in the afternoon, owing to the usual lag (Figure
4.15). This retardation is greater and the temperature change is less as the
depth increases. The lower subsoil shows little daily or weekly fluctuation,
the variation, as already emphasized, being a slow monthly or seasonal change.
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FIGURE 4.16 (a) Influence of straw mulch (8 tons/ha) on air temperature at a depth
of 10 cm during a hot spell in August in Bushland, TX. Notice the soil temperatures
in the mulched area are consistently lower than when no mulch was applied. (b) During
a cold period in January the soil temperature was higher in the mulched than in the
no-mulch area. [Redrawn from Unger (1978); used with permission of the American
Society of Agronomy.]
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4.14 Soil Temperature Control
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The temperature of field soils is subject to no radical human regulation. How-
ever, two kinds of management practice have significant effects on soil tempera-
ture: (a) those which keep some type of cover or mulch on the soil and (b)
those which reduce excess soil moisture. These effects have meaningful biologi-
cal implications.

Mulch and Tillage. Soil temperatures are influenced by soil cover and espe-
cially by organic residues or other types of mulch placed on the soil surface.
Figure 4.16 shows that mulches are definitely soil temperature modifiers. In
periods of hot weather they keep the surface soil cooler than where no cover
is used. In contrast, during cold spells in the winter, they moderate rapid tem-
perature declines. They tend to buffer extremes in soil temperatures.

Until fairly recently the significant use of mulches in modifying soil tem-
perature extremes was limited mostly to home gardens and flower beds. While
these uses are still very important, the effects of mulches have extended to
field crop culture in areas where “conservation” tillage practices are followed
(Section 2.14). These innovative practices leave much if not all the crop residues
at or near the soil surface. The influence of conservation tillage on soil tempera-
ture is illustrated by data shown in Figure 4.17. Soil temperatures were consis-
tently lower during July and August where the “no tillage” practice was fol-
lowed. Crop residues left on the surface undoubtedly accounted for this effect.

Moisture Control. A second means of exercising some control over soil tem-
perature is through management practices that influence soil moisture. The
temperature regimes of a well-drained and a poorly drained soil in a humid,
temperate region will illustrate this point. The poorly drained soil has a high
specific heat. Therefore, large amounts of radiant energy must be absorbed
to raise the soil temperature by those few extra degrees so badly needed in
early spring. And since the excess water will not percolate through this soil,
much of it must be removed by evaporation, another costly process in terms
of energy utilization. The low temperatures of poorly drained soils, especially
in the spring, are well known. A range from 3 to 6°C lower in the surface
layer than in comparable well-drained areas is expected. Drainage is, of course,
the only practicable measure.

In addition to the control relations already mentioned, there is the influence
of downward-moving water on soil temperature. In the early spring it can
have a warming effect, but during the remainder of the year it generally has
a cooling effect. Precipitation is usually cooler than the soil in temperate regions
in the summer, but even if rainwater should be 5°C warmer than the soil—
an improbable assumption—an average rain would raise the temperature of
the top 15 cm only slightly, and this would be quickly offset by the cooling
effects of surface evaporation.
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FIGURE 4.17 Effect of plowing under crop residues (conventional tillage) or leaving
them on the surface (no tillage) on the temperature of a fine sandy loam in West
Virginia. [Data from Bennett et al. (1976).]

As was the case with soil air, the controlling influence of soil water on
soil temperature is apparent everywhere. Whether a question of acquisition
of insolation, loss of energy to the atmosphere, or the movement of heat back
and forth within the soil, the percentage of water present is always important.
Water regulation seems to be the key to what little practical temperature control
it is possible to exert on field soils.
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Soil Colloids:
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{Preceding page] High resolution electron micrograph of an interstratified mica-smec-
tite clay showing the horizontal layering (magnified about 6 million times). | Courtesy
Buseck (1983) and American Scientist, Sigma Xi the Scientific Research Society.)

5.1
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The colloidal state refers to a two-phase system in which one phase in a
very finely divided state is dispersed through a second. In nature, colloids
are found as emulsions where a liquid is dispersed in a liquid, for example,
milk (fat globules in water); as aerosols where a solid or liquid is dispersed
in a gas, for example, smoke (solid in a gas), and fog (liquid in a gas); or as
gels where a solid is dispersed in a liquid, for example gelatin and the finer
fractions of soil (solid in water). Colloidal particles are generally smaller than
1 micrometer (um) in diameter. Since the clay fraction of soil is 2 um and
smaller, not all clay is strictly colloidal, but even the larger clay particles
have colloid-like properties.

The most active portions of the soil are those in the colloidal state, and
the two distinct types of colloidal matter, inorganic and organic, exist in inti-
mate intermixture.! The inorganic is present almost exclusively as clay minerals
of various kinds; the organic is represented by humus. Attention will be focused
on both the inorganic and organic fractions.

In a broad way, two groups of clays are recognized: (a) the silicate clays,
which are so characteristic of temperate regions and (b) the iron and aluminum
oxide clays, which are more prominent in well-weathered soils of the tropics
and semitropics. The silicates will be discussed first because they are dominant
in the most developed agricultural regions of the world.

General Constitution of Layer Silicate Clays

Shape. Early students of colloidal clays visualized the individual particles
as more or less spherical and amorphous or noncrystalline internally. It is
now definitely established, however, that the particles are laminated, that is,
made up of layers of plates or flakes and that they are crystalline, having an
ordered internal arrangement (Figure 5.1). Their individual sizes and shapes
depend upon their mineralogical organizations and the conditions under which
they have developed. Some of these particles are mica-like and definitely hexag-
onal; some are irregularly plate- or flake-like; some seem to be lath-shaped
blades or even rods; and some are spheroidal. The edges of some particles
seem to be clean-cut, while the appearance of others is indistinctly frayed
or fluffy. In all cases, the horizontal extension of the individual particles greatly
exceeds their vertical dimension.

! For reviews on soil colloids see ASA/SSSA (1981), Dixon and Weed (1977), and Gieseking
(1975).
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Surface Area. All clay particles, merely because of their small size, expose
a large amount of external surface. The external surface area of 1 g of colloidal
clay is at least 1000 times that of 1 g of coarse sand. In some clays there are
extensive internal surfaces as well. This internal interface occurs between
the plate-like crystal units that make up each particle (Figure 5.2), and com-
monly greatly exceeds the external surface area. The surface area of layer
silicate clays will range from 10 m?/g for clays with only external surfaces
to more than 800 m?/g for those with extensive internal surfaces. Asa conserva-
tive estimate, it is suggested that the active interface due to the clay fraction
of a hectare-furrow slice of a slit or clay loam soil probably exceeds the
land area of Illinois or Florida at least 100-125 times.

Electronegative Charge and Adsorbed Cations. The minute silicate clay colloid
particles, referred to as micelles (microcells), ordinarily carry negative
charges.? Consequently, hundred of thousands of positively charged ions or
cations are attracted to each colloidal crystal (e.g., H*, Al**, Ca?*, and Mg?**).
This gives rise to what is known as an ionic double layer (Figure 5.2). The
colloidal particle constitutes the inner ionic layer, being essentially a huge
anion, the external and internal surfaces of which are highly negative in charge.
The outer ionic layer is made up of a swarm of rather loosely held cations
that are attracted to the negatively charged surfaces. Thus, a clay particle is
accompanied by an enormous number of cations that are adsorbed?® or held
on the particle surfaces.

Associated with the layer of cations that throng the adsorptive surfaces
of clay particles are a large number of water molecules. Some of these water
molecules are carried by the adsorbed cations, since most of them are definitely
hydrated. In addition, some silicate clays hold numerous water molecules as
well as cations packed between the plates (internal surface area) that make
up the clay micelle. These various types of water are referred to in toto when
the hydration of clays is under consideration.

5.2 Mineral Colloids Other Than Layer Silicates

Oxides and Hydroxides of Iron and Aluminum. Clays comprised of irons
and aluminum oxides or hydroxides deserve attention for at least two reasons:
(a) they occur in temperature regions intermixed with silicate clays, and (b)
they are commonly dominant in the most highly weathered soils of the tropics
and semitropics. Properties of the red and yellow soils of these regions are
controlled in large degree by these iron and aluminum compounds.
Examples of oxides common in soils are gibbsite (Al,O.+3H,0) and goethite
(Fe;03+H;0). The formulas may also be written in the hydroxide form, that

2 Ag we shall see later, certain of these particles also carry positive charges.
3For a definition of adsorption see the Glossary.
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FIGURE 5.1 Crystals of four
silicate clay minerals found in soils.
(a) Kaolinite from Illinois magnified at
1600 times (note hexagonal crystal at
upper right). (b) Dickite (a kaolinite
group mineral) from Kansas magnified
about 9000 times. (c) Illite from
Wisconsin magnified about 15,000
times. (d) Montmorillonite (a smectite
group mineral) from Wyoming
magnified about 18,000 times.
[Scanning electron micrographs
courtesy Dr. Bruce F. Bohor, Illinois
State Geological Survey.]
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FIGURE 5.2 Diagrammatic representation of a silicate clay crystal (micelle) with
its sheet-like structure, its innumerable negative charges, and its swarm of adsorbed
cations. The enlarged schematic view of the edge of the crystal illustrates the negatively
charged internal surfaces of this particular particle, to which cations and water are
attracted. Note that each crystal unit has definite mineralogical structure. (See Figure
5.4 for a more detailed drawing of structure.)

is, gibbsite as Al(OH); and goethite as FeOOH. For simplicity they will be
referred to as the Fe and Al oxide clays.

Although relatively less is known about the Fe and Al oxide clays, they
have some properties in common with the silicates. For example, at least some
of them are thought to have definite crystalline structure. At high pH values,
the small particles may carry a small negative charge and thus serve as a
central micelle around which a swarm of cations are attracted. Because of
the much smaller number of negative charges per micelle, however, cation
adsorption is even lower than for kaolinite.

In acid soils, some Fe,Al oxides are positively charged (see Section 5.11).
They tend to counteract the electronegativity of the larger silicate clays and
thereby reduce the capacity to adsorb cations. Also, most Fe,Al oxides are
not as sticky, plastic, and cohesive as are the silicates. This accounts for the
much better physical condition of soils dominated by these oxides.

Allophane and Other Amorphous Minerals. In many soils, significant quanti-
ties of noncrystalline colloidal matter are found. For example, part of the iron
and aluminum oxides in some soils is amorphous. The same is true of part
of the silica, especially in soils formed from volcanic ash. In most cases, the
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properties of the amorphous minerals do not differ greatly from those of the
crystalline materials.

Perhaps the most significant amorphous silicate mineral matter in soil is
allophane, a somewhat poorly defined aluminum silicate. Having a general
composition approximating AloO;+25i0.H:O, this material is found as a constit-
uent in many soils. It is most prevalent in soils developed from volcanic ash.
It has a high capacity to adsorb cations and a considerable capacity to adsorb
anions, a property that will be considered later (Section 5.16).

5.3 Organic Soil Colloids—Humus

Because surface soils usually have some organic matter, a brief word about
organic colloids is necessary at this point. Otherwise, the soil significance of
the colloidal state of matter cannot be fully visualized.

Colloidal Organization. Humus may be considered to have a colloidal organi-
zation similar to that of clay. A highly charged anion (micelle) is surrounded
by a swarm of adsorbed cations (Figure 5.3). As later sections will show, the
reactions of these cations are similar, whether they are adsorbed by clay or
by humus.

Some important difference should be noted, however, between humus and
the inorganic micelles. First, the complex humus micelle is composed basically
of carbon, hydrogen, and oxygen rather than of aluminum, silicon, and oxygen
like the silicate clays. Also, the humus micelle is not considered crystalline
but the size of the individual particles, although extremely variable, may be
at least as small as the silicate clay particles. Last, humus is not as stable
as clay and is thus somewhat more dynamic, being formed and destroyed
more rapidly than clay.

Because of their complexity, relatively less is known about the specific
structure of humus colloids than of the silicate clays. However, it is known

FIGURE 5.3 Adsorption of captions by

o-
humus colloids. The phenolic hydroxyl groups oo™ Ca?t
(TO—OH) are attached to aromatic rings; the : .
carboxyl groups (—COOH) are bonded to other >_ 0 H
carbon atoms in the central unit. Note the } —CO0™  K*
general similarity to the adsorption situation C;L‘:;ﬂs“c’:l‘l;za }-o— Me2*
in silicate clays. (ostiylE andlH) _coo- g
H+
NH,*
H+

) Na*
Negative charges Adsorbed ions
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that humus is not a specific compound nor does it have a single structural
makeup. The major sources of negative charges are thought to be partially
dissociated carboxylic (—COOH), enolic (—OH), and phenolic (@—OH]
groups associated with central units of varying size and complexity. This rela-
tionship is illustrated in a general way in Figure 5.3.

The negative charge on humus colloids is mostly pH dependent, as it is
on some of the silicate clays and of hydrous oxides (see Section 5.11). Under
strongly acid conditions hydrogen is tightly bound and not easily replaceable
by other cations. The colloid therefore exhibits a low negative charge, and
the cation adsorptive capacity is low. With a rise in pH, first the hydrogen
from the carboxyl groups and then the hydrogen from the enolic and phenolic
groups ionize and are replaced by calcium, magnesium, and other cations.
Under alkaline conditions the cation adsorptive capacity of humus far exceeds
that of most layer silicate clays.

5.4 Adsorbed Cations

148

Although all cations may be adsorbed by soil colloids, in humid regions the
cations of calcium, aluminum, and hydrogen are by far the most numerous,
whereas in an arid region soil calcium, magnesium, potassium, and sodium
predominate (Table 5.1). A colloidal complex may be represented in the follow-
ing simple and convenient way for each region.

a Ca e Ca
b
o 5" [Vicele]
dM hM
Humid region Arid region

The M stands for the small amounts of metallic and other “base-forming"”
cations adsorbed by the colloids. The a, b, ¢, d, €, f, g, and h indicate that
the numbers of cations are variable.

These examples emphasize that clays and their associated exchangeable
ions can be considered in perhaps an oversimplified way as complex salts.
This can be verified by comparing the formula for a humid region soil with
that of NaHSO,, a well-known acid salt. In both cases negatively charged
radicals (anions) are associated with metallic cations and hydrogen. The only
difference is one of size and charge, the clay anion (micelle) being much larger
than the sulfate and, of course, having many more negative charges per anion.

When, by the proper laboratory manipulations, the metallic cations are
replaced entirely by hydrogen ions, a colloidal “acid” or H [Micelle] results. In
a like manner calcium ions may be given dominance and a calcium “salt”

Ca [Micelle] comes into being. Of course, in nature, soil colloids are very seldom
wholly acids or wholly salts.
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TABLE 5.1 Relative Proportion of Adsorbed Metallic Cations Present in Certain
Surface Soils of the United States®

The percentage figures in each case are based on the sum of the metallic cations
taken as 100. Note the geographic distribution of the soil samples.

Soil Ca Mg K Na
Penn loam (New Jersey) 60.8 15.8 19.0 4.4
Mardin silt loam (New York) 90.7 5.0 31 1.2
Webster series soil (Iowa) 76.8 20.4 1.2 1.6
Sweeney clay loam (California) 76.1 21.3 1.3 1.3
Red River Valley soil (Minnesota) 73.9 21.5 4.2 04
Keith silt loam (Nebraska) 771 13.3 741 2.5
Holdrege silt loam (Nebraska) 66.5 209 111 1.5

= Data compiled from various sources by Lyon et al. (1952).

Why Adsorbed Calcium, Aluminum, and Hydrogen Ions Are So Prominent. In
the early stages of clay formation, the solution surrounding the decomposing
silicates contains calcium, magnesium, potassium, sodium, iron, and aluminum
ions, which have been liberated by weathering. These ions are not all held
with equal tightness by the soil colloids. The order of strength of adsorption
when they are present in equivalent guantities is Al > H> Ca > Mg > K >
Na. Consequently, one would expect the quantity of these ions in the exchange-
able form to be in the same order, with aluminum and calcium being the most
dominant cations and sodium the least dominant. This is generally the case
in most well-drained, moderately acid humid-region soils.

In arid and semiarid regions, the calcium and other metallic cations do
not leach from the soil. These metallic cations therefore tend to dominate
the adsorptive sites and pH values of 7.0 and above result. Under these condi-
tions the aluminum ions form insoluble compounds and the adsorbed hydrogen
ions are replaced by the metallic cations.

When the drainage of an arid region soil is impeded and alkaline salts
accumulate, absorbed sodium ions are likely to become prominent and may
equal or even exceed those of the adsorbed calcium. Here, then, would be a
sodium or a sodium-calcium complex. By the same rule, in humid regions
the displacement of the metallic cations by aluminum and hydrogen ions gives
an aluminum-hydrogen clay. Since the cation or cations predominant in a colloi-
dal system have much to do with its physical and chemical properties as well
as its relationship to plants, this phase of the subject is of much practical
importance.

Reference to the displacement of one adsorbed cation by another suggests
that these ions are exchangeable. The concept of cation exchange and its
relationship to plant nutrition will be considered later (Section 5.12).
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Now that the general characteristics of soil colloids and their associated cations
are understood, we turn to a more detailed consideration of silicate clays.
For many years clays were thought to be amorphous or lacking in orderly
internal arrangement of the chemical elements. However, the use of X rays,
electron microscopy, and other techniques has shown that the layer silicate
clay particles are definitely crystalline. The enlarged schematic view of the
edge of a clay mineral crystal presented in Figure 5.2 illustrates that clay
particles.are comprised of individual layers or crystal units. The mineralogical
organization of these layers varies from one type of clay to another and mark-
edly affects the properties of the mineral. For this reason, some attention will
be given to the fundamentals of silicate clay structure before consideration
of specific silicate clay minerals.

Silica Tetrahedral and Alumina-Magnesia Octahedral Sheets. The mostimpor-
tant silicate clays are known as phyllosilicates (Gr. phullon, leaf), suggesting
a leaf-like or platelet structure. They are characterized by alternating sheets
comprised of planes of mineral cations surrounded and linked together by
planes of oxygen and hydroxyl anions (Figure 5.4). One type of sheet is domi-
nated by silicon, the other by aluminum and/or magnesium.

The basic building block for the silica-dominated sheet is a unit composed
of one silicon cation surrounded by four oxygen anions. It is called the silica
tetrahedron because of its four-sided configuration. An interlocking array of
a series of silica tetrahedra tied together horizontally by shared oxygen anions
gives a tetrahedral sheet.

Aluminum and/or magnesium are the key cations in the second type of
sheet. An aluminum (or magnesium) ion surrounded by oxygens or hydroxyls
gives an eight-sided building block termed an octahedron (Figure 5.4). Numer-
ous octahedra linked together horizontally comprise the octahedral sheet. An
aluminum dominated sheet is termed a dioctahedral sheet, while one with
magnesium dominant is called a trioctahedral sheet. The distinction is due
to the fact that two aluminum ions have the same charge as three magnesium
ions. As will be seen later, numerous intergrades occur where both cations
are present.

The tetrahedral and octahedral sheets are the fundamental structural units
of silicate clays. They are associated in different clays in various structural
arrangements and combinations, being bound together within the crystals by
shared oxygen anions. The specific combinations of sheets, called layers, are
characteristic of the major groups of silicate clays. The relationship among
planes, sheets, and layers shown in Figure 5.4 is important and should be
well understood.

Isomorphous Substitution. The structural arrangements just described suggest
a very simple relationship among the elements making up silicate clays. In
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FIGURE 5.4 The basic molecular and structural components of silicate clays. (a)
A single tetrahedron, a four-sided building block comprised of a silicon ion surrounded
by four oxygen ions, and a single eight-sided octahedron, in which an aluminum {or
magnesium) ion is surrounded by six hydroxyls or oxygens. (b) In clay crystals,
thousands of these tetrahedral and octahedral building blocks are connected to give
horizontal planes of silicon and of aluminum (or magnesium). These planes alternate
with planes of oxygen and hydroxyl ions. The silicon plane and associated oxygen/
hydroxyl planes make up a tetrahedral sheet. Similarly, the aluminum/magnesium plane
and associated oxygen/hydroxyl planes comprise the octahedral sheet. Different
combinations of tetrahedral and octahedral sheets are termed layers. In some silicate
clays, these layers are separated by interlayers in which water and adsorbed cations
are found. Many layers are found in each crystal or micelle (micro cell).
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nature, however, more complex chemical formulas result from the weathering
of a wide variety of rocks and minerals, and cations other than silicon, alumi-
num, and magnesium enter into the clay lattice.

The silicon in the tetrahedral sheet and the aluminum and magnesium
in the octahedral sheet are subject to replacement or substitution by other
ions of comparable size. The ionic radii of a number of ions common in clays
are listed in Table 5.2 to illustrate this point. Note that aluminum is only slightly
larger than silicon. Consequently, aluminum can fit into the center of the tetrahe-
dron in the place of the silicon and does so in some clays. As some silicates
form, part of the silicon in the sheet is replaced by aluminum without changing
the basic structure of the crystal. The process, called isomorphous substitution,
is common and accounts for the wide variability in the nature of silicate clays.

TABLE 5.2 Ionic Radii of Elements Common in
Silicate Clays and an Indication of Which Are
Found in the Tetrahedral and Octahedral Sheets

Note that Al, O, and OH can fit in either.

Ion Radius (nm)* Found in

Sis+ 4.2

AP+ 5.1 Silica tetrahedra
Fed* 6.4

Mgz 6.6 Alumina octahedra
Zn** 7.4

Fe 7.0 Exchange sites
Na* 9.7

Ca®* 9.9

K* 13.3

02 14.0

OH- 15.5} Both sheets.

¢ 1nm=10"% m.

Isomorphous substitution also occurs in the octahedral sheet. Note from
Table 5.2 that ions such as iron and zinc are not too different in size from
aluminum and magnesium. As a result, these ions can fit into the position of
aluminum or magnesium as the central ion in the octahedral sheet. The isomor-
phous substitution in a dioctahedral sheet of an ion with two charges such
as Mg?* for one with three charges such as Al3* (or Al2* for Si** in the tetrahe-
dral sheet) leaves unsatisfied negative charges from the oxygen anions in the
sheets. As we shall see later (Section 5.11), this type of substitution helps
account for the overall negative charge associated with several silicate clays
and in turn with the capacity to adsorb cations.

It should be pointed out that substituting a cation such as Al** or Fe3*
with three charges for Mg?* in an otherwise neutral trioctahedral sheet leaves
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a net positive charge. While such positive charges are usually counterbalanced
by negative charges just discussed, they do influence the overall cation adsorp-
tive capacity of silicate clays.

5.6 Mineralogical Organization of Silicate Clays

On the basis of the number and arrangement of tetrahedral (silica) and octahe-
dral (alumina-magnesia) sheets contained in the crystal units or layers, silicate
clays are classified into three different groups: (a) 1:1-t e minerals—one tetra-
hedral (Si) to one octahedral (Al) sheet, (b) 2:1-type minera s, and (c) 2:1:1-
type minerals. Each of these is discussed brie y in terms of the main member
of he group for illustrative purposes.

1:1-Type Minerals. The layers of the 1:1-type minerals are made up of one
tetrahedral (silica) sheet combined with one octahedral (alumina) sheet hence
e terminology 1:1-type crystal (Figure 5.5). In soils, kaolinite is the most
prominent member of this group, which includes halloysite, nacrite, and dickite.
The tetrahedral and octahedral sheets in a given layer of kaolinite are
held together by oxygen anions, which are mutually shared by the silicon
and aluminum cations in their respective sheets. These layers, in turn, are
held together by hydrogen bonding. Consequently, the lattice is fixed and no
expansion ordinarily occurs between layers when the clay is wetted. Cations
and water do not enter between the structural layers of the particle. The effec-
tive surface of kaolinite is thus restricted to its outer faces or to its external
surface area. Also, there is little isomorphic substitution in this mineral. Along

Octahedral sheet
< on

Al
0,0H
Si

Q 0
Tetrahedral sheet

FIGURE 5.5 Models of ions that constitute the 1:1-type clay kaolinite. Note that
he mineral is comprised of alternate octahedral (alumina) and tetrahedral (silica) sheets;
hence, the designation “1:1.” Aluminum ions surrounded by six hydroxyls and oxygens
make up the octahedral sheet (upper left). Smaller silicon ions associated with four
oxygen ions constitute the tetrahedral sheet. The octahedral and tetrahedral sheets
are coupled together (center) to give a layer with hydroxyls on one surface and oxygens
on the other. A schematic drawing of the ionic arrangement (right) shows a cross
sectional view of the crystal unit or layer.

5.6 Mineralogical Organization of Silicate Clays
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with the relatively low surface area of kaolinite, this accounts for its low
capacity to adsorb cations.*

Kaolinite crystals usually are pseudohexagonal in shape (Figure 5.1). In
comparison with other clay particles, they are large in size, ranging from 0.10
to 5 um across, with the majority falling within 0.2-2 pm. Because of the nature
of their structural layers kaolinite particles are not readily broken down into
extremely thin plates.

In contrast with the other silicate groups, the plasticity (capacity of being
molded), cohesion, shrinkage, and swelling properties of kaolinite are very
low. Its restricted surface and limited adsorptive capacity for cations and water
molecules suggest that kaolinite does not exhibit colloidal properties of a high
order of intensity.

Other 1:1-type minerals differ from kaolinite primarily in the stacking of
their layers in the crystal. Halloysite has sheets of water between these layers,
and the crystals have a tubular appearance. This mineral’s properties of plastic-
ity, shrinking, and swelling exceed slightly those of kaolinite. Nacrite and
dickite, which are the least common of this group, differ from kaolinite in
the orientation of the OH groups involved in the interlayer bonding.

2:1-Type Minerals. The crystal units (layers) of these minerals.are character-
ized by an octahedral sheet sandwiched between two tetrahedral sheets. Three
general groups-have this basic crystal structure. Two of them, smectite and
vermiculite, are expanding-type minerals, while the third, fine-grained micas
(illite), is nonexpanding.

Expanding minerals. The smectite group, which includes montmorillon-
ite, beidellite, nontronite, and saponite, is noted for interlayer expansion, which
occurs by swelling when the minerals are wetted, the water entering the inter-
layer space and forcing the layers apart. Montmorillonite is the most prominent
member of this group in soils. The flake-like crystals of this mineral (Figure
5.1) are composed of 2:1-type layers, as shown in Figure 5.6. In turn, these
layers are loosely held together by very weak oxygen-to-oxygen and cation-
to-oxygen linkages. Exchangeable cations and associated water molecules are
attracted between layers (the interlayer space), causing expansion of the crys-
tal lattice. Consequently, smectite crystals may be easily separated to give
particles that approach the size of single crystal layers. Commonly, however,
these crystals range in size from 0.01 to 1 pm. They are thus much smaller
than the average kaolinite particle (Table 5.3).

The movement of water and cations into the interlayer spaces of the smec-
tite crystals exposes a very large internal surface, that, by far, exceeds the
external surface area of these minerals. For example, the specific surface or
total surface area per unit mass (external and internal) of montmorillonite is
700-800 m?/g. A comparable figure for kaolinite is only 15 m?/g.

*Since the adsorbed cations may be freely exchanged with other cations, the capacity to
adsorb cations is usually referred to as cation exchange capacity (see Section 5.12).
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FIGURE 5.6 Model of two crystal units (layers) of montmorillonite, a smectite
expanding-lattice 2:1-type clay mineral. Each layer is made up of an octahedral
(alumina) sheet sandwiched between two tetrahedral (silica) sheets. There is little
attraction between oxygen ions in the bottom sheet of one unit and those in the top
sheet of another. This permits a ready and variable space between layers, which is
occupied by water and exchangeable cations. This internal surface far exceeds the
surface around the outside of the crystal. Note that magnesium has replaced aluminum
‘n some sites of the octahedral sheet. Likewise, some silicon ions in the tetrahedral
sheet may be rep aced by aluminum (not shown). These substitutions give rise to a

egative charge, wh'ch accounts for the high cation exchange capacity of this clay
mineral.

Isomorphous substitution of magnesium for some of the aluminum in the
dioctahedral sheet and of aluminum for silicon in the tetrahedral sheet leaves
smectite crystals with a net negative charge. This char e * atisfied by a
swarmo ations (H*, Al+, Ca?*, *,etc.) thatare attracted to both the internal
and external surfaces (Figure 5.2). The smectites commonly show a high cation
exchange capacity, perhaps 10-15 times  at of kaolinit .

Smectites also are noted for their high plasticity and cohesion and their
marked shrinkage on drying. The shr1 age is ue not o o e loss of
interlayer water, with concomitant reduction in size of each clay particle,
but perhaps even more to loss of interparticle water, which is present in abun-
dance in wet soils containing smectites because of the extremely small size
of the individual clay particles. Wide cracks commonly form as soils dominated
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TABLE 5.3 Comparative Properties of Three Major Types of Silicate Clay

Smectite Fine mica

Property (montmorillonite) (illite) Kaolinite
Size (pm) 0.01-1.0 0.1-2.0 0.1-5.0
Shape Irregular flakes Irregular flakes Hexagonal crystals
Specific surface (m?/g) 700-800 100-120 5-20
External surface High Medium Low
Internal surface Very high Low None
Cohesion, plasticity High Medium Low
Swelling capacity High Medium Low
Cation exchange capacity

(cmol/kg® 80-120 15-40 3-10

® Square meter of surface per gram.
* Centimoles of negative charge per kilogram of clay.

by smectites are dried (see Figure 5.18). The dry aggregates or clods are very
hard, making such soils difficult to till.

Montmorillonite, the most common smectite in soils, is characterized by
considerable isomorphic substitution of Mg for Al in the octahedral layer.

Beidellite is a 2:1-type clay in the smectite group with its charge deter-
mined primarily by ismorphous substitution of aluminum for silicon in the
tetrahedral sheet. In nontronite, trivalent iron dominates the octahedral sheet,
and some of the silicon in the tetrahedral sheet is replaced by aluminum.
Hectorite and saponite are trioctahedral minerals, in which magnesium domi-
nates their octahedral sheets. Saponite also has some substitution of aluminum
for silicon in the tetrahedral sheet.

Vermiculites have structural characteristics similar to those of the smectite
group in that an octahedral sheet is found between two tetrahedral sheets.
Most soil vermiculties are dioctahedral and have types of isomorphous substitu-
tion similar to those for smectites. In the trioctahedral vermiculites, the octahe-
dral sheet is dominated by magnesium rather than aluminum, three magnesium
ions rather than two aluminum ions being present. In the tetrahedral sheet
of most vermiculites, considerable substitution of aluminum for silicon has
taken place. This accounts for most of the very high net negative charge associ-
ated with these minerals.

Water molecules, along with magnesium and other ions, are strongly ad-
sorbed in the interlayer space of vermiculite (Figure 5.7). However, they act
as bridges holding the units together rather than as wedges driving the units
apart. The degree of swelling is, therefore, considerably less for vermiculite
than for smectite. For this reason vermiculite is considered a limited-expansion
clay mineral, expanding more than kaolinite but much less than montmorillon-
ite.

The cation exchange capacity of vermiculites commonly exceeds that of
all other silicate clays, including montmorillonite and other smectites. This

5 Soil Colloids: Their Nature and Practical Significance



FIGURE 5.7 Schematic drawing
illustrating the organization of
tetrahedral and octahedral sheets in
chlorite (a) and vermiculite (b).
Magnesium is prominent if not
dominant in the tetrahedral sheets of
both minerals. In chlorite, Mg-
dominated octahedral sheets [brucite,
(Mg(OH),] alternate with 2:1-type
layers giving a 2:1:1- or 2:2-type
structure. Water molecules and
magnesium and other cations are held
rather firmly in the interlayer of
vermiculite since they are attracted by
the high negative charge in the
tetrahedral sheets. Interlayer
constituents act as bridges between
the 2:1 layers and thereby constrain
the interlayer expansion, especially in
the case of chlorite.
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is due to the very high negative charge in the tetrahedral sheet, which exceeds
the positive charge sometimes found in the octahedral sheet. Vermiculite crys-
tals are larger than those of montmorillonite but are much smaller than those
of kaolinite.

Nonexpanding minerals. _Micas are the type minerals in this group. Mus-
covite and biotite are examples of micas often found in the sand and silt
separates. Minerals similar in structure to these micas are found in the clay
fraction of soils. They are called fine-grained micas or illite.

Like smectites, fine-grained mica has a 2:1-type crystal. However, the
particles are much larger than those of the smectites, and the major source
of charge is in the tetrahedral rather than the octahedral sheet. About 20%
of the tetrahedral silicon sites are occupied by aluminum atoms. This results
in a high net negative charge in the tetrahedral sheet, even higher than that
found in vermiculite. To satisfy this charge, potassium ions in the interlayer
space are strongly attracted and are just the right size to fit snugly into certain
spaces in the adjoining tetrahedral sheets (Figure 5.8). The potassium thereby
acts as a binding agent, preventing expansion of the crystal. Hence, fine-grained
mica is quite nonexpansive.

Such properties as hydration, cation adsorption, swelling, shrinkage, and
plasticity are much less intense in fine-grained micas than in smectites. The
micas do exceed kaolinite in respect to these characteristics, but this may
be due in part to the presence of interstratified layers of smectite or vermiculite.
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FIGURE 5.8 Model of a 2:1-type nonexpanding lattice mineral of the fine-grained
mica group (illite). The general constitution of the layers is similar to that in the smectites,
one octahedral (alumina) sheet between two tetrahedral (silica) sheets. However,
potassium ions are tightly held between layers, giving the mineral a more or less rigid
type of structure that prevents the movement of water and cations into the space
between layers. The internal surface and exchange capacity of illite are thus far below
those of the smectites.

In size, too, fine grained mica crystals are intermediate between the smectites
and kaolinites (Tab e 5.3). Their specific surface area is about 80 m2/g, about
1/10 that for montmoril onite

2:1:1-Type Mineras. This s'licate group 1s represented by soil chlorites,
which are common in some so1 s. Ch orites are basically ferro-magnesium sili-
cates with some aluminum present. In a typical chlorite clay crystal 2:1 layers,
such as are found in vermicu ite, alternate with a magnesium-dominated triocta-
hedral sheet, giving a 2:1:1 ratio (Figure 5.7). Magnesium also dominates the
trioctahedral position of chlorite in the 2:1 layer. Thus, the crystal unit contains
two silica tetrahedral sheets and two magnesium-dominated trioctahedral
sheets, giving rise to the term 2:1:1- or 2:2-type structure.

The cation exchange capacity of chlorites is about the same as that of
fine-grained mica (illite) and considerably less than that of the smectites or
vermiculites. Like fine mica, chlorite may have some vermiculite or smectite
interstratified with it in a single crystal. Particle size and surface area for
chlorite are also about the same as for illite. There is no water adsorption
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between the chlorite crystal units, which accounts for the nonexpansive nature
of this mineral.

Chlorite-like minerals are formed when aluminum hydroxy polymers are
deposited between layers of vermiculites and smectites. Such minerals are
common in highly weathered soils and have properties intermediate between
those of chlorite and the source mineral, vermiculite or smectite. They are
examples of interstratified layers, which will now be discussed briefly.

Mixed and Interstratified Layers. In obtaining a general concept of clay miner-
als, one should recognize that the specific groups do not occur independently
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FIGURE 5.9 Structural differences among silicate minerals and their mixtures.
Potassium-containing micas (a) with rigid crystals lose part of their potassium and
weather to fine-grained mica (illite), which is less rigid and attracts exchangeable cations
to the interlayer space (b). At a more advanced stage of weathering (c), the potassium
is leached from between some of the 2:1 layers; water and magnesium ions bind the
layers together and an interstratified illite—vermiculate is present. Further weathering
removes more potassium (d), water and exchangeable ions push in between the 2:1
layers and an interstratified vermiculite—smectite is formed. More weathering produces
smectite (e), the highly expanded mineral. Smectite in turn is subject to weathering
to kaolinite and iron and aluminum oxides. While most smectites actually are formed
by other processes, the sequence here illustrates the structural relationships of smectites
to the other minerals.
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of one another. In a given soil, it is common to find several clay minerals in
an intimate mixture. Furthermore, minerals having properties and composition
intermediate between those of any two of the well-defined minerals just de-
scribed will be found. Such minerals are termed mixed layer or interstratified,
because the individual layers within a given crystal may be of more than
one type. Terms such as “chlorite-vermiculite” and “illite-smectite” are used
to describe mixed-layer minerals (Figure 5.9). In some soils they are more
common than the single-structured minerals such as montmorillonite.

5.7 Source of the Negative Charge on Silicate Clays

Exposed Crystal Edges. There are at least two sources of the negative charges
associated with silicate clay particles. The first involves unsatisfied negative
charges associated with oxygens and hydroxyl groups exposed at the broken
edges and flat external surfaces of minerals such as kaolinite. The O and
OH are attached to silicon and aluminum ions within their respective sheets.
At pH levels of 7 or higher, the hydrogen of these hydroxyls dissociates slightly
and the colloidal surface is left with a negative charge carried by the oxygen.
The loosely held hydrogen is readily exchangeable. This situation is illustrated
in the diagram in Figure 5.10. The charge sites at crystal edges are at least
in part responsible for what has been termed the PH-dependent charge of
inorganic colloids (see Section 5.11 and Figure 5.16).

The presence of surface and broken-edge OH groups gives the kaolinite
clay particles their electronegativity and their capacity to adsorb cations. This
phenomenon apparently accounts for most of the cation exchange capacity
of 1:1-type colloidal clays and for organic colloids. It is of minor significance
with the 2:1-type clays.

FIGURE 5.10 Diagram of a broken edge of a kaolinite crystal, Crystal edge
showing oxygens as the source of negative charge. At high pH

values, the hydrogen ions tend to be held loosely and can be
exchanged for other cations.
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FIGURE 5.11 Atomic configuration in the octahedral sheet of silicate oH OH OH
clays (a) without substitution and (b) with a magnesium ion substituted 7~ \

for one aluminum. Where no substitution has occurred, the three positive

charges on aluminum are balanced by an equivalent of three negative Al
charges from six oxygens or hydroxyls. With magnesium in the place /
of aluminum, only two of those negative charges are balanced, leaving \0 o OH
one negative charge unsatisfied. This negative charge be satisfied by

an adsorbed cation. l

(a) Without substitution

(b} With substitution of
Mg2* for APY

Isomorphous Substitution. The phenomenon of the isomorphous substitution
of one ion for another in the crystal lattice was mentioned earlier as one of
the fundamentals of silicate structure (see Section 5.5). We are now ready to
see in a quantitative way the mechanism by which this substitution results
in a second source of net negative charge in the clay crystal.

In Figure 5.11 the structural arrangement in a segment of an aluminum-
dominated dioctahedral sheet is shown with and without the substitution of
a magnesium ion for an aluminum ion. Without substitution, the positive and
negative charges are in balance. The three positive charges of aluminum are
fully satisfied by an equivalent of three negative charges from the surrounding
oxygen or hydroxyl. However, when a magnesium ion replaces one of the
aluminum ions by isomorphous substitution, an imbalance occurs. The magne-
sium ion, with only two positive charges, cannot satisfy the three negative
charges associated with the surrounding oxygen and hydroxyl. Consequently,
the octahedral sheet assumes one negative charge for each magnesium-for-
aluminum substitution. This negative charge must be balanced by a positively
charged cation such as Na* or K*, which is adsorbed by the clay surface.

While isomorphous substitution may occur in certain 1:1-type minerals,
it is of much greater significance in 2:1-type silicate clays and especially in
smectites and dioctahedral vermiculites. The resultant negative charge is far
in excess of that resulting from broken crystal edges of these minerals.

Similar reasoning accounts for the net negative charge in the tetrahedral
sheet of silicate clays when aluminum, a three-valent ion, has become iso-
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morphically substituted for silicon, which has four positive charges. This can
be shown simply as follows.

Tetrahedral sheet Tetrahedral sheet
(no substitution) (A" substituted for Si*")
Si,04 SiAlO,
No charge One excess negative charge

Many 2:1-type silicate clays exhibit the substitution phenomenon just ex-
plained to a marked degree. Substitution may have occurred in either or both
the octahedral and tetrahedral sheets, as discussion of unit formulas in the
next section will illustrate. In montmorillonite, most of the substitution has
occurred in the octahedral sheet, but some has taken place in the tetrahedral
sheet as well. Similarly, substitution in both sheets has occurred in fine micas
(illite) and vermiculite, although the substitution and the source of negative
charge lie largely in the tetrahedral sheets. In addition to the magnesium and
aluminum ions, iron, manganese, and other ions may substitute for aluminum
or silicon in the crystal of certain minerals. The ionic diameter largely governs
the substitutions that occur (see Table 5.2). Unlike the charge associated with
the exposed crystal edges, those resulting from ionic substitution are not depen-
dent on pH.

It is well to note that the isomorphous substitution does not always result
in an increase in negative charges. The isomorphous substitution of any cation
for one with a lower charge results in an increase in the positive charge. This
substitution commonly occurs in trioctahedral layers when two-valent magne-
sium is replaced by three-valent iron or aluminum. The following is a simple
illustration of this effect.

Trioctahedral sheet Trioctahedral sheet
(no substitution) (AI®* substituted for Mg“)
Mg3(OH)s Mg, AI(OH)¢ *
No charge One excess positive charge

The influence of isomorphous substitution on negative and positive charges
can be seen in the next section covering the chemical composition of silicate
clays.

Chemical Composition of Silicate Clays
Because of the extensive crystal modifications and ionic substitutions just dis-
cussed, simple chemical formulas cannot be used to identify specifically the

clays in a given soil. However, “type" formulas can be used to illustrate differ-
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TABLE 54 Typical Unit Layer Formulas of Several

Clay and Other Silicate Minerals Showing Octahe-

dral and Tetrahedral Cations as Well as Coordinating Anions, Charge per Unit Formula, and Fixed
and Exchangeable Interlayer Components

Note that the negative charges in the crystal units are counterbalanced by equivalent positive charges

in interlayer areas.

Charge Interlayer components
Octahedral  Tetrahedral Coordinating per unit
Mineral sheet sheet anions formula Fixed Exchangeable®
Kaolinite Al, Si, O;5(OH), 0 none none
Serpertine Mg, Si, Os(OH). 0 none none
2:1-type dioctahedral minerals
Pyrophyllite Al, Si, 0,0(OH). 0 none none
Montmorillonite Al;,-,tylgo,a Sia,gAlo,. 010(OH). —-0.4 none Mg,
i-03 i—0.1
t :
Beidellite Alz Sia.gAloA O10(OH): —0,4 none Mg,
‘:'—0.4
Nontronite Fez Sis.lGAlD.A O10(OH); —0.4 none Mg,
3—0.4
Vermiculite Al Mgos SizeAlo. 0,0(OH); -0.7 xH:0 Mg,
{—0.3 i~04
Fine mica (llllte) Alz SlazAlos Oxo(OH)z —0.8 K;, M;l
i—0.8
Muscovite Al 8isAl 0,0(OH). -1,0 K* none
i-1.0
2: 1-type trioctahedral minerals
Talc Mg, Si, 0,10(OH). 0 none none
Vermiculite Mgz-,.Fe"o’*a SlalAl Om(OH)z -0.7 XHzO M:-,
1+0.3 i-1.0 !
Chlorite MgeFel,  Sias(AlFe)is  OiolOH) -11 MgAI(OH)s* M,
1+0.4 P15 !

a Exchangeable cations such as Ca?*, Mg?*, and H* are indicated by the singly charged cation M*.

ences in composition. Examples of these formulas, which are sometimes re-
ferred to as unit layer formulas, are shown in Table 5.4.

The unit layer formula for kaolinite is quite simple. This is in keeping
with the fact that little if any ionic substitution has occurred in the layers of
this silicate clay. There are no unit charges in the crystal and no interlayer
cations. The small charge associated with kaolinite is from jonized hydroxyl
groups on the crystal surfaces and edges described in the previous section.
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2:1-Type Dioctahedral Minerals. By comparing the 2:1-type clay mineral for-
mulas with those of minerals having comparable structure but with no charge
(e.g., pyrophyllite in dioctahedrals and talc in the trioctahedrals), the relation-
ship between isomorphous substitution, unit charges, and interlayer exchangea-
ble cations becomes obvious. For example, the montmorillonite formula shows
the substitution of 0.3 mole of Mg for Al in the octahedral sheet and of 0.1
mole of Al for Si in the tetrahedral sheet. The resulting 0.4 unit negative charge
is satisfied by an equivalent positive charge from exchangeable cations in
the interlayer space (shown as Mg, in Table 5.4). This simple relationship
holds for the other expanding-type clays shown in Table 5.4.

In fine mica Al has replaced much of Si in the tetrahedral sheet giving a
unit charge of 0.8. Most of this negative charge is counterbalanced by 0.7 mole
of K fixed in the interlayer space, leaving 0.1 mole to attract exchangeable
cations (Mg,). An even greater negative charge is found in the tetrahedral
sheet of muscovite, but this is satisfied entirely by a K ion firmly fixed in
the interlayer space, leaving this mineral with no net charge.

2:1-Type Trioctahedral Minerals. The formulas of 2:1-type trioctahedral min-
erals illustrates the effect of isomorphous substitution on positive as well as
negative charges. For example, compare the formula of trioctahedral vermiculite
with that of the comparable mineral having no charge, talc. In vermiculite,
0.3 Mg in the trioctahedral sheet has been replaced by 0.3 Fe*, a trivalent
cation. This results in a 0.3 positive charge in the octahedral sheet, which is
more than counterbalanced by the one negative charge in the tetrahedral sheet
resulting from the substitution of an aluminum for a silicon ion. The net negative
charge (0.7) attracts an equivalent positive charge associated with exchangea-
ble cations in the interlayer space.

In chiorite, a trioctahedral layer is fixed in the interlayer space. One Al
ion has replaced one Mg ion in this layer, giving the formula Mg,Al(OH).
The positive charge resulting from this substitution, plus the 0.4 positive charge
resulting from the substitution of Fe3* for Mg in the trioctahedral sheet of
the 2:1 layer, help counterbalance the very strong electronegativity (1.5 negative
charges) coming from the high replacement of silicon by aluminum in the tetra-
hedral sheet. The result is that a net negative charge of only 0.1 remains to
attract exchangeable cations to the interlayer in spite of a very high negative
charge per unit formula. A study of Table 5.4 should provide an understanding
of the relationship between silicate clay structures and practical properties
of these clays.

5.9 Genesis of Silicate Clays

The silicate clays are developed most abundantly from such minerals as the
feldspars, micas, amphiboles, and pyroxenes. Apparently, the transformation
of these minerals into silicate clays has taken place in soils and elsewhere

164 5 Soil Colloids: Their Nature and Practical Significance



by at least two distinct processes: (a) a comparatively slight physical and
chemical alteration of the primary minerals and (b) a decomposition of the
original minerals with the subsequent recrystallization of certain of their de-
composition products into the silicate clays. These processes will each be
given brief consideration.

Alteration. Alteration of the minerals may be encouraged by chemical action
involving the removal of certain soluble constituents and the substitution of
others within the crystal lattice. The changes that occur as muscovite is altered
to fine-grained mica (illite) may be used as an example. Muscovite is a 2:1-
type primary mineral with a nonexpanding crystal structure. As the weathering
process begins, some potassium is lost from the crystal structure and water
molecules enter into the lattice to give a looser and less rigid crystal. Also,
there is a relative increase in the silica content as compared to aluminum in
the tetrahedral sheet. Some of these changes, perhaps oversimplified, can be
shown as

H,0

KAL({Al Siz)O1(OH)z + 0.2 Si** + 0.1 M* —— M7 (Ko.7)Al(Alo8is2)010(OH)2 + 03K* + 0.2 Al

Muscovite
(rigid crystal)

Soil solution Fine mica Soil solution
(semirigid crystal)

M, represents exchangeable cations, and (Ko.) represents potassium held
semirigidly between crystal units.

There have been a release of potassium and aluminum, a minor change
in the chemical makeup, a reduction in rigidity of the crystal, and an initiation
of exchangeable properties with little basic change in the crystal structure of
the original mineral. It is still a 2:1 type, only having been altered in the
process of weathering. Continued removal of potassium and substitution of
magnesium for some of the aluminum in the alumina layer would result in
the formation of montmorillonite (Figure 5.12).

These examples illustrate the structural similarity among some of the sili-
cate clay minerals. They also illustrate the earlier reference to the gradual
transition from one mineral to another and to the intermediate minerals with
properties and characteristics in between those of the distinct groups (see
Section 5.6). The presence of “mixed-layer” minerals with such names as ““mica-
montmorillonite,” “chlorite-mica,” and “chlorite-vermiculite” (Figure 5.9) sug-
gests that a given collaidal crystal may contain layers of one mineral in between
layers of another. Certainly they emphasize the complexity of clay mineralogy
and of soils containing these minerals.

Recrystallization. The crystallization of silicate clays from soluble weathering
products of other minerals is fully as important in clay genesis as is alteration.
A good example is the formation of kaolinite from solutions containing soluble
aluminum and silicon that have come from the chemical breakdown of primary
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FIGURE 5.12 General conditions for the formation of the various layer silicate clays
and oxides of iron and aluminum. Fine grained micas, chlorite, and vermicu ite are
formed through rather mild weathering of primary aluminosilicate minerals, whereas
kaolinite and oxides of iron and aluminum are products of much mare intense
weathering. Conditions of intermediate weather'ng intensity encourage the formation
of smectite In each case silicate-clay genesis is accompanied by the removal of soluble
elements such as K, Na, Ca, and Mg.

minerals. This process of recrystallization involves a complete change from
the structural makeup of the original minerals and is usually the result of
much more intense weathering than that required by the alteration process
described above.

Moreover, such crystallization makes possible the formation of more than
one kind of clay from a given original mineral. The exact silicate colloid that
forms apparently depends upon the condition of the weathering and the ions
present in the weathering solution as crystallization occurs.

Relative Stages of Weathering. The more specific conditions resulting in the

formation of one or more of the important types of clay are shown in Figure
5.12. Per a s the first generalization to be drawn from this outline is that
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there is a difference in the weathering stage of minerals. The magnesium-rich
chlorite and the fine mica (illite) apparently represent the earlier weathering
stages of the silicates, while kaolinite represents the most advanced. The smec-
tites (e.g., montmorillonite) occupy an intermediate stage of weathering. With
Figure 5.12 as a guide, consider briefly the conditions that might yield each
of the three groups of clays.

Genesis of Individual Clays. Fine micas such as illite may be formed by the
alteration of primary micas such as muscovite without major changes in the
crystal structure, only a comparatively slight alteration being necessary to
effect the changes from one to the other. Illite also forms in potassium-rich
sediments.

In other cases, illite has apparently been formed from primary minerals
such as the potash feldspars by recrystallization under conditions of an abun-
dant potassium supply. In still other instances, illite may be formed from one
of the smectites (e.g., montmorillonite) if the latter is in contact with abundant
potassium. More common, however, is the reverse reaction by which illite
weathers to montmorillonite with the loss of much of its potassium.

Soil chlorite is formed by the alteration of the magnesium- and iron-rich
mica, biotite, and of primary chlorite. This change is accompanied by a loss
of some magnesium, potassium, and iron. Further alteration and weathering
may yield illite (fine mica) or vermiculite, either of which can be altered to
form one of the smectites.

Montmorillonite and other smectites may be formed by recrystallization
from a variety of minerals provided conditions are appropriate. Apparently,
mild weathering conditions (usually slightly acid to alkaline), a relative abun-
dance of magnesium, and an absence of excessive leaching are conducive to
the formation of these minerals. Alteration of other silicate clays, such as
chlorite, illite, and vermiculite, may also yield montmorillonite or one of the
other smectites.

As already stated, kaolinite represents a more advanced stage of weather-
ing than does any of the other major types of silicate clays. It is formed from
the decomposition of silicates under conditions of moderately to strongly acid
weathering, which results in the removal of the more soluble metal ions, such
as Ca, Mg, and Na, and some silica. The soluble aluminum and silicon products
that are released may recrystallize under proper conditions to form kaolinite.
This mineral, in turn, is subject to decomposition, especially in the tropics,
with the formation of iron and aluminum oxides and soluble silica.

As weathering of primary and secondary minerals occurs, ions of several
elements are released. The more soluble ions, such as sodium and potassium,
are usually removed in leaching waters. Others, such as aluminum, iron, and
silicon, either may recrystallize into new silicate-clay minerals or, more com-
monly, may form insoluble minerals, such as the oxides of iron and aluminum.
As shown in Figure 5.12, these compounds represent the most advanced stages
of weathering.
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5.10  Georgraphic Distribution of Clays
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The clay of any particular soil is generally made up of a mixture of different
colloidal minerals. In a given soil the mixture may vary from horizon to horizon.
This occurs because the kind of clay that develops depends not only upon
climatic influences and profile conditions but also upon the nature of the parent
material. The situation may be further complicated by the presence in the
parent material itself of clays that were formed under a preceding and perhaps
an entirely different type of climatic regime. Nevertheless, some very general
deductions seem possible, taking advantage of the relationships shown in Fig-
ure 5.12.

Regional Differences. The well-drained and well-weathered soils of humid
and subhumid tropics tend to be dominated by the oxides of iron and aluminum.
These clays are also prominent in the warmer humid regions of the temperate
zone such as are found in the southeastern part of the United States. Kaolinite
is commonly the dominant silicate mineral in these soils (Table 5.5) and is
also found along with the hydrous oxide clays in more tropical areas.

As one might expect, the smectite, vermiculite, and illite (fine mica) groups
are more prominent in cooler than in warm climates. Weathering is less intense
there than in tropical and subtropical regions. In the northern part of the United
States, in Canada, and in similar temperature regions throughout the world,

TABLE 5.5 Dominant Clay Minerals Found in Different Areas of the United States»

Dominant clay minerals

@ @

£ £

E - 2 2

xw 2 & - I -

General Typical E _5 E 2 = B

Soil weathering location -4 ) g = E I? 2
order® intensity in U.S. o b = g > o g
Entisol Low Variable X x
Inceptisol Variable X X
Aridisols Desert X X x X
Vertisols Ala., Tex. X
Mollisols Central U.S. x X X x
Alfisols Ohio, Pa., N.Y. X X X X X
Spodosols New England X X X
Ultisols Southeast U.S. X X X X
Oxisols High Tropical zones X X X

* Adapted from Jackson (1955).
® See Chapter 13 for soil descriptions.

5 Soil Colloids: Their Nature and Practical Significance



these clay minerals are common. The particular minerals that form depend
largely on the parent materials and on the soil-water regime. Where either
the parent material or the soil solution surrounding the weathering minerals
is high in potassium, illite and related minerals are apt to be formed. Parent
materials high in bases, particularly magnesium, or a soil drainage situation
that discourages the leaching of these bases, encourages smectite formation.
For these reasons, illite and montmorillonite are more likely to be prominent
in soils of semiarid and arid regions than in the more humid areas.

The strong influence of parent material on the geographic distribution of
clays can be seen in the “black belt” Vertisols of Alabama, Mississippi, and
Texas. These soils, which are dark in color, have developed from base-rich
marine parent materials and are dominated by montmorillonitic clays. They
are surrounded by soils high in kaolinite and hydrous oxides that are more
representative of this warm, humid region. Similar situations exist in central
India and Sudan.

Data in Table 5.5 show the dominant clay minerals in different soil orders,
the descriptions of which are given in Chapter 13. These data tend to substanti-
ate the generalization just discussed. For example, Oxisols and Ultisols are
characteristic of areas of intense weathering, and Aridisols are found in desert
areas. The dominant clay minerals for these areas are as expected on the
basis of Figure 5.12.

Although a few broad generalizations relating to the geographic distribu-
tion of clays are possible, these examples suggest that local parent materials
and weathering conditions tend to dictate the kinds of clay minerals found
in soils.

5.1 The Effect of pH on Surface Charges of
Soil Colloids®

With the principles affecting the nature and formation of silicate clays in mind,
we are now prepared to consider the practical implications of surface charges
associated with not only silicate clays but with all soil colloids. As previous
sections have suggested, both positive and negative charges are present and
at least some of them are influenced by soil pH. These influences will now
be discussed.

Negative Charges. There are two sources of negative charges on soil colloids.
First are the constant (permanent) charges resulting from the isomorphous
substitution with crystals of 2:1-type silicate clays of lower-valent cations
for higher valent ones. This process accounts for nearly all of the high negativity
associated with these 2:1-type clays.

5 For a discussion of the theory of surface charge see Uehara and Gillman (1980).

511 The Effect of pH on Surface Charges of Soil Colloids 169



TABLE 5.6 Charge Characteristics of Selected Soil Colloids
Showing the Comparative Levels of Their Permanent (Constant) and
Variable (pH-Dependent) Negative Charges and Their Positive

Charges®

Negative charge
Dominant Positive
type Total Constant Variable charge
of colloid (cmol/kg) (%) (%) (cmol/kg)
Organic 240 25 75 1
Smectite 118 95 5 1
Vermiculite® 85 100 0 0
Nlite 19 60 40 3
Allophane 51 20 80 17
Kaolinite 7 43 57 4
Gibbsite 6 0 100 6
Geothite 4 0 100 4

® Selected data from Mehlich (1981).

® Vermiculites generally have much higher cation exchange capacities
than this particular sample.

Permanent negative charges in soils are supplemented by variable or pH-
dependent charges stemming primarily from the dissociation of H* ions from
OH- groups in some 1:1-type clays, organic matter, hydrous oxides of iron
and aluminum, and some amorphous materials such as allophane. The relative
proportions of permanent and variable charges associated with several soil
colloids are shown in Table 5.6.

The variable negative charge is pH dependent, generally being high at
high pH values and low under acid conditions. It is controlled by the relative
concentrations of H* and OH- ions and their effect on the exposed OH groups
in soil colloids. Under conditions of high pH, the OH- ions in the soil solution
bring about the dissociation of H* ion from the colloid OH group. This can

be shown simply for the inorganic (>Al—OH) and organic (—COOH) materials
asg follows.

>Al—OH + OH- = >Al—0‘ + H,0

—CO—OH + OH- = —CO0—0- + H,0
No charge Negative charge
Soil solids Sail solution Soil solids Soil solution

As the soil pH increases, more OH-~ ions are available to force the reactions
to the right, and the negative charge on the particle surfaces increases. If the
soil pH is lowered, OH- ions are reduced, the reaction goes back to the left,
and negativity is reduced.
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Another source of increased negativity as the pH is increased is the re-
moval of complex aluminum hydroxy ions (e.g., Al(OH):*), which at low pH
levels block negative sites in the silicate clays and make them unavailable
for cation exchange. As the pH is raised, these ions react with the OH™ ion
to form insoluble Al{OH)s, thereby releasing negatively charged sites.

Since soils normally contain a mixture of soil colloids, both permanent
and variable charges are present. However, in soils of temperate climates
where 2:1-type clays are common, the permanent negative charges are usually
dominant. In highly weathered soils of the tropics where 1:1-type silicate clays
and iron and aluminum oxides dominate, and in soils high in organic matter,
the variable negative charges are more common.

Positive Charges. In Sections 5.7 and 5.8, we noted that positive charges result
from isomorphous substitution of high valent cations for lower valent ones
in trioctahedral clays. In such clays these positive charges are usually countered
by much higher negative charges within the crystal units. But in some highly
weathered soils of the tropics positive charges may actually exceed the negative
ones.

The OH groups associated with the surfaces of iron and aluminum oxides,
and allophane, and with the surfaces and edges of 1:1 silicate clays such as
kaolinite, are also the sites for the positive charges found in certain acid soils.
The source of these positive charges is the protonation or attachment of H*
jons to the surface OH groups as soils containing these minerals are acidified.
The reaction for silicate clays may be shown simply as follows.

>A10H + H* — >A10H2+

No charge Positive charge

Thus, in some cases, the same site on the soil colloid may be responsible
for negative charge (high pH), no charge (intermediate pH), or positive charge
(low pH). The reaction may occur as follows as H* ion is added to a high
pH soil.

>A10' + H* — >A10H + H* — >A10H2+

Negative charge No charge Positive charge
(high pH) (intermediate pH) (low pH)

Complex aluminum or iron hydroxy ions may also be the source of positive
charges associated with hydrous oxides of iron and aluminum (see Section
5.2). As a soil is acidified these complex ions form by reactions such as the
following:

Al(OH); + H* — Al(OH),* + H:0
No charge Positive charge
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The positive charge generated attracts anions such as Cl-, NOj3, and HSOy,
which are adsorbed by the soil colloid.

Since, in a given soil, mixtures of humus and several inorganic colloids
may be found, it is not surprising that positive and negative charges may be
exhibited at the same time. In most soils of temperate regions, _th/e_n_ega\ti_\@
charges will dominate, but in some acid soils of the tropics high in iron and
aluminum oxides, the overall net charge may be positive (Figure 5.13).

Cation and Anion Adsorption. The charges associated with soil particles at-
tract simple and complex ions of opposite charge. Thus, a given colloidal mix-
ture may exhibit not only a maze of positive and negative surface charges
but an equally complex group of simple cations and anions such as Ca?* and
SO.*~ as well as complex organic and inorganic charged complexes all of
which have been attracted by the particle charges. This is illustrated in Figure
5.14, which shows how soil colloids attract mineral elements so important
for plant growth. In neutral to alkaline soils, calcium and magnesium ng
with potassium and sodium, are the dominantly adsorbed cations; in acid soils,
hydrogen and aluminum ions predominate. The adsorbed anions are commonly
present in smaller quantities than the cations since the negative charges on
the soil colloid are generally predominant, especially in soils of temperate
regions.

FIGURE 5.13 Surface charge =5r

on an Oxisol (Acrorthox) subsoil
in relation to pH. At low pH
values the positive charges
predominate. Only at pH 6.5 was
the net charge negative. [From
Van Raij and Peech (1972).]

Surface charge (cmol/kg)

+1

+2

+3

+4

Negative charge

7
Net charge i 7

™ Positive charge

+5

4.0 5.0 6.0 7.0

pH

172 5 Soil Colloids: Their Nature and Practical Significance

8.0



FIGURE 5.14 Illustration of

adsorbed cations and anions on (a)
1:1-type silicate clay and (b) iron/
aluminum oxide particles. Note the

H,PO,~
HSO,™

dominance of the negative charges Kt H504
on the silicate clay and of the -
positive charges on the aluminum Mg H*
oxide particle. HPO,2~
ca?* H,PO,~
H+
NO;~ NO;™~
Al{OH),*
Catt AI(OH)?*
H,PO4~
2he HSO,~
H+
K* H, PO~
(a) 1:1-type silicate clay (b) Ironfaluminum oxide
particle particle

5.12 Cation Exchange

As previous sections have suggested, the various cations adsorbed by soil
colloids are subject to replacement by other cations through a process called
cation exchange. For example, hydrogen ions generated as organic matter de-
composes (see Section 6.3) can displace calcium and other metallic cations
from the colloidal complex. This can be shown simply, as follows, where only
one adsorbed calcium ion is being replaced.

The reaction takes place rapidly, and the interchange of calcium and hydrogen
is chemically equivalent. Furthermore, the reaction is reversible and will go
to the left if calcium is added to the system.

Cation Exchange Under Natural Conditions. The reaction as it usually occurs
in humid region surface soils is somewhat more complex, but the same princi-
ples apply. Assume, for the sake of simplicity, that the numbers of calcium,
aluminum, hydrogen, and other metallic cations (M*) are in the ratio 40, 20,
20, and 20 per micelle, respectively. The other metallic cations are considered
monovalent in this case.

5.12 Cation Exchange 173



174

Caqo Cags

Alzo — Alzo
H, + 5HCO, = + 2Ca(HCO,), + M(HCO,)

M20 M19

Soil solids Soil solution Soil solids Soil solution

Where sufficient rainfall is available to leach the calcium, the reaction
tends to go toward the right—that is, hydrogen ions are entering and calcium
and other bases (M) are being forced out of the exchange complex into the
soil solution. Under these conditions the soils tend to become more acid.

Note that aluminum is not shown as being replaced by the hydrogen.
This is because of the tenacity with which the aluminum ion is held. Also,
an increase in acidity would likely bring more aluminum ions into solution,
which might even increase the adsorption of this element. This situation is
discussed in greater detail in Section 5.14.

In regions of low rainfall, the calcium and other salts are not easily leached
from the soil, as indicated. This does not permit the reaction to go to completion
but instead drives it to the left, keeping the soil neutral or above in reaction.
The interaction of climate, biological processes, and cation exchange thus helps
determine the properties of soils.

Influence of Lime and Fertilizer. Cation exchange reactions are reversible.
Hence, if some form of limestone or other basic calcium compound is applied
to an acid soil, the reverse of the exchange just cited occurs. The calcium
ions replace the hydrogen and other cations. As a result, the clay becomes
higher in exchangeable calcium and lower in adsorbed hydrogen and aluminum,
and the soil pH is raised. If, on the other hand, acid-forming chemicals, such
as sulfur, are added to an alkaline soil in a dryland area, the H* ions would
replace the metal cations on the soil colloids and the soil pH would go down.

One more illustration of cation exchange will be offered. If a soil is treated
with a liberal application of a water-soluble fertilizer, such as potassium chlo-
ride, an exchange may occur (again M is considered to be monovalent).

Ca“) K7
Alz _, Cags
He + 7KCG = g + 2CaCl, + HCl + 2MCl
Mz Hso
Mis
Soil solids Soil solution Soil solids Soil solution

The added potassium is adsorbed on the colloid and replaces an equivalent
quantity of calcium, hydrogen, and other elements that appear in the soil solu-
tion. The adsorption of the added potassium is considered advantageous be-
cause a nutrient so held remains largely in an available condition but is less
subject to leaching than are most fertilizer salts. Hence, cation exchange is

5 Soil Colloids: Their Nature and Practical Significance



an important consideration not only for nutrients already present in soils but
also for those applied in commercial fertilizers and in other ways.

It should be noted at this point that anionic exchange may take place in
soils and in some cases assumes considerable importance. This is especially
true with respect to the adsorption of phosphate ions. This phase is discussed
in Section 5.16.

5.13 Cation Exchange Capacity

Previous sections have dealt in a qualitative way with the adsorption and
exchange of cations on the surface of soil colloids. We now turn to a consider-
ation of the quantitative cation exchange or the cation exchange capacity.
This property, which is defined simply as “the sum total of the exchangeable
cations that a soil can absorb,” can be determined rather easily. In commonly
used methods, all the adsorbed cations in a soil are replaced by a common
ion, such as barium, potassium, or ammonium, and then the amount of adsorbed
barium, potassium, or ammonium is determined (Figure 5.15).

Means of Expression.! The cation exchange capacity (CEC) is expressed
in terms of moles of positive charge per unit mass. For the convenience of
being able to express CEC in whole numbers, we shall use centimoles of positive
charge per kilogram of soil (cmol/kg). Thus, if a soil has a cation exchange
capacity of 10 cmol/kg, 1 kg of this soil is capable of adsorbing 10 cmol of
H* ion, for example, and of exchanging it with 10 cmol of another uni-charged
jon, such as K* or Na*, or with 5 cmol of an ion with two charges, such as
Ca2* or Mg?*. In each case, the 10 cmol of negative charge associated with 1
kg of soil is attracting 10 cmol of positive charges, whether they come from
H+*, K*, Na*, Ca2*, Mg?*, Al**, or any other cation. This reemphasizes the
fact that cations are adsorbed and exchanged on a chemically equivalent basis.
One mole of charge is provided by 1 mole of H*, K*, or any other monovalent
cation, by { mole of Ca?*, Mg?*, or other divalent cation, and by i mole of
Als+, or other trivalent cation.

Keeping this chemical equivalency in mind, it is easy to express cation
exchange in practical field terms. For example, when an acid soil is limed
and calcium replaces part of the adsorbed hydrogen, the reaction that occurs
between the uni-charged H* ion and the bi-charged Ca®* ion is

[Micelle| H* + § Ca? = [Micelle] } Ga** + H*

1In the past, cation exchange capacity generally has been expressed as milliequivalents per
100 g soil. In this text the International System of Units (SI) will be used. Fortunately, since one
milliequivalent per 100 g soil is equal to one centimole of positive or negative charge per kilogram
of soil, it is easy to compare soil data using either of these methods of expression.
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FIGURE 5.15 Illustration of a method of determining the cation exchange capacity
of soils. (a) A given mass of soil containing a variety of exchangeable cations is leached
with an NH,*-containing salt solution. (b) The NH,* ions replace the other adsorbed
cations, which are leached into the container below. (c) After the excess NH,* salt
solution is removed with an organic solvent, a K*-containing salt solution is used to
replace and leach the adsorbed NH,* ions. (d) The amount of NH,* released and washed
into the lower container can be determined, thereby measuring the chemical equivalent
of the cation exchange capacity (i.e., the negative charge on the soil colloids).

Note that the 1 mole of charge associated with the H* ion is replaced by the
equivalent charge associated with } Ca?*. In other words, 1 mole of H* ion
(1 g) would exchange with { mole of Ca2* ion (40 + 2 = 20 g). Accordingly,
to replace 1 centimole H*/kg would require 20 < 100 = 0.2 g calcium/kg soil.
The amount of calcium required for a hectare-furrow slice (2.2 million kg) is
0.2 X 2.2 X 10° = 440,000 g or 440 kg. This can be expressed in terms of the
amount of limestone (CaCOs) to supply the calcium by multiplying by the
ratio CaCO;/Ca =100/40 = 2.5. Thus, 440 X 2.5 = 1100 kg limestone per hectare-
furrow slice would exchange with 1 cmol H*/kg soil. A comparable figure in
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the English system is 1000 pounds per acre-furrow slice. These are practical
relationships worth remembering.

Cation Exchange Capacities of Soils. The cation exchange capacities of hu-
mus, vermiculite, montmorillonite, illite, chlorite, kaolinite, and Fe,Al oxides
at high soil pH values are more or less in the order of 200, 150, 100, 30, 30, 8,
and 4 cmol/kg, respectively.

It is easy to see why the clay complex of soils in the southern part of
the United States, when dominated by kaolinite, should have a low exchange
capacity, ranging perhaps between 5 and 20 cmol/kg of soil. On the other
hand, the clay mixtures functioning in the soils of the Midwest, where illite
and montmorillonite are more likely to be prominent, have a much higher
adsorptive capacity, ranging from 50 to possibly 100 cmol/kg, depending on
conditions. Colloids of soils very high in humus (such as mucks) will have
cation exchanges in excess of 180 cmol/kg.

These generalizations are verified by the cation exchange capacities (CEC)
of a number of soils shown in Table 5.7. Note that the figures range from 2
to nearly 60 cmol/kg. This is to be expected because soils vary so markedly
in humus content and in the amounts and kinds of clay present.

TABLE 5.7 Cation Exchange Capacity* of a Wide Variety of Surface Soils
from Various Parts of the United States®

Exchange Exchange
capacity capacity

Soil series (cmol/kg) Soil series (cmol/kg)
Sand Silt loam

Sassafras (N.]J.) 2.0 Delta (Miss.) 9.4

Plainfield (Wis.) 3.5 Fayette (Minn.) 12.6

Spencer (Wis.) 14.0

Sandy loam Dawes (Nebr.) 184

Greenville (Ala.) 2.3 Carrington (Minn.) 184

Sassafras (N.J.) 2.7 Penn (N.J.) 19.8

Norfolk (Ala.) 3.0 Miami (Wis.) 23.2

Cecil (S.C.) 5.5 Grundy (IlL.) 26.3

Coltneck (N.].) 9.9

Colma (Calif.) 17.1 Clay and clay loam

Cecil clay loam (Ala.) 4.0

Loam Cecil clay (Ala.) 48

Sassafras (N.].) 7.5 Coyuco sandy clay (Calif.) 20.2

Hoosic (N.].) 114 Gleason clay loam (Calif.) 31.5

Dover (N.].) 14.0 Susquehanna clay (Ala.) 34.2

Collington (N.]J.) 15.9 Sweeney clay (Calif.) 57.5

» Centimoles of charge per kilogram of dry soil.
b Data compiled from Lyon et al. (1952).
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Factors Affecting the Cation Exchange Capacity. Finer-textured soils tend to
have higher cation exchange capacities than sandy soils. Further, within a
given textural group, organic matter content and the amount and kind of clay
influence the CEC. The marked difference between the CECs of the Cecil and
Susquehanna clay soils in Alabama (Table 5.7) is due to the dominance of
1:1-type clays in the Cecil and of 2:1-type clays in the Susquehanna.

As was pointed out in previous sections, the cation exchange capacity
in most soils increases with pH (Figure 5.16). At a very low pH value, only
the “permanent” charges of the clays (see Section 5.11) and a small porfion
of the charges of organic colloids hold ions that can be replaced by catiom
exchange. Under these conditions the cation exchange capacity is generally
low.

As the pH is raised, the hydrogen held by the organic colloids and silicate
clays, such as kaolinite, becomes ionized and is replaceable. Also, the adsorbed
aluminum hydroxy ions (see Section 5.11) are removed, forming Al(OH)s,

FIGURE 5.16 Influence of pH on the
cation exchange capacity of smectite
and humus. Below pH 6.0 the charge
for the clay mineral is relatively
constant. This charge is considered
permanent and is due to ionic
substitution in the crystal unit. Above
pH 6.0 the charge on the mineral colloid
increases slightly because of ionization
of hydrogen from exposed O—H groups
at crystal edges. In contrast to the clay,
essentially all of the charges on the
organic colloid are considered pH
dependent. [Smectite data from
Coleman and Mehlich (1957); organic
colloid data from Helling et al. (1964).)
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thereby releasing additional exchange sites on the mineral colloids. The net
result is an increase in the negative charge on the colloids and in turn an
increase in the cation exchange capacity.

In_most cases_the cation exchange capacity is determined-at-a_pH of 7.0
or_above. This means that it includes most of those charges dependent on
pH as well as the permanent ones.

Representative Figures. From the preceding discussion, average figures for
the cation exchange capacity of silicate clay (0.5 cmol/kg for each 1%) and
for well-humidified organic matter (2.0 cmol/kg for each 1%) can be ascertained.
By using these figures, it is possible to calculate in a rough way the cation
exchange capacity of a humid temperate region surface soil from the percent-
ages of clay and organic matter present. For soils dominated by kaolinite and
Fe,Al oxides, comparable figures might be 0.1 for each 1% of clay and 2.0 for
each 1% of organic matter.

5.14 Percentage Base Saturation of Soils

Two groups of adsorbed cations have opposing effects on soil acidity and
alkalinity. Hydrogen and aluminum tend to dominate very acid soils, both
contributing to the concentration of H* ions in the soil solution. Adsorbed
hydrogen contributes directly to the H* ion concentration in the soil solution.
Al*+ ions do so indirectly through hydrolysis. This may be illustrated as follows.

A+ + H,O — AI(OH)** + H*
Al(OH)z* + H,O — Al(OH),* + H*
Al(OH),* + H,0 — Al(OH}); + H*

Most of the other cations, called exchangeable bases, neutralize soil acidity
and dominate in neutral and alkaline soils. The proportion of the cation ex-
change capacity occupied by these bases is called the percentage base satura-
tion.

exchangeable bases (cmol/kg)
CEC (cmol/kg)

% base saturation =

Thus, if the percentage base saturation is 80, four-fifths of the exchange capacity
is satisfied by bases, the other by hydrogen and aluminum. The example in
Figure 5.17 should be helpful in showing this relationship.

Percentage Base Saturation and pH. A general correlation exists between
the percentage base saturation of a given soil and its pH. As the base saturation
is reduced owing to the loss in drainage of calcium and other metallic constitu-
ents, the pH also is lowered in a more or less definite proportion. This is in
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FIGURE 5.17 Three soils with percentage base saturations of 50, 80, and 80,
respectively. The first is a clay loam; the second, the same soil satisfactorily limed;
and the third, a sandy loam with a cation exchange capacity of only 10 cmol/kg. Note
especially that soil pH is correlated more or less closely with percentage base saturation.
Also note that the sandy loam (right) has a higher pH than the acid clay loam (left),
even though the latter contains more exchangeable bases.

line with the common knowledge that leaching tends ordinarily to increase
the acidity of humid region soils. The mechanism by which colloids exert a
control on soil pH will be considered later (Section 6.2).

Within the range pH 5-6, a ratio of roughly 5% base saturation change
for every 0.10 change in pH is applicable for humid temperate region mineral
soils. Thus, if the percentage base saturation is 50% at pH 5.5, it should be
25 and 75% at pH 5.0 and 6.0 respectively. This relationship is worth remember-
ing.

Humid Versus Arid Region Soils. Cation exchange data for representative
surface soils from two temperate regions, one humid and the other semiarid,
are shown in Table 5.8. The differences are striking. The humid region soil is
distinctly acid and about two-thirds base saturated. In contrast, the soil from
a semiarid region has a pH near 7, and its percentage base saturation is nearly
100. The hydrogen and aluminum ions are prominent in the exchange complex
of the humid region soil; calcium tends to dominate the soil from the semiarid
region.
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TABLE 5.8 Cation Exchange Data for Representative Mineral Surface
Soils in Humid Temperate and Semiarid Temperate Regions

Humid Semiarid
region region

Characteristics soil soil
Exchangeable calcium (cmol/kg) 6-9 13-16
Other exchangeable bases (cmol/kg) 2-3 6-8
Exchangeable hydrogen and/or aluminum (cmol/kg) 4-6 1-2
Cation exchange capacity (cmol/kg) 12-18 20-26
Base saturation (%) 66.6 95 and 92
Probable pH 5.6-5.8 ~7

5.15 Cation Exchange and the Availability of Nutrients

Exchangeable cations generally are available to both higher plants and microor-
ganisms. By cation exchange, hydrogen ions from the root hairs and microorgan-
isms replace nutrient cations from the exchange complex. They are forced
into the soil solution, where they can be assimilated by the adsorptive surfaces
of roots and soil organisms, or they may be removed by drainage water.

Cation Saturation and Nutrient Adsorption by Plants. Several factors operate
to expedite or retard the release of nutrients to plants. First, there is the propor-
tion of the cation exchange capacity of the soil occupied by the nutrient cation
in question. For example, if the percentage calcium saturation of a soil is high,
the displacement of this cation is comparatively easy and rapid. Thus, 6 cmol/
kg of exchangeable calcium in a soil whose exchange capacity is 8 cmol/kg
probably would mean ready availability, but 6 cmol/kg when the total exchange
capacity of a soil is 30 cmol/kg produces quite the opposite condition. This
is one reason why, for a crop that requires abundant calcium, such as alfalfa,
the base saturation of at least part of the soil should approach or even exceed
90%.

Influence of Associated Ions. A second important factor influencing the plant
uptake of a given cation is the effect of the ions held in association with it.
For example, potassium availability to plants has been shown to be limited
by excessive quantities of exchangea le calcium. Likewise, in some cases,

igh-exchangeable-potassium contents have depressed the availability of mag-
nesium.

Effect of Type of Colloid. Third, the several types of colloidal micelles differ
in the tenacity with which they hold specific cations and the ease of cation
exchange. At a given percentage base saturation, smectite holds calcium much
more strongly than does kaolinite. As a result, smectite clay must be raised
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to about 70% base saturation before calcium will exchange easily and rapidly
enough to satisfy growing plants. A kaolinite clay, on the other hand, seems
to exchange calcium much more readily, serving as a satisfactory source of
this constituent at a much lower percentage base saturation. Obviously, the
need to add limestone to the two soils will be somewhat different, partly be-
cause of this factor.

5.16 Anion Exchange

182

The positive charges associated with hydrous oxides of iron and aluminum,
some 1:1-type clays and amorphous materials, such as allophane, give rise
to the adsorption of anions (Figure 5.14). In turn, these anions are subiect to
replacement by other anions just as cations replace each other. The anion
exchange which takes place, while it may not approach cation exchange quanti-
tatively, is extremely important as a means of providing higher plants Teadily
available nutrient anions.

The basic principles of cation exchange apply also to anion exchange
except that the charges on the colloids are positive and the exchange is among
negatively charged anions. A simple example of an anion exchange reaction
is

No,- + cCl- =c1- + NOy-

Soil solid Soil solution Soil solid Soail solution

Just as in cation exchange, equivalent quantities of NO;~ and Cl- are ex-
changed, the reaction can be reversed, and plant nutrients can be released
for plant adsorption.

While simple reactions such as this are common, it should be pointed
out that the adsorption and exchange of some anions including phosphates
and sulfates is somewhat more complex. This is due to specific reactions be-
tween the anions and soil constituents. For example, the H,PO,~ ion may react
with the protonated hydroxyl group rather than remain as an easily exchanged
anion.

>AI—OH2* + H,PO,~ — >AI—H2PO4 + H,0

Sail solid Soil solution Soil solid Soil solution

Note that this reaction actually reduces the net positive charge on the soil
colloid.

In spite of these complexities, anion exchange is an important mechanism
for interactions in the soil and between the soil and plants. Together with
cation exchange it largely determines the ready ability of soils to provide
nutrients to plants.
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5.17 Physical Properties of Colloids

In addition to the cation exchange property of colloids, certain other character-
istics also assume considerable importance. We shall discuss plasticity. cohe-
sion, swelling, shrinkage, dispersion, and flocculation. As might be expected,
They are all surface phenomena, and their intensities depend upon the amount
and nature of the interfaces presented by the colloids.

Plasticity. Soils containing more than about 15% clay exhibit plasticity—that
is, pliability and the capacity to be molded. This property is probably due to
the plate-like nature of the clay particles and the lubricating though binding
influence of the adsorbed water. Thus, the particles easily slide over each
other, much like panes of glass with films of water between them.

Plasticity is exhibited only when soils are moist or wet, The range of
moisture contents in which plasticity is evident is set by two plastic limits.
The lower plastic limit (LPL) is the moisture content below which the soil no
longer can be molded. The moisture content of a soil when tilled should be
no higher than the LPL. At moisture contents above the upper plastic limit
(UPL), also termed liquid limit, the soil ceases to be plastic but instead tends
to flow much as a liquid. While these limits have some usefulness for agricul-
tural purposes, they have special meaning in the classification of soils for
engineering purposes, such as the bearing strength for a building or a highway
bed.

A comparison of the upper and lower plastic limits of three types of clay
is given in Table 5.9. Note that the limits and the range between them are
much higher for montmorillonite and others in the smectite group than for
kaolinite; illite is intermediate in its properties. Also, the saturating cation
affects these limits; sodium gives much higher limits and ranges for the montmo-
rillonite clay than does calcium. In general, soils with wide ranges between
these two limits are difficult to handle in the field.

In a practical way, plasticity is extremely important because it encourages
such a ready change in soil structure. This must be considered in tillage opera-

TABLE 5.9 Plastic Limits of Three Types of Silicate Clays Saturated with
Calcium or Sodium®

Calcium saturated (%) Sodium saturated (%)
Type of clay Lower limit Upper limit Lower limit Upper limit
Montmorillonite 63 177 97 700
Illite 40 90 34 81
Kaolinite 36 73 26 52

2 From White (1949).
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tions. As everyone knows, the cultivation of a fine-textured soil when it is
too wet will result in a “puddled” condition detrimental to suitable aeration
and drainage. With clayey soils, especially those of the smectite type, plasticity
presents a real problem. Suitable granulation therein is often difficult to estab-
lish and maintain.

Cohesion. A second characteristic, somewhat related to plasticity, is cohe-
sion. As the water content of a very wet clay is reduced, there is a seeming
increase in the attraction of the colloidal particles for each other. This tendency
of the clay particles to stick together probably is due primarily to the attraction
of the clay particles for the remaining water molecules held between them.
Hydrogen bonding between clay surfaces and water, and among the water
molecules, is the attractive force responsible for the cohesion. It results in
cloddy field conditions which are not conducive to easy tillage.

As one might expect, montmorillonite and illite exhibit cohesion to a much
more noticeable degree than does kaolinite or hydrous oxides. Humus, by
contrast, tends to reduce the attraction of individual clay particles for each
other.

Swelling and Shrinkage. The third and fourth characteristics of silicate clays
to be considered are swelling and shrinkage. If the clay in question has an
expanding crystal and very small particle size, as is the case with the smectites
(e.g., montmorillonite), extreme swelling may occur upon wetting. Kaolinite,
chlorite, fine mica (illite), and most hydrous oxides with a static crystal do
not exhibit the phenomenon to any extent; vermiculite is intermediate in this
respect. After a prolonged dry spell, soils high in montmorillonite often are
criss-crossed by wide, deep cracks which, at first, allow rain to penetrate
rapidly (Figure 5.18). But later, because of swelling, such a soil is likely to
close up and become much more impervious than one dominated by kaolinite.

The swelling is due in part to water moving between crystal layers, result-
ing in intracrystal expansion. But most of the swelling is accounted for by
water attracted to ions adsorbed by the clays and by tiny air bubbles entrap e
as water-moves_into_the extremely small pores of these soils (Figure 5.19).

Apparently, swelling, shrinkage, cohesion, and plasticity are closely re-
lated. They are dependent not only upon the clay mixture present in a soil
and the dominant adsorbed cation, but also upon the nature and amount of
humus that accompanies the inorganic colloids. These properties of soils are
responsible to no small degree for the development and stability of soil struc-
ture, as has been previously stressed (see Section 2.10).

Dispersion and Flocculation. A typical condition of a dilute colloidal suspen-
sion in water is that of complete dispersion; that is, the particles tend to repel

each other, permitting each particle to act completely independent of the others.
This condition_is encouraged by the smallness of the co oidal particles and

by their negative.charge and hydration, the latter being enhanced by the swarm
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FIGURE 5.18 A field scene showing the cracks that result when a soil high in clay
dries out. The type of clay in this case was probably a smectite. [ Courtesy USDA
Soil Conservation Service.]

of hydrated cations around each micelle. Dispersion is encouraged by higher
pH values, where the micelle electronegativity is at a maximum (see Figure
5.16). Also, highly hydrated monovalent ions, such as Na*, which are not very
tightly held by the micelles, help to stabilize dispersed colloids. Apparently,
these loosely held ions do not effectively reduce the electronegativity of the
micelle, permitting the individual micelles to repel each other and to stay in
dispersion.

The electronegativity can be reduced in several ways. First, the pH can
be lowered. This will have the effect of reducing the negative charge on the
micelle (see Section 5.11) and of replacing at least some of the sodium or
other monovalent ion with hydrogen. Second, a divalent or trivalent ion such
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FIGURE 5.19 Total expansion (swelling) of two soils upon wetting and the
approximate proportion of the swelling due to various factors. The Iredell soil with

63% smectite plus vermiculite swells more than the Poplimento with only 15% of these
two clays. Note that the attraction of adsorbed ions for water and the air entrapped
as the soils are wetted are primarily responsible for the swelling. [Modified from Parker

et al. (1982); used with permission of the Soil Science Society of America.]
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as Ca?*, Mg?*, or Al3*, can be introduced to exchange with the monovalent
sodium. These multicharged ions are more tightly adsorbed by the micelle,
thereby reducing the electronegativity and enhancing the opportunities for the
natural attractive forces between particles to dominate as the colloids approach
each other and collide. Finally, adding simple salts will increase the concentra-
tion of cation around the micelle, thereby reducing the electronegativity.
Each of these techniques will tend to encourage the opposite of dispersion,
flocculation. This is a condition that is generally beneficial from the standpoint
of agriculture, since it is a first step in the formation of stable aggregates or
granules. The ability of common cations to flocculate soil colloids is in the
general order of Al > H > Ca > Mg > K > Na. This is fortunate, since the
colloidal complexes of humid and sublhumid region soils are dominated by
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aluminum, hydrogen, and calcium; those of semiarid regions are high in calcium.
These ions all encourage Hocculation.

In limited areas of arid regions, sodium ions have become prominent on
the exchange complex. This results in a dispersed condition of the soil colloids,
making the soils largely impervious to water penetration. Most plants will
not grow under these conditions. The sodium must be replaced before normal
growth will occur.

It is clear that the six colloidal properties under discussion are of great
importance in the practical management of arable soils. The field control of
soil structure must definitely take them into account. With the colloidal view-
point now provided, it might be worthwhile to review the discussion already
offered (Section 2.11) relating to structural management of cultivated lands.

5.18 Conclusion

No attempt will be made to summarize this chapter except to reemphasize
three things: (a) the unique and somewhat complicated physical and chemical
organization of soil colloids, (b) their capacity to expedite certain phenomena
vital to plant and animal life, and (c) the bearing of these phenomena on
soil management and crop production.
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[Preceding page] Soil salinity levels have adversely affected the growth of cotton in
this field in California. [Courtesy USDA Soil Conservation Service.)

6.1
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One of the outstanding physiological characteristics of the soil solution is its
reaction—that is, whether it is acid, alkaline, or neutral. Since microorganisms
and higher plants respond so markedly to their chemical environment, the
importance of soil reaction and the factors associated with it have long been
recognized.

Soil acidity is common in all regions where precipitation is high enough
to leach appreciable amounts of exchangeable bases from the surface layers
of soils. So widespread is its occurrence and so pronounced is its influence
on plants that acidity has become one of the most discussed properties of
soils.

Alkalinity occurs when there is a comparatively high degree of base satura-
tion. The presence of soluble salts and calcium, magnesium, and sodium carbon-
ates, also gives a preponderance of hydroxyl ions over hydrogen ions in the
soil solution.! Under such conditions the soil is alkaline, sometimes very
strongly so, especially if sodium carbonate is present, a pH of 9 or 10 being
common. Alkaline soils are, of course, characteristic of most arid and semiarid
regions. Their discussion will follow that of acid soils.

Source of Hydrogen and Hydroxyl Ions

As previously indicated (Section 5.14), two adsorbed cations are largely respon-
sible for soil acidity—hydrogen and aluminum. The mechanisms by which
these two ions exert their influence differ, however, depending on the level
of soil acidity and on the source and nature of the negative charge on soil
colloids.

Effects of Type of Negative Charges. The two types of negative charges dis-
cussed in Section 5.7, permanent and variable or DPH dependent, each influence
soil acidity and the association of hydrogen and aluminum with soil colloids.
The permanent charges, which are due to isomorphous substitutions in silicate
clay crystals, offer exchange sites throughout the pH range. Hydrogen, alumi-
num, and the base-forming cations are exchangeable at all pH levels at these
permanent charge sites.

In contrast, the magnitude of negative charge and, in turn, of cation ex-

! When salts of strong bases and weak acids, such as Na,CO;, K,CO,, and MgCO,, go into
solution, they undergo hydrolysis and develop alkalinity. For Na,CO, the reaction is

2Na* + COs*" + 2HOH = 2Na* + 20H- + H.CO,

Since the dissociation of the NaOH is greater than that of the weak H,CO;, a domination of
OH- ions results.
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change at the variable charge sites depends on the soil pH. Under strongly
acid conditions, the variable charges and cation exchange are negligible. The
covalently bonded hydrogen of surface OH groups of 1:1-type clays and certain
organic compounds is tightly bound and therefore does not exchange with
other cations. Only when the pH is increased does the hydrogen dissociate,
leaving negative charges on the soil colloids that serve as exchange sites for
the other cations.

Also, as the pH rises, the complex aluminumand iron hydroxy ions (e.g.
Al(OH).*) that block some of the negative charge sites of certain 2:1-type
clays are removed, forming insoluble Al(OH}s and Fe(OH)s. The pH-dependent
charge is thereby further increased, and additional exchange sites are made
available. These permit increased cation exchange involving hydrogen and
base-forming cations. Thus both the pH-dependent and permanent negative
charges play an important role in determining the nature and degree of soil
acidity.

Strongly Acid Soils. Under very acid soil conditions much aluminum becomes
soluble (Figure 6.1) and is present in the form of aluminum or aluminum hydroxy
cations. These become adsorbed even in preference to hydrogen by the perma-
nent charges of soil colloids.

FIGURE 6.1 The effect of soil pH 1751
on exchangeable aluminum in a soil-
sand mixture (0% O.M.) and a soil~
peat mixture (10% O.M.). 150 F
Apparently, the organic matter binds
the aluminum in an unexchangeable
form. This organic matter/aluminum sl
interaction helps account for better 12
plant growth at low pH values on %- 0% O.M.
soils high in organic matter. £
[Modified from Hargrove and = 1.00}-
Thomas (1981) and used with <
permission of the American Society £ 1686 OM

L (1] AV,
of Agronomy.} % 0.75
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x

w
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Soil pH

6.1 Source of Hydrogen and Hydroxyl Ions 191



192

The adsorbed aluminum is in equilibrium with aluminum ions in the soil
solution. The latter contribute to soil acidity through their tendency to hydro-
lyze. Two simplified reactions illustrate how adsorbed aluminum can increase
acidity in the soil solution.

[Micelle] Al = Al

Adsorbed Soil solution (6.1)
aluminum aluminum

The aluminum? ions in the soil solution are then hydrolyzed in a manner such
as the following.

AP* + H,O — Al(OH)?* + H* (6.2)

The hydrogen ions thus released give a very low pH value in the soil solution
and are the major source of hydrogen in most very acid soils.

Adsorbed hydrogen is a second but minor source of hydrogen ions in
very acid soils. Under these conditions, much of the hydrogen, along with
some iron and aluminum, is held so tightly by covalent bonds in the organic
matter and on clay crystal edges that it contributes little to the soil solution
(see Section 5.7). On only the strong acid groups of humus and some of the
permanent charge exchange sites of the clays is the hydrogen held in an ex-
changeable form. This hydrogen is in equilibrium with the soil solution. A
simple equation to show the release of adsorbed hydrogen to the soil solution
is

Melels e
Adsorbed Soil solution (6.3)
hydrogen hydrogen

Thus, it can be seen that the effect of both adsorbed hydrogen and alumi-
num is to increase the hydrogen ion concentration in the soil solution.

Moderately Acid Soils. Aluminum and hydrogen compounds also account
for soil solution hydrogen ions in these soils, but again by different mechanisms.
These soils have somewhat higher percentage base saturations and pH values.
The aluminum can no longer exist as Al** ions but is converted to aluminum
hydroxy ions by reactions such as

AP* + OH- — AJ)(OH)2*
Al(OH)** + OH- — Al(OH),*
Aluminum
hydroxy
ions

(6.4)

?The AP* ion is actually highly hydrated, being present in forms such as Al(H;0)¢**. For
simplicity, however, it will be shown as the simple A3+ ion.
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The actual aluminum hydroxy ions are much more complex than those shown.
Formulas such as [Alg(OH);2]¢* and [Aljo(OH)z2}** are examples of the more
complex ions.

Some of the aluminum hydroxy ions are adsorbed and act as exchangeable
cations. As such, they are in equilibrium with the soil solution just as is the
Al3* jon in very acid soils. In the soil solution, they are able to produce hydrogen
ions by the following hydrolysis reactions, using again as examples the most
simple of the aluminum hydroxy ions:

Al(OH)?* + H,O — Al(OH),* + H* (6.5)
Al(OH),* + H,O — Al(OH); + H* )

In some 2:1-type clays, particularly vermiculite, the aluminum hydroxy
jons (as well as iron hydroxy ions) play another role. They move into the
interlayer space of the crystal units and become very tightly adsorbed. In
this form they prevent intracrystal expansion and block some of the exchange
sites. Their removal, which can be accomplished by raising the soil pH, results
in the release of these exchange sites. In this way they are partly responsible
for the “pH-dependent” charge of soil colloids.

In moderately acid soils adsorbed hydrogen also makes a contribution
to the soil solution hydrogen. The readily exchangeable hydrogen held by the
permanent charges contributes in the same manner shown for very acid soils.
In addition, with the rise in pH, some hydrogen ions which have been held
tenaciously through covalent bonding by the organic matter and clay are now
subject to release. These are associated with the pH-dependent sites previously
mentioned. Their contribution to the soil solution might be illustrated as follows.

[Micele] ]+ Cav — [Micdlle]Ca + 2zH' (8]

Bound hydrogen Soil solution Exchangeable Soil solution
(not dissociated) calcium calcium hydrogen

Again, the colloidal control of soil solution pH has been demonstrated,
as has the dominant réle of the calcium and aluminum ions.

Neutral to Alkaline Soils. Soils that are neutral to alkaline in reaction are
no longer dominated by either hydrogen or aluminum ions. The permanent
charge exchange sites are now occupied primarily by exchangeable bases,
both the hydrogen and aluminum hydroxy ions having been largely replaced.
The aluminum hydroxy ions have been converted to gibbsite by reactions
such as

Al(OH);* + OH- — Al(OH)s (67)
Insoluble
gibbsite
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More of the pH-dependent charges have become available for cation ex-
change, and the hydrogen released therefrom moves into the soil solution and
reacts with OH- ions to form water. The place of hydrogen on the exchange
complex is taken by calcium, magnesium, and other bases, The reaction is
the same as that shown for the moderately acid soils (reaction 6.6).

Soil pH and Cation Associations. Figure 6.2 presents the distribution of ions
in a hypothetical soil as affected by pH. Study it carefully, keeping in mind
that for any particular soil the distribution of ions might be quite different.

The effect of pH on the distribution of bases and of hydrogen and aluminum
in a muck and in a soil dominated by 2:1 clays is shown in Figure 6.3. Note
that permanent charges dominate the exchange complex of the mineral soil,
whereas the pH-dependent charges account for most of the adsorption in the
muck soil. Kaolinite and related clays have a distribution intermediate between
that of the two soils shown.

In Figure 6.3 two forms of hydrogen are shown. That tightly held by the
pH-dependent sites (covalent bonding) is termed bound hydrogen. The hydro-
gen ions associated with permanent electrostatic charges is exchangeable. Note

100

8o Exchangeable bases

Bound H and Al

60

40

Exchangeabl
20~ A|3g+ ¢

Percent of cation exchange capacity

1
3 4 5 6 7 8
Soil pH
FIGURE 6.2 General relationship between soil PH and the cations held by soil
colloids. Under very acid conditions exchangeable aluminum ions and bound H and
Al dominate. At higher pH values the exchangeable bases predominate, while at
intermediate values aluminum hydroxy ions such as Al(OH)?* and Al(OH),* are
prominent. This diagram is for average conditions. Any particular soil would likely
give a modified distribution.
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FIGURE 6.3. Relationship between soil pH and the proportion of the adsorptive
complex satisfied by bases and by hydrogen and aluminum. The mineral soil (right)
is of the White Store series in North Carolina. Its properties tend to be dominated by
2:1-type clays. The muck soil (left) is also from North Carolina. Note the dominance
of the permanent charge in the mineral soil and the large pH-dependent charge in
the muck. Soils dominated by 1:1-type colloids have distributions intermediate between
these two extremes. [Redrawn from Mehlich (1964).]

that aluminum also exists in both the bound and exchangeable forms (Figure
6.1).

It is obvious that the factors responsible for soil acidity are far from simple.
At the same time, there are two dominant groups of elements in control. Alumi-
num and hydrogen generate acidity, and most of the other cations combat it.
This simple statement is worth remembering.

Source of Hydroxyl Ions. If adsorbed hydrogen and aluminum are replaced
from acid soils by cations such as calcium, magnesium, and potassium, the
hydrogen ion concentration in the soil solution will decrease. The concentration
of hydroxyl ions will simultaneously increase since there is an inverse relation-
ship between the hydrogen and hydroxyl ions. Thus, the “base-forming” cations
become sources of hydroxyl ions merely by replacing the adsorbed hydrogen.

The metallic cations such as calcium, magnesium, and potassium also
have a more direct effect on the hydroxyl ion concentration of the soil solution.
A definite alkaline reaction results from the hydrolysis of colloids saturated
with these cations, for example,
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Ca + 2H,0 = g + Ca?* + 2 OH- (6.8)

Soil solid Soil solution Soil solid Soil solution

In a calcium-saturated soil, the tendency for the metallic cations to encour-
age hydroxyl ion formation is the factor controlling soil pH. In a soil containing
hydrogen and aluminum as well as calcium ions the same tendency is there,
but its effect is not so obvious because it is countered by the effect of the
adsorbed hydrogen and aluminum ions. Under natural conditions the reactions
to furnish hydrogen and hydroxyl ions to the soil solution occur simultaneously;
that is, hydrogen and aluminum ions and the basic cations are held at one
time by the same micelle (see Figure 6.2). The pH of the soil solution therefore
will depend upon the relative amounts of adsorbed hydrogen and aluminum
compared to adsorbed metallic cations. Where the effect of the hydrogen and
aluminum is dominant, acidity results. Excess bases yield alkalinity, whereas
at just the right balance the pH of the soil solution will be 7 (see Figure 1.13).

6.2 Colloidal Control of Soil Reaction
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Percentage Base Saturation. The relative proportions of the adsorbed hydro-
gen and aluminum and the exchangeable bases of a colloidal complex are
shown by the percentage base saturation (see Section 5.14). Obviously, a low
percentage base saturation means acidity, whereas a percentage base satura-
tion approaching 100 will result in neutrality or alkalinity. In general, humid
region soils dominated by silicate clays and humus are acid if their percentage
base saturation is much below 80. When such soils have a percentage base
saturation of 80 or above, they usually are neutral or alkaline. The exact pH
value in any case is determined by at least three other factors in addition to
the percentage base saturation: (a) the nature of the colloidal micelles, (b)
the kind of adsorbed bases, and (c) the concentration of soluble salts in solution.

Nature of the Micelle. At the same percentage base saturation, different types
of colloids will have different pH values. This is because the various colloidal
materials differ in their ability to furnish hydrogen ions to the soil solution.
For example, the organic complex contains enough strong acid exchange sites
to give very low pH values when the degree of base saturation is low. Even
as bases are added, the degree of hydrogen ionization at the pH-dependent
sites is sufficiently rapid to give lower pH values than are found commonly
among mineral soils of comparable base saturation.

In contrast, the dissociation of the adsorbed hydrogen from the iron and
aluminum hydrous oxides is relatively low. Consequently, soils dominated by
this type of colloid have relatively high pH values for a given percentage base
saturation. The dissociation of adsorbed hydrogen from silicate clays is inter-
mediate between that from humus and from the hydrous oxides.
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The relative abilities to supply soil solution hydrogen can be seen by
comparing the pH values found when the various colloids are about 50% satu-
rated with bases. The organic colloids would have pH values of 4.5-5.0, the
silicate clays 5.2-5.8, and the hydrous oxides 6.0-7.0. These figures verify the
importance of type of colloid in determining the pH of a soil.

The diverse acid silicate clays—the kaolinite, smectite, and hydrous mica
types—evidently supply hydrogen ions in somewhat different degrees, the ka-
olinite least and the smectite greatest (see Figure 6.9). Likewise, the organic
colloids exhibit considerable variety among themselves. In spite of this, how-
ever, the organic group apparently has a lower pH value than any of the clays
when at corresponding percentage base saturations.

Kind of Adsorbed Bases. Another factor that influences the pH of a soil is
the comparative amounts of the particular bases present in the colloidal com-
plex. Soils with high sodium saturation have much higher pH values than those
dominated by calcium and magnesium. Thus, at a percentage base saturation
of 90, the presence of calcium, magnesium, potassium, and sodium ions in
the ratio 10:3:1:1 would certainly result in a lower pH than if the ratio were
4:1:1:9. In the one instance, calcium is dominant—in the other, a sodium-
calcium complex is dominated by sodium.

Neutral Salts in Solution. The presence in the soil solution of neutral salts,
such as the sulfates and the chlorides of sodium, potassium, calcium, and
magnesium, has a tendency to increase the activity of the H* ion and conse-
quently decrease the soil pH. For example, if CaCl. were added to a slightly
acid soil, the following reaction would occur.

g + Ca?* + 2Cl- —= Ca[Micelle] + 2H* + 2CI- 69)

Soil solid Soil solution Soil solid Soil solution

Obviously, the amount of H* ion in the soil solution has increased.

The addition of neutral salts to an alkaline soil will also reduce pH, but
by a different mechanism. The salts depress the hydrolysis of colloids saturated
with metallic cations. Thus, the presence of NaCl in a soil with high sodium
saturation will tend to reverse the following reaction.

Na[Micelle] + H,0 —= H[Micelle] + Na* + OH" (6.10)

Soil solid Soil solution Soil solid Soil solution

The Na* ion in the added NaCl salt will drive the reaction to the left, thereby
reducing the concentration of OH- ion in the soil solution and increasing that
of the H* ion. This is a reaction of considerable practical importance in certain
alkaline soils of arid regions.

Since the reaction of the soil solution is influenced by four distinct and
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uncoordinated factors—percentage base saturation, nature of the micelle, the
ratio of the exchangeable bases, and the presence of neutral salts—a close
correlation would not be expected between percentage base saturation and
pH when comparing soils at random. Yet with soils of similar origin, texture,
and organic content, a rough correlation does exist.

6.3 Major Changes in Soil pH

FIGURE 6.4 Effect of large 6.5
applications of sewage sludge over a
period of 6 years on the pH of a
paleudult soil (Orangeburg fine sandy
loam). The reduction was due to the
organic and inorganic acids such as
HNO; formed during decomposition of
the organic matter. [Data from
Robertson et al. (1982).]
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Two major groups of factors cause large changes in soil pH: (a) those resulting
in increased adsorbed hydrogen and aluminum and (b) those which increase
the content of adsorbed bases.

Acid-Forming Factors. In the process of organic matter decomposition, both
organic and inorganic acids are formed. The simplest and perhaps the most
widely found is carbonic acid (H2COs), which results from the reaction of
carbon dioxide and water. The solvent action of H;CO; on the mineral constitu-
ents of the soil is exemplified by its dissolution of limestone or calcium carbon-
ate (Section 12.4). The long-time effects of this acid have been responsible
for the removal of large quantities of bases by solution and leaching. Because
carbonic acid is relatively weak, however, it cannot account for the low pH
values found in many soils.

Inorganic acids such as H,SO, and HNO; are potent suppliers of hydrogen
ions in the soil. In fact, these acids, along with strong organic acids, are respon-
sible for the development of moderately and strongly acid conditions (Figure
6.4). Sulfuric and nitric acids are formed not only by the organic decay processes
but also from the microbial action on certain fertilizer materials such as sulfur

Soil pH

4.0 1 ] 1l I ) ] ]
0 50 100 150 200 250 300 350

Dry matter (Mg/ha)
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and ammonium sulfate. In the latter case, both nitric and sulfuric acids are
formed (see Section 18.11}.

In recent years a significant source of soil acidity, especially near large
cities or around large industrial complexes, has been acid rainwater. The acidity
in the atmosphere is generated from oxides of nitrogen and sulfur coming
mostly from the combustion of coal, gasoline, and other fossil fuels. When
combined with water vapor in the atmosphere, these gaseous oxides form
strong acids such as HNO; and H.SO.. The resulting rainwater commonly
has a pH value of 4.0-4.5, but in extreme cases may be as low as 2.0 (see
Section 20.13). Although the total quantity of hydrogen thus added to the soil
is not sufficient to bring about significant pH changes at once, over a period
of time the addition has a decided acidifying effect.

Leaching also encourages acidity. Consequently, bases that have been
replaced from the colloidal complex or dissolved by percolating acids are re-
moved in the drainage waters. This process encourages the development of
acidity in an indirect way by removing those metallic cations that might com-
pete with hydrogen and aluminum on the exchange complex. The effect of

leaching on acidity of soils developed under grassland and forests is shown
in Figure 6.5.

Base-Forming Factors. Any process that will encourage high levels of the
exchangeable bases such as calcium, magnesium, potassium, and sodium will
contribute toward a reduction in acidity and an increase in alkalinity. Of great
significance are the weathering processes, which release these exchangeable
cations from minerals and make them available for absorption. The addition
of limestone is a common procedure for augmenting nature’s supply of metallic
cations. Irrigation waters also frequently contain various kinds of salts whose

FIGURE 6.5 Effect of annual
precipitation on the percent acidity of g0 -
untilled California soils under
grassland and pine forests. Note that
the degree of acidity goes up as the = 60k
precipitation increases. Also note that 2
the forest produced a higher degree g
of soil acidity than did the grassland. S Soils under pine forest
[From Jenny et al. (1968).] < 40
20 +
Soils under grassland
1 1 L _
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Annual precipitation (cm)
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cations are adsorbed by soil colloids, thus increasing soil alkalinity, sometimes
excessively,

Conditions that permit the exchangeable bases to remain in the soil will
encourage high pH values. This accounts for the relatively high pH of soils
of the semiarid and arid regions. Leaching waters do not remove most of the
metallic cations as they are weathered from soil minerals. Consequently, the
Percentage base saturation of these soils remains high. In general, this situation
is favorable for crop production. Only when the pH is too high or when sodium
is the dominant cation is plant growth unfavorably affected.

6.4 Minor Fluctuations in Soil pH

Not only do soil solutions suffer major changes in hydrogen ion concentration
but they also exhibit minor fluctuations. For instance, the drying of soils, espe-
cially above field temperatures, will often cause a noticeable increase in acidity.

The pH of mineral soils declines during the summer, especially if under
cultivation, as a result of the acids produced by microorganisms. The activities
of the roots of higher plants, particularly with regard to acidic exudates, may
also be a factor. In winter and spring an increase in pH often is noted because
biotic activities during this time are considerably slower.

6.5 Hydrogen Ion Variability in the Soil Solution

200

In considering the hydrogen concentration of the soil solution, it must not be
inferred that this is an ordinary homogeneous solution. Differences in pH are
noted from one portion of soil to that only a few inches away. Such variation
results from local microbial action and the uneven distribution of organic resi-
dues in the soil.

The variability of the soil solution is important in many respects. For
example, it affords microorganisms and plant roots a great variety of solution
environments. Organisms unfavorably influenced by a given hydrogen ion con-
centration may find, at an infinitesimal distance away, another that is more
satisfactory. This may account in part for the many different microbial species
present in normal soils.

Even at a given location in the soil—in fact, around a given micelle—
there are marked differences in the distribution of hydrogen and aluminum
ions (Figure 6.6). These cations are concentrated near the surfaces of the colloid
and become less numerous as the distance from the micelle is increased. They
are least concentrated in the soil solution. Furthermore, equilibrium conditions
exist between the adsorbed and soil solution ions, permitting the ready move-
ment from one form to another. This fact is of great practical importance since
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FIGURE 6.6 Equilibrium relationship between exchange (reserve) and soil solution
(active) acidity on 2:1-type colloid. Note that the adsorbed ions are much more numerous
than those in the soil solution even when only a small portion of the clay crystal is
shown. Remember that the aluminum ions, by hydrolysis, also supply hydrogen ions
to the soil solution [see (6.2), p. 192]. It is obvious that neutralizing only the hydrogen
and aluminum ions in the soil solution will be of little consequence. They will be
quickly replaced by ions adsorbed by the colloid. This means high buffering capacity.

it provides the basis for the soil's buffering capacity or its resistance to change
in pH (Section 6.7). The mechanisms by which adsorbed aluminum and hydro-

gen ions supply H* ions to the soil solution have been discuss
6.1).

6.6 Active Versus Exchange Acidity

ed (see Section

Figure 6.6 illustrates the presence in acid soils of two kinds of acidity: (a)
active acidity due to the hydrogen ion concentration of the soil solution and
(b) exchange acidity, which refers to those hydrogen and aluminum ions ad-
sorbed on the soil colloids. This situation is shown graphically by Figure 6.6
and by the following equation.

6.6 Active Versus Exchange Acidity 201



Adsorbed H* (and Al**) jons = Soil solution H* (and Al¥*) jons (6.11)
(Exchange acidity) (Active acidity)

Since the adsorbed hydrogen and aluminum move into the soil solution
when its acidity is reduced, the exchange acidity is sometimes referred to as
“reserve” acidity, which suggests the role it plays. Distinct as the active and
exchange acidity apparently are, however, they exist in an equilibrium relation-
ship in the soil.

Amounts of Active and Exchange Acidity. Even though the active acidity is
what determines the pH of the soil solution at any given time, the quantity
of H* ions contributing to active acidity is very small compared to that in
the exchange acidity. For example, only about 0.02 kg of calcium carbonate
would be required to neutralize the active acidity in a hectare-furrow slice
of an average mineral soil at pH 6 and 20% moisture. If the soil were at pH
4.0, about 2 kg would be required. Thus, the active acidity is extremely small
even at its maximum.

Since limestone at the rate of 2, 4, or even 8 metric tons per hectare is
often recommended, this neutralizing agent is obviously applied in amounts
thousands of times in excess of the active acidity. The reason for such heavy
applications is the magnitude of the exchange acidity. These adsorbed hydrogen
and aluminum ions move into the soil solution when the hydrogen ion concen-
tration becomes depleted. The reserve acidity thus must be depleted before
the pH of the soil solution can be changed appreciably.

Conservative calculations indicate that the exchange acidity may be per-
haps 1000 times greater than the active acidity in a sandy soil, and 50,000 or
even 100,000 times greater for a clayey soil high in organic matter. The figure
for a peat soil is even greater. The practical significance of this tremendous
difference in magnitude of the active and reserve acidities of soils becomes
apparent in the next section.

6.7 Buffering of Soils
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As previously indicated, there is a distinct resistance to a change in the pH
of the soil solution. This resistance, called buffering, can be explained very
simply in terms of the equilibrium that exists between the active and exchange
acidities (Figure 6.7). Removal of hydrogen ions from the soil solution results
in their being largely replenished from the exchange acidity. The resistance
to change in hydrogen ion concentration (pH) of the soil solution is thus estab-
lished (see equation 6.11).

If just enough liming material was added to neutralize the hydrogen ions
in the soil solution, equation 6.11 would immediately be shifted to the right,
resulting in more hydrogen ions moving out into the soil solution. Consequently,
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FIGURE 6.7 The buffering action of a soil can be likened to that of a coffee dispenser.
(a) The active acidity, which is represented by the coffee in the indicator tube on the
outside of the urn, is small in quantity. (b) When hydrogen ions are removed, this
active acidity falls rapidly. (c) The active acidity is quickly restored to near the original
level by movement from the exchange or adsorbed acidity. By this process there is
considerable resistance to the change of active acidity. A second soil with the same
active acidity (pH) level but a much smaller exchange acidity (d) would have a lower
buffering capacity.

the resulting pH rise would be negligibly small and remain so until enough
lime had been added to deplete appreciably the reserve acidity.

This resistance to pH change is equally important in preventing a rapid
lowering of the pH of soils. When hydrogen ions are added to a soil or they
result from certain biochemical changes, a temporary increase in the hydrogen
ions in the soil solution occurs. In this case the equilibrium reaction above
would immediately shift to the left and more hydrogen ions would become
adsorbed on the micelle. Again, the resultant pH change, this time a lowering,
in the soil solution would be very small.

These two examples indicate clearly the principles involved in buffering.
In addition, they show that the basis of buffer capacity lies in the adsorbed
cations of the complex. Hydrogen and aluminum ions, together with the ad-
sorbed metallic cations, not only indirectly control the pH of the soil solution
but also determine the quantity of lime or acidic constituents necessary to
bring about a given pH change.

6.8 Buffer Capacity of Soils and Related Phases

The higher the exchange capacity of a soil, the greater will be its buffer capacity,
other factors being equal. This is because more reserve acidity must be neutral-
ized to effect a given rise or lowering of the percentage base saturation. In
practice this is fully recognized in that the heavier the texture of a soil and
the higher its organic content, the larger must be the application of lime to
force a given change in pH.
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Buffer Curves. Another important phase of buffering logically presents itself
at this point. Is the buffer capacity of soils the same throughout the percentage
base saturation range? This is best answered by reference to an average theoret-
ical titration curve presented by Peech (1941) for a large number of Florida
soils (Figure 6.8).

Three things are clearly obvious from the curve. First, there is a correlation
between the percentage base saturation of these soils and their PH, as previ-
ously suggested (Section 5.14). Second, the generalized curve indicates that
the degree of buffering varies, being lowest at the extreme base saturation
values. Between these extremes where the curve is flatter, the buffering reaches
a maximum. Theoretically, the greatest buffering occurs at about 50% base
saturation, a situation extremely important both technically and practically.
Third, the buffering, as indicated by the curve, is uniform over the pH range
4.5-6.5. This is vitally significant, indicating that under field conditions approxi-
mately the same amount of lime will be required to change the soil pH from
5.0 to 5.5 as from 5.5 to 6.0.

Before leaving this phase, note that the curve of Figure 6.8 is a composite
and represents the situation in respect to any particular soil only in a general
way. Titration curves for individual soils will deviate widely from this general-
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FIGURE 6.8 Theoretical titration curve based on a large number of Florida soils.
The dotted line indicates the zone of greatest buffering. The maximum buffering should
occur at approximately 50% base saturation. [From Peech (1941).]
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FIGURE 6.9 Theoretical titration curves of different mineral colloids compared with
that of the composite of soils used by Peech (Figure 6.8). The hydrous oxide clays
generally exhibit the highest pH values at a given percent base saturation, the 2:1-
type clays the lowest, and the 1:1 type in between. Keep in mind that these are only
comparative curves and would not represent any given soil.

ized curve since the colloidal complex of different soils varies with the kinds
and amounts of clay and humus present.

Variation in Titration Curves. Significant differences are found in the relation-
ship of pH to percent base solution of different mineral colloids. The theoretical
titration curves shown in Figure 6.9 illustrate this point. At a given percent
base saturation the pH is normally highest in hydrous oxide clay materials,
intermediate in kaolinitic materials and lowest in 2:1-type minerals. Obviously,

the type of clay definitely affects the pH-base saturation percentage relation-
ship.

Importance of Buffering

Stabilization of Soil pH. A marked change in pH affects the availability of
several plant nutrients and the levels of other elements that may be toxic to
higher plants and microorganisms. Thus, higher plants and microorganisms
may be affected by rapid changes in pH either directly due to the change in
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hydrogen ion concentration, or indirectly due to nutrient deficiency or chemical
toxicities (Figures 6.10 and 6.11). The stabilization of soil pH through buffering
seems to be an effective guard against these difficulties.

Quantities of Amendments Required. Obviously, the greater the buffering ca-
pacity of a soil, the larger the amounts of lime or sulfur necessary to effect a
given change in pH. Therefore, in deciding the amount of lime to apply to a
soil of known pH, texture and organic content are among the important soil
factors to be considered (see Section 17.11). These properties give a rough
idea of the adsorptive capacity of a soil and hence of its buffering. Chemical
tests are available to measure the buffering capacity directly.

6.10 Soil-Reaction Correlations
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Exchangeable Calcium, Magnesium, and Sodium. As the exchangeable cal-
cium and magnesium are lost by leaching, the acidity of the soil gradually
increases. Consequently, in humid region soils there is a fairly definite correla-
tion between the pH and the amounts of these two constituents present in
exchangeable form (Figure 6.11). In arid regions, the same general relationships
hold except under conditions where a substantial amount of sodium is adsorbed
(see Section 6.16).

Aluminum and the Micronutrients. The relationships between soil reaction
and the activity of aluminum, iron, and manganese are shown in Figure 6.10.
When the pH of a mineral soil is low, appreciable amounts of these three
constituents are soluble, so much that they may become extremely toxic to
certain plants (Figure 6.11). However, as the pH is increased, precipitation
takes place and the amounts of these ions in solution become less and less
until at neutrality or thereabout certain plants may suffer from a lack of availa-
ble manganese and iron. This is especially true if a decidedly acid sandy
soil is suddenly brought to a neutral or alkaline condition by an excessive
application of lime.

While deficiencies of manganese and iron are not widespread, they do
occur in certain areas, particularly on overlimed sandy soils or alkaline arid
region soils. If the soil reaction is held within a soil pH range of 6.0-7.0, the
toxicity of the aluminum, iron, and manganese, and the deficiency of iron and
manganese may be avoided. Copper and zinc are affected in the same way
by a rise in pH, the critical point being between pH 6 and 7; above 7 their
availability definitely declines (Figure 6.10).

With boron, the situation is somewhat different and more complicated.
Although neither the soil untreated nor the lime alone appreciably precipitate
boron, the two in combination render it unavailable. Also, the excess of calcium,
in spite of its solubility, may hinder in some way the movement of boron
into the plant. Too much calcium in the plant cells might even interfere with
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boron metabolism, even if plenty of the latter were present. It has also been
suggested that lime may create serious competition for boron by stimulation
of soil microorganism activity.

Molybdenum availability is significantly dependent on pH. In strongly acid
soils it is quite unavailable. As the pH is raised to 6 and above, its availability
increases. The correlation between molybdenum availability and pH is so
strong that some researchers believe the main reason for liming is to increase
the molybdenum supply.

Available Phosphorus. The kind of phosphate ion present in the soil solution
varies with the soil pH. When the soil is neutral to slightly alkaline, the HPO,~
ion apparently is the most common form. As the pH is lowered and the soil
becomes slightly to moderately acid, both the HPO,?>~ ion and the HoPO4~
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FIGURE 6.11 High
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ion prevail. At higher acidities H,PO,~ ions tend to dominate. Because of the
formation of insoluble compounds, a soil reaction which yields a mixture of
HPO,~ and H,PO,*" ions is usually preferred.

The activity of the soil phosphorus is indirectly related to pH in another
way. It has already been explained that as soil acidity increases, there is a
rise in the activity of the iron, aluminum, and manganese. Under such conditions
soluble phosphates are markedly “fixed” as very complex and insoluble com-
pounds of these elements. This fixation is most serious when the soil pH is
below 5.0. The situation is shown graphically in Figure 10.5.

If the pH of a mineral soil is raised much above 7, the phosphate nutrition
of higher plants is disturbed in other ways. In the first place, at these high
pH values, complex insoluble calcium phosphates are formed. ‘Thus, the solubil-
ity of both the native and applied phosphorus may be very seriously impaired.
Furthermore, at pH values above 7, the excess calcium may hinder phosphorus
absorption and utilization of plants.

Between pH 6 and 7, phosphorus fixation is at a minimum and availability
to higher plants is at a maximum (Figure 6.10). In the regulation of the phospho-
rus nutrition of crops, it is therefore important that soil pH be kept within,
or very near, the conservative limits of 6-7. Even then, higher plants often
do not readily absorb one half or even one third of the available phosphorus
supplied in fertilizers. (For further consideration of phosphorus fixation and
availability in soils, see Chapter 10).
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Soil Organisms and pH. Soil organisms are influenced by fluctuations in the
pH of the soil solution. This may be due in extreme cases to the hydrogen
jon itself, but in most soils it must be attributed to the factors correlated with
soil pH.

Bacteria and actinomycetes generally function better in mineral soils at
intermediate and higher pH values, the activity being sharply curtailed when
the pH drops below 5.5. Fungi, however, are particularly versatile, flourishing
satisfactorily at a wide range of pH. In normal soils, therefore, fungi predomi-
nate at the lower pH values, but at intermediate and higher ranges they meet
strong competition from the bacteria and actinomycetes.

The oxidation and “fixation” of nitrogen take place vigorously in mineral
soils only at pH values well above 5.5, although such reactions occur in organic
soils at lower pH values. However, general organic matter degradation, al-
though curtailed, will still proceed with considerable intensity at lower pH
values because most fungi are able to effect these enzymic transfers at high
acidities. This is fortunate since higher plants growing on very acid soils are
provided with at least ammoniacal nitrogen from decaying organic matter.

Allin all, a soil in the intermediate pH range presents the most satisfactory
biological regime. Nutrient conditions are favorable without being extreme,
and phosphorus availability is at a maximum.

One very significant exception to the generalized correlation of bacteria
with soil reaction should be mentioned. The organisms that oxidize sulfur to
sulfuric acid (Section 9.27) seem to be markedly versatile. Apparently they
not only function vigorously in soils at medium to high pH values but under
decidedly acid conditions as well. This is extremely important since it is there-
fore possible to apply sulfur to soils and develop highly acid conditions through
the activity of these bacteria. If these organisms were at all sensitive to low
pH and its correlated factors, their activity would soon be retarded and finally
brought to a halt by their own acidic products. Under such conditions sulfur
would be relatively ineffective as a soil acidifier.

6.11 Response of Higher Plants to Soil Reaction

Because of the many physiological factors involved, it is often difficult to corre-
late the optimum growth of plants on mineral soils with their pH. On the
other hand, the general relationships of higher plants to strong acidity or alkalin-
ity can be established and in a practical way are just as significant. With
this relationship as a basis, some of the important plants are rated in Figure
6.12.

Crop Ratings. Legume crops such as alfalfa and sweet clover grow best in
near neutral or alkaline soil reaction. Except under especially favorable condi-
tions, humid region mineral soils must be limed in order to grow crops of
this group satisfactorily.
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Physiological conditions presented by

Plants roughly in
order of tolerance

Strongly acid
and
very strongly
acid soils

Range of
moderately
acid soils

Slightly alkaline
and
slightly acid
soils

Alfalfa
Sweet clover
Asparagus

Garden beets
Sugar beets
Cauliflower
Lettuce

Spinach

Red clovers

Peas

Cabbage

Kentucky blue grass
White clovers
Carrots

Timothy
Barley

Wheat

Fescue (tall and meadow)
Corn
Soybeans

Oats

Alsike clover
Crimson clover
Tomatoes
Vetches

Millet
Cowpeas
Lespedeza
Tobacco

Rye
Buckwheat

Red top

Potatoes

Bent grass (except creeping)
Fescue (red and sheep’s)

Poverty grass

Blueberries
Cranberries
Azalea (native)

Rhododendron (native)

FIGURE 6.12 Relation of higher plants to the physiological conditions presented
by mineral soils of different reactions. Note that the correlations are very broad and
are based on pH ranges. The fertility level will have much to do with the actual

relationship in any specific case. Such a chart is of great value in deciding whether

or not to add lime and the rate of application, if any.
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Native rhododendrons and azaleas are at the other end of the scale. They
apparently require a considerable amount of iron, which is abundantly availa-
ble only at low pH values. Undoubtedly, highly acid soils also present other
conditions physiologically favorable for this type of plant. Also, soluble alumi-
num apparently is not detrimental to these plants as it is to certain plants
higher up the scale. If the pH and the percentage base saturation are not
low enough, these plants will show chlorosis and other symptoms indicative
of an unsatisfactory nutritive condition.

Because arable soils in a humid region are usually somewhat acid, it is
fortunate that most cultivated crop plants not only grow well on moderately
to slightly acid soils but seem to prefer the physiological conditions therein
(Figure 6.12). Since pasture grasses, many legumes, small grains, intertilled
field crops, and a large number of vegetables are included in this broadly
tolerant group, soil acidity is not such a deterrent to their growth. In terms
of pH, a range from 5.8-6.0 to slightly above 7.0 is most suitable for this group.
(The significance of this as it relates to liming is presented in Section 17.11.)
Forest trees seem to grow well over a wide range of soil pH values. Most
show at least some tolerance of acid soil. Many species, particularly the coni-
fers, tend to intensify soil acidity. Forests exist as natural vegetation in regions
of acid soils. This is not a direct response to soil pH but rather to the climatic
environment, which incidentally encourages the development of acid soils.
Also, there are some isolated areas of high soil pH in humid regions where
the natural vegetation is grass rather than trees. The “black belt” soil areas
of Alabama and Mississippi are examples. These areas are surrounded by
acid soils on which forests are the natural vegetation. This indicates that the
trees are better competitors on the more acid soil areas.

6.12 Determination of Soil pH

The importance of pH measurements as a tool in liming and similar problems
is obvious. In fact, pH is a diagnostic figure of unique value and as a result
its determination has become one of the routine tests made on soils. Moreover,
its determination is easy and rapid.

Electrometric Method. The most accurate method of determining soil pH is
by a pH meter. In this electrometric method the hydrogen concentration of
the soil solution is balanced against a standard hydrogen electrode or a simi-
larly functioning electrode. Although the instrument gives very consistent re-
sults, its optimum use requires a skilled operator since the mechanism is rather
complicated.

Dye Methods. A second method, very simple and easy but somewhat less

accurate than the electrometric, consists in the use of certain indicators (Figure
6.13). Many dyes change color with an increase or decrease of pH, making it
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FIGURE 6.13 The indicator
method for determining pH is
widely used in the field. It is simple
and is accurate enough for most
purposes. [Courtesy New York
State College of Agriculture and *
Life Sciences, Cornell University. )

pH 6.0 6.2 6.4 - 66 6.8 7.0 7.2 7.4 7.6

Slightly Acid - Neutral Range Slightly Alkaline
BROM-THYMOL BLUE
Color Chart For Lime-Level Indicators

Reprinted from: Determination of Hydrogenlons by W. M. Clark
Published by: Williams and Wilkins Co.

CHLOR-PHENOL RED
Strongly Acid Moderately Acid Slightly Acid

pH 5.0 5.2 5.4 5.6 .8 6.0 6.2 6.4 6.6
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possible, within the range of the indicator, to estimate the approximate hydro-
gen ion concentration of a solution. By using a number of dyes, either separately
or mixed, a pH range of 3-8 is easily covered. In making such a pH determination
on soil, the sample is saturated with the dye, and after standing in contact a
few minutes a drop of the liquid is run out and its color observed in thin
layer. By the use of a suitable color chart the approximate pH may be ascer-
tained. When properly manipulated, the indicator method is accurate within
about 0.2 pH unit.

Limitations of pH Values. Because of the precision with which pH readings
can be duplicated electrometrically, interpretations may be made which the
pH measurement cannot justify. There are several reasons for this. First, there
is considerable variation in the pH from one spot in a given field to another.
Even at a given location there are seasonal variations in pH. Localized effects
of fertilizers may give sizable pH variations within the space of a few inches.
Last, the pH of a given soil sample will vary depending on the amount of
water used in wetting the soil prior to the measurement. Obviously, standard-
ization against field performance must be obtained.

Because of these limitations, it might seem peculiar that so much reliance
is placed on soil pH. In the first place, it is easily and quickly determined.
More important, however, is its susceptibility to certain broad correlations
that are of great practical significance (Figures 6.10 and 6.12). Thus, a great
deal may be inferred regarding the physiological condition of a soil from its
pH value, much more than from any other single analytical datum. Furthermore,
the variations in pH value from one local soil area to another in a given field
indicate that great accuracy in estimating soil acidity may not be so necessary
from a practical point of view.

6.13 Soil Acidity Problems?

Other than the maintenance of fertility in general, two distinct procedures
are often necessary on acid soils, especially those at intermediate pH values.
One is the intensification of the acidity to encourage such plants as azaleas
and rhododendrons. The other is the application of lime, usually in amounts
to raise the pH at least to 6.0, 6.5, or 7.0. This modifies the physiological condi-
tions, thereby favoring alfalfa, sweet clover, red clover, and other lime-loving
crops.

Since liming is such an important agricultural feature, its consideration
will be reserved for a later and fuller discussion (Chapter 17). However, the
methods of intensifying the acidity of the soil are briefly discussed next.

3For an extensive review of soil acidity and liming, see Adams (1984).
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6.14 Methods of Intensifying Soil Acidity
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A reduction of the pH of soils is often desirable to favor such plants as rhodo-
dendrons and azaleas as previously suggested and also to discourage certain
diseases, especially the actinomycetes that produce potato scab. In arid regions
treatments are sometimes made to reduce the high pH of alkali soils sufficiently
to allow common field plants to grow and to eliminate deficiencies of iron,
manganese, and zinc in other soils (see Section 11.5)

Acid Organic Matter. When dealing with ornamental plants, acid-forming or-
ganic matter may be mixed with the soil already at hand to lower the pH of
the latter. Leafmold, pine needles, tanbark, sawdust, and moss peat, if highly
acid, are quite satisfactory in preparing such a compost. Farm manure, however,
may be alkaline and consequently should be used with caution for this purpose.

Use of Chemicals. When the above methods are not feasible, chemicals may
be used. For rhododendrons, azaleas, and other plants that require considerable
iron, such as blueberries and cranberries, ferrous sulfate is sometimes recom-
mended. This salt by hydrolysis develops sulfuric acid, which drastically lowers
the pH and liberates some of the iron already present in the soil. At the same
time, soluble and available iron is being added. Such a chemical thus serves
a double purpose in effecting a change in the physiological condition of a
soil.

Other materials that are even better in some respects are flowers of sulfur
or, on a field scale, sulfuric acid. Sulfur usually undergoes vigorous microbial
oxidation in the soil (see Section 9.27) and sulfuric acid is produced. Under
favorable conditions sulfur is four or five times more effective pound for pound
in developing acidity than is ferrous sulfate. Moreover, it is comparatively
inexpensive and easy to obtain and is a material often used on the farm for
other purposes.

No definite recommendation can be made as to the amounts of ferrous
sulfate or sulfur that should be applied, since the buffering of soils and their
original pH are so variable.

Control of Potato Scab. Sulfur is also effective in the control of potato scab
since the actinomycetes responsible are discouraged by acidity. Ordinarily
when the pH is lowered to 5.3, their virulence is much reduced. In using sulfur
to increase soil acidity, the management of the land, especially the rotation,
should be such that succeeding crops are not unfavorably affected.

The amount of sulfur to apply to control potato scab will vary depending
on circumstances. The buffering capacity of the soil and the original soil pH
will be the determining factors. The results of a given treatment both on the
pH and the crop should be checked and succeeding applications changed to
conform with the influence exerted by the previous dosage.
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6.15 Reaction of Soils of Arid Regions*

Arid region soils occur in areas where the rainfall is seldom more than 50
cm per year. Lack of extensive leaching leaves the base status of these soils
high. A fully and normally developed profile usually carries at some point in
its profile (usually in the C horizon) a calcium carbonate accumulation greater
than that of its parent material. The lower the rainfall, the nearer the surface
this layer will be (see Figure 13.12).

As a result, these soils may have alkaline subsoils and alkaline or neutral
surface layers. When enough leaching has occurred to free the solum of calcium
carbonate, a mild acidity may develop in the surface horizons. The genetic
classification of soils of arid regions with a pertinent description of each group
are presented in Section 13.7.

6.16 Reaction of Saline and Sodic Soils

When the drainage of arid region soils is impeded and the surface evaporation
becomes excessive, soluble salts accumulate in the surface horizon. Such soils
have been classified under three headings: saline, saline-sodic, and sodic.

Saline Soilss These soils contain a concentration of neutral soluble salts
sufficient to seriously interfere with the growth of most plants. The electrical
conductivity of a saturated extract (EC.) is greater than 4 decisiemens per
meter (dS/m).¢ Less than 15% of the cation exchange capacity of these soils
is occupied by sodium ions and the pH usually is below 8.5. This is because
the soluble salts present are mostly neutral, and because of their domination,
only a small amount of exchangeable sodium is present.

Such soils are sometimes called white alkali soils because a surface incrus-
tation, if present, is light in color (Figure 6.14). The excess soluble salts, which
are mostly chlorides and sulfates of sodium, calcium, and magnesium, can
readily be leached out of these soils with no appreciable rise in pH. This is
a very important practical consideration in the management of these soils.
Care must be taken to be certain that the leaching water is low in sodium.

Saline-Sodic Soils. The saline-sodic soils contain appreciable quantities of
neutral soluble salts and enough adsorbed sodium ions to seriously affect most
plants. Although more than 15% of the total exchange capacity of these soils
is occupied by sodium, their pH is likely to be below 8.5. This is because of

+See Bresler et al. (1982) for an excellent discussion of these soils.

s Salinization is the term used in reference to the natural processes that result in the accumula-
tion of neutral soluble salts in soils.

& Previously expressed as millimhos per centimeter (mmho/cm). Since 1 8 =1 mho, 1 dS/m
= 1 mmho/cm.
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FIGURE 6.14 [opposite] (a) White “alkali” spot in a field of alfalfa under irrigation.
Because of upward capillarity and evaporation, salts have been brought to the surface
where they have accumulated. (b) White salt crust on a saline soil from Colorado.
The white salts are in contrast with the darker-colored soil underneath. (Scale is shown
in inches and centimeters.) [(a) courtesy USDA Soil Conservation Service.]

the repressive influence of the neutral soluble salts, as in the saline soils previ-
ously described. The electrical conductivity of a saturated extract is more
than 4 dS/m.

But unlike the saline soils, leaching will markedly raise the pH of saline-
sodic soils unless calcium or magnesium salt concentrations are high in the
soil or in the irrigation water. This is because the exchangeable sodium, once
the neutral soluble salts are removed, readily hydrolyzes and thereby sharply
increases the hydroxyl ion concentration of the soil solution. In practice, this
is detrimental since the sodium ions disperse the mineral colloids, which then
develop a tight, impervious soil structure. At the same time, sodium toxicity
to plants is increased.

Sodic Soils. Sodic soils do not contain any great amount of neutral soluble
salts, the detrimental effects on plants being largely due to the toxicity of
the sodium as well as of the hydroxyl ions. The high pH is largely due to
the hydrolysis of sodium carbonate.

2Na* + COs*~ + 2H,0 = 2Na* + 20H" + H;COs {6.12)

The sodium complex also undergoes hydrolysis.

Na + HOH = H + Na* + OH- (6.13)

The exchangeable sodium, which occupies decidedly more than 15% of
the total exchange capacity of these soils, is free to hydrolyze because the
concentration of neutral soluble salts is rather low. The electrical conductivity
of a saturated extract is less than 4 dS/m. Consequently, the pH is always
above 8.5, often rising to 10.0 or higher. Owing to the deflocculating influence
of the sodium, such soils usually are in an unsatisfactory physical condition.
As already stated, the leaching of a saline-sodic soil will readily change it
to a characteristic sodic soil.

Because of the extreme alkalinity resulting from the Na,CO; present, the
surface of sodic soils usually is discolored by the dispersed humus carried
upward by the capillary water—hence the name black alkali is frequently
used. These soils are often located in small areas called slick spots surrounded
by soils that are relatively productive.

Characterization of Sodic and Salt-Affected Soils. Several means not com-
monly employed for acid soils are used to characterize the high pH soils of
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arid regions. Soil salinity (an expression of the presence of soluble salts) is
measured by the electrical conductivity (ECe) of a saturated soil extract is
also expressed in decisiemens per meter. It is an important characteristic of
saline and saline-sodic soils.

For saline-sodic and sodic soils, parameters relating to sodium content
are most important. While the level of sodium salts is of some significance,
measurements of sodium associated with the exchange complex are of greater
concern. The presence of sodium in an exchangeable form has a deleterious
effect on the chemical and physical properties of soils and in turn on plant
growth. The sodium hazard is expressed as exchangeable sodium percentage
(ESP), which is calculated as follows.

ESP = e?cchangeable sodlun? x 156 (6.14)
cation exchange capacity

Thus ESP is a measure of the degree to which the exchange complex is saturated
with sodium.

The adverse influences of exchangeable sodium are moderated by levels
of exchangeable calcium and magnesium. Years of study and experimentation
have shown that the best measure of potential hazards from high sodium levels
is a cation ratio that takes calcium and magnesium as well as sodium into
consideration. This ratio, called the sodium adsorption ratio (SAR), is defined
as

o [Nat]
SAR = Cor T V] (6.15)

Where [Na*], [Ca2*], and [Mg?*] are the concentrations of these ions in a
soil extract or irrigation water in millimoles per liter. The SAR of a soil extract
gives an indication of the level of exchangeable sodium in comparison with
those of calcium and magnesium in the soil. The SAR of irrigation water warns
of possible increases in exchangeable sodium through the use of that water.

6.17 Growth of Plants on Halomorphic Soils
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Saline and saline-sodic soils with their relatively low pH (usually less than
8.5) detrimentally influence plants largely because of their high soluble-salt
concentration (see Figure 6.14). When a water solution containing a relatively
large amount of dissolved salts is brought into contact with a plant cell, it
will cause a shrinkage of the protoplasmic lining. This action, called plasmoly-
sis, increases with the concentration of the salt solution. The phenomenon
is due to the osmotic movement of the water, which passes from the cell toward
the more concentrated soil solution. The cell then collapses. The nature of
the salt, the species, and even the individuality of the plant, as well as other
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factors, determine the concentration at which the individual succumbs. The
adverse physical condition of the soils, especially the saline-sodic, may also
be a factor.

Sodic soils, dominated by active sodium, exert a detrimental effect on
plants in three ways: (a) caustic influence of the high alkalinity induced by
the sodium carbonate and bicarbonate, (b) toxicity of the bicarbonate and
other anions, and (c) the adverse effects of the active sodium ions on plant
metabolism and nutrition.

6.18 Tolerance of Higher Plants to Halomorphic Soils

The capacity of higher plants to grow satisfactorily on salty soils depends
on a number of interrelated factors. The physiological constitution of the plant,
its stage of growth, and its rooting habits certainly are among them. It is interest-
ing to note that old alfalfa is more tolerant than young alfalfa and that deep-
rooted legumes show a greater resistance than those with shallow rootage.

Concerning the soil, the nature of the various salts, their proportionate
amounts, their total concentration, and their distribution in the solum must
be considered. The structure of the soil and its drainage and aeration are
also important.

As a result, it is difficult to forecast accurately the tolerance of crops.
Perhaps the best comparative data are those presented in Table 6.1.

TABLE 6.1 Relative Tolerance of Certain Plants to Salty Soils®

Moderately Moderately
Tolerant tolerant sensitive Sensitive
Barley, grain Barley, forage Alfalfa Apple
Bermuda grass Beet, garden Broad bean Apricot
Bougainvillea Broccoli Cauliflower Bean
Cotton Brome grass Cabbage Blackberry
Date Clover, berseem Clover, alsike, Ladino, Carrot

red, strawberry

Natal plum Fig Corn Celery
Mutall alkali grass Orchard grass Cowpea Grapefruit
Rescue grass Oats Cucumber Lemon
Rosemary Rye, hay Lettuce Onion
Sugar beat Rye grass, perennial Pea Orange
Salt grass Sorghum Peanut Peach
Wheat grass, crested Soybean Potato Pear
Wheat grass, fairway Sudan grass Rice, paddy Pineapple; Guava
Wheat grass, tall Trefoil, birdsfoot Sweet clover Raspberry
Wild rye, altai Wheat Timothy Rose
Wild rye, Russian Wheat grass, western Tomato Strawberry

¢ Selected from Carter {1981).
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6.19 Management of Saline and Sodic Soils
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Since saline and sodic soils are found mostly in arid regions, their use for
agricultural purposes requires irrigation water. The quality of that water, espe-
cially in relation to its salt content and to its SAR, is extremely important in
the management of the soils. Water high in sodium salts can bring about harmful
effects unless these salts are counterbalanced by soluble calcium and magne-
sium salts. Knowledge of the quality of irrigation water is a requisite for good
management of saline and sodic soils.

Three kinds of general management practices have been used to maintain
or improve the productivity of saline and sodic soils. The first is eradication;
the second is a conversion of some of the salts to less injurious forms; the
third may be designated control. In the first two methods, an attempt is made
actually to eliminate by various means some of the salts or to render them
less toxic. In the third, soil management procedures are utilized which keep
the salts so well distributed throughout the soil solum that there is no toxic
concentration within the root zone.

Eradication. The most common methods used to free the soil of excess salts
are (a) underdrainage and (b) leaching or flushing. A combination of the two,
flooding after tile drains have been installed, is the most thorough and
satisfactory. When this method is used in irrigated regions, heavy and repeated
applications of water can be made. The salts that become soluble are leached
from the solum and drained off through the tile. The irrigation water used
must be relatively free of silt and salts, especially those containing sodium.

The leaching method works especially well with pervious saline soils,
whose soluble salts are largely neutral and high in calcium and magnesium.
Of course, little exchangeable sodium should be present. Leaching saline-sodic
soils (and even sodic soils if the water will percolate) with waters very high
in salt but low in sodium may be effective. Conversely, treating sodic and
saline-sodic soils with water low in salt may intensify their alkalinity because
of the removal of the neutral soluble salts. This allows an increase in the
percent sodium saturation thereby increasing the concentration of hydroxyl
ions in the soil solution. This may be avoided, as explained next, by converting
the toxic sodium carbonate and bicarbonate to sodium sulfate by first treating
the soil with heavy applications of gypsum or sulfur. Leaching will then render
the soil more satisfactory for crops.

Conversion. The use of gypsum on sodic soils is often recommended for the
purpose of changing part of the caustic alkali carbonates into sulfates. Several
tons of gypsum per acre are usually necessary. The soil must be kept moist
to hasten the reaction, and the gypsum should be cultivated into the surface,
not plowed under. The treatment may be supplemented later by a thorough
leaching of the soil with irrigation water to free it of some of its sodium sulfate.
The gypsum reacts with both the Na,CO; and the adsorbed sodium.
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Na,CO; + CaSO, = CaCO; + Na:50,
Leachable

N [Micelle] + CaSO, = Ca[Micelle] + NesSOx (6.16)

Leachable

It is also recognized that sulfur can be used to advantage on salty lands,
especially where sodium carbonate abounds. The sulfur upon oxidation yields
sulfuric acid, which not only changes the sodium carbonate to the less harmful
sulfate but also tends to reduce the intense alkalinity. The reactions of the
sulfuric acid with the compounds containing sodium may be shown as follows.

Na:CO; + H,S0, = CO,; + H,O + Na,SO,
Leachable

N (ale] + FiS0, = Fi[Mielle] + NSO,

Leachable

(6.17)

Not only is the sodium carbonate changed to sodium sulfate, a mild neutral
salt, but the carbonate radical is entirely eliminated. When gypsum is used,
however, the carbonate remains as a calcium salt.

Control. The retardation of evaporation is an important feature of the control
of salty soils. This will not only save moisture but will also retard the trans-
location upward of soluble salts into the root zone. As previously indicated,
there are no inexpensive methods of reducing evaporation from large acreages.
Consequently, other control practices must be explored.

Where irrigation is practiced, an excess of water should be avoided unless
itis needed to free the soil of soluble salts. Frequent light irrigations are often
necessary, however, to keep the salts sufficiently dilute to allow normal plant
growth.

The timing of irrigation is extremely important on salty soils, particularly
during the spring planting season. Since young seedlings are especially sensitive
to salts, irrigation often precedes or follows planting to move the salts down-
ward. After the plants are well established, their salt tolerance is somewhat
greater.

The practice in recent years of adding nitrogen as anhydrous ammonia
to irrigation water as it is applied to a field has created soil problems. The
high pH brought about by the NH; causes some of the calcium in the water
to precipitate and thus raises the sodium adsorption ratio (SAR) and the hazard
of increased exchangeable sodium percentage. To counteract this, sulfuric acid
is sometimes applied to the irrigation water to reduce its pH as well as that
of the soil. This practice may well spread where there are economical sources
of sulfuric acid.

The use of salt-resistant crops is another important feature of the successful
management of saline and alkali lands. Sugar beets, cotton, sorghum, barley,
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rye, sweet clover, and alfalfa are particularly advisable (Table 6.1). Moreover,
a temporary alleviation of alkali will allow less-resistant crops to be estab-
lished. Farm manure is very useful in such an attempt. A crop such as alfalfa,
once it is growing vigorously, may maintain itself in spite of the salt concentra-
tions that may develop later. The root action of tolerant plants is exceptionally
helpful in improving sodic soils that are in a poor physical condition.

6.20 Conclusion

Although the discussion closes with pertinent suggestions regarding the man-
agement of saline and sodic soils, the major theme of this chapter is soil reaction
or soil pH. And it is obvious that as many features of practical concern arise
from soil reaction as from any other single soil characteristic. Material in Chap-
ters 17 and 18 emphasizes this point even more decisively.
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[Preceding page) Soil microorganisms are in intimate contact with soil particles and
cells in plant roots, which in turn provide food for the microorganisms. [Courtesy
R.C. Foster, CSIRO Division of Soils, Adelaide, South Australia.]

Humus is a product of degradation and synthesis. And the agencies responsible
are the living organisms in the soil, both the animals (fauna) and the plants
(flora).! These organisms stimulate a myriad of biochemical changes as decay
takes place. They also physically churn the soil and help stabilize soil structure.
Our concern for these organisms is in terms of their activity rather than their
scientific classification. Consequently, the grouping employed (Figure 7.1) is
very broad and simple.

Vast numbers of organisms live in the soil, and by far the greater proportion
of these belong to plant life. Yet the role of animals is not to be minimized,
especially in the early stages of organic decomposition. Most soil organisms,
both plant and animal, are so minute as to be visible only with the aid of
the microscope. The number of the large organisms ranging in size to that of
the larger rodents is comparatively small. All are of significance in the intricate
biological processes operative in soils.

7.1 Organisms in Action

The activities of soil flora and fauna are so interrelated as to make it rather
difficult to study them independently. To illustrate this point, consider how
various soil organisms are involved in the degradation of higher plant tissue
(Figure 7.2). Even while growing, plants are subject to attack by soil organisms
known as herbivores. Examples are parasitic nematodes, snails, slugs, and
the larvae of some insects that attack plant roots. Likewise, soil-borne termites
and beetle larvae devour aboveground woody materials, as do some of the
larger mammals, such as woodchucks and mice.

Primary Consumers. As soon as a leaf or a stalk or a piece of bark drops
to the ground, it is subject to a coordinated attack by microflora and by detriti-
vores, animals that live on dead and decaying plant tissues (Figure 7.2). If a
little moisture is present, bacteria and fungi initiate the attack. They are joined
by mites, snails, beetles, millipedes, woodlice, collembola, earthworms, and
enchytraeid worms. These animals chew or tear holes in the tissue, opening
it up to more rapid attack by the microflora. Together with microflora, they
utilize the energy stored in the plant residues and are termed primary consum-
ers.

While the action of the microflora is mostly chemical, that of the fauna
is both physical and chemical. The animals chew the plant parts and move
them from one place to another on the soil surface and even into the soil.
Earthworms incorporate the plant residues into the mineral soil by literally

! For reviews of soil organisms, see Alexander (1977) and Wallwork (1976).
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Animals

(fauna)
Macro Micro
Subsisting Iz.zrgely on Largely predatory: Predatory or parasitic
plant materials: Moles or subsisting on
Small mammals— Insects—many ants, plant residues:
Squirrels, gophers, beetles, etc. Nematodes
woodchucks, mice, Mites, in some cases Protozoa
shrew ; Centipedes Rotifers
Insects—springtail, ants, Spiders
beetles, grubs, etc.
Millipedes
Sowbugs (woodlice)
Mites
Slugs and Snails Plants
Earthworms {flora)
Algae: Fungi: " iii:gilz .
Roots of Green Mushroom fungi Actinomycetes Anaanie
higher plants Blue-green Yeasts of many kinds Autotrophic
Diatoms Molds Heterotrophic

FIGURE 7.1 The more important groups of organisms commonly present in soils.
The groupings are very broad and general because the emphasis is to be placed upon
biochemical activity rather than on classification.

eating their way through the soil. Larger animals, such as gophers, moles,
voles, prairie dogs, and rats, also burrow into the soil and bring about considera-
ble soil mixing and granulation. Detritivores, such as collembola, mites, and
enchytraeid worms, edge their way into cracks and crevices in the soil.

Secondary and Tertiary Consumers. The primary consumers are themselves
food sources for predators and parasites existing in the soil. These are second-
ary consumers and include carnivores (animal consumers) and microphytic
feeders, which consume small plants (bacteria, fungi, algae, and lichens). Exam-
ples of carnivores are centipedes, which consume small insects, collembola,
spiders, nematodes, slugs, and snails, and the European mole, which feeds
primarily on earthworms. Examples of microphytic feeders are some mites,
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FIGURE 7.2 Diagram of the general pathway for the breakdown of higher plant
tissue. Because they capture energy and CO,, the higher plants are known as primary
producers. When the debris from dead plants (detritus) falls to the soil surface, it is
attacked by the soil fauna and microflora—the primary, secondary, or tertiary
consumers. These organisms release energy and CO, and produce humus. Note that
80-90% of the total soil metabolism is due to the microflora.

springtails, termites, and protozoa, which utilize the microflora as sources of
food (Figure 7.2 and Table 7.1).

Moving farther up the food chain, the secondary consumers are prey for
still other carnivores, called tertiary consumers. For example, ants consume
centipedes, spiders, mites, and scorpions, which themselves can prey on pri-
mary or other secondary consumers. Again, the microflora are intimately in-
volved in the decomposition of organic material associated with the fauna.
In addition to their direct attack on plant tissue, they are active within the
digestive tract of some of the animals. They also attack the finely shredded
organic material in animal feces and later decompose the bodies of dead ani-
mals. For this reason they are referred to in Figure 7.2 as the ultimate decom-
posers.

72 Organism Numbers, Bi mass, and
Metabolic Activity

The specific flora and fauna inhabiting soils are dependent upon many factors.
The climate and the resultant vegetation greatly influence which organisms
are dominant. The species composition in an arid desert will certainly be differ-
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TABLE 7.1 Examples of Microphytic Feeders and of Carnivores That Act as Second-
ary and Tertiary Consumers Within or on Top of Soil

Note that some animals (e.g., centipedes) are both secondary and tertiary consumers.

Carnivores
Microphytic feeders Secondary consumers Tertiary consumers
Microflora
Organism consumed Predator Prey Predator Prey
Spider
Algae Collembola Ants Centipedes
Springtails Bacteria Mites Nematodes Mites
Fungi Enchytraeids Scorpions
Fungi
Mites Algae Collembola
Lichens Nematodes Spiders
. Snails . Mites
Bacteria Centipedes Slugs Centipedes Centipedes
Protozoa and other Aphids (other)
microflora Flies
Spiders
Earthworm Mites
Mole { Insects Beetles Beetles
(other)
Nematodes Bacte?na
Fungi
Termites Fungi

ent from that in a humid forest area, which in turn will be quite different
from that in a cultivated field. Soil temperature, acidity, and moisture relations
are also factors that govern the activity of both the flora and fauna. For these
reasons, it is not easy to predict the number, kinds, and activities of organisms
that one might expect to find in a given soil. But there are a few generalizations
that might be made. For example, vegetation under forests generally supports
a more diverse fauna than do grasslands. However, the grassland fauna are
metabolically more active and their total weight per hectare is greater (see
Table 7.2).

Compared to virgin areas, cultivated fields are generally lower in numbers
and weight of soil organisms, especially the soil fauna. Exceptions may be
soils that in the virgin state were very acid and have since been well limed
and fertilized. Such cultivated soils may contain a higher microflora population
than their untilled counterparts.

Comparative Organism Activity. The activities of specific groups of soil organ-
isms are commonly identified by (a) their numbers in the soil, (b) their weight
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TABLE 7.2 Biomass of Groups of Soil Ani-
mals under Grassland and Forest Cover®

The mass and in turn the metabolism are great-
est under grasslands. The spruce with low-
base-containing leaves encourages acid condi-
tions and slow organic breakdown.

Biomass (g/m?)P

Forest

Group of Grassland
organisms meadow Oak Spruce
Herbivores 17.4 11.2 11.3
Detritivores

Large 137.5 66.0 1.0

Small 25.0 1.8 1.6
Predators _ 986 09 1.2

Total 189.5 79.9 15.1

* Data from Macfadyen (1963).
® Depth about 15 cm.

per unit volume or area of soil (biomass), and (c) their metabolic activity.
The numbers and biomass of groups of organisms that commonly occur in
soils are shown in Table 7.3. Although the relative metabolic activities are
not shown, they are generally related to the biomass of the organisms.

As might be expected, the numbers are highest among the microorganisms,
both plant and animal. So numerous are microflora that they dominate the
biomass in spite of the minute size of each individual organism. Together with
the earthworms, the microflora monopolize the metabolic activity in soils. It
is estimated that 60-80% of the total soil metabolism is due to the microflora.
Not only do they destroy plant residues but they function in the digestive
tracts of animals and eventually decompose the dead bodies of all organisms.
Furthermore, soil humus and nutrients in a form plants can use are the signifi-
cant end products of their activities. For these reasons major attention will
be given to the microflora along with earthworms, protozoa, and other microani-
mals,

Before leaving the soil fauna, recognition should be given to their impor-
tance in soil formation and management. Rodents pulverize, mix, and granulate
soil and incorporate organic materials into lower horizons. The medium-sized
detritivores translocate and partially digest organic residues and leave their
excrement for microfloral degradation. By living in the soil, many animals
favorably affect its physical condition. Others utilize the soil as a habitat for
destructive action against higher plants. In any case, all these organisms are
part of perhaps the most intricate biological cycle in the biosphere.
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TABLE 7.3 Relative Number and Biomass of Soil Flora and Fauna Commonly
Found in Soils

Since the metabolic activity is generally related to the biomass, it is obvious that
the microflora and earthworms dominate the life of soils.

Values common in surface soils®

Number Biomass®
Organisms per square meter per gram Kg/HFS (Ib/AFS)
Microflora
Bacteria 1013104 108-10° 4504500 400-4000
Actinomycetes 1012-1013 107-108 4504500 4004000
Fungi 1010-1012 105-108 1,120-11,200 800-8000
Algae 109-101° 104-10° 56-560 50-500
Microfauna
Protozoa 109-10 104-10% 17-170 15-150
Nematoda 108-107 10-102 11-110 10-100
Other fauna 10°-10° 17-170 15-150
Earthworms 30-300 110-1100 100-1000

2 Generally considered 15 cm (6 in.) deep, but in some cases (e.g.. earthworms) a greater
depth is used.

» The biomass values are on a live weight basis. Dry weights are about 20-25% of these
values.

Source of Energy and Carbon. Soil organisms may be classified on the basis
of their source of energy and carbon as either autotrophic or heterotrophic.
The autotrophs obtain their energy from the oxidation of inorganic compounds
(those containing, e.g., nitrogen, sulfur and iron) and most of their carbon from
carbon dioxide. Some bacteria and blue-green algae are examples. Though
small in number, the autotrophic organisms perform essential functions in
changing the inorganic forms in soils.

The heterotrophic organisms obtain their energy and carbon from the
breakdown of organic materials. These organisms are far more numerous than
the autotrophs and are responsible for most of the general-purpose decay.
They include the soil fauna, most bacteria, and the fungi and actinomycetes.

7.3 Earthworms

The ordinary earthworm is, probably, the most important soil macroanimal
(Figure 7.3). Of the more than 200 species known, Lumbricus terrestris, a deep-
boring reddish organism, and Allolobophora caliginosa, a shallow-boring pale
pink organism with a length of up to 25 cm, are the two most common, both
in Europe and in the eastern and central United States. In the tropics and
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semitropics, still other types are prevalent, some small and others surprisingly
large, up to 3 m long. In respect to species, it is rather interesting that Lumbricus
terrestris is not native to America. As our forests and prairies were put under
cultivation, this European worm rapidly replaced the native types, which could
not withstand the change in soil environment. Virgin lands, however, still retain
at least part of their native populations.

Influence On Soil Fertility and Productivity. Earthworms are important in
many ways, especially in the upper 15-25 cm of soil. The amount of soil these
creatures pass through their bodies annually may amount to as much as 34
Mg/ha (15 tons/acre) of dry earth, a startling figure. During the passage through
the worms, not only the organic matter that serves the earthworms as food,
but also the mineral constituents are subjected to digestive enzymes and to
a grinding action within the animals. Earthworm casts on a cultivated field
may weigh as much as 18,000 kg/ha (16,000 1b/acre). Compared to the soil
itself, the casts are definitely higher in bacteria and organic matter, total and
nitrate nitrogen, exchangeable calcium and magnesium, available phosphorus
and potassium, pH and percentage base saturation, and cation exchange capac-
ity (Table 7.4). The rank growth of grass around earthworm casts suggests
an increased availability of plant nutrients therein. Earthworms are noted for
their favorable effect on soil productivity.

Other Effects. Earthworms are important in other ways. The holes left in
the soil serve to increase aeration and drainage, an important consideration
in soil development. Moreover, the worms mix and granulate the soil by drag-
ging into their burrows quantities of undecomposed organic matter such as
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TABLE 7.4 Comparative Characteristics
of Earthworm Casts and Soils (Average
of Six Nigerian Soils®).

Earthworm

Characteristic casts Soils
Silt and clay (%) 38.8 22.2
Bulk density (Mg/m3) 1.11 1.28
Structural stability® 849 65
Cation exchange

capacity (cmol/kg) 13.8 3.5
Exchangeable Ca 8.9 2.0

(cmol/kg)
Exchangeable K (cmol/kg) 0.6 0.2
Soluble P (ppm) 17.8 6.1
Total N (%) 33 12

* From de Vleeschauwer and Lal (1981).
» Numbers of raindrops required to destroy
structural aggregates.

leaves and grass, which they use as food. In some cases, the accumulation
is surprisingly large. In uncultivated soils this is more important than in plowed
land, where organic matter is normally turned under in quantity. Without a
doubt, earthworms increase both the size and stability of the soil aggregates.

Factors Affecting Earthworm Activity. Earthworms prefer a well-aerated but
moist habitat. For this reason, they are found mostly in medium-textured upland
soils where the moisture capacity is high, rather than in droughty sands or
poorly drained lowlands. They must have organic matter as a source of food.
Consequently, they thrive where farm manure or plant residues have been
added to the soil. A few species are reasonably tolerant to low pH, but most
earthworms thrive best where the soil is not too acid.

Soil temperature affects earthworm numbers and their distribution in the
soil profile. For example, a temperature of about 10°C (50°F) appears optimum
for Lumbricus terrestris, earthworm numbers declining above or below this
temperature. This relationship, as well as soil moisture requirements, probably
accounts for the maximum earthworm activity noted in spring and autumn
in temperate regions.

Earthworm counts must take into consideration the ability of some of
these organisms to burrow deeply into the profile, thereby avoiding unfavorable
moisture and temperature conditions. Although species differ markedly in the
depth of soil they normally penetrate, cold weather or dry upper soil conditions
will drive them into a more favorable environment deeper in the profile. Penetra-
tion as deep as one to two meters is not uncommon. Unfortunately, in barren
soils a sudden heavy frost in the fall may kill the organisms before they can
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move lower in the profile. Soil cover is important in maintaining a high earth-
worm population under such circumstances.

Because of their sensitivity to soil and other environmental factors, there
is a wide variation in the numbers of earthworms in different soils. In very
acid soils under conifers, an average of fewer than one organism per square
meter is common. In contrast, more than 500 per square meter have been
found on rich grassland soils. The numbers commonly found in arable soils
range from 30 to 300 per square meter (Table 7.3), equivalent to from 300,000
to 3 million per hectare—furrow slice. The biomass or live weight for this number
would range from perhaps 110 to 1100 kg/ha (100-1000 Ib/ acre).

74 Termites
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Termites, or “white ants,” are major contributors to the breakdown of organic
material in or at the surface of soils. They are found in about two-thirds of
the land areas of the world (Yost and Fox, 1982) but are most prominent in
tropical and subtropical areas. There they supplement and even surpass the
activities of earthworms. These insects are found in temperate regions but
are most prominent in tropical grasslands or savannahs and in tropical forested
areas (Table 7.5). Their mud nests or mounds characterize open savannah
areas in Africa, Latin America, and Asia. They carry on a very complex social
life in these honeycombed mounds, which serve essentially as their “cities.”
In doing so they transport soil from lower layers to and above the surface
soil level thereby bringing about extensive mixing of soil materials and of
the plant residues they use as food. The quantities of materials they deposit
often compare favorably with the surface castings of earthworms, amounting
to tens or even hundred of tons per hectare at any one time. Their mounds
may be 6 m or more in height and may extend to an even greater depth into
the soil in some desert areas. Each mound provides the home for one or more
millions of termites.

The effect of termites on soil productivity is generally less beneficial than
that of earthworms. The termites’ digestive processes are generally more effi-
cient than those of earthworms. Microorganisms such as bacteria and protozoa
in the gut of the termites readily attack cellulose and other complex organic
materials, releasing sugars and other nutrients for use by the termites. While
this symbiotic process is helpful in rapidly breaking down woody materials,
it contributes less to soil fertility than does the earthworm metabolism.

Termite deposits commonly have a lower organic matter content than
the surrounding undisturbed topsoil. This may be due in part to the fact that
these deposits contain much low organic subsoil material, which was brought
to the surface as the mounds were being formed. Crop growth in soil from
areas where these mounds have existed is often poor, not only because of
low nutrient content in the surface layers, but because of the greater compact-
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TABLE 7.5 Area and Biomass Production in Different Ecological
Regions of the World and Estimated Percent of the Biomass Consumed
by Termites®

Biomass
Area Total produced % consumed

Ecological region (1012 M?) (108 g/yr) by termites
Tropical Forest

Wet 4.6 5.5 12

Moist 6.1 9.2 41

Dry 7.8 94 36
Temperate 12.0 15.0 7
Woaod/shrub land 8.5 6.0 9
Savannah

Wet 14.2 17.0

Dry 43 39 13
Temperate grassland 9.0 5.4 50
Cultivated land 11.9 7.7 60
Desert scrub 18.0 1.6 38
Clearing burning _68 986 68

Total 103.2 90.3 37

s Data from various sources summarized by Zimmermen et al. (1982).

ness of some of the mound material the particles of which had been cemented
together by the termites as the mound was constructed.

Termites are significant factors in the formation of soils of tropical and
subtropical areas. They also have both positive and negative effects on current
land use in these areas. They accelerate the decay of dead trees and grasses
but also disrupt crop production by the rapid development of their nests or
mounds.

7.5 Soil Microanimals

Of the abundant microscopic animal life in soils, two groups are of some impor-
tance—nematodes and protozoa. These groups will be considered in order.

Nematodes. Nematodes—commonly called threadworms or eelworms—are
found in almost all soils, often in surprisingly large numbers (Table 7.3). These
organisms are round and spindle-shaped, the caudal end usually being acutely
pointed. In size, they are almost wholly microscopic, seldom being large enough
to be seen at all readily with the naked eye (Figure 7.4).

Three groups of nematodes may be distinguished on the basis of their
food demands: (a) those that live on decaying organic matter (saprophytes);
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FIGURE 74 A nematode commonly found in soil (magnified
about 120 times). More than 1000 species of soil nematodes are
known. They can cause serious damage to the roots of higher
plants on which many of them feed. [Courtesy William F. Mai,
Cornell University.)
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(b) those that are predatory on other nematodes, bacteria, algae, protozoa,
and the like; and (c) those that are parasitic, attacking the roots of higher
plants to pass at least a part of their life cycle embedded in such tissue. The
first and second groups are by far the most numerous in the average soil
and most varied. They are important primarily because of their interrelation-
ships with the soil microflora.

The last group, especially those of the genus Heterodera, is the most impor-
tant to the plant specialist. Because of their pointed form and adaptable mouth
parts, they find it easy to penetrate plant tissue. The roots of practically all
plants are infested even in cool temperature regions and the damage done is
often very great, especially to vegetable crops. Even in greenhouses, nematodes
may become a serious pest unless care is taken to avoid infestation. Because
of the difficulties encountered in control, an appreciable nematode infection
is a serious matter.

Protozoa. Protozoa probably are the simplest form of animal life. Although
one-celled organisms, they are considerably larger than bacteria (5-100 mm
diam.) and of a distinctly higher organization. For convenience of discussion,
soil protozoa are divided into groups: (a) amoebae, (b) ciliates or infusoria,
and (c) flagellates (Figure 7.5). The flagellates are usually most numerous in
soil, followed in order by the amoebae and the ciliates.

The protozoa are the most varied and numerous in the microanimal popula-
tion of soils although they have only a modest effect on the decay of organic
matter. More than 250 species have been isolated, sometimes as many as 40
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FIGURE 7.5 Two microanimals typical of those found in soils. {a) Photomicrograph
of two species of rotifer, Rotaria rotatoria (stubby one) and Philodina acuticornus
(slender one). (b) Scanning electron micrograph of a ciliated protozoan, Glaucoma

scintillaus. [(a) courtesy F. A. Lewis and M. A. Stirewalt, Biomedical Research Institute,
Rockville, MD; (b) courtesy J. O. Corliss, University of Maryland.]

or 50 of such groups occurring in a single sample of soil. A considerable number
of serious animal and human diseases are attributed to protozoan infections.

The numbers of protozoa in the soil are extremely variable. Aeration, as
well as the available food supply, is probably a very important factor. Most
of the organisms thrive best under conditions of good aeration and are therefore
confined to the surface horizons. Usually, their numbers are highest in the
spring and autumn. Populations of a few thousand to several hundred thousand
per gram of the upper few centimeters of soil have been observed. Perhaps
1-10 billion protozoa of all kinds per square meter 5cm deep? (10,000-100,000
per gram) might be considered a normal range. This might amount to a live
weight of as much as 170 or even 200 kg to the hectare-furrow slice.

As a source of food, protozoa ingest bacteria and, to a lesser extent, other
microflora as well. There is some evidence that this protozoan predation on
bacteria may hasten the turnover of readily available nutrients, especially in

2 A common area unit for compa ative o ganism numbers is the square meter; the depth of
surface soil is normal y 5 cm or 6 in.
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the vicinity of plant roots (the rhizosphere). Everything considered, however,
the protozoa are generally not sufficiently abundant in soils to be a major
factor in organic matter decay and nutrient release.

Rotifers. This third group of soil microanimals, of which about 100 species
have been described, thrives under moist conditions, especially in swampy
land where their numbers may be great. These animals are mostly microscopic
in size. The anterior is modified into a retractile disk bearing circles of cilia
that, in motion, give the appearance of moving wheels, hence, the name. These
hairs sweep floating food materials into the animal. Just how important rotifers
are in soils is unknown, but their activities are likely confined largely to peat
bogs and in wet places occurring in mineral soils.

7.6 Roots of Higher Plants
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Higher plants are the primary producers of organic matter and storers of the
sun’s energy (Figure 7.2). Their roots grow and die in the soil and in so doing
supply the soil fauna and microflora with food and energy. At the same time
the living roots physically modify the soils as they push through cracks and
make new openings of their own (Figure 7.6). Tiny initial channels are increased
in size as the roots swell and grow. By removing moisture from the soil, plant
roots bring about further physical stresses that help soil aggregate initiation.
The roots also provide a mass of living organic matter that stabilizes these
aggregates. As they later decompose, the roots provide building materials for
humus not only in the top few inches, but to greater soil depths as well.

Amounts of Organic Tissue Added. The mass of the root residues of crop
plants remaining in the soil after harvest, commonly vary from 15 to 40% of
the mass of the aboveground crop. If an average figure of 25% is used, good
crops of oats, corn, and sugar cane would be expected to leave about 2500,
4500, and 8500 kg/ha of root residues, respectively. Many farmers do not appre-
ciate the fact that the maintenance of a satisfactory supply of organic matter
in arable soils is possible only because of root residues added in this way.

Rhizosphere. The roots of higher plants also function in a more intimate man-
ner than as a source of dead tissue for the nutrition of soil microbes. Live
roots not only affect the equilibrium of the soil solution by the withdrawal
of soluble nutrients, but they also influence nutrient availability directly. Signifi-
cant quantities of organic compounds are exuded, secreted, or otherwise re-
leased at the surface of young roots (Figure 7.6). Organic acids so excreted
can solubilize plant nutrients. Amino acids and other simple carbon-containing
compounds stimulate microflora in the rhizosphere or zone immediately sur-
rounding these young roots. The number of organisms in the rhizosphere may
be as many as 100 times greater than elsewhere in the soil (Figure 7.7). This
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FIGURE 7.6 (a) Photograph of a root tip illustrating how roots penetrate soil and

emphasizing the root cells through which nutrients and water move into and up the
plant. (b) A diagram of a root showing the origins of organic materials in the rhizosphere
including (1) simple exudates, which leak from plant cells to the soil; (2) secretions,
simple compounds released by metabolic processes; (3) plant mucilages originating
in root cells or from bacterial degradation; (4) mucigel, a gelatinous layer composed
of mucilages and soil particles intermixed; and (5) lyzates, compounds released through
digestion of cells by bacteria. [(a) from Chino (1976); used with permission of the
Japanese Society of Soil Science and Plant Nutrition. (b) redrawn from Rovira et al.
(1979). Copyright Academic Press, Inc. (London) Ltd.; used with permission.]

means ihat the absorptive surfaces of the root hairs lie within the zone of
enhanced availability.

Also surrounding young roots are compounds called mucilages, which are
released or sloughed off from plant roots. These compounds when intermixed
with clay particles, form a gelatinous layer called mucigel, which surrounds
the roots (Figure 7.6). The mucigel layer may facilitate contact with surrounding
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FIGURE 7.7 Soil microorganisms are
found closely associated with the
rhizosphere of wheat roots. Note the
bacteria colonies on the root surface in
this scanning electron micrograph
(magnified 3900 times). Court syl E
Elliott, Washington State University.

soil, especially during periods of moisture stress when the root proper may
shrink in size and lose direct contact with the soil.

The chemical and physical characteristics of compounds in the rhizosphere
are partially responsible for the plant roots being classified as soil organisms.
The influence of these roots on soil properties justifies their classification.

7.7 S il Algae
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Most algae are chlorophyll-bearing organisms and, like higher plants, are capa-
ble of performing photosynthesis. To do this, they need light and must live
at or very near the surface of the soil. They perform best under moist to wet
conditions. However, a few forms obtain their energy largely from organic
matter and live within and below the surface horizon. Several hundred species
of algae have been isolated from soils, those most prominent being the same
the world over. Soil algae are divided into four general groups: (a) blue-green,
(b) green, (c) yellow-green, and (d) diatoms. The green algae are most evident
in soils, especially if the pH is low.

Soil algae in vegetative form are most numerous in the surface layers.
In subsoils, most algae are present as resting spores, or cysts, or in vegetative
forms that do not depend upon chlorophyll. Grassland seems especially favora-
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ble for the blue-green forms, whereas in old gardens diatoms are often numer-
ous. All of the ordinary types of algae are greatly stimulated by the application
of farm manure.

Both the green and the blue-green algae outnumber the diatoms. A common
range in algal population is from 1 to 10 billion per square meter 15 cm deep
(10,000-100,000 per gram). Blue-green algae are especially numerous in rice
soils, and when such lands are flooded, appreciable amounts of atmospheric
nitrogen are fixed or changed to a combined form by these organisms. Blue-
green algae, growing within the leaves of the aquatic fern, azolla, are also
able to fix nitrogen in quantities significant for rice production.

7.8 Soil Fungi

Although the influence of fungi is by no means entirely understood, it is known
that they play a very important part in the transformations of the soil constitu-
ents. Over 690 species have been identified, representing 170 genera. Like the
bacteria and actinomycetes, fungi contain no chlorophyll and must depend
for their energy and carbon on the organic matter of the soil.

For convenience of discussion, fungi may be divided into three groups:
(a) yeasts, (b) molds, and (c) mushroom fungi. Only the last two are considered
important in soils; yeasts are rare in such a habitat.

Molds. The distinctly filamentous, microscopic, or semimacroscopic fungi, the
molds (Figure 7.8) play a role infinitely more important in the soil than the
mushroom fungi, approaching or even excelling at times the influence of bacte-
ria. Molds will develop vigorously in acid, neutral, or alkaline soils, some
being favored, rather then harmed, by lowered pH (see Figure 6.10). Conse-
quently, they are noticeably abundant in acid soils, where bacteria and actino-
mycetes offer only mild competition. This is especially important in decompos-
ing the organic residues in acid forest soils.

The greatest numbers of molds are found in the surface layers, where
organic matter is ample and aeration adequate. Many genera are represented,
four of the more evident being Penicillium, Mucor, Fusarium, and Aspergillus.
All of the common species occur in most soils, conditions determining which
shall dominate. Their numbers fluctuate greatly with soil conditions; perhaps
100,000 to 1 million individuals to 1 g dry soil (10-100 billion per square meter)
representing a more or less normal range in population. This would amount
to a range in biomass of 800-8000 kg/ha. Molds are an important part of the
general-purpose heterotrophic group of soil organisms that fluctuate so greatly
in most soils. The fungal population is constantly changing not only in numbers
but in respect to the dominant species. The complexity of the organic com-
pounds being attacked seems to determine the particular mold or molds that
prevail.
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FIGURE 7.8 The three most
important plant microorganisms
of the soil: (a) fungal mycelium,
(b) various types of bacteria
cells, and (c) actinomycetes
threads. The bacteria and
actinomycetes are much more
highly magnified than the
fungus.

(c)

Activities of Fungi. In their ability to decompose organic residues, fungi are
the most versatile and perhaps the most persistent of any group. Cellulose,
starch, gums, lignin, as well as the more easily affected proteins and sugars,
succumb to their attack. In affecting the processes of humus formation and
aggregate stabilization, molds are more important than bacteria. They are espe-
cially active in acid forest soils, but also play a significant role in all soils.

Moreover, fungi function more efficiently than bacteria in that they trans-
form into their tissues a larger proportion of decaying plant residues and give
off as by-products less carbon dioxide and ammonium. Up to 50% of the sub-
stances decomposed by molds may become organism tissue, compared to about
20% for bacteria. However, they apparently cannot oxidize ammonium com-
pounds to nitrates as do certain bacteria, nor can they fix or bind elemental
nitrogen into combined forms. Nevertheless, soil fertility depends in no small
degree on molds, since they continue the decomposition process after bacteria
and actinomycetes have essentially ceased to function.

Mycorrhizae.* An economically important symbiotic association between
numerous fungi and the roots of higher plants is called mycorrhizae, a term
meaning “fungus root.” This association, first noted on certain forest tree spe-
cies, is now known to be widespread and to affect most plant species, including
many agronomic crops. The association is of great practical significance since
it markedly increases the availability of several plant nutrients, especially
from infertile soils. Apparently the symbiotic association provides the fungi
with sugars and other organic exudates for use as food. In return, the fungi
provide an enhanced availability of several essential nutrients, including phos-
phorus, zinc, copper, calcium, magnesium, manganese, and iron.

There are two types of mycorrhizal associations of considerable practical
importance, ectomycorrhiza and endomycorrhiza. The ectomycorrhiza group
includes hundreds of different fungal species associated primarily with trees,
such as pine, birch, hemlock, beech, oak, spruce, and fir. These fungi, stimulated
by root exudates, cover the surface of feeder roots with a fungal mantle. Their
hyphae penetrate the roots and develop around the cells of the cortex but
do not penetrate these cells (Figure 7.9).

For an excellent but brief presentation of mycorrhizae, see Menge (1981).
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FIGURE 7.9 Diagram of
ectomycorrhiza and vesicular-
arbuscular (VA) mycorrhiza
association with plant roots. (a) The
ectomycorrhiza fungi association
produces short branched rootlets that
are covered with a fungal mantle, the
hyphae of which extend out into the soil
and between the plant cells but do not
penetrate the cells. (b) In contrast, the
VA mycorrhizae penetrate not only
between cells but into certain cells as
well. Within these cells, the fungi form
structures known as arbuscules and
vesicles, the former to transfer
nutrients to the plant and the latter to
store nutrients. In both types of
association, the host plant provides
sugars and other food for the fungi and
receives in return essential mineral
nutrients that the fungi absorb from the
soil. [Redrawn from Menge (1981).]
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The endomycorrhiza group, also called vesicular arbuscular (VA) mycor-
rhizae, are perhaps the most common and most widespread. Some 89 species
of fungi found in soils from the tropics to the arctic form VA mycorrhizal
associations. The roots of most agronomic crops, including corn, wheat, pota-
toes, beans, alfalfa, sugar cane, cassava, and dryland rice, have VA mycorrhizal
associations. Many trees, including maple, yellow poplar, redwood, and such
important tree crops as apple, cocoa, coffee, citrus, and rubber also have VA

mycorrhizae.

The root cortical cells of host plants are penetrated by the hyphae of
VA mycorrhizae. Inside the plant cells, small structures known as arbuscules
are formed by the fungi. These structures are considered to be the sites of
transfer of nutrients from the fungi to the host plants (Figure 7.9).
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TABLE 7.6 Effect of Inoculation with Mycorrhiza and of Added Phosphorus on the
Content of Different Elements in the Shoots of Corn, Expressed in pg.®

Content of elements in shoots (ug)

No phosphorus 25 ppm phosphorus added

Element

in plant No mycorrhiza Mycorrhiza No mycorrhiza Mycorrhiza
P 750 1,340 2,970 5,910
K 6,000 9,700 17,500 19,900
Ca 1,200 1,600 2,700 3,500
Mg 430 630 990 1,750
Zn 28 g5 48 169
Cu 7 14 12 30
Mn 72 101 159 238
Fe 80 147 161 277

® From Lambert et al. (1979).

The increased nutrient availability from mycorrhizae is thought to be due
to the nutrient-absorbing surface provided by mycorrhizae fungi, which has
been calculated to be as much as 10 times that of the uninfested roots. Also,
the soil volume from which nutrients are absorbed is greater for mycorrhizal
associations. The very fine fungal hyphae extend up to 8 cm into soil surround-
ing the roots, thereby increasing the absorption of nutrients, such as phospho-
rus, zing, and copper, which do not diffuse readily to the roots (Table 7.8).
Likewise, water stress in mycorrhizal-infested plants is less during drought
than in uninfested plants. VA mycorrhizae are thought to be responsible for
the transfer of phosphorus from one plant to nearby neighboring species, espe-
cially in grasslands. Research findings of recent years have brought to light
the significant role mycorrhizae play in helping plants absorb nutrients from
relatively infertile soils (Figure 7.10).

7.9 Soil Actinomycetes
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Actinomycetes resemble molds in that they are filamentous, often profusely
branched, and produce fruiting bodies in much the same way. Their mycelial
threads are smaller, however, than those of fungi. Actinomycetes are similar
to bacteria in that they are unicellular and of about the same diameter. When
they break up into spores, they closely resemble bacteria. On the basis of
organization, actinomycetes occupy a position between true molds and bacte-
ria. Although they often are classified with the fungi, they are sometimes called
thread bacteria (Figure 7.8).

Actinomycetes develop best in moist, well-aerated soil. But in times of
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FIGURE 7.10 Growth rates of
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drought, they remain active to a degree not generally exhibited by either bacte-
ria or molds. They are in general rather sensitive to acid soil conditions, their
growth being practically prohibited in mineral soils at a pH of 5.0 or below.
Their optimum development occurs at pH values between 6.0 and 7.5 (see
Figure 6.10). This marked relationship to soil reaction is used for control of
potato scab, an actinomycete disease of wide distribution. It is possible by
the use of sulfur to effect a reduction in pH sufficient to keep the disease
under control (see Section 6.13).

Numbers and Activities of Actinomycetes. Except for bacteria, no other mi-
croorganisms are so numerous in the soil as the actinomycetes, their numbers
sometimes reaching hundreds of millions, one tenth the number of the bacteria.
In actual live weight, they often exceed bacteria. Under especially favorable
conditions, a biomass of more than 4,500 kilograms of actinomycete threads
and spores might be present in a hectare-furrow slice. These organisms are
especially numerous in soils high in humus, such as old meadows or pastures,
where the acidity is not too great. There they sometimes exceed in numbers
all other microscopic forms of life. The addition of farm manure markedly
stimulates their activities. The aroma of freshly plowed land that is so noticea-
ble at certain times of the year is probably due to actinomycetes as well as
to certain molds.

Actinomycetes undoubtedly are of great importance in the decomposition
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of soil organic matter and the liberation of nutrients therefrom. Apparently,
they reduce to simpler forms even the more resistant compounds, such as
cellulose, chitin, and phospholipids. The presence of actinomycetes in abun-
dance in soils long under sod is an indication of their capacity to attack complex
compounds.

710 Soil Bacteria
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Characteristics. Bacteria are single-cell organisms, one of the simplest and
smallest forms of life known. Their almost unlimited capacity to increase in
numbers is extremely important in soils. It allows them to quickly adjust their
activities in response to changes in their environment.

Bacteria are very small; the larger individuals seldom exceed 4-5 pum
(0.004-0.005 mm) in length, and the smaller ones approach the size of an average
clay particle. The shape of bacteria is varied in that they may be nearly round,
rod-like, or spiral. In the soil, the rod-shaped organisms seem to predominate
(Figure 7.8). The surface exposed by soil bacteria is remarkable, amounting
to about 2 m?/kg of dry soil or about 460 hectares to the hectarefurrow slice.

Bacterial Populations in Soils. The numbers of bacteria present in soil are
variable, as many conditions decidedly affect their growth. In general the great-
est population is in the surface horizons since conditions of temperature, mois-
ture, aeration, and food are more favorable. The numbers of bacteria are high,
normally ranging from a few billion to 3 trillion in each kilogram of soil. A
biomass of from a few hundred kilograms to 5 Mg (metric tons) live weight
to the hectare-furrow slice of fertile soils is commonly encountered (2.2 tons/
acre-furrow slice). The bacterial flora, as well as the other soil organisms,
fluctuates sharply with the season, the numbers in humid temperate regions
usually being the greatest in early summer and in the autumn.

In the soil, bacteria exist as mats, clumps, and filaments, called colonies,
on and around soil particles wherever food and other conditions are favorable.
The jelly-like mixture of mineral and organic colloidal matter makes an almost
ideal medium for their development.

Many of the soil bacteria are able to produce spores or similar resistant
bodies, thus presenting both a vegetative and a resting stage. This latter capac-
ity is important as it allows the organisms more readily to survive unfavorable
conditions.

Source of Energy. Soil bacteria are either autotrophic or heterotrophic, (see
Section 7.2). The autotrophs obtain their energy from the oxidation of mineral
constituents such as ammonium, sulfur, and iron, and most of their carbon
from carbon dioxide. They are not very numerous but are vital to the sustenance
of higher plants. However, most soil bacteria are heterotrophic—that is, both
their energy and their carbon come directly from organic matter.
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Importance of Bacteria. Bacteria as a group, almost without exception, partici-
pate vigorously in all of the organic transactions so vital if a soil is to support
higher plants. They not only rival but often excel both fungi and actinomycetes
in this regard. Also, they hold near monopolies on three basic enzymatic trans-
formation: (a) nitrogen oxidation (nitrification), (b) sulfur oxidation, and (c)
nitrogen fixation. If these were to fail, life for higher plants and for animals
would be endangered. In this respect, bacteria, the simplest and most numerous
of all life forms, are perhaps basically the most consequential.

7.11 Conditions Affecting the Growth of Soil Bacteria

Many conditions of the soil affect the growth of bacteria. Among the most
important are the supplies of oxygen and moisture, the temperature, the amount
and nature of the soil organic matter, the pH, and the amount of exchangeable
calcium present. These effects are briefly outlined below.

1. Oxygen requirements:
a. Some bacteria use mostly oxygen gas (aerobic).
b. Some use mostly combined oxygen (anaerobic).
c. Some use either of the above forms (facultative).
d. All three of the above types usually function in a soil at one time.
2. Moisture relationships:
a. Optimum moisture level for higher plants usually best for most bacteria.
b. The moisture content affects oxygen supply (see 1 above).
3. Suitable temperature range:
a. Bacterial activity generally is greatest at 20-40°C (about 70-100°F).
b. Ordinary soil temperature extremes seldom kill bacteria.
4. Organic matter requirements:
a. Used as energy source for majority of bacteria (heterotrophic).
b. Organic matter not required as energy source for others (autotrophic).
5. Exchangeable calcium and pH relationships:
a. High calcium concentration, and pH from 6 to 8 generally best for most
bacteria.
b. Calcium and pH values determine the specific bacteria present.
c. Certain bacteria function at very low pH (<3.0) and others at high pH
values.
d. Exchangeable calcium seems to be more important than pH.

7.12 Injurious Effects of Soil Organisms on
Higher Plants

Soil Fauna. It has already been suggested that certain of the soil fauna are
injurious to higher plants. For instance, rodents and moles may, in certain
cases, greatly damage crops. Snails and slugs in some climates are dreaded
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pests, especially of vegetables. Ants, as they transfer aphids on certain plants,
must be diligently combated by gardeners. Also, most plant roots are infested
with nematodes, sometimes so seriously as to make the successful growth of
certain crops both difficult and expensive. Tobacco, potatoes, and cotton are
examples of commercial crops adversely affected by nematodes. Crop rotation
and the development of resistant varieties are the most acceptable means of
combating these pests.

Microflora and Plant Diseases. In general, it is the plant forms of soil life
that exert the most devastating effects on higher plants. All three groups—
bacteria, fungi, and actinomycetes—contribute their quota of plant diseases.
However, fungi are responsible for most of the common soil-borne diseases
of crop plants. Some of the more common diseases produced by soil flora
are wilts, damping off, root rots, clubroot of cabbage and similar crops, and
the actinomycetes scab of potatoes. In short, disease infestations occur in
great variety, induced by many different organisms (Figure 7.11).

Injurious organisms live for variable periods in the soil. Some of them
will disappear within a few years if their host plants are not grown, but others
are able to maintain existence on almost any organic substance. Once a soil
is infested, it is likely to remain so for a long time. Infection usually occurs
easily. Organisms from infested fields may be carried on implements, plants,
or rubbish of any kind. Even manure from animals having been fed infected
plants may act as disease carriers. Erosion, if soil is washed from one field
to another, may also be a means of transfer.

Disease Control by Soil Management. Prevention is one of the best defenses
against diseases produced by such soil organisms, hence the strict quarantines
often attempted. Once a disease has procured a foothold, it is often very difficult
to eradicate it. Rotation of crops is adequate for some diseases, but the absence
of the host plant is often necessary.

The regulation of the pH is effective to a certain extent with potato scab
(Figure 7.11) and the clubroot of cabbage. If the pH is held somewhat below
5.3 or even 5.5, the former disease, which is due to an actinomycete, is much
retarded. With clubroot, a fungus disease, the addition of calcium hydroxide
until the pH of the soil is definitely above 7.0 seems fairly effective.

Wet, cold soils favor some seed rots and seedling diseases known as
damping off. Good drainage and ridging help control these diseases. Steam
or chemical sterilization is a practical method of treating greenhouse soils
for a number of diseases. The breeding of plants immune to particular diseases
has been successful in the case of a number of other crops.

Competition for Nutrients. Another way in which soil organisms may detri-
mentally affect higher plants, at least temporarily, is by competition for availa-
ble nutrients. Nitrogen is the element for which competition is usually greatest,
although organisms may also utilize appreciable quantities of phosphorus, po-
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FIGURE 7.11 Soil-borne pathogens damage roots as
well as other below-ground organs. This potato has
been attacked by the potato scab actinomycete, which
may be present in soils with pH above ~5.0. [Courtesy
Dr. F. E. Manzer, University of Maine.]

tassium, and calcium, making them unavailable to the crops growing on the
land. Competition for trace elements may even be serious. Soil organisms usu-
ally exact their nutrient quota first and higher plants must subsist on what
remains available. This subject is considered in greater detail in Chapter 8.

Other Detrimental Effects. Under conditions of somewhat restricted drainage,
active soil microflora may deplete the already limited oxygen supply to the
soil. This may affect plants adversely in two ways. First, the plant roots require
a certain minimum amount of O for normal growth and nutrient uptake. Second,
oxidized forms of several elements, including nitrogen, sulfur, iron, and manga-
nese, will be chemically reduced by further microbial action. In the cases of
nitrogen and sulfur, some of the reduced forms are gaseous and these may
be lost to the atmosphere. Iron and manganese reduction may result in soluble
forms of these elements being present in toxic quantities, especially if the
soil is quite acid. Thus, nutrient deficiencies and toxicities, both microbiologi-
cally induced, can result from the same basic set of conditions.

713 Competition Among Soil Microorganisms

In addition to competition between microorganisms and higher plants, there
exists in soils an intense intermicrobial rivalry for food. When fresh organic
matter is added, the vigorous heterotrophic soil organisms (bacteria, fungi,
and actinomycetes) compete with each other for this source of food. The bacte-
ria dominate initially since they can reproduce rapidly and prefer simple com-

713 Competition Among Soil Microorganisms 247



FIGURE 7.12 Organisms compete
with each other in the soil. The growth
of a fungus (Fusarium) was rapid
when this organism was grown alone
in a soil (/eft), but when a certain
bacterium (Agrobacterium) was also
introduced, the fungal growth did not
appear. [Courtesy M. A. Alexander,
Cornell University.]

pounds. As these simple compounds are broken down the fungi, and particularly
the actinomycetes, become more competitive. Undoubtedly, such food competi-
tion is the rule and not the exception in soils (Figure 7.12).

Antibiotics Produced in Soils. Besides the food competition just stressed, there
is another type of microbial rivalry just as intense and even more deadly.
Certain bacteria, fungi, and actinomycetes can produce substances that will
inhibit, or even actually kill, other microbes. Not only are organisms alien to
the soil thus affected, but also many of those that normally flourish vigorously
therein.

The discovery that many soil organisms can produce antibiotics, as they
are called, has in some respects revolutionized the treatment of certain human
and animal diseases, greatly minimizing their seriousness. Many preparations
carrying specific bactericidal ingredients are now on the market, such as penicil-
lin, streptomycin, and aureomycin. Undoubtedly, many new and valuable sub-
stances of this type are yet to be discovered. Although the soil harbors numer-
ous types of disease organisms, at the same time it supports others that are
the source of life-saving drugs, the discovery of which marks an epochal ad-
vance in medical science.

7.14  Effects of Agricultural Practice on Soil Organisms

Changes in environment affect both the number and kinds of soil organisms.
Placing either forested or grassland areas under cultivation drastically changes
the soil environment. In the first place, the amount of plant residues (food
for the organisms) is markedly reduced. Also, the species of higher plants
are changed and generally less numerous. Monoculture or even crop rotation
provides a much narrower range of original plant materials than is generally
encountered in nature.

Tillage of the soil and applications of lime and fertilizer present a changed
environment to the soil inhabitants. Drainage or irrigation likewise affects soil
moisture and aeration relations with their concomitant effects on soil organ-
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isms. Also, commercial agriculture transports organism species from one loca-
tion to another, making possible their introduction in new areas.

It is obvious that agricultural practices have different effects on different
organisms. There are a few generalizations that can be made, however. Figure
7.13, intended originally to show the ecological effects of agricultural practices
on soil microarthropods, illustrates some principles relating to the total soil
organism population. For example, agricultural practices generally reduce the
species diversity as well as the total organism population. These practices
can greatly increase or reduce the numbers of a given species, depending on
the situation. Adding lime, fertilizers, and manures to an infertile soil will
definitely increase the activities of certain bacteria and actinomycetes. Pesti-
cides (especially the fumigants), on the other hand, can sharply reduce organism

New species introduced
larger numbers of remaining species

Drainage \ Irrigation Addition of fertilizers / Soil aeration

AGRICULTURAL PRACTICE
Cultivation Rotations Pesticides
Plowing Monoculture Fumigants
Rotary cultivation Single crop grown at one time Fungicides
Disking Herbicides
Harrowing Organochlorines
Rolling Organophosphates
Burning
Steam sterilization

Change in ecological balance
Fewer species
Larger numbers of some species
Some groups completely eliminated

FIGURE 7.13 Ecological effects of agricultural practices on soil microarthropod
population. Some agricultural practices (drainage, fertilization, etc.) are beneficial and
help to maintain or even increase species numbers. But excessive tillage, monoculture,
and pesticides may reduce species numbers and even eliminate some species. [From
Edwards and Lofty (1969).]
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numbers, at least on a temporary basis. Likewise, monoculture cropping sys-
tems reduce species numbers but may actually increase the organism count
of the remaining species.

Most changes in agricultural technology have ecological effects on soil
organisms that can affect higher plants and animals, including humans. For
this reason, the ecological side effects of modern technology must be carefully
scrutinized. The effects of pesticides, both positive and negative, provide evi-
dence of this fact.

715 Activities of Soil Organisms Beneficial to
Higher Plants
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In their influence on crop production, the soil fauna and flora are indispensable.
Of their many beneficial effects on higher plants, only the most important
can be emphasized here.

Organic Matter Decomposition. Perhaps the most significant contribution of
the soil fauna and flora to higher plants is that of organic matter decomposition.
By this process, plant residues are broken down, thereby preventing an un-
wanted accumulation. Furthermore, nutrients held in organic combinations
within these residues are released for use by plants. Nitrogen is a prime exam-
ple. At the same time, the stability of soil aggregates is enhanced not only
by the slimy intermediate products of decay, but by the more resistant portion,
humus. Plants naturally profit from these beneficial chemical and physical ef-
fects.

Inorganic Transformations. The appearance in the soil of ammonium com-
pounds and nitrates is the result of a long series of biochemical transfers
beginning with proteins and related compounds (see Section 9.4). These succes-
sive changes are of vital importance to higher plants since the plants absorb
most of their nitrogen in ammoniacal and nitrate forms.

The production of sulfates is roughly analogous to the biological simplifica-
tion of nitrogen (see Section 9.26). Here again a complicated chain of enzymatic
activities culminates in a simple soluble product—in this case the sulfate—
the only important form utilized by higher plants.

Other biologically instigated inorganic changes that may be helpful to
plants are those relating to mineral elements such as iron and manganese.
In well-drained soils these elements are oxidized by autotrophic organisms
to their higher valent states, in which forms their solubilities are very low at
intermediate pH values. This keeps the greater portion of iron and manganese,
even under fairly acid conditions, in insoluble and nontoxic forms. If such
oxidation did not occur, plant growth would be jeopardized because of toxic
quantities of these elements in solution.
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Nitrogen Fixation. The fixation of elemental nitrogen into compounds usable
by plants is one of the most important microbial processes in soils. Nitrogen
gas, so plentiful in the atmospheric air, cannot be used directly by higher
plants. It must be in combined form before it can satisfy their nutritional needs.

Blue-green algae and certain actinomycetes are significant nitrogen-fixing
organisms. But worldwide, bacteria are probably the most important group
in the capture of gaseous nitrogen. The nodule organisms, especially those
of legumes, and free-fixing bacteria of several kinds are most noted for their
ability to fix nitrogen.

The legume bacteria, as they are often called, use the carbohydrates of
their hosts as an energy source, fix the nitrogen, and pass part of it on to
the infected host. The nitrogen-fixing soil bacteria acquire their energy from
the soil organic matter, fix the free nitrogen, and make it a part of their own
tissue. When they die and decay, part of this nitrogen is available to higher
plants.

It is obvious that the organisms of the soil must have energy and nutrients
if they are to function efficiently. In obtaining them they break down organic
matter, aid in the production of humus, and leave behind compounds that
are useful to higher plants. These biotic features and their practical significance
are considered in the next chapter, which deals with soil organic matter.
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[Preceding page] Soil organic matter, which is found mostly in the upper soil layers,
supplies plant nutrients and simultaneously promotes soil physical properties favorable
for plant growth. [Courtesy USDA Soil Conservation Service. ]

8.1

Organic matter! influences physical and chemical properties of soils far out
of proportion to the small quantities present. It commonly accounts for at
least half the cation exchange capacity of surface soils and is responsible
perhaps more than any other single factor for the stability of soil aggregates.
Furthermore, it supplies energy and body-building constituents for most of
the microorganisms whose general activities have just been considered.

Sources of Soil Organic Matter

The original source of the soil organic matter is plant tissue. Under natural
conditions, the tops and roots of trees, shrubs, grasses, and other native plants
annually supply large quantities of organic residues. A good portion of cropped
plants is commonly removed from cropped soils, but one-tenth to one-third
of the tops and all of the roots are left in the soil. As these materials are
decomposed and digested by soil organisms of many kinds, they become part
of the underlying horizons by infiltration or by actual physical incorporation.
Thus, higher plant tissue is the primary source not only of food for the various
soil organisms but of organic matter, which is so essential for soil formation
(see Section 13.2).

Animals are usually considered secondary sources of organic matter. As
they attack the original plant tissues, they contribute waste products and leave
their own bodies as their life cycles are consummated. Certain forms of animal
life, especially the earthworms, centipedes, and ants, also play an important
role in the translocation of plant residues.

8.2 Composition of Plant Residues
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The moisture content of plant residues varies from 60 to 90%, 75% being a
representative figure (Figure 8.1). On a weight basis, the dry matter is mostly
carbon and oxygen, with less than 10% each of hydrogen and inorganic elements
(ash). However, on an elemental basis (number of atoms of the elements),
hydrogen predominates. Thus, there are 8 hydrogen atoms for every 3.7 carbon
atoms and 2.5 oxygen atoms. These three elements can truly be said to dominate
the bulk of organic tissue in the soil.

Even though more than 90% of the dry matter is carbon, hydrogen, and
oxygen, the other elements play a vital role in plant nutrition and in meeting
microorganism body requirements. Nitrogen, sulfur, phosphorus, potassium,

! For a review of the subject see Allison (1973).
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calcium, and magnesium are particularly significant, as are the micronutrients
contained in p ant materials. These will be discussed later in more detail.

The actual compounds in plant tissue are many and varied. However,
they can be grouped into a small number of classes, as shown in Figure 8.2.
Representative percentages as well as ranges common in plant material are
shown,

General Composition of Compounds. The carbohydrates, which are made
up of carbon hydrogen, and oxygen, range in complexity from simple su ars
t celluloses. The fats and oilsare 1 ¢ * esof fatt aci ssuc as ,
stearic, an . These are associa e with resns o many kinds and are
somewhat more complex than most of the carbohydrates. They, too, are made
up mostly of car , h drogen, and ox

Lignins occur in ol er plant tissue such as stems and other woody tissues.
They are complex compounds, some of which may have “ring” structures.
The major components of lignins are carbon, hydrogen, and oxygen. They
are very resistant to decomposition.

Of the various groups, the crude proteins are among the more complicated.
They contain not only carbon, hydrogen, and oxygen, but also nitrogen and
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25%
Dry matter

Sugars and starches (1-5%)
Hemicelluloses (10-30%)
Cellulose (20-50%)

—

Carbohydrates
60%

8%
Hydrogen

Protein

10% Crude protein

Water-soluble and
(1-15%)

Ash
8%

25%

Lignins Fats, waxes
(10-30%) tannins
(1-8%)

Types of compounds Elemental composition

FIGURE 8.2 Composition of representative green plant materials added to soils. All
inorganic elements, including nitrogen, are represented in the ash. Common ranges in

the percentage of compounds present are shown in parentheses. [Data from Waksman
(1948).]

smaller amounts of such elements as sulfur, iron, and phosphorus. As a conse-
quence, they are compounds of great significance as carriers of essential ele-
ments. Their reactions in soils are means by which these nutrients are first
conserved and eventually made available for plant uptake.

8.3 Decomposition of Organic Compounds

Rate of Decomposition. Organic compounds vary greatly in their rate of de-
composition. They may be listed in terms of ease of decomposition as follows.
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1. Sugars, starches, and simple proteins rapidly decomposed

2. Crude proteins

3. Hemicelluloses

4. Cellulose

5. Lignins, fats, waxes, etc. very slowly decomposed

It should be remembered that all of these compounds usually begin to
decompose simultaneously when fresh plant tissue is added to a soil. The
rate at which decomposition occurs, however, decreases as we move from
the top to the bottom of the list. Thus, sugars and water-soluble proteins are
examples of readily available energy sources for soil organisias. Lignins are
a very resistant source of food, although they eventually supply much total

energy.
When organic tissue is added to soil, three general reactions take place.

1. The bulk of the material undergoes enzymatic oxidation with carbon dioxide,
water, energy, and heat as the major products.

2. The essential elements, nitrogen, phosphorus, and sulfur are released and/
or immobilized by a series of specific reactions relatively unique for each
element.

3. Compounds resistant to microbial action are formed either through modifica-
tion of compounds in the original plant tissue or by microbial synthesis.

Each kind of reaction has great practical significance.

Decomposition—an Oxidation Process. In spite of the differences in composi-
tion of the various organic compounds, the similarity of the ultimate end prod-
ucts of decay is quite striking, especially if aerobic organisms are involved.
Under such conditions the major portion of all these compounds.undergoes
essentially a “burning” or oxidation pracess. The oxidizable fractions of organic
materials are composed largely of carbon and hydrogen, which make up more
than half of their dry weight (Figure 8.1). Consequently, the complete oxidation
of most of the organic compounds in the soil may be represented as:

—{C.4H] + 20, Z2™ 0o, + 2H,0 + energy
oxidation
Carbon- and
hydrogen-containing
compounds

It is recognized, of course, that many intermediate steps are involved in this
overall reaction. Also, important side reactions that involve elements other
than carbon and hydrogen are occurring simultaneously. Neither of these facts,
however, detracts from the importance of this basic reaction in accounting
for most of the organic matter decomposition in the soil.
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Breakdown of Proteins. The plant proteins and related compounds yield other
very important products upon decomposition in addition to the carbon dioxide
and water previously mentioned. For example, they break down into amides
and amino acids? of various kinds, the rate of breakdown depending on condi-
tions. Once these compounds are formed, they may be hydrolyzed readily to
carbon dioxide, ammonium compounds, and other products. The ammonium
compounds may be changed to nitrates, the form in which higher plants take
up much of theirnitrogen:

Example of Organic Decay. The process of organic decay in time sequence
is illustrated in Figure 8.3. First, assume a situation where no readily decompos-
able materials are present in a soil. The microbiat numbers and activity are
low. Next, under favorable conditions, introduce an abundance of fresh, decom-
posable tissue. A marked change occurs immediately as the number of soil
microorganisms suddenly increases manyfold. Soon microbial activity is at
its peak, at which point energy is being liberated rapidly and carbon dioxide
is being formed in large quantities. General-purpose decay bacteria, fungi, and
actinomycetes are soon fully active and are decomposing and synthesizing
at the same time.

The organic matter at this stage contains a great variety of substances:
intermediate products of all kinds, ranging from the more stable compounds,
such as modified lignins, to microbial cells, both living and dead. The microbial
tissue may even at times account for as much as half of the organic fraction
of a soil.

Dead microbial cells soon decay, and the compounds present are devoured
by living microbes, with the profuse evolution of carbon dioxide. As the readily
available energy is used up and food supplies diminish, microbial activity
gradually lessens and the general-purpose soil organisms again sink back into
comparative quiescence. This is associated with a release of simple products
such as nitrates and sulfates. The organic matter now remaining is a dark,
incoherent, and heterogeneous colloidal mass usually referred to as humus.

The decomposition of both plant residues and soil organic matter is nothing
more than a process of enzymatic digestion. It is just as truly a digestion as
though the plant materials entered the stomach of a domestic animal. The
products of these enzymatic activities, although numerous and tremendously
varied, may be listed for convenience of discussion under three headings: (a)
energy appropriated. by.the microorganisms or liberated as heat, (b) simple
end products, and (c) humus. They will be considered in order.

? Amino acids are produced by replacing one of the alkyl hydrogens in an organic acid with
NH,. Acetic acid (CH;COOH) thereby becomes aminoacetic acid or glycine (CH.NH,COOH). Am-
ides are formed from organic acids by replacing the hydroxyl of the carboxyl group with NH,.
Acetic acid (CH;COOH) thus becomes acetamide (CH,CONHg).
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FIGURE 8.3 General changes in the chemical form of carbon- and hydrogen-
containing compounds when plant residues are added to soil. Initially, organisms attack
easily decomposable compounds such as sugars and celluloses, releasing CO. and H,O
and rapidly increasing their own numbers as well as the quantities of new compounds
they synthesize. Note that as the initial organism buildup takes place, even the original
soil organic matter is subject to some breakdown, CO; and H.O probably being the
decomposition products. As soon as the easily decomposed food is exhausted,
microorganism numbers decline. The remaining microbes attack the more resistant
compounds, both those in the original plant material and those that have been
synthesized. In time, modified compounds from the original plant materials and new
synthesized compounds, all of which are very slowly decomposed, become
indistinguishable from the original soil humus. The time required for the process will
depend upon the nature of both the residue and the soil.
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84 Energy of Soil Organic Matter

The microorganisms of the soil must not only have substance for their tissue
synthesis but energy as well. For most of the microorganisms, both of these
are obtained from the soil organic matter. All manner of compounds are utilized
as energy sources, some freely, others slowly and indifferently.

Potential Energy in Organic Matter. Organic matter contains considerable
potential energy, a large proportion of which is readily transferable to other
latent forms or is liberated as heat. Plant tissue, such as that entering the
soil, has a heat value approximating 5 kcal/g of air-dry substance. For example,
the application of 20 Mg (metric tons) of farm manure containing 5000 kg of
dry matter would mean an addition in round numbers of 25 million kcal of
latent energy. A soil containing 4% of organic matter carries about 400 million
kcal of potential energy per hectare-furrow slice. This is equivalent in heat
value to about 55 Mg of anthracite coal.

Of this large amount of energy carried by the soil organic matter, only a
part is used by soil organisms. The remainder is left in the residues or is
dissipated as heat. The natural heating of a compost pile and the spontaneous
combustion of hay are practical illustrations of the dissipated heat. This heat
loss represents a large and continual removal of energy from the soil.

Rate of Energy Loss from Soils. Certain estimates made at the Rothamsted
Experiment Station, England, on two plots of the Broadbalk field give some
idea of the rate of energy dissipation from soils (Russell and Russell, 1950).
It was calculated that 2.47 million kcal/ha (1 million kcal/ A) were lost annually
from the untreated, low-producing soil, and about 37 million kcal/ha (15 million
kcal/A) were dissipated from the more productive soil, which was receiving
liberal supplies of farm manure. The magnitude of such loss is surprising even
for the poorer plot.

8.5 Simple Decomposition Products
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As the enzymatic changes of the soil organic matter proceed, simple products
begin to manifest themselves. Some of these, especially carbon dioxide and
water, appear immediately. Others, such as nitrate nitrogen, accumulate only
after the peak of the vigorous decomposition has passed and the general pur-
pose decay organisms have diminished in numbers.

The more common simple products resulting from the activity of the soil
microorganisms may be listed as follows.

Carbon CO; CO42-, HCOy™, CH,, elemental carbon
Nitrogen NH.*, NO;~, NOs™, gaseous nitrogen
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Sulfur S, H,S, SO3%-, SO,*, CS;
Phosphorus H;PO,~, HPO,2~
Others H,0, O,, H;, H*, OH-, K*, Ca?*, Mg?*, etc.

Some of the significant relationships of each of the five groups are presented
in the following sections. They are considered in the order just listed.

8.6 The Carbon Cycle

Carbon is a common constituent of all organic matter and is involved in essen-
tially all life processes. Consequently, the transformations of this element,
termed the carbon cycle are in reality a biocycle that makes possible the
continuity of life on earth. These changes are shown graphically in Figure
8.4. Note that humus and carbon dioxide are relatively stable components of
this cycle.

Release of Carbon Dioxide. Through the process of photosynthesis, carbon
dioxide is assimilated by higher plants and converted into numerous organic
compounds, classes of which were described in Section 8.2. As these organic
compounds reach the soil in plant residues, they are digested and carbon diox-
ide is given off. Microbial activity is the main soil source of CO,, although
appreciable amounts come from the respiration of rapidly growing plant roots
and some is brought down in rain water. Under optimum conditions more
than 100 kg/ha of carbon dioxide may be evolved per day, 25-30 kg being
more common. Much of the carbon dioxide of the soil ultimately escapes to
the atmosphere, where it may again be used by plants, thus completing the
cycle.

A much lesser amount of carbon dioxide reacts in the soil, producing
carbonic acid (H;CO;) and the carbonates and bicarbonates of calcium, potas-
sium, magnesium, and other bases. The bicarbonates are readily soluble and
may be removed in drainage or used by higher plants.

Other Carbon Products of Decay. The simplification of organic matter results
in other carbon products. Small quantities of elemental carbon are found in
soils. Under highly anaerobic conditions, methane (CH,) and carbon bisulfide
(CS») may be produced in small amounts. But of all the simple carbon products,
carbon dioxide is by far the most abundant.

It is now obvious that the carbon cycle is all-inclusive since it involves
not only the soil and its teeming fauna and flora and higher plants of every
description, but also all animal life, including humans. Its failure to function
properly would mean disaster to all. It is an energy cycle of such vital import
that, with its many ramifications, it might properly be designated the “cycle
of life.”
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FIGURE 84 Transformations of carbon commonly spoken of as the carbon cycle,
the biocycle, or life cycle. Plants assimilate CO, from the stmosphere into organic
compounds using energy from the sun. Man and other higher animals obtain energy
and body tissue from plant products and return wastes and residues to the soil. Macro-
and microorganisms digest these organic materials, releasing nutrients for plants and
leaving CO, and humus as relatively stable products. Carbonates and bicarbonates
of Ca, Mg, K, etc., are removed in leaching, but eventually the carbon returns to the
cycle in the form of CO,. The total CO, is released to the atmosphere where it is
again available for plant assimulation. This biocycling illustrates how carbon is the

focal point of energy transformations and makes possible the continuity of life on
earth.
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8.7 Simple Products Carrying Nitrogen

Ammonium salts are the first inorganic nitrogen compounds produced by micro-
bial digestion, but other inorganic or mineral forms follow. Hence the process
is called mineralization. Proteins split up into amino acids and similar nitroge-
nous materials that readily yield ammonium compounds by enzymatic hydroly-
sis. These transformations are brought about by a large number of general-
purpose heterotrophic organisms—bacteria, fungi, and actinomycetes. The am-
monium ion is readily available to microorganisms and most higher plants.

Nitrification. If conditions are now favorable, ammonium ions are subject
to ready oxidation, principally by two special-purpose organisms, the nitrite
and the nitrate bacteria. The process, nitrification, will be discussed in more
detail later (see Section 9.7). However, it may be shown simply as follows.

2NH,* + 30, 22™ ) NO,~ + 2H,0 + 4H* + energy
oxidation

- enzymatic _
2NO;” + O, m 2NO;~ + energy

The autotrophic bacteria obtain energy by these reactions, which produce
nitrates that are assimilated by plants and are also subject to leaching loss.
The hydrogen ions formed show that nitrification tends to result in an increase
in soil acidity. This effect is of even greater importance when dealing with
commercial fertilizers such as anhydrous ammonia, urea, and (NH,).:SO, which
are sources of ammonium nitrogen. Extra increments of lime are often added
to counteract this acidifying effect.

Release of Gaseous Nitrogen. One more group of end products must be consid-
ered—gaseous nitrogen compounds. Under certain conditions, the reduction
of nitrates and nitrites takes place in soils, and free nitrogen or oxides of
nitrogen may be evolved. This transfer is most likely to occur in poorly drained
soils or in acid soils containing nitrites. The processes may be chemical as
well as biochemical. In any case, the reduction is serious since these nitrogen
gases are not readily useful to higher plants. Under conditions of poor soil
drainage soils lose considerable nitrogen in this way (see Section 9.10).

8.8 Simple Products Carrying Sulfur
Many organic compounds, including proteins, carry sulfur, which in turn ap-
pears in simple forms as decay progresses. General heterotrophic types of
organisms apparently simplify the complex organic compounds. The sulfur of

these simplified by-products is then subjected to oxidation by special auto-
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trophic bacteria. The final transformation carried to completion by the sulfur-
oxidizing organisms may be shown as

—[HS] + 20, =X g5- 4 Ht + energy

oxidation
Organic
combination

The organisms involved obtain energy by the transfer and leave the sulfur
as sulfate, the form in which it is taken up by plants. Note that this process
also increases soil acidity.

8.9 Mineralization of Organic Phosphorus

A large proportion of the soil phosphorus is carried in organic combinations
(see Section 10.4). Upon attack by microorganisms the organic phosphorus
compounds are mineralized; that is, they are changed to inorganic combina-
tions. The particular forms present depend to a considerable degree upon soil
pH. As the pH goes up from 5.5 to 7.5, the available phosphorus changes from
H:PO,~ to HPO,?". Both of these forms are available to higher plants. Since
the small amount of phosphorus held in complex mineral combinations in soils
usually is very slowly available, the organic sources mentioned above become
especially important.

It must not be assumed, however, that the maintenance of soil organic
matter at normal or even high levels will solve the phosphorus problem. Most
field soils require phosphatic fertilizers for best plant growth. Yet strangely
enough, the economic use of such phosphorus depends to a considerable degree
upon the organic transformation previously described. Since microorganisms
utilize phosphorus freely, some of that added in fertilizers quickly becomes
part of the soil organic matter. Thus, this phosphorus is held in an organic
condition and is later mineralized by microbial activity.

8.10 Humus—Genesis and Definition
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The formation of humus, although an exceedingly complicated biochemical
process, may be described in general terms rather simply. As organic tissue
is incorporated into a moist warm soil it is immediately attacked by a host
of different soil organisms. The easily decomposed compounds quickly suc-
cumb, first yielding intermediate substances and finally the simple, soluble
products already enumerated.

Humus Formation. As this decomposition occurs, two major kinds of organic
compounds tend to be stabilized in the soil. First are the microbial-resistant
compounds of higher plant origin that have been modified by biochemical
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reactions, which, in turn, have made the compounds even more resistant to
microbial attack. Modified lignin® compounds are most abundant, although
minor amounts of oils, fats, and waxes may be present. Second are new com-
pounds, such as polysaccharides and polyuronides, which are synthesized by
microorganisms and held as part of their tissue. The modified lignin and similar
materials are at least partially oxidized during the decomposition, thereby
increasing their reactivity. The aromatic groups associated with lignin are
bonded with protein substances, thereby protecting the protein nitrogen from
further attack.

The compounds of microbial origin are not insignificant in quantity, studies
having shown that up to one third of the organic carbon may be in this form.
Apparently these two groups of compounds, one modified from the original
plant material and one newly synthesized by the microorganisms, provide the
basic framework for humus.

As these humic substances form, side reactions occur that bind proteins
and other organic nitrogen compounds as integral parts of the humus complex,
thereby protecting the nitrogen from degradation to simple inorganic forms.
A wide variety of organic materials including lignin, tannins, melanins, and
humic acids are known to react with proteins and thereby protect them from
microbial attack. Exactly how these reactions occur is not well known. Some
nitrogen compounds are thought to react with aromatic and quinone groups
as well as polysaccharides. Among the reaction products are amino combina-
tions, in which form about half the bound nitrogen occurs.

Regardless of the mechanism by which nitrogen is bound, the important
fact is that the resultant product, newly formed humus, is quite resistant to
further microbial attack. The nitrogen and other essential nutrients are thereby
protected from ready solubility and dissipation.

Protein-Clay Combinations.* Another means of stabilizing nitrogen in soil
is through the reaction between certain clays and proteins and other nitrogen
compounds. Clays with expanding crystals such as the smectites (e.g., vermicu-
lite or montmorillonite), seem to have such a faculty; the proteins and other
nonionic molecules can function as bases in satisfying the adsorption capacity
of the inorganic colloids. The proteins seem to be protected against rapid de-
composition either because the protein molecule moves into the interlayer space
within a clay crystal and is thereby protected or because the clay inhibits
the action of protein-destroying enzymes. The importance of this interaction
will vary from soil to soil. Nevertheless, it suggests that intermixed with the
nitrogen-containing. modified lignin and the polysaccharides there are clay-
protein combinations, all of which tend to protect nitrogen from microbial
attack.

sLignin is a complex resinous material that impregnates the cell walls of plants as they
increase in age. It is exceedingly complex and varies with different plants and different tissues
of the same plant. The chemical formulas of the various lignins are in doubt.

«For a recent discussion of this subject see Loll and Bollag (1883).
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Solubility Groupings. On the basis of resistance to degradation and of solubil-
ity in acids and alkalis, humic substances have been classified into three chemi-
cal groupings: (a) fulvic acid, lowest in molecular weight and lightest in color,
soluble in both acid and alkali, and most susceptible to microbial attack; (b)
humic acid, medium in molecular weight and color, soluble in alkali but insolu-
ble in acid, and intermediate in resistance to degradation; and (c) humin, high-
est in molecular weight, darkest in color, insoluble in both acid and alkali,
and most resistant to microbial attack. It should be emphasized, however,
that even fulvic acid, the most easily decomposed by microbes, is still quite
stable in the soil. Depending on the environment it may take 15-25 years for
the destruction in the soil of fulvic acid-type compounds. In general, these
materials are all more resistant to microbial attack than most freshly applied
crop residues. In spite of differences in chemical and physical makeup, the
three groupings of materials have some similarities with regard to such proper-
ties as the ability to absorb and release cations. Consequently, they will all
be considered under the general term “humus.”

Humus Defined. From the previous discussion two facts are obvious: (a) hu-
mus is a mixture of complex compounds, not a single material, and (b) these
compounds are either resistant materials that have been only slightly modified
from the original plant tissue or compounds synthesized by microorganisms
fn"the soil. These two facts lead to the following definition.

Humus.is.a complex and rather resistant mixture of brown or dark brown
amorphous and colloidal substances modified from_the original tissues or
synthesized by the various soil organisms.

Humus is a naturally occurring material, and although it is exceedingly variable
and heterogenous, it possesses properties that distinguish it sharply from the
original parent tissues and from the simple products that develop during its
synthesis.

Humus—Nature and Characteristics

In Chapter 5, the colloidal nature of humus was emphasized along with the
following major characteristics of this important soil constituent,

1. The tiny colloidal humus particles (micelles) are composed of carbon, hydro-
gen, and oxygen (probably in the form of modified lignins, polyuronides,
and polysaccharides).

2. The surface area of humus colloids is very high, generally exceeding that
of silicate clays.

3. The colloidal surfaces of humus are negatively charged, the sources of the

charge being carboxylic (—COOQH) or phenolic [@—OH) groups. The ex-
tent of the negative charge is pH dependent (high at high pH values).
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4. At high pH values the cation exchange capacity of humus far exceeds that
of most silicate clays (150-300 cmol/kg).

5. The water-holding capacity of humus on a weight basis is 4-5 times that
of the silicate clays (humus will adsorb from a saturated atmosphere water
equivalent to 80-90% of its weight).

6. Humus has low plasticity and cohesion, which helps account for its very

favorable effect on aggregate formation and stability.

The black color of humus tends to distinguish it from most of the other

colloidal constituents in soils.

Cation exchange reactions with humus are qualitatively similar to those

occurring with silicate clays.

7

The range in complexity, size, and molecular weight of the humic acids
has already been discussed (see Section 8.10).

The humic micelles, like the particles of clay, carry a swarm of adsorbed
cations (Ca?*, H*, Mg?*, K*, Na*, etc.). Thus, humus colloidally may be repre-
sented by the same illustrative formula used for clay.

Ca

. [Micele]

M

and the same reactions will serve to illustrate cation exchange in both (see
Section 5.12). M represents other metallic cations, such as potassium, magne-
sium, and sodium.

Effect of Humus on Nutrient Availability. One particular characteristic of
humus merits attention—the capacity of this colloid when saturated with H*
jons to increase the availability of certain nutrient bases such as calcium, po-
tassium, and magnesium. It seems that an H of humus, like an H
of clay, acts much like an ordinary acid and can react with soil minerals in
such a way as to extract their bases. Acid humus has an unusual capacity
to effect such a transfer since the organic acid is comparatively strong. Once
the exchange is made, the bases so affected are held in a loosely adsorbed
condition and are easily available to higher plants. In the following generalized
reaction microcline is used as an example of the various minerals so affected.

KAISi;Oy + H[Micelle] — HAISi;Os + K[ Micelle |

Microcline Acid silicate Adsorbed K

The potassium is changed from a molecular to an adsorbed status, which
is rated as rather readily available to higher plants.

Humus-Clay Complex in Soils. In considering all the colloidal matter of a
mineral soil, we must remember that a mixture of many very different kinds
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of colloids is involved. The crystalline clayey nucleus is markedly stable under
ordinary conditions and is active mainly in respect to cation exchange. Con-
versely, the amorphous organic micelle is susceptible to slow but continuous
microorganic attack and has a twofold activity—cation exchange and nutrient
release. These contrasting details are as important practically as the colloidal
similarities already noted.

812 Direct Influence of Organic Compounds
on Higher Plants

8.13

268

One of the early concepts regarding plant nutrition was that organic matter
as such is directly absorbed by higher plants. Although this opinion was later
discarded, there is some evidence that certain organic nitrogen compounds
can be absorbed by higher plants, often rather readily. For example, some
amino acids, such as alanine and glycine, can be absorbed directly. Such sub-
stances are absorbed in too small quantities to satisfy plant needs for nitrogen,
however. The uptake of vanillic acid and other phenol carboxylic acids has
been established by the use of radioactive carbon, but the significance of these
acids in practical agriculture is not known. The beneficial effects of an exceed-
ingly small absorption of organic compounds might be explained by the pres-
ence of growth-promoting substances. In fact, various growth-promoting com-
pounds such as vitamins, amino acids, auxins, and gibberellins are developed
as organic matter decays. These may at times stimulate both higher plants
and microorganisms.

On the other hand, some soil organic compounds may be harmful. As
an example, dihydroxystearic acid, which is toxic to higher plants, has been
isolated from soils. However, such “toxic matter” may be a product of unfavora-
ble soil conditions that will disappear when such conditions are corrected.
Apparently, good drainage and tillage, lime, and fertilizers reduce the probabil-
ity of organic toxicity.

Influence of Soil Organic Matter on Soil Properties

Before discussing the practical maintenance of soil organic matter, a brief
review of the most obvious influences of this all-important constituent follows.

1. Effect on soil color—brown to black.
2. Influence on physical properties:
a. Granulation encouraged.
b. Plasticity, cohesion, etc., reduced.
c. Water-holding capacity increased.
3. High cation exchange capacity:
a. Two to thirty times as great as mineral colloids (weight basis).
b. Accounts for 30-90% of the adsorbing power of mineral soils.
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4. Supply and availability of nutrients:
a. Easily replaceable cations present.
b. Nitrogen, phosphorus, sulfur and micronutrients held in organic forms.
c. Release of elements from minerals by acid humus.

8.14 Carbon/Nitrogen Ratio

Attention has been called several times to the close relationship existing be-
tween the organic matter and nitrogen contents of soils. Since carbon makes
up a large and rather definite proportion of this organic matter, it is not surpris-
ing that the carbon to nitrogen ratio of soils is fairly constant. This fact is
important in controlling the available nitrogen, total organic matter, and the
rate of organic decay, and in developing sound soil management schemes.

Ratio in Soils. The ratio of carbon to nitrogen in the organic matter of the
furrow slice of arable soils commonly ranges from 8:1 to 15:1, the median
being between 10:1 and 12:1. In a given climatic region, little variation is
found in this ratio, at least in similarly managed soils. The variations that
do occur seem to be correlated in a general way with climatic conditions,
especially temperature and the amount and distribution of rainfall. For instance,
it is rather well established that the carbon/nitrogen ratio tends to be lower
in soils of arid regions than in those of humid regions when annual temperatures
are about the same. It is also lower in warmer regions than in cooler ones if
the rainfalls are about equal. Also the ratio is narrower for subsoils, in general,
than for the corresponding surface layers.

Ratio in Plants and Microbes. The carbon/nitrogen ratio in plant material
is variable, ranging from 20:1 to 30:1 in legumes and farm manure and 100:1
in certain strawy residues and to as high as 400:1 in sawdust. Conversely,
the carbon/nitrogen ratio of the bodies of microorganisms is not only more
constant but much narrower, ordinarily falling between 4:1 and 9:1. Bacterial
tissue in general is somewhat richer in protein than fungi and consequently
has a narrower ratio.

It is apparent, therefore, that most organic residues entering the soil carry
large amounts of carbon and comparatively small amounts of total nitrogen;
that is, their carbon/nitrogen ratio is high, and the C/N values for soils are
in between those of higher plants and the microbes.

8.15 Significance of the Carbon/Nitrogen Ratio

The carbon/nitrogen ratio in soil organic matter js important for two major
reasons: (a) keen competition among microorganisms for available nitrogen
results when residues having a high C/N ratio are added to soils, and (b)
because this ratio is relatively constant in soils, the maintenance of carbon—
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and hence soil organic matter—depends largely on the soil nitrogen level. The
significance of the C/N ratio will become obvious as a practical example of
the influence of highly carbonaceous material on the availability of nitrogen
is considered.

Practical Example. Assume that a cultivated soil in a condition favoring vigor-
ous nitrification is examined. Nitrates are present in moderate amounts and
the C/N ratio is narrow. The general purpose decay organisms are at a low
level of activity, as evidenced by low carbon dioxide production (Figure 8.5).

Now suppose that large quantities of organic residues with a wide C/N
ratio (50:1) are incorporated in this soil under conditions supporting vigorous
digestion. A change quickly occurs. The heterotrophic flora—bacteria, fungi,
and actinomycetes—become active and multiply rapidly, yielding carbon diox-
ide in large quantities. Under these conditions, nitrate nitrogen practically dis-
appears from the soil because of the insistent microbial demand for this element
to build their tissues. And for the time being, little or no mineral nitrogen

Residues with high C/N

S ! Residues with low
ratio added to soil here

C/N ratio remain

/
' |
| Activity of decay organisms //'I
| and evolution of CO, / [
| 7 |
I / I
—_—— / [
N / |
| Y
g ' \ " Nitrate I
e | level [
= : / of soil I
!
I\ |
I \ / |
| \ / |
Lo\ // I
] \\ PR - |
— — J

Nitrate depression period

Time

FIGURE 85 Cyclical relationship between the stage of decay of organic residues
and the presence of nitrate nitrogen in soil. As long as the C/N ratio is large, the
general-purpose decay organisms are dominant and the nitrifiers are more or less
inactive. During the period of nitrate depression that results, higher plants can obtain
little nitrogen from the soil. The length of this period will depend upon a number of
factors, of which the C/N ratio is most important.
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(NH,* or NO;~) is available to higher plants. As decay occurs, the C/N ratio
of the remaining plant material decreases since carbon is being lost and nitrogen
conserved.

This condition persists until the activities of the decay organisms gradually
subside owing to a lack of easily oxidizable carbon. Their numbers decrease,
carbon dioxide formation drops off, nitrogen demand by microbes becomes
less acute, and nitrification can proceed. Nitrates again appear in quantity
and the original conditions again prevail except that, for the time being, the
soil is somewhat richer both in nitrogen and humus. This sequence of events,
an important phase of the carbon cycle, is shown in Figure 8.5.

Reason for C/N Constancy. As the decomposition processes continue, both
carbon and nitrogen are subject to loss—the carbon as carbon dioxide and
the nitrogen as nitrates that are leached or absorbed by plants. It is only a
question of time until percentage rate of disappearance from the soil becomes
approximately the same; that is, the percentage of the total nitrogen being
removed equals the percentage of the total carbon being lost. At this point
the carbon/nitrogen ratio, whatever it happens to be, becomes more or less
constant, always being somewhat greater than the ratios characterizing micro-
bial tissue. As already stated, the carbon/nitrogen ratio in humid temperate
region soils, especially those under cultivation, usually stabilizes in the neigh-
borhood of 10:1 to 12:1. The ratio in some cultivated well-weathered tropical
soils may be somewhat higher.

Period of Nitrate Depression. The time interval of nitrate depression (Figure
8.5) may be long or short depending on conditions. It may be for only a week
or so, or it may last throughout the growing season. The rate of decay will
lengthen or shorten the period as the case may be. And the greater the amount
of carbonaceous residues applied, the longer will nitrification be blocked. Also,
the narrower the C/N ratio of the residues applied, the more rapidly the cycle
will run its course. Hence, alfalfa and clover residues interfere less with nitrifi-
cation and yield their nitrogen more quickly than if oats or wheat straw were
plowed under. Also, mature residues, whether legume or nonlegume, have a
much higher C/N ratio than do younger succulent materials (Figure 8.6). These
facts are of much practical significance and should be considered when organic
residues are added to a soil.

Moreover, cultivation by hastening oxidation should encourage nitrifica-
tion, whereas a vigorous sod crop such as bluegrass should discourage it.
This is because the root and top residues of bluegrass maintain a wide C/N
ratio, and the small quantities of nitrate and ammonical nitrogen that appear
are immediately appropriated by the sod itself. All of this is illustrative of
the influence exerted by the C/N ratio on the transfer of nitrogen in the soil
and its availability to crop plants.

Carbon/Nitrogen Ratio and Organic Matter Level. In time, carbon and nitrogen
in a given surface soil are reduced to a more or less definite ratio (about
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FIGURE 8.6 The C/N ratio of organic
residues added to soil will depend upon 80
the maturity of the plants turned under.
The older the plants, the larger will be
the C/N ratio and the longer will be the
period of nitrate suppression. Obviously,
leguminous tissue has a distinct
advantage over nonlegumes since it
promotes a more rapid organic turnover
in soils.
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12:1 for many humid temperate region soils). Consequently, the level of soil
nitrogen largely determines the level of organic carbon present when stabiliza-
tion occurs and, in turn, the soil nitrogen content cannot be increased without
a corresponding increase in carbon content. Thus, the greater the amount of
nitrogen present in the original residue, the greater will be the possibility of
an accumulation of organically combined carbon. And since a rather definite
ratio (about 1:1.7) exists between the organic carbon and the soil humus, the
amount of organic matter that can be maintained in any soil is largely contingent
on the amount of organic nitrogen present. The ratio between nitrogen and
organic matter is thus rather constant. A value for the organic matter/nitrogen
ratio of 20:1 is commonly used for average soils. The practical significance
of this relatively constant ratio is that a soil's organic matter content cannot
be increased without simultaneously increasing its organic nitrogen content,
and vice versa. This should be kept in mind in reading the sections that follow.

8.16 Amount of Organic Matter® and Nitrogen in Soils

The amount of organic matter in mineral soils varies widely; mineral surface
soils contain from a trace to 20 or 30% of organic matter. The average organic
matter and nitrogen contents of large numbers of soils from different areas

$No figures are given as to the amount of humus present in mineral soils. This is partly
because no very satisfactory method is available for its determination. Unfortunately there is
no very satisfactory method of determining directly the exact quantity of total organic matter
present in soil. The usual procedure is to find first the amount of organic carbon, which can be
done quite accurately. This figure multiplied by the factor 1.7 will give the approximate amount
of organic matter present.
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TABLE 8.1 Average Nitrogen and Organic Matter Contents and Ranges of Mineral
Surface Soils in Several Areas of the United States®

Organic matter (%) Nitrogen (%)

Soils Range Av. Range Av.
240 West Va. soils 0.74-15.1 2.88 0.044-0.54 0.147

15 Pa. soils 1.70-9.9 3.60 — —
117 Kansas soils 0.11-3.62 3.38 0.017-0.27 0.170
30 Nebraska soils 2.43-5.29 3.83 0.125-0.25 0.185
9 Minn. prairie soils 3.45-7.41 5.15 0.170-0.35 0.266
21 Southern Great Plains soils 1.16-2.16 1.55 0.071-0.14 0.096
21 Utah soils 1.544.93 2.69 0.088-0.26 0.146

2 From Lyon et al. {1952).

of the United States are shown in Table 8.1. The relatively wide ranges in
organic matter encountered in these soils even in comparatively localized areas
is immediately apparent. Thus, the West Virginia soils have a range from
0.74 to more than 15% of organic matter. The several factors that may account
for this wide variability as well as for the differences between averages in
Table 8.1 will be considered in Section 8.17.

The data in the table are for surface soils only. The organic mattey contents
of the subsoils are generally much lower (Figure 8.7). This is readily explained
by the fact that most of the organic residues in both cultivated and virgin
soils are incorporated in or deposited on the surface. This increases the possibil-
ity of organic matter accumulation in the upper layers. Also note that poorly

Prairie soils (Minnesota) Forest soils (Indiana)
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FIGURE 8.7 Distribution of organic matter in four soil profiles. Note that the prairie
soils have a higher organic matter content in the profiles as a whole than the soils
developed under forest vegetation. Poor drainage results in a higher organic matter
content, particularly in the surface horizon.
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drained soils, such as those in boggy areas, are always higher in organic matter
than their well-drained counterparts.

Organic Matter/Nitrogen Ratio. Data in Table 8.1 illustrate the close correla-
tion between the organic matter and nitrogen contents of soils mentioned in
the preceding section. The average organic matter content is about 20 times
that of nitrogen. This OM./N ratio of 20:1 is of considerable value in making
rough calculations involving these two constituents.

8.17 Factors Affecting Soil Organic Matter
and Nitrogen

274

Influence of Climate. Climatic conditions, especially temperature and rainfall,
exert a dominant influence on the amounts of nitrogen and organic matter
found in soils (see Jenny, 1941). As one moves from a warmer to a cooler
climate, the organic matter and nitrogen of comparable soils tend to increase.
At the same time, the C/N ratio widens somewhat. In general, the decomposi-
tion of organic matter is accelerated in warm climates; a lower loss is the
rule in cool regions. Within belts of uniform moisture conditions and compara-
ble vegetation, the average total organic matter and nitrogen increase from
two to three times for each 10°C fall in mean annual temperature.

The situation is well illustrated by conditions in the Mississippi Valley
region (Figure 8.8). Here the northern Great Plains soils contain considerably
greater amounts of total organic matter and nitrogen than those to the south.
The influence of temperature on the rapidity of decay and disappearance of
organic material is apparent.

Soil moisture also exerts a positive control upon the accumulation of or-
ganic matter and nitrogen in soils. Ordinarily, under comparable conditions,
the nitrogen and organic matter increase as the effective moisture becomes
greater (Figure 8.8). At the same time, the C/N ratio becomes wider, especially
in grasslands areas. The explanation lies mostly in the scantier vegetation of
the drier regions. In arriving at this rainfall correlation, however, it must be
remembered that the level of organic matter in any one soil is influenced by
both temperature and precipitation as well as other factors. Climatic influences
never work singly.

Influence of Natural Vegetation. It is difficult to differentiate between the
effects of climate and vegetation on organic matter and nitrogen contents of
soil. Grasslands generally dominate the subhumid and semiarid areas, while
trees are dominant in humid regions. In those climatic zones where the natural
vegetation includes both forests and grasslands, the organic matter is higher
in soils developed under grasslands than under forests (Figure 8.7). Apparently,
the nature of the grassland organic residues and their mode of decomposition
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FIGURE 8.8 Influence of the
average annual temperature and the
effective moisture on the organic
matter contents of grassland soils of
the Midwest. Of course, the soils must
be more or less comparable in all
respects except for climatic
differences. Note that the higher
temperatures yield soils lower in
organic matter. The effect of
increasing moisture is exactly
opposite, favoring a higher level of this
constituent. These climatic influences
affect forest soils in much the same
way.
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encourage a reduced rate of decay and in turn a higher organic level than is
found under forests.

Effect of Texture, Drainage, and Other Factors. Beside the two broader aspects
just discussed, numerous local relationships are involved. In the first place,
the texture of the soil, other factors being constant, influences the percentage
of humus and nitrogen present. A sandy soil, for example, usually carries less
organic matter and nitrogen than one of a finer texture (Table 8.2). This is
probably because of the lower moisture content and the more ready oxidation
occurring in the lighter soils. Also the natural addition of residues normally
is less with the lighter soil, and the soils high in clay are able to protect the
protein nitrogen and in turn the organic matter from degradation.
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TABLE 8.2 Relationship Between Soil Texture
and Approximate Organic Matter Contents of a Num-

ber of North Carolina Soils®

Percent of organic matter is calculated by multiply-

ing percent N X 20.

Organic matter (%)

Number
Soil type of soils Topsoil Subsoil
Cecil sands 15 0.80 0.50
Cecil clay loams 10 1.32 0.56
Cecil clays 27 1.48 0.64

*From Williams et al. {1915).

Again, poorly drained soils, because of their high moisture relations and
relatively poor aeration, are generally much higher in organic matter and nitro-
gen than their better drained equivalents (Figure 8.7). For instance, soils lying
along streams are often quite high in organic matter. This is due in part to

their poor drainage.

The calcium content of a soil, its erosion status, and its vegetative cover
are other factors that influence the accumulation and activity of the soil organic

matter and its nitrogen.

FIGURE 89 The general effect of
cropping on the organic matter level

5.0
of soils starting with virgin grasslands.
Note the very rapid initial decline and
a leveling off with time.
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Influence of Cropping. A very marked change in the soil organic matter con-
tent occurs when a virgin soil developed under either forest or prairie is brought
under cultivation. This is illustrated in Figure 8.9, which shows the general
decline in organic matter of grassland soils with time of cultivat'on. tis com-
mon to find cropped land much lower in both nitrogen and organic matter
than comparable virgin areas. ' ' not too sur rising, since in nature all
the or anic matter produced by the vegeta ‘o is returned to the soi . By con-
trast, in cultivated areas much of the plant material is removed for human
or animal food and relatively less finds it way back to the land. Also,
tila e breaks up the organic residues and brings them into easy contact with
soil organisms, thereby increasing the rate of decomposition. T e depressing
effect of cropping on soil organic matter goes far beyond the p ow layer, how-
ever, as shown by the graph in Figure 8.10. Subsoil layers are also depleted
of their organic matter and n’trogen contents.

Soil organic matter and n'trogen contents are also influenced by level of
crop production. Fie d trials in wh’'ch no fertilizer was used have demonstrated
dramatically the marked loss in soil organic matter and nitrogen contents with

FIGURE .10 Average organic 0 IREUSIHVTRIAICBMURGS CIRETRTAR  SAARhaRE
matter content of three North Dakota
soils before and after an average of

43 years of cropping. About 25% of the 'c-r%sp:iﬁg
organic matter was lost from the Cropped soil
0-15 cm layer as a result of cropping.
[From Haas et al. (1957).]
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TABLE 8.3 Organic Matter and Nitrogen Contents of
Unfertilized Soil Plots at Wooster, Ohio, After Being
Cropped in Various Ways for 32 Years®

Organic matter  Nitrogen

Cropping (Mg/ha) (kg/ha)
Original cropland 39.2 2439
Continuous corn 14.3 942
Continuous oats 25.6 1597
Continuous wheat 247 1474
Corn, oats, wheat, clover, timothy  30.0 1733
Corn, wheat, clover® 33.2 1995

* Calculated from Salter et al. (1941).
® Continued for 29 years instead of 32.

cropping. Crop rotation, especially if legumes are included, helps to maintain
soil organic matter (Table 8.3).

Soils that are kept highly productive by supplemental applications of ferti-
lizers, lime, and manures, and by proper choice of disease-free, high-yielding
varieties are apt to have higher organic matter contents than comparable less
productive soils. The amounts of root and top residues returned to the soil
are invariably dependent upon the level of soil productivity. It is well to remem-
ber, however, that even the most productive cultivated soil will likely be consid-
erably lower in organic matter than soil in a nearly virgin area.

8.18 Regulation of Soil Organic Matter
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The preceding discussion has established two definite conclusions regarding
the organic matter and nitrogen of cultivated soils. First, the inherent capacity
of soils to produce crops is closely and directly related to their organic matter
and nitrogen content. Second, the satisfactory level of these two constituents
is difficult to. maintain.in the majority of farm soils. Consequently, the methods
of organic matter additions and upkeep should receive priority consideration
in all soil management programs.

Source of Supply. Organic matter is added to cultivated soils in several ways.
One is the plowing under of crops when in an immature, succulent stage.
This is called green-manuring. Such crops as rye, buckwheat, oats, peas, soy-
beans, and vetch, as well as others, lend themselves to this method of soil
improvement.

A second source of organic matter supply on many farms, especially in
dairy sections, is_farm manure. When applied at the usual rates of 10 or 15
Mg/ha during a five-year rotation, perhaps 500-750 kg/ha of dry matter goes
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into the soil as a yearly average. Such additions greatly aid in organic matter
maintenance.

In the same category with farm manure but of increasing concern today
are artificial farm manures, and nonfarm organic wastes such as sludge, and
composts. Composts are used mostly in the management of nursery, garden,
&ind greenhouse soils, while land application of sewage sludge is becoming
more common in areas near cities and towns (see Section 19.8}.

The third and probably the most important source of organic residue is
the current crop (Figure 8.11). Stubble, aftermath, and especially root residues
of various kinds left in or on top of the soil to decay make up the bulk of
such contributions. Few farmers realize how much residual root systems aid
in the conditioning of their soils. Without them, the practical maintenance of
the humus in most cases would be impossible.

In this connection it should also be remembered that the maintaining of
high crop yields through proper /iming and fertilizer practices may be as effec-
tive as adding manure or other organic residues. In some cases organic matter
can be maintained by simply raising bumper crops. Optimum yields usually
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FIGURE 811 The effect of applying different rates of residues for 11 consecutive
years on the carbon content of a typic Hapludoll soil. The Crop was corn, and
conventional tillage was used. [From Larson et al. (1972); used with permission of
The American Society of Agronomy.]
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mean more residues to return to the soil and certainly increase the amoum
of roots remaining after harvest.

Crops and Crop Sequence. It has already been suggested that certain sod
crops, such as meadow and pasture grasses and legumes, tend to facilitate
the maintenance of humus. This is partly due to their liberal contributions of
organic residues, the slow decay of these materials, and their wide C/N ratios.
Under these conditions, little nitrogen can appear in the soil in the nitrate
form and therefore only slight losses of this constituent will occur. In legumes
even these losses may be partially offset by nitrogen fixation. Because the
amount of humus depends to a considerable extent upon the amount of organic
nitrogen, sod _crops by their nitrogen economy promote the highest possible
yields of humus.

Cultivated crops, on the other hand, generally are not humus conservers.
Tillage and other features of their management encourage an extremely rapid

1 (a) Light sandy loam

Cool humid regions (a) {b) {c)

(b) Silt loam
Warm humid regions

(c) Silt loam
Cool humid regions

Difficulty and expense of
maintaining soil organic matter

1 2 3 4 5 6

Organic matter in cultivated soils (%)

FIGURE 8.12 How the difficulty and expense of maintaining the organic matter of
cultivated soils increase as the support level is raised. While the curves are quite
similar, their position in relation to the percentage of organic matter possible varies
with texture [compare (a) with (c)] and climate [compare (b} with (c)]. Other factors
also are involved, especially the type of crop rotation employed. In practice the average
amount of organic matter in a cultivated soil should be maintained as high as is
economically feasible.
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rate of decay and dissipation of organic matter. Thus, intertilled crops are
associated with humus reduction instead of humus accumulation. Small grains,
such as oats and wheat, are in the same category; they are generally humus
wasters but to a lesser degree.

In practice, crop sequences may be so arranged as to offset depreciation
with humus conservation. Much can be accomplished by using a suitable rota-
tion involving some sod crops (Table 8.3). Also, adequate liming and fertilization
to provide bumper crops encourages residues that help maintain the organic
level.

The growing adoption of “no tillage” practices in the United States may
influence future soil organic matter levels (see Sections 2.14 and 16.12). Crop
residues are left mostly on the soil surface where these practices are used.
Consequently, the organic residues are more slowly broken down. In time
this could lead to higher soil organic matter levels.

Economy in Humus Maintenance. Since the rate at which carbon is lost from
the soil increases very rapidly as the organic content is raised, maintenance
of the humus at a high level is not only difficult but also expensive (Figure
8.12). It is therefore unwise to hold the organic matter above a level consistent
with crop yields that pay best. Just what this level should be will depend on
climatic environments, soil conditions, and the particular crops grown and
their sequence. Obviously, it should be higher in North Dakota than in central
Kansas, where the temperature is higher, or in northern Montana, where the
effective rainfall is lower. In any event, the soil organic matter and nitrogen
should always be maintained at as high a level as economically feasible.
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[Preceding page] Soil-borne bacteria in the root nodule of this soybean plant illustrate
a symbiosis which is responsible for the biological fixation of enormous quantities of
nitrogen. [Courtesy Ray R. Weil, University of Maryland, College Park, MD.)

9.1
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Of the various essential elements, nitrogen probably has been subjected to
the most study and still receives much attention. And there are very good
reasons. The amount of this element in available forms in the soil is small,
while the quantity withdrawn annually by crops is comparatively large. At
times, there is too much nitrogen in readily soluble forms, and it is lost in
drainage, and may even become a water pollutant; at other times, it is lost
from the soil by volatilization; at all times, most of the soil nitrogen is unavail-
able to higher plants. Moreover, its effects on plants usually are very marked
and rapid. Thus overapplication, which may be harmful, sometimes occurs.

Some plants, such as the legumes, have associated with their roots soil
organisms that “fix" atmospheric nitrogen into forms that they can use. Others,
such as the grasses, are largely dependent upon outside sources—either through
nonsymbiotic fixation or through the addition of fertilizers or other combined
forms of nitrogen. All in all, nitrogen is a potent nutrient element that should
be not only conserved but carefully regulated.

Influence of Nitrogen on Plant Development

Favorable Effects. Nitrogen is an integral component of many compounds
essential for plant growth processes including chlorophyll and many enzymes.
It is an essential component of the proteins and related amino acids, which
are critical not only as building blocks for plant tissue but in the cell nuclei
and protoplasm in which the hereditary control is vested. It is essential for
carbohydrate utilization within plants and stimulates root growth and develop-
ment as well as the uptake of other nutrients. Of the macronutrients usually
applied in commercial fertilizers, nitrogen seems to have the quickest and
most pronounced effect. It encourages aboveground vegetative growth and im-
parts deep green color to the leaves. With cereals, it increases the plumpness
of the grain and the percentage of protein. With all plants, nitrogen is a regulator
that governs to a considerable degree the utilization of potassium, phosphorus,
and other constituents. Moreover, its application tends to produce succulence,
a quality particularly desirable in such crops as lettuce and radishes.

Plants receiving insufficient nitrogen are stunted in growth and possess
restricted root systems. The leaves turn yellow or yellowish green and tend
to drop off. The addition of available nitrogen will cause a remarkable change,
indicative of the unusual activity of this element within the plant.

Oversupply. When higher applications of nitrogen than necessary are made,
the leaves become dark green in color and excess vegetative growth occurs.
As a result, the stems are not able to hold the plants upright and they lodge
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or fall over with the slightest wind. Also, crop maturity is delayed and the
plants are more susceptible to diseases and insect pests. An oversupply of
nitrogen may adversely affect grain and fruit quality, as in barley, apples,
and peaches. It also adversely affects sugar levels in sugar cane or sugar beets.

It must not be inferred, however, that all plants are detrimentally affected
by large amounts of nitrogen. Many crops, such as the grasses and vegetables,
should have plenty of this element for their best and most normal development.
Detrimental effects are not to be expected with such crops unless exceedingly
large quantities of nitrogen are applied. Nitrogenous fertilizers may be used
freely in such cases, the cost of the materials in respect to the value of the
crop increases being the major consideration.

9.2 Forms of Soil Nitrogen

There are three major forms of nitrogen in mineral soils: (a) organic nitrogen
associated with the soil humus, (b) ammonium nitrogen fixed by certain clay
minerals, and (c) soluble inorganic ammonium and nitrate compouncs.
~—Most of the nitrogen in surface soils is associated with the organic matter.
In this form it is protected from rapid microbial release, only 2-3% a year
being mineralized under normal conditions. About half the organic nitrogen
is in the form of amino compounds. The form of the remainder is uncertain.

Some of the clay minerals (e.g., vermiculites and some smectites) have
the ability to fix ammonium nitrogen between their crystal units. The amount
fixed varies depending on the nature and amount of clay present. Up to 8%
of the total nitrogen in surface soils and 40% of that in subsoils may be in
the “clay-fixed” form. In most cases, however, both these figures would be
considerably lower. Even so, the nitrogen so fixed is only slowly available
to plants and microorganisms.

The amount of nitrogen in the form o’ soluble ammonium and nitrate com-
pounds is seldom more than 1-2% of the total present, except where large
applications of inorganic nitrogen fertilizers have been made. This is fortunate
since inorganic nitrogen is subject to loss from soils by leaching and volatiliza-
tion. Only enough is needed to supply the daily requirements of the growing
crops.

9.3 The Nitrogen Cycle!

In all soils the considerable intake and loss of nitrogen in the course of a
year are accompanied by many complex transformations. Some of these
changes may be controlled more or less by man, whereas others are beyond

1 For this and subsequent sections on nitrogen, the reader is referred to the monograph edited
by Stevenson (1982).
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FIGURE 9.1 Main portions of the nitrogen cycle. Chemical fertilizers from industrial
nitrogen fixation are an increasingly important source of this element.

his command. This interlocking succession of largely biochemical reactions
constitutes what is known as the nitrogen cycle (Figure 9.1). It has attracted
scientific study for years, and its practical significance is beyond question.
The nitrogen income of arable soils is derived from such materials as
commercial fertilizers, crop residues, green and farm manures, and ammonium
and nitrate salts brought down by precipitation. In addition, there is the fixation
of atmospheric nitrogen accomplished by certain microorganisms. The deple-
tion is due to crop removal, drainage, erosion, and to loss in a gaseous form.
Much of the nitrogen added to the soil undergoes many transformations
before it is removed. The nitrogen in organic combination is subjected to espe-
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cially complex changes. Proteins are converted into various decomposition
products, and finally some of the nitrogen appears in the nitrate form. Even
then it is allowed no rest since it is either appropriated by microorganisms
and higher plants, removed in drainage, or lost by volatilization. And so the
cyclic transfer goes on and on. The mobility of nitrogen is remarkable, rivaling
carbon in its ease of movement.

Major Divisions of the Nitrogen Cycle. At any one time, the great bulk of
the nitrogen in a soil is in organic combinations protected from loss but largely
unavailable to higher plants. For this reason much scientific effort has been
devoted to the study of organic nitrogen—how it is stabilized and how it may
be released to forms usable by plants. The process of tying up nitrogen in
organic forms is called immobilization; its slow release—specifically, organic
to inorganic conversion—is_called mineralization (Figure 9.2).

94 Immo ilization and ineralization

During the process of microbial decomposition of plant and animal residues,
especially those low in nitrogen, the plant inorganic nitrogen as well as that
in the soil is converted to organic forms (see Section 8.15) ‘primarily as microbial
tissue. As the rate of microbial activity subsides, some of this immobilized
nitrogen will be mineralized and ammonium and nitrate ions will again appear
in the solution. However, most of the immobilized nitrogen remains in the
organic form.

The mechanism by which simple nitrogen compounds are changed to or-
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ganic combinations that resist breakdown is still obscure (see Section 8.10).
Somehow the immobilized nitrogen in the microbial tissue becomes an integral
part of the soil organic matter. In this form it is only slowly mineralized to
compounds usable by higher plants.

Isotopically tagged nitrogen experiments have demonstrated that only
abou—t/zjai%korthe immobilized nitrogen is mineralized annually. Even so, this
release of nitrogen to inorganic forms has long supplied a significant portion
of crop needs and may be about 60 kg/ha of nitrogen per year for a representa-
tive mineral surface soil.

Although the general term mineralization covers a whole series of reac-
tions, the net effect can be rather simply visualized. Heterogenous soil organ-
isms, both plant and animal, attack the organic nitrogen compounds. As a
result of enzymatic digestion, the more complex proteins and allied compounds
are simplified and hydrolyzed. The end product is ammonia. The enzymatic
process may be indicated as follows, using an amino compound as an example
of the nitrogen source.

R—NH; + HOH =% g oy | NH, + energy
Amino hydrolysis

combination
ZNHs + HzCOa - [NH4)2C03 = 2NH4+ + C032—

Mineralization seems to proceed to the best advantage in well-drained
aerated soils with plenty of basic cations present. It will take place to some
extent under almost any conditions, however, because of the great number
of different organisms capable of accomplishing such a change. This is one
of the advantages of a general-purpose flora and fauna.

9.5 Utilization of Ammonium Compounds
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The fate of the ammonium nitrogen (as shown in Figure 9.1) is fourfold. First,
considerable amounts are appropriated by organisms capable of using this
type of compound, for example, mycorrhizal fungi (see Section 7.8) undoubtedly
are able to absorb ammoniacal nitrogen and pass it on in some form to their
host.

Second, higher plants are able to use this form of nitrogen, often very
readily. Young plants of almost all kinds are especially capable in this respect,
although they seem to grow better if some nitrate nitrogen is also available.
Azaleas, laurel, and other plants requiring low-lime soil are additional exam-
ples. Still other plants, such as blueberries and some lowland rices, even prefer
ammonium nitrogen to the nitrate.

Third, ammonium ions are subject to fixation by vermiculite and to a
certain extent by some smectites and organic matter. In this fixed form, the
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nitrogen is not subject to rapid oxidation, although in time it may become
available. This will receive attention in the next section.

Finally, when plant and animal syntheses temporarily are satisfied, the
remaining ammonium nitrogen may go in a third direction. It is readily oxidized
by certain special purpose forms of bacteria, which use it not only as a source
of nitrogen but also as a source of energy. Thus, a much discussed and per-
haps comparatively overemphasized phase of biochemistry—nitrification—is
reached. It is so named because its end product is nitrate nitrogen, and it
will receive attention following a consideration of ammonia fixation.

9.6 Ammonia Fixation

Both the organic and inorganic soil fractions have the ability to bind or “fix”
ammonia in forms relatively unavailable to higher plants or even microorgan-
isms. Since different mechanisms and compounds are involved in these two
types of fixation, they will be considered separately.

Fixation by Clay Minerals. Several clay minerals with a 2:1-type structure
have the capacity to “fix” ammonium and potassium ions. Vermiculite has
the greatest capacity, followed by the smectites.

It will be remembered that these minerals have internal negative charges
that attract cations to internal surfaces between crystal units (see Section
5.6). Most cations that satisfy these charges can move freely into and out of
the crystal. In other words, they are exchangeable. Ammonium and potassium
ions, however, are apparently just the right size to fitinto the “cavities” between
crystal units, thereby becoming fixed as a rigid part of the crystal (see Figure
10.16). They prevent the normal expansion of the crystal and in turn are held
in a nonexchangeable form, from which they are only slowly released to higher
plants and microorganisms. The relationship of the various forms of ammonium
might be represented as follows.

NH,* = NH = NH/*
(soil solution) {exchangeable) (fixed)

Ammonium fixation by clay minerals is generally greater in subsoils than
in topsoil because of the higher clay content of subsoils (Table 9.1). In some
cases this fixation may be considered to be an advantage since it is a means
of conserving soil nitrogen. In others, the rate of release of the fixed ammonium
is too slow to be of much practical value.

Fixation by Organic Matter. Anhydrous ammonia or other fertilizers that con-
tain free ammonia or that form it when added to the soil can react with soil
organic matter to form compounds that resist decomposition. In this sense
the ammonia can be said to be “fixed” by the organic matter. The exact mecha-
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TABLE 9.1 Percentage of Total Nitrogen Fixed as NH,* Ion in Clay Minerals at
Different Depths in Three Trinidad Soils®

These soils had significant levels of 2: 1-type clays that are able to fix large quantities
of NH,* jon.

Soil depth Fixed NH,* nitrogen
Soil Composition of clay fraction (cm) as % of total N
Maracas Mica, kaolinite, geothite 0-10 28.5

10-30 434

50-70 72.9
McBean Illite, kaolinite, iron oxides 0-10 24.2

10-30 33.2

50-70 68.9
Tarouba Montmorillonite 0-10 18.9

10-30 48.1

50-70 63.5

®* From Dalal (1977).

nism by which the fixation occur is not known, although reactions with phenols
and quinones as well as with carbohydrates are suspected (Nommik and Vah-
tras, 1981). The reaction takes place most readily in the presence of oxygen
and at high pH values.

The practical significance of organic fixation depends upon the circum-
stances. In organic soils with a high fixing capacity it could be serious and
would dictate the use of fertilizers other than those which supply free ammonia.
In normal practice on mineral soils, however, organic fixation should not be
too disadvantageous. In the first place, the fertilizers is often banded, thereby
contacting a relatively small portion of the entire soil mass and minimizing
opportunities for fixation. Furthermore, the fixed ammonia is subject to subse-
quent slow release by mineralization.

9.7 Nitrification
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Nitrification is a process of enzymatic oxidation of ammonia to nitrates brought
about by certain microorganisms in the soil. It takes place in two coordinated
steps. The first step is the production of nitrite ions by one group of organisms
apparently followed immediately by their oxidation to the nitrate form by
another. The enzymatic oxidation is represented very simply as follows.

(0] —2H (9)
NHe 2 pond, 2 % HoNNOH -9 Noy- + He + energy
Ammonium Hydroxylamine Hyponitrite Nitrite
1[0]
NO3~ + energy
Nitrate
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Under most conditions favoring the two reactions, the second transforma-
tion is thought to follow the first so closely as to prevent any great accumulation
of the nitrite. This is fortunate since this ion in any concentration is toxic to
higher plants. In very alkaline soils or where large fertilizer ammonia applica-
tions have been made, there is some evidence that the second reaction may
be delayed until after the ammonium ion concentration is reduced to a relatively
low level. This may result in nitrite accumulation of sufficient magnitude to
have an adverse effect on plant growth or to encourage gaseous losses of
nitrogen (see Section 9.10).

Organisms Concerned. Although some heterotrophic bacteria fungi, and acti-
nomycetes are able to convert ammonia to nitrites, the bulk of this oxidation
is due to a group of autotrophic bacteria including Nitrosomonas, Nitrosolobus,
and Nitrosospira. Organisms responsible for the oxidation of nitrites to nitrates
are the autotrophic bacteria, Nitrobacter. In common usage these groups are
referred to as nitrite and nitrate organisms.

Rate of Nitrification. Under ideal temperature, soil, and moisture conditions,
nitrification occurs at a very rapid rate, especially where adequate ammonium
ion is available. Under ideal conditions the nitrifying organisms can supply
nitrates at a rate that more than meets the needs of crop plants and may
result in excess nitrates, some of which are lost in drainage or by volatilization
{see Section 9.9).

9.8 Soil Conditions Affecting Nitrification

The nitrifying bacteria are quite sensitive to their environment, much more
so than most heterotrophic organisms. Consequently, soil conditions that influ-
ence the vigor of nitrification deserve practical consideration. They are (a) a
presence of adequate ammonium ion for oxidation, (b) aeration, (c) temperature,
(d) moisture, (e) active lime, (f) fertilizer salts, (g) the carbon/nitrogen ratio,
and (h) pesticides.

Ammonia Level. Nitrication can take place only if there is a source of ammo-
nia to be oxidized. Factors such as a high C/N ratio of residues, which prevents
the release of ammonia, also prevent nitrification. However, if the ammonia
is present at too high a level, it constrains nitrification. Heavy localized applica-
tions to alkaline soils of anhydrous ammonia fertilizer or urea, which by hydro-
lysis forms ammonia, appear to be toxic to Nitrobacter, resulting in the accumu-
lation of toxic levels of nitrite. Obviously, the level of ammonia is an important
regulator of nitrification.

Aeration. Since nitrification is a process of oxidation, any practice that in-
creases the soil aeration should, up to a point, encourage it. Plowing and culti-
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vation, especially if granulation is not impaired, are recognized means of pro-
moting nitrification. Rates of nitrification are generally somewhat slower under
minimum tillage than where plowing and cultivation are practiced.

Temperature. The temperature most favorable for the process of nitrification
is from 27 to 32°C (80-90°F). In temperate regions the process proceeds slowly
at temperatures slightly above freezing and increases until the optimum tem-
perature is reached. Nitrification declines at higher temperatures, and essen-
tially ceases at temperatures above 50°C (122°F). The lateness with which
nitrification attains its full vigor in the spring is well known, application of
fertilizer nitrogen being used to offset the delay.

Moisture. Nitrification is markedly influenced by soil water content, the pro-
cess being retarded by both very low and very high moisture conditions. In
practice, it is safe to assume that the optimum moisture as recognized for
higher plants is also optimum for nitrification. One reservation must be made,
however. Nitrification will progress appreciably at soil moisture contents at
or even below the wilting coefficient.

Exchangeable Bases and pH. Nitrification proceeds most rapidly where there
is an abundance of exchangeable bases. This accounts in part for the weak
nitrification in acid mineral soils and the seeming sensitiveness of the organisms
to a low pH. However, within reasonable limits, acidity itself seems to have
little influence on nitrification when adequate bases are present. This is espe-
cially true of peat soils. Even at pH values below 5 these soils may show
remarkable accumulations of nitrates (see Section 14.8).

Fertilizers. Small amounts of many kinds of salts, even those of the trace
elements, stimulate nitrification. A reasonable balance of nitrogen, phosphorus,
and potassium has been found to be helpful. Apparently, the stimulation of
the organisms is much the same as is that of higher plants.

Applications of large quantities of ammonium nitrogen to strongly alkaline
soils have been found to depress the second step in the nitrification reaction.
Apparently the ammonia is toxic to the Nitrobacter under these conditions
but does not affect adversely the Nitrosomonas. Consequently, nitrite accumu-
lation may occur in soils very high in pH. Similarly, on such soils adverse
effects may result from a compound such as urea, which supplies ammonium
ions in the soil by hydrolysis.

Carbon/Nitrogen Ratio. The significance of the carbon/ nitrogen ratio has been
rather fully considered (Section 8.14), so the explanation here may be brief.
When microbes decompose plant and animal residues with high C/N ratios,
they incorporate into their bodies all the inorganic nitrogen. It is thereby immo-
bilized. Nitrification is thus more or less at a standstill because of a lack of
ammoniacal nitrogen, this also having been swept up by the general purpose
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decay organisms. A serious competition with higher plants for nitrogen is
thereby initiated.

After the carbonaceous matter has partially decomposed so that emerging
material is no longer abundant and the C/N ratio of the remaining residue
reduced, some of the immobilized nitrogen will be mineralized and ammonium
compounds will again appear in the soil. Conditions are now favorable for
nitrification and nitrates may again accumulate. Thus, the carbon/nitrogen
ratio, through its selective influence on soil microorganisms, exerts a powerful
control on nitrification and the presence of nitrate nitrogen in the soil (see
Figure 8.5).

Pesticides. Nitrifying organisms are quite sensitive to some pesticides. If
added at high rates many of these chemicals essentially exhibit nitrification
whereas others slow the process down. Most studies suggest, however, that
at ordinary field rates the majority of the pesticides have only minimal effects
on the process. This subject is covered in greater detail in Chapter 20.

9.9 Fate of Nitrate Nitrogen

The nitrate nitrogen of the soil, whether added in fertilizers or formed by
nitrification, may go in four directions (Figure 9.1). It may (a) be incorporated
into microorganisms, (b) be assimilated into higher plants, (c) be lost in drain-
age, and (d) escape from the nitrogen cycle in a gaseous condition.

Use by Soil Organisms and Plants. Both plants and soil microorganisms read-
ily assimilate nitrate nitrogen. However, if microbes have a ready food supply
(for example, carbonaceous organic residues) they utilize the nitrates more
rapidly than do higher plants. Thus, the higher plants have only what is left
by the microorganisms and must await for the subsequent release of the nitro-
gen when microbial activity slows down (see Section 8.15). This is one of
the reasons crops often are able during a growing season to recover only
about half the fertilizer nitrogen added. Fortunately, some of the immobilized
nitrogen is released during the following growing seasons.

Leaching and Gaseous Loss. Negatively charged nitrates are not absorbed
by the negatively charged colloids that dominate most soils. Consequently,
nitrates are subject to ready leaching from the soil, moving downward freely
with the water. The amount of nitrate nitrogen lost in drainage water depends
upon the climate and cultural conditions; it is low in unirrigated arid and
semiarid regions and high in humid areas and where irrigation is practiced.
Heavy nitrogen fertilization, especially for vegetables and other cash crops
grown on coarse-textured soils, accentuates loss by this means. In recent years,
widespread use of high levels of nitrogen fertilizers applied broadcast before
the crop is planted has increased nitrate leaching losses. Coupled with concen-
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trated losses from huge feedlots in some areas of the midwest and the great
plains states, the nitrates in drainage water in a few areas may have increased
to levels that could be harmful to humans and other animals. The need to
take steps to minimize these losses is obvious. This subject is given further
consideration in Section 20.11.

Gaseous loss of nitrogen from soils may occur in several forms. Perhaps
the most important is through denitrification whereby nitrates are reduced to
nitrogen oxide compounds and to elemental nitrogen. This process may be
carried out by soil microorganisms or through purely chemical reactions. In
alkaline soils ammonia gas may also be lost to the atmosphere in significant
quantities. These loss mechanisms will each be discussed briefly.

9.10 Denitrification

294

Nitrates are subject to reduction in soils, especially in those that are poorly
drained and low in aeration. The process is known as denitrification. Among
the reduction products are nitrogen gases, which can be lost into the atmo-
sphere. The nitrate reduction is due primarily to microbial action, although
some chemical reduction occurs.

Reduction by Organisms. The reduction of nitrate nitrogen to gaseous com-
pounds is the most widespread type of volatilization. Biochemical reduction
is most common. The microorganisms involved are common facultative anaero-
bic forms. They prefer elemental oxygen but under inadequate aeration can
use the combined oxygen in nitrates and some of their reduced products. The
exact mechanisms by which the reductions take place are not known. However,
the general trend of the reactions may be represented as follows.

-2{0] ~2[0] ~-[0] ~[0]
2 NOa_ —— 2NO,- —— 2 NO N.O N,
Nitrates Nitrites Nitric Nitrous Elemental
oxide oxide nitrogen

Each step in the reaction is triggered by a specific reductase enzyme.
Thus, nitrate reductase, nitrite reductase, nitric oxide reductase, and nitrous
oxide reductase all appear to be involved. It should be emphasized, however,
that the reaction can stop at any stage and the gaseous products released
(Figure 9.3).

Under field conditions, nitrous oxide and elemental nitrogen are lost in
largest quantities, N;O dominating if ample NO;" is present and if the soil is
not too low in oxygen (Figure 9.4). Nitric oxide loss is generally not great
and apparently occurs most readily under acid conditions.

It should be noted that N;O can be formed in small quantities by certain
Nitrosomonas bacteria during ammonia oxidation in aerobic soils. While this
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FIGURE 9.3 Illustration of the reductive nature of the denitrification process.
Organisms take an oxygen from nitrate and leave the nitrite ion, which in turn loses
an oxygenand produces nitric oxide, and so on. [Modified from Hughes (1980); used with
permission of Deere & Company, Moline, IL.]

observation is of some scientific interest, it is not thought to be of much practical
importance.

Chemical Reduction. There are nonmicrobial processes by which nitrogen
may be reduced in soils to gaseous forms. For instance, nitrites in a slightly
acid solution will evolve gaseous nitrogen when brought in contact with certain
ammonium salts, with simple amino compounds such as urea, and even with
lignins, phenols, and carbohydrates. The following reaction suggests what may
happen to urea.

2 HNOz + CO(NHz)z —_— COz + 3 Hzo + 2 Nz T
Nitrite Urea

This type of gaseous loss is strictly chemical and does not require either
the presence of microorganisms or adverse soil conditions. Its practical impor-
tance, however, is not too great.

Quantity of Nitrogen Lost Through Denitrification. Since gaseous nitrogen is
unavailable to higher plants, any loss in this form is serious. As might be
expected, the exact magnitude of the losses will depend upon the cultural
and soil conditions. In well-drained humid-region soils that are not too heavily
fertilized, the gaseous losses are probably less than those from leaching. Where
drainage is restricted, and where large applications of ammonia and urea ferti-
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FIGURE94 Denitrification loss of three nitrogen gases fron an anaerobic acid Norfolk
sandy loam at 12.5% moisture. A closed system was used. Apparently N; was formed
from the reduction of N,O. Under field conditions much of the N:O would probably
have gone off as a gas and would not have remained to produce elemental N,. [From
Cady and Bartholomew (1960).]

lizer are made, substantial losses might be expected, 20-40% of nitrogen added
not being too uncommon.

In flooded soils such as those used for rice culture, losses by denitrification
may be very high. Often 60-70% of the applied fertilizer nitrogen is volatilized
as oxides of nitrogen or elemental nitrogen. The reason for this high loss is
simple. Ammonium-containing fertilizers added to or near the soil surface are
oxidized to nitrates in the thin oxidized layer just below the soil-water inter-
face. The nitrates then move down the profile into the reduced soil zone below,
which is very low in oxygen (Figure 9.5). Denitrification then occurs and losses
as N2 and N,O take place. Luckily this loss can be cut back by incorporating
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FIGURE9.5 Nitrification-denitrification reaction and kinetics of the related processes
controlling nitrogen loss from the aerobic-anaerobic layer of a flooded soil system.
Nitrates, which form in the thin aerobic soil layer just below the soil-water interface,
diffuse into the anaerobic (reduced) soil layer below and are denitrified to the N, and
N,O gaseous forms, which are lost to the atmosphere. Placing the urea or ammonium-
containing fertilizers in the anaerobic layer greatly reduces the loss. [From Patrick
and Reddy (1977); used with permission of the Japanese Society of Soil Science and Plant
Nutrition.]

the fertilizer into the reduced zone, thereby largely preventing the formation
of nitrates by nitrification. In some cases fertilizer use efficiency has been
doubled by deep placement of the fertilizer.

Atmospheric pollution. The loss of nitrous oxide (N,O) from the soil into
the atmosphere is thought to have some deleterious effects on the environment.
As the N.O moves up into the stratosphere, it may participate in reactions
that result in the destruction of ozone (Os), a gas that helps shield the earth
from harmful ultraviolet radiation from the sun. If this ozone shield were to
be removed, the earth’s surface would be warmed and serious ecological conse-
quences then would result. While the validity of this hypothesis is still being
evaluated, it suggests that N,O loss from soils may have implications far beyond
agriculture.
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Nitrification Inhibitors2

Losses of nitrogen by volatilization as well as by leaching are generally higher
when considerable nitrate nitrogen is present in the soil over long periods of
time. Such losses are high when nitrogen fertilizers are applied in the fall for
the succeeding crop or even in the spring on wet soils. To minimize them, it
is desirable to keep much of the applied nitrogen in the ammonium rather
than the nitrate form.

In recent years chemicals have been found that can inhibit the nitrification
process. Several such chemicals have shown promise under controlled condi-
tions (Table 9.2), but field performance has been spotty. One of the more effec-
tive of these chemicals is nitrapyrin [2-chloro-6-(trichloromethyl)pyridine] sold
under the brand name of N-Serve. The compound inhibits oxidation of ammonia
to nitrates. It is relatively inexpensive and can be applied at rates of 0.5 kg/
ha or less. It is usually applied with anhydrous ammonia or incorporated into
dry fertilizer such as urea.

TABLE 9.2 Examples of Inhibitors of Nitrification®

Common name or symbol Chemical name

Dd, DNDN, Dicyan Dicyandiamide

Thiourea, Tu Thiourea

ASU Guanylthiourea

Nitrapyrin, N-Serve 2-Chloro-6-(trichloromethyl)pyridine

ST Sulfathiazole

MAST 2-Amino-4-methyl-8-trichloromethyl-1,3,5-triazine
ATC 4-Amino-1,2,4-triazole - HCI

* From Hauck (1980).

Response to nitrapyrin is variable and depends to a considerable extent
on the soil texture and the time of year the nitrapyrin and the fertilizer are
applied (Table 9.3). Poorest results are obtained with coarse-textured soils
and best with those higher in clay. Reduction in nitrogen loss from the use
of nitrapyrin is least when the fertilizer is placed on the soil surface alongside
growing plants.

Sulfur-Coated Urea. Another means of reducing gaseous loss of nitrogen is
by coating urea pellets with elemental sulfur. These sulfur-coated urea products
have been found to be effective in increasing plant utilization of the nitrogen,
especially on sandy soils and on some tropical soils, including rice paddies.
The sulfur is strictly not a nitrification inhibitor but it slows down the rate
of conversion of urea to ammonia and of ammonia to nitrates, thereby reducing

2 For reviews of this subject, see ASA (1980).

9 Nitrogen and Sulfur Economy of Seils



TABLE 9.3 Probability of Crop Yield Increases® from
Nitrification Inhibitors Applied with Ammonical Fertiliz-
ers at Different Times of the Year in the Eastern Part of
the Midwest®

Time of application

Spring Spring
Soil texture Fall preplant sidedress
Sands Poor Fair Fair
Loamy sands, sandy
loams, and loams Fair-good Fair Poor
Silt loams Good Fair Poor
Clay loams and clays Good Good Poor

= Chance of increase at any location any year, Poor =
<20%; Fair = 20-60%; Good = >80%.
b Nelson and Huber (1980).

the availability of nitrates for the denitrification process. Unfortunately, how-
ever, the sulfur adds significantly to the cost of the urea fertilizer (25-50%).
Also, it increases soil acidity, since oxidation of the sulfur in the soil produces
sulfuric acid (see Section 9.27). These compounds will likely be economical

only where high yield increases are obtained and/or where high crop values
prevail.

9.12 Ammonia Volatilization

Application of ammonium-containing fertilizers or of urea, which quickly hydro-
lyzes to ammonia, can result in significant losses of ammonia gas, especially
on sandy soils and on alkaline or calcareous soils. In upland soils this loss
is most serious when the urea or ammonium-containing materials are applied
to the soil surface. Not only are the opportunities for the ammonia to react
with soil colloids minimized with surface applications, but surface soil tempera-
tures are usually high, which enhances ammonia volatilization. Incorporating
the fertilizers into the top few centimeters of soil can reduce ammonia loss
by 25-75% over levels found when the materials are applied on the surface.

Gaseous ammonia loss from nitrogen fertilizers applied to the surface of
paddy soils can be appreciable even on slightly acid soils. The applied fertilizer
stimulates algae growing in the paddy water, which in turn can extract CO,
from the water just as higher plants extract this gas from the atmosphere.
The result is a marked increase in paddy water pH, levels above 9.0 not being
uncommon. At these pH values ammonia is released from ammonium com-
pounds and goes directly into the atmosphere. As with upland soils, this loss
can be reduced significantly if the fertilizer is placed below the soil surface.
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9.13 Biological Nitrogen Fixation

For centuries farmers have recognized that the yields of cereal crops such as
wheat and corn (maize) are higher when these crops are grown after certain
legumes such as clovers, and alfalfa (lucerne). We now know this beneficial
effect is due not to the legume crop itself but to associated microorganisms
that are able to fix atmospheric nitrogen into combined forms usable by the
plants. This ability to fix atmospheric nitrogen is known to be shared by a
number of organisms including several species of bacteria (not all of which
are associated with legumes), a few actinomycetes and blue-green algae (cyano-
bacteria). The quantity of nitrogen fixed globally each year is enormous, having
been estimated at about 175 million Mg (metric tons) (Table 9.4), which exceeds
the amount applied in chemical fertilizers.

The Mechanism. Although biological nitrogen fixation is accomplished by a
number of organisms, a common mechanism for the fixation appears to be
involved. The overall effect of the process is to reduce nitrogen gas to amonia,

Fe
Fe, Mo

(nitrogenase}
N;z+6H*+6e —m— 2 NH;

TABLE 9.4 Biological Nitrogen Fixation from Different Sources®

Nitrogen fixed per year

Area Rate Total fixed
Use (10° ha) (kg/ha) (10¢ Mg)
Arable (cropped)
Legumes 250 140 35
Nonlegumes 1,150 8 9
Permanent meadows and grassland 3,000 15 45
Forest and woodland 4,100 10 40
Unused 4,900 2 10
Ice covered 1,500 _0 _0
Total land 14,900 1 139
Sea 36,100 1 _36
Grand total 51,000 175

® From Burns and Hardy (1975,).
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which in turn is combined with organic acids to form proteins.
NH; + organic acids — proteins

The site of N, reduction is the enzyme nitrogenase, a two-protein complex
consisting of a larger iron- and molybdenum-containing member and a smaller
companion containing iron. Nitrogenase is indeed of great significance to hu-
mankind.

Fixation Systems. Biological nitrogen fixation occurs through a number of
organism systems with or without direct association with higher plants (Table
9.5). Included are the following.

1. Symbiotic systems, nodule-forming:

a. With legumes.

b. With nonlegumes.
2. Symbiotic systems, nonnodule forming.
3. Nonsymbiotic systems.

Although the legume symbiotic systems have received most attention his-
torically, recent findings suggest that the other systems are also very important
world-wide and may even rival the legume-associated systems as suppliers
of biological nitrogen to the soil. Each major system will be discussed briefly.

TABLE 9.5 Information on Different Systems of Biological Nitrogen Fixation®

Organisms Plants Site of
N-fixing systems involved involved fixation
Symbiotic
Obligatory
Legumes Bacteria Legumes Root nodules
(Rhizobium)
Nonlegumes Actinomycetes Nonlegumes Root nodules
(angiosperms) (Frankia) {angiosperms}
Associative
Morphological Blue-green algae, Various higher Leaf and root nodules,
involvement bacteria plants and lichens
microorganisms
Nonmorphological Blue-green algae, Various higher Rhizosphere
involvement bacteria plants and {root environment)
microorganisms Phyllosphere
(leaf environment)
Nonsymbiotic Blue-green algae, Not involved Soil, water
bacteria with plants independent of
plants

2 Modified from Burns and Hardy {1975).

9.13 Biological Nitrogen Fixation
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(a) (b)

FIGURE 9.6 Photos illustrating soybean nodules.
In (a) the nodules are seen on the roots of the
soybean plant, and a closeup (b) shows a few of
the nodules associated with the roots. A scanning
electron micrograph shows a single plant cell within
the nodule stuffed with the bacterium Rhizobium
Japonicum. [(c) courtesy of W. J. Brill, University
of Wisconsin.]
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9.14 Symbiotic Fixation with Legumes

Bacteria of the genus Rhizobium in association with legumes provide the major
biological source of fixed nitrogen in agricultural soils. These organisms invade
the root hairs and the cortical cells, ultimately inducing the formation of nodules
that serve as a home for the organisms (Figure 9.6). The host plant supplies
the bacteria with carbohydrates for energy, and the bacteria reciprocate by
supplying the plant with fixed nitrogen compounds. This living together or
symbiosis is mutually beneficial.

Organisms Involved. There is considerable specificity between Rhizobium
species and the host plants they will invade. A given Rhizobium species will
inoculate some legumes but not others. This specificity of interaction is the
basis for classifying rhizobia and their host plants into seven so-called cross-
inoculation groups (Table 9.6). Those legumes that can be inoculated by a
given Rhizobium species are included in the same cross-inoculation group.
Thus Rhizobium trifolii inoculates Trifolium species (most clovers), Rhizobium
phaseoli inoculates Phaseolus vulgaris (dry beans), and so on.

In areas where a given legume has been growing regularly, the appropriate
species of Rhizobium may well be present in the soil. All too often, however,
the natural Rhizobium population in the soil is too low, or the strain of the
Rhizobium species present is not effective in stimulating nodule formation
or in enhancing nitrogen fixation once the nodules have formed. It is necessary

TABLE 9.6 Cross-inoculation Groups of Legumes and Associated Rhizobia

Rhizobium

Group species Legume

Alfalfa R. meliloti Melilotus (certain clovers), Medicago {alfalfa),
Trigonella (fenugreek)

Clover R. trifolii Trifolium spp. (clovers)

Soybean R. japonicum Glycine max (soybeans)

Lupini R. lupini Lupinus (lupines), Ornithopus spp.
(serradella)

Bean R. phaseoli Phaseolus Vulgaris (dry bean)
Phaseolus Coccineus {runner bean)

Peas and vetch R. leguminosarum Pisum (peas), vicia (vetch
Lathyrus (sweet pea), Lens spp. (lentil)

Cowpea miscellany Various Vigna (cowpea), Lespedeza (lespedeza),

Archis (peanut), Stylosanthes {stylo),
Desmodium (desmodium), Cajanus (pigeon
pea), Crotolaria (crotalaria), Pueraria
{kudzu)
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TABLE 9.7 Average Yield of Soybeans as Af-
fected by the Application of different Strains of
Inoculant Containing Rhizobium japonicum
(1975-76)s

The inoculant was applied in the row on a soil
very low in organism numbers.

Inoculum Yield of
Inoculant population soybeans
strain (10" MPN/g)® (kg/ha)
No. 110 (single strain) 2.8 3565
No. 138 {single strain) 6.3 3468
Commercial® 2.3 3660
Control — 1139

* From Bezdicek et al. (1978).
b MPN = most probable number.
< Specific strain not known.

in such circumstances to apply special cultures of rhizobia either by coating
the legume seeds with the culture or by applying the inoculant directly to
the soil. Effective and competitive strains of rhizobia are available commer-
cially and are widely used. In situations where the natural rhizobia strains
are low in numbers or are ineffective, significant yield increases are obtained
from using inoculants (Table 9.7). In the United States most of the inoculant
sold is used for soybeans, although some is used for forage legumes.

Quantity of Nitrogen Fixed. The rate of biological fixation of nitrogen is greatly
dependent on soil and climatic conditions. The legume-rhizobia associations
generally function best on soils that are not too acid and that are well supplied
with phosphorus, potassium, and sulfur. Likewise, deficiencies of molybdenum,
boron, cobalt, and iron will limit fixation rates. In contrast, high levels of
available nitrogen, whether from the soil or added in fertilizers, tend to depress
biological nitrogen fixation (Figure 9.7). Apparently the system to provide com-
bined nitrogen tends to operate only when the nitrogen is needed by the plant.

From experiments around the world, it is possible to suggest typical levels
of nitrogen fixation, not only by legume-associated organisms but by other
mechanisms as well. Such levels are shown in Table 9.8. While these levels
would not pertain to any specific ecological condition, they do give an idea
as to the relative levels of fixation that occur. It is well to note that the legume
complexes fix large quantities of nitrogen, a fact of extreme importance today
and likely one of even greater importance in the future if energy costs for
commercial fertilizer continue to rise.
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FIGURE 9.7 Influence of added inorganic nitrogen on the total nitrogen in clover
plants, the proportion supplied by the fertilizer and that fixed by the rhizobium organisms
associated with the clover roots. Increasing the rate of nitrogen application decreased
the amount of nitrogen fixed by the organisms in this greenhouse experiment. [From
Walker et al. (1956).]

9.15 Fate of Nit ogen F'xed by egume Bacteria

The nitrogen fixed by the nodule organisms goes in four directions. First it is
used directly by the host plant, which thereby beneﬁtggr,eaﬂy_fmmMyﬂ-l
biosis describ ection 9.14. Second, as the nitrogen passes into the soi
itself, either by excretion or more probably by sloughing off of the roots and
especially of the nodules, some of it is mineralized and becomes available
almost immediately as ammonium or nitrate compounds. Because of the rela-
tively low carbon/nitrogen ratios of such residues (about 20:1) mineralization
takes place sufficiently rapid that some of the nitrogen is available to any
crop being grown in association with the legume. The vigorous development
of a grass in a legume-grass mixture is evidence of this rapid release (Figure

9.15 Fate of Nitrogen Fixed by Legume Bacteria 305



TABLE 9.8 Typical Levels of Nitrogen Fixation from Different Systems

Typical levels of
nitrogen fixation

Crop or plant Associated organism (kg/ha N per yr)
Symbiotic
Legumes (nodulated) Bacteria (Rhizobium)
Alfalfa (Medicago sativa) 150-250
Clover (Trifolium pratense L.) 100-150
Soybean (Glycine max L.) 50-150
Cowpea (Vigna unquiculata) 50-100
Lupine (Lupinus) 50-100
Vetch (Vicia vilbosa) 50-125
Bean (Phaseolus vulgaris) 30- 50
Nonlegumes (nodulated)
Alders (Alnus) Actinomycetes (Frankia) 50-150
Species of Gunnera Blue-green algae (Nostoc) 10- 20
Nonlegumes (nonnodulated)
Pangola grass (Degetaria decumbens) Bacteria (Azospirillum) 5- 30
Bahia grass (Paspalum notatum) Bacteria (Azotobacter) 5- 30
Azolla Blue-green algae (Anabaena) 150-300
Nonsymbiotic Bacteria (Azotobacter, 5- 20
Clostridium)
Blue-green algae (various) 10~ 50

9.8). Third, when a legume sod is turned under or when the legume is killed
by a herbicide in a no-till cropping system, the entire root system is subject
to breakdown. Some of the nitrogen is converted to ammonia and nitrate,
and is assimilated by succeeding crops grown in the rotation.

The fourth pathway for the fixed nitrogen is to be incorporated into the
bodies of the general-purpose decay organisms and finally into the soil organic
matter. This process of immobilization was discussed in Section 9.4.

9.16 Do Legumes Always Increase Soil Nitrogen?
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Because of their overall beneficial effect on crop production, one might assume
that the legume/rhizobia symbiosis would result in an increase in soil nitrogen.
It is true that the soil on which a legume has been grown will likely be higher
in nitrogen than if a nonlegume had been grown during the same period. How-
ever, even the legume may not increase the soil nitrogen since the legume
crop may utilize not only the nitrogen fixed by the rhizobia but additional
nitrogen from the soil as well. This is true especially in soils with relatively
high nitrogen contents. Crops such as beans and peas and even soybeans
and peanuts may leave the land depleted of nitrogen, since they support low
levels of fixation and in some cases their roots are removed in harvesting.
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FIGURE 9.8 Nitrogen content of five field cuttings of ryegrass grown alone or with
Ladino clover. For the first two harvests, nitrogen fixed by the clover was not available
to the ryegrass and the nitrogen content of the ryegrass forage was low. In subsequent
harvests, the fixed nitrogen apparently was available and was taken up by the ryegrass.
This was probably due to the mineralization of dead Ladino clover root tissue. [From
Broadbent et al. (1982).]

In general, however, the net draft of legumes on the soil nitrogen is less
than that of nonlegumes, and in some situations soil nitrogen is actually in-
creased through legume cropping. Consequently the use of legumes is encour-
aged in a rotation where the maintenance of nitrogen is important. Legumes
are usually so economical in their use of soil nitrogen that a high-protein crop
can be harvested with little or no draft on the soil nitrogen. Thus, they are
nitrogen savers. This is an important fertility axiom.

9.17 Symbiotic Fixation with Nodule-Forming
Nonlegumes

About 160 species from 13 genera of nonlegumes are known to develop nodules
and to accommodate symbiotic nitrogen fixation (Bond, 1977). Included is an
important group of angiosperms, listed in Table 9.9. The roots of these plants,

9.17 Symbiotic Fixation with Nodule-Forming Nonlegumes 307



TABLE 9.9 Number and Distribution of Major Actinomycete-Nodulated Nonlegume
Angiosperms®

In comparison there are about 13,000 legume species.

Species® Geographic
Genus Family nodulated distribution
Alnus Betulaceae 33/35 Cool regions of the northern
hemisphere
Ceanothus Rhamnaceae 31/35 North America
Myrica Myricaceae 26/35 Many tropical, subtropical
and temperate regions
Casuarina Casuarinaceae 24/25 Tropics and subtropics
Elaeagnus Elaeagnaceae 16/45 Asia, Europe, N. America
Coriaria Coriariaceae 13/15 Mediteranean to Japan, New

Zealand, Chile to Mexico

® Selected from Torrey (1978).
b Number of species nodulated/total number of species in genus.

which are present in some forested areas and wet lands, are inoculated by
soil actinomycetes of the genus Frankia. The actinomycetes invade the root
hairs and distinctive nodules form. The rates of nitrogen fixation per hectare
compare very favorably with those of the legume/rhizobia complexes (Table
9.8). On a worldwide basis the total nitrogen so fixed may even exceed that
due to legumes (Table 9.4). While the rates of cycling of the fixed nitrogen
may not be quite as high as those associated with agricultural crops, the total
quantity fixed places the actinomycete-induced fixation on a par with rhizobia
fixation.

Certain blue-green algae are known to develop nitrogen fixing symbiotic
relations with green plants. One involves nodule formation of the stems of
Gunnera, an angiosperm common in marshy areas of the southern hemisphere.
Algae of the genus Nostoc are involved and the rate of fixation is typically
10-20 Kg/ha of nitrogen per year (Table 9.8).

9.18 Symbiotic Nitrogen Fixation Without Nodules
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Recent studies have called attention to several significant nonlegume symbiotic
nitrogen fixing systems that do not involve nodules. Among the most significant
are those involving blue-green algae. One system of considerable practical
importance is the Azolla/Anabaena complex, which flourishes in certain rice
paddies of tropical and semitropical areas (Lumpkin and Plucknett, 1982). The
Anabaena blue-green algae inhabit cavities in the leaves of the floating fern
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Azolla and fix quantities of nitrogen comparable to these of the better rhizobia/
legume complexes (Table 9.8).

A more widespread but less intense nitrogen-fixing phenomena is that
which occurs in the rhizosphere or root environment of nonlegumes and espe-
cially grasses (Dobereiner, 1978). The organisms responsible are bacteria, espe-
cially those of the Spirillum and Azotabacter genera (Table 9.8). The organisms
use root exudates as sources of energy for their nitrogen-fixing activities. There
are differences of opinion as to the rates of fixation that occur in the rhizosphere.
Relatively high values have been observed in association with certain tropical
grasses, but rates of 5-30 kg/ha per year are thought to be more typical. Even
so, because of the vast areas of tropical grasslands, the total quantities of
nitrogen fixed by rhizosphere organisms is likely very high (Table 9.4).

9.19 Nonsymbiotic Nitrogen Fixation

There exist in soils and water certain free-living microorganisms that are able
to fix nitrogen. Since these organisms are not directly associated with higher
plants the transformation is referred to as nonsymbiotic or free-living.

Fixation by Heterotrophs. Several different groups of bacteria, and blue-green
algae, are able to_fix nitrogen nonsymbiotically. n upland mineral soils the
major fixation is brought about by species of two genera of heterotrophic aero-
bic bacteria: Azotobacter (in temperate zone soils) and Beijerinckia (in tropical
soils). Certain anaerobic bacteria of the genus Clostridium are also able to
fix nitrogen. Because of pockets of low oxygen supply in most soils even when
they are in the best of tilth, aerobic and anaerobic bacteria probably work
side by side in many agricultural soils. The amount of nitrogen fixed by these
heterotrophs varies greatly with the pH, soil nitrogen' level, and sources of
organic matter available to them for energy. Azotobacter species are sensitive
to soil pH, their activity dropping off at pH values less than 6.0. Clostridium
and Beijerenckia species are tolerant of wider pH levels. In any case, under
normal agricultural conditions the rates of nitrogen fixation by these organisms
are thought to be much lower than those associated with legumes, being.in
the range of 5-20 kg/ha per year (Table 9.8).

Among the autotrophs able to fix nitrogen are certain photosynthetic bacte-
ria and blue-green algae. (Havelka et al., 1982). In the presence of light these
organisms are able to fix their own CO; while simultaneously fixing nitrogen.
The contribution of the photosynthetic bacteria is uncertain but those of blue-
green algae are thought to be of some significance, especially in wetland areas
and in rice paddies. In some cases, these algae have been found to fix sufficient
nitrogen for moderate rice yields, but normal levels may be no more than
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20-30 kg/ha per year. Nitrogen fixation by blue-green algae in upland soils
also occurs but the level is much lower than is found under wetland conditions.

9.20 Addition of Nitrogen to Soil in Precipitation

310

The atmosphere contains ammonia and compounds released from the soil and
plants as well as from the combustion of coal and petroleum products. Nitrates
are there too in small quantities, probably resulting from electrical discharges
(lightning) in the atmosphere. These atmosphere-borne nitrogen compounds
are added to the soil through rain and snow. Although the rates of addition
per hectare are small, the total quantity of nitrogen added is not insignificant.

The amount of ammonia and nitrates in precipitation varies markedly
with location and with season. The additions are greater in the tropics than
in humid temperate regions and larger in the latter than under semiarid climates.
Rainfall additions of nitrogen are highest near cities and industrial areas and
near huge animal feedlots. In Table 9.10 will be found some of the more impor-
tant data regarding the amounts of nitrogen thus added to the soil in various
parts of the world. The figures are for the most part from temperate regions.

The ammonium nitrogen added to the soil in precipitation is generally
larger in amount than that in the nitrate form. The nitrate nitrogen is about
the same for most locations, but the ammonium form shows wide variations,
The range in total nitrogen added annually is 1-20 kg/ha. A figure of 5-8
kg/ha would be typical of that found in temperate regions. This annual acquisi-
tion of nitrogen in a readily available form to each hectare of land affords
some aid in the maintenance of soil fertility.

TABLE 9.10 Amounts of Nitrogen Brought Down in Precipitation Annually®

Years Ammoniacal nitrogen Nitrate nitrogen
of Rainfall
Location record (in.) kg/ha Ib/A kg/ha Ib/A
Harpenden,

England 28 28.8 2.96 2.64 1.49 1.33
Garford, England 3 269 7.20 6.43 2.16 1.93
Flahult, Sweden 1 32.5 3.72 3.32 1.46 1.30
Gréningen,

Holland — 27.6 5.08 4.54 1.64 1.46
Bloemfontein

and Durban,

South Africa 2 — 4.50 4.02 1.58 1.39
Ottawa, Canada 10 234 4.95 4,42 2.42 2.16
Ithaca, N.Y. 11 29.5 4.09 3.65 0.77 0.69

® From Lyon et al. (1952).
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9.21 Reactions of Nitrogen Fertilizers

Nitrogen applied in fertilizers undergoes the same kinds of reactions as does
nitrogen released by biochemical processes from plant residues. Most of the
fertilizer nitrogen will be present in one or more of three forms: (a) nitrate,
(b) ammonia, and (c) urea. The fate of each of these forms has already been
discussed briefly. Thus, urea nitrogen is subject to ammonification, nitrification,
and utilization by microbes and higher plants. Ammonium fertilizers can be
oxidized to nitrates, fixed by the soil solids, or they can be utilized without
change by higher plants or microorganisms. And nitrate salts can be lost by
volatilization or leaching or they can be absorbed by plants or microorganisms.

High Concentrations. One important fact should be remembered when dealing
with the reaction of fertilizer nitrogen. The added fertilizer salts will almost
invariably be localized and in higher concentrations than found in the bulk
of the soil. For this reason, the usual reactions are sometimes subject to modifi-
cation.

When anhydrous ammonia, ammonium-containing salts, or even urea is
added to highly alkaline soils, some nitrogen loss in the form of free ammonia
is likely. Also, under these conditions, the nitrification process is inhibited,
only the first step proceeding normally. Nitrates may thus accumulate until
much of the ammonium form has been oxidized. Only then will the second
step, that of nitrate formation, take place at normal rate.

The addition of large amounts of nitrate-containing fertilizers may affect
the processes of free fixation and gaseous nitrogen loss. In general, fixation
by free-living organisms is depressed by high levels of mineral nitrogen. Gase-
ous losses, on the other hand, are often encouraged by abundant nitrates.
Heavy nitrate fertilization would thus tend to increase losses of nitrogen from
the soil.

In most soil situations the effects of higher localized concentrations of
fertilizer materials on nitrogen transformations are not serious. Consequently,
it can be assumed that fertilizer nitrogen will be changed in soils in a manner
very similar to that of nitrogen released by biological transformations.

Soil Acidity. Ammonium-containing fertilizers and those that form ammonia
upon reacting in the soil have a tendency to increase soil acidity (see Section
18.11 for a more thorough discussion of this). The process of nitrification (see
the equations in Section 9.7) releases hydrogen ions that become adsorbed
on the soil colloids. For best crop_growth in humid regions, continued and
substantial use of acid-forming fertilizers must be accompanied by applications
of lime.

THe nitrate component of fertilizers does not increase soil acidity. In fact,
nitrate fertilizers containing cations in the molecule (for example, sodium ni-
trate) have a slight alkalizing effect.
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9.22 Practical Management of Soil Nitrogen

The problem of nitrogen control is twofold: (a) the maintenance of an adequate
nitrogen supply in the soil and (b) the regulation of the nitrogen turnover to
assure a ready availability to meet crop demands.

Nitrogen Balance Sheet. Major gains and losses of available soil nitrogen
are diagrammed in Figure 9.9. While the relative additions and losses by various
mechanisms will vary greatly from soil to soil, the principles illustrated in
the diagram are valid.

The major loss of nitrogen from most soils’is that removed in crop plants.
A good crop of wheat or cotton may remove only 100 kg/ha of nitrogen, nearly
half of which may be returned to the soil in the stalks or straw. A bumper
silage corn crop, in contrast, may contain over 250 kg/ha and a good yield
of alfalfa or of well-fertilized grass hay more than 300 kg/ha. It is obvious
that modern yield levels require nutrient inputs far in excess of those of a
generation ago.

Erosion, leaching, and volatilization losses are determined to a large degree
by water management practices. Their magnitudes are so dependent upon spe-
cific situations that generalizations are difficult. However, soil and crop man-
agement practices which give optimum crop yields will likely hold these sources
of nitrogen loss to a satisfactory minimum.

Meeting the Deficit. In practice, nitrogen deficits are met from four sources—
crop residues, farm manure, legumes, and commercial fertilizers. On dairy farms
and beef ranches, much of the deficit will be met by the first three methods,
fertilizers being used as a supplementary source. On most other types of farms,
however, fertilizers will play a major role. Where vegetables and other cash

FIGURE 9.9 Major gains and losses Nitrogen fixation Commercial fertilizer
of available soil nitrogen. The widths — — —
of the arrows indicate roughly the Symbiotic  Nonsymbiotic

magnitude of the losses and the
addition often encountered. It should

be emphasized that the diagram C"H’a;'isrigs”es
represents average conditions only )
and that much variability is to be PR, Rain
expected in the actual and relative Soil organic eme——m!  soil nitrogen — Atmosphere
quantities of nitrogen involved. matter Volatilization
Crop removal Leaching losses  Erosion losses
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crops with high nutrient requirements are grown, the nitrogen deficit will be
met almost entirely with commercial fertilizers. Even with the general field
crops, modern yield levels can be maintained only through the extensive use
of fertilizers.

Turnover Regulations. By all odds, the more difficult of the two general prob-
lems of nitrogen control is the regulation of this element after it enters the
soil. Availability at the proper time and in suitable amounts, with a minimum
of loss, is the ideal. Even where commercial fertilizers are used to supply
much of the nitrogen, maintaining an adequate but not excessive quantity of
available nitrogen is not an easy task.

Soils under any given climate tend to assume what may be called a normal
or equilibrium content of nitrogen. Thus, under ordinary methods of cropping
and manuring, any attempt to raise the nitrogen content to a point materially
higher than this normal will be attended by unnecessary waste due to drainage
and other losses. At the same time, the nitrogen should be kept suitably active
by the use of legumes and other organic materials with a low C/N ratio and
by the applications of lime and commercial fertilizers.

This is essentially the recommendation already made for soil organic mat-
ter (Section 8.18), and it is known to be both economical and effective. In
short, the practical problem is to supply adequate nitrogen to the soil, to keep
it mobile, and to protect it from excessive losses caused by leaching, volatiliza-
tion, and erosion.

9.23 Importance of Sulfur

Sulfur has long been recognized as essential for plant and animal growth.
Although much is yet to be learned about the functions of this element, it is
already known to be indispensable for many reactions in every living cell.
Sulfur is a constituent of the amino acids methionine, cysteine, and cystine,
deficiencies of which result in serious human malnutrition. The vitamins biotin,
thiamine, and B, contain sulfur, and the structure of proteins is determined
to a considerable extent by sulfur groups. The properties of certain protein
enzymes, such as those concerned with photosynthesis and nitrogen fixation,
are thought to be attributable to the type of sulfur linkages present. As with
the other essential elements, sulfur plays a unique role in plant and animal
metabolism.

Plants that are sulfur deficient are characteristically small and spindly.
The younger leaves are light green to yellowish, and in the case of legumes
nodulation of the roots is reduced. Protein quality, especially methionine con-
tent, suffers in sulfur-deficient plants. The maturity of fruits and seeds is delayed
in the absence of adequate sulfur.
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Deficiencies of Sulfur. It is only in recent years that deficiencies of sulfur
have become common. Since it was first manufactured in 1840, sulfur-bearing
superphosphate has helped meet the needs for this element. Likewise, ammo-
nium sulfate, long a significant constituent of fertilizers, has been an important
sulfur source. Atmospheric sulfur dioxide, a by-product of the combustion of
sulfur-rich coals and residual fuel oils, has supplied large quantities o s
element to both plants and soils. Thus, by seemingly incidental means fle
sulfur needs of crops in the past have been largely satisfied, especially in
areas near industrial centers (Table 9.11).

In recent years, increased demand for high-analysis fertilizers has forced
manufacturers to use alternatives to superphosphate and ammonium sulfate.
Ammonium sulfate supplied 31% of the world’s nitrogen in 1960, but only 8%
in 1980; superphosphate as the world’s source of phosphorus declined from
55% in 1960 to 20% in 1980 (IFDC, 1979). As a result, many sulfur-free fertilizers
are on the market, and the average sulfur content of fertilizers has decreased.
Even sulfur-containing pesticides, so commonly used a few years ago, have
been largely replaced by organic materials free of sulfur.

The replacement of wood and coal for domestic heating by natural gas,
electricity, and low-sulfur fuel oil has affected the amount and distribution
of sulfur dioxide in the atmosphere. Intensified efforts in the United States
to reduce air pollution in and around cities and industrial areas will likely
further reduce the quantity of sulfur in the atmosphere. The recognition that
clean air is a primary goal will necessitate finding alternative means of supply-
ing sulfur for plant growth.

Coupled with these reductions in the supply of sulfur to soils and plants
is the greater removal of this element in harvested crops. Yields have increased
markedly during the past 20-25 years, and much of the sulfur removed in
crops has not been returned. The quantity of sulfur thus removed is about
the same as that of phosphorus. It is not surprising, therefore, that increased
attention is being given to sulfur.

TABLE 9.11 Sulfur Collected in Precipitation at Rural, Urban and Industrial
Locations in Southern and Midwestern United States®

Sulfur collected (kg/ha per year)

No. of
State Year locations Rural Urban Industrial
Iowa 1971-73 6 16.0 16.8 _—
South Carolina 1973-75 15 8.2 11.3 11.2
Wisconsin 1969-71 20 16.0 42.0 168.0
Tennessee 1973-76 5 — — 18.1

* Data from several sources cited by Jones and Suarez (1980).
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Areas of Deficiency. Sulfur deficiencies are widespread throughout the world,
but are more prevalent in areas where soil parent materials are low in sulfur,
where extreme weathering and leaching has removed this element, or where
there is little replenishment of sulfur from the atmosphere. In many tropical
countries one or more of these conditions prevail and sulfur-deficient areas
are common (IFDC, 1879). In the United States, deficiencies of sulfur are most
common in the southeast, the northwest, California, and the Great Plains. In
the northeast and in other areas with heavy industry and large cities, sulfur
deficiencies do not seem to be widespread (Figure 9.10).

Crops vary in their sulfur requirements. Legume crops such as alfalfa,
the clovers, and soybeans have high sulfur requirements as do cotton, sorghum,
sugar beets, cabbage, turnips, and onions. Forests and grasses and cereals
generally have lower sulfur requirements, although wheat in the northwestern
states is often quite responsive to sulfur applications.

9.24 Natural Sources of Sulfur

There are three major natural sources from which plants can be supplied with
available sulfur: (a) soil minerals, (b) sulfur gases in the atmosphere, and (c)
orcanically bound sulfur. These will be considered in order.

Soil Minerals. There are several soil minerals in which sulfur is combined
and from which it may be released for growing plants. For example, sulfides
of iron, nickel, and copper are found in many soils, especially those with re-
stricted drainage. They are quite abundant in soils of tidal marsh areas. Upon
oxidation, the sulfides are changed to sulfates, which are quickly available
for plant use.

In regions of low rainfall, sulfate minerals are common in soils. Accumula-
tions of gypsum in the lower horizons of Mollisols and Aridisols (see Figure
13.10) are examples. Accumulations of soluble salts, including sulfates in the
surface layers, are characteristic of saline soils (see Figure 6.14) of arid and
semiarid regions. When the soils are dry, the salt accumulations are visible.

The accumulation of sulfates in subsoils is not limited to areas of low
rainfall. For example, in the southeast, higher sulfate contents are often found
in the subsoils than in the topsoils. Apparently, the sulfates are absorbed by
the acid iron and aluminum oxide and kaolinitic clays that are usually present
in larger quantities in the subsoil.

Atmospheric Sulfur? The combustion of fuels, especially coal, releases sulfur

dioxide and other sulfur compounds into the atmosphere. In fact, the content
of sulfur in the air is generally directly related to the distance from industrial

3For a discussion of this topic see Terman (1978).
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FIGURE 9.10 Locations throughout the world where sulfur deficiencies have been
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centers (Figure 9.11). Except near seashores, where salt spray adds sulfur in
significant quantities, and near marshes, which are sources of hydrogen sulfide,
the combustion of coal is the most significant source of atmospheric sulfur.

Atmospheric sulfur becomes part of the soil-plant system in three ways.
Some of it is absorbed directly from the atmosphere by growing plants. A
considerable quantity is absorbed directly by the soil from the atmosphere,
and a similar amount is added with precipitation.

The quantity of sulfur absorbed directly by plants from the atmosphere
will vary with atmospheric and soil conditions. Experiments have shown that
even plants supplied with adequate soil sulfate can absorb 25-35% of their
sulfur from the atmosphere. If the soil sulfur is low and the atmospheric sulfur
high, about half of the plant sulfur can come from the atmosphere.

Data presented graphically in Figure 9.11 show a comparison of direct
soil absorption of sulfur and the addition of this element in precipitation. At
least in this instance, the quantity directly absorbed from the soil was some-
what greater than that from the precipitation.

Average sulfur content of air (ug/m? air)

78 45 43 23 11
! ! I

D Sulfur added directly from air during 6 yr period

D Sulfur added with precipitation during 6 yr period

Sulfur (g/pot)

0 ] 1 1

1 2 4 6 8
Distance from plant (km)

FIGURE 9.11 Sulfur added to soils as affected by distance from an oil-burning
industrial plant in Sweden. Note the rapid dropoff in sulfur added directly from the
air. [From O. Johannson (1960).]
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The quantity of sulfur added in precipitation or absorbed directly varies
according to the content of this element in the atmosphere. Samplings for sulfur
in precipitation show variations in annual accretions from less than 1 to nearly
100 kg/ha (Coleman, 1968). Data in Table 9.11 indicate levels found in several
locations in the United States.

It is not surprising that soils absorb atmospheric sulfur directly or that
this element moves in through rain and snow. The sulfur dioxide forms sulfurous
acid (H.SO;) when in contact with water or with water vapor. Any sulfur
trioxide present would form sulfuric acid by the same process. These strong
acids are readily absorbed by soils.

Recent environmental concerns about high sulfur levels in the atmosphere
are of great practical significance to agriculture. On the one hand efforts to
reduce atmospheric sulfur are welcomed in areas near industrial plants, where
toxic effects of high sulfur levels on vegetation are noted. But in much wider
areas drastic reductions in atmospheric sulfur would result in deficiencies of
this element for optimum crop growth. In these cases the sulfur deficiency
would need to be met by increasing the sulfur content of fertilizers, thereby
increasing crop production costs. These matters are discussed further in Chap-
ter 21.

Organic Bound Sulfur. In most humid region surface soils, about half the
sulfur is in the organic form, although the proportion would be much lower
in the subsoil. Just as is the case with nitrogen, however, all too little is known
of the specific organic sulfur compounds present. The sulfur added in plant
residues is mostly in the form of proteins, which are normally subject to rather
ready microbial attack. In some manner, the sulfur (along with the nitrogen)
is stabilized during humus formation. In this stable form or forms, it is protected
from rapid release and thus cannot be lost or taken up by higher plants. The
similarity between the general behavior of organic nitrogen and sulfur fractions
is unique.

Although the specific sulfur compounds associated with soil organic matter
are not known, the presence of some forms is strongly suspected. For example,
sulfur-containing amino acids—cystine, cysteine, and methionine—and other
compounds with direct C—S linkages are thought to be present, as are organic
sulfates.

Forms of Sulfur. This discussion has identified three major forms of sulfur
in soils and fertilizers: sulfides, sulfates, and organic forms. To these must
be added the fourth important form, elemental sulfur, the starting point of
most of the manmade chemical sulfur compounds. The following sections will
show relationships among these forms.
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9.25 The Sulfur Cycle

The major transformations that sulfur undergoes in soils are shown in Figure
9.12. The inner circle shows the relationships among the four major forms of
this element in soils and in fertilizers. The outer portions show the most impor-
tant sources of sulfur and how this element is lost from the system.

Some similarity between the sulfur and nitrogen cycles is evident (compare
Figure 9.1). In each case, the atmosphere is an important source of the element
in question. Each is held largely in the organic fraction of the soil and each
is dependent to a considerable extent upon microbial action for its various
transformations.

Figure 9.12 should be referred to frequently as a more detailed examination
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FIGURE 8.12 The sulfur cycle, showing some of the transformations that occur as
this element changes form in soils, plants, and animals. It is well to keep in mind

that, except for certain soils in arid areas, the great bulk of the sulfur is in the form
of organic compounds.
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is made of sulfur in plants and soils, beginning with the behavior of this element
in soils.

9.26 Behavior of Sulfur Compounds in Soils

320

Mineralization. It is not surprising that sulfur behaves much like nitrogen
as it is absorbed by plants and microorganisms and moves through the sulfur
cycle. The organic forms of sulfur must be mineralized by soil organisms if
the sulfur is to be used by plants. The rate at which this occurs is dependent
upon the same environmental factors as affect nitrogen mineralization, includ-
ing moisture, aeration, temperature, and pH. When conditions are proper for
general microbial activity, sulfur mineralization occurs. The mineralization re-
action might be expressed as follows.

Organic sulfur — Decay products — Sulfates

Proteins and HaS and other
other organic sulfides are
combinations simple examples

Immobilization. Immobilization of inorganic forms of sulfur occurs when low-
sulfur, energy-rich organic materials are added to soils not plentifully supplied
with inorganic sulfur. The mechanism is thought to be the same as for nitrogen.
The energy-rich material stimulates microbial growth and the inorganic sulfur
is synthesized into microbial tissue. Only when the microbial activity subsides
does the inorganic sulfate form again appear in the soil solution.

These facts suggest that, like nitrogen, sulfur in soil organic matter may
be associated with organic carbon in a reasonably constant ratio. The ratio
among carbon, nitrogen, and sulfur for a number of soils on three different
continents is given in Table 9.12. A ratio of 130:10:1.3 is reasonably representa-

TABLE 9.12 Mean Carbon/Nitrogen/Sulfur Ratios in a Variety
of Soils Throughout the Worlde

Description

Location and number of soils C/N/S ratio
North Scotland Agricultural, noncalcareous (40) 147:10:1.4

Minnesota Mollisols (8) 114:10:1.55
Minnesota Spodosols (24) 132:10:1.22
Oregon Agricultural, varied (16) 145:10:1.01
Eastern Australia Acid soils (128) 152:10:1.21
Eastern Australia Alkaline soils (27) 140:10:1.52

® From Whitehead (1964).
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tive. Undoubtedly, there is a definite relationship among the contents of these
elements, a relationship that is in accord with their behavior in soils.

9.27 Sulfur Oxidation and Reduction

During the microbial decomposition of organic sulfur compounds, sulfides are
formed along with other incompletely oxidized substances such as elemental
sulfur, thiosulfates, and polythionates. These reduced substances are subject
to oxidation, just as are the ammonium compounds formed when nitrogenous
materials are decomposed. The oxidation reactions may be illustrated with
hydrogen sulfide and elemental sulfur.

st +20;, — H2804 — 2H* + 3042-
28 +30; + 2H,0O — 2H.SO, — 4H* + 2502

The oxidation of some sulfur compounds, such as sulfites (SOs*7) and
sulfides (S2-), can occur by strict chemical reactions. However, most of the
sulfur oxidation occurring in soils is thought to be biochemical in nature. It
is accomplished by a number of autotrophic bacteria including those of the
genus Thiobacillus, five species of which have been characterized. Since the
environmental requirement and tolerances of these five species vary consider-
ably, the process of sulfur oxidation occurs over a wide range of soil conditions.
For example, it occurs at pH values ranging from less than 2 to higher than
9. This is in contrast to the comparable nitrogen oxidation process, nitrification,
where a rather narrow pH range near neutral is required.

Like nitrates, sulfates tend to be unstable in anaerobic environments. They
are reduced to sulfides by a number of bacteria of two genera, Desulfovibro
(five species) and Desulfotomaculum (three species). The organisms use the
combined oxygen in sulfate to oxidize organic materials. A representative reac-
tion is

2 R—CH,OH + SO — 2R—COOH + 2H,0 + 8%
Organic alcohol Sulfate Organic acid Sulfide

In poorly drained soils, the sulfide ion would likely react immediately
with iron, which in anaerobic conditions would be present in the ferrous form.
This reaction might be expressed as follows.

Fe?t + §2~ — FeS
Iron
sulfide

Sulfur reduction takes place with compounds other than sulfates. For example,

sulfites (SO;2"), thiosulfates (S20s27), and elemental sulfur (S) are rather easily
reduced to the sulfide form by bacteria and other organisms.
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The oxidation and reduction of inorganic sulfur compounds are of great
importance to growing plants. In the first place, these reactions determine to
a considerable extent the quantity of sulfate present in soils at any one time.
Since this is the form taken up by plants, the nutrient significance of sulfur
oxidation and reduction is obvious. Second, the state of sulfur oxidation deter-
mines to a marked degree the acidity of a soil, a fact that will be considered
further below.

Sulfur Oxidation and Acidity. Sulfur oxidation is an acidifying process. The
preceding reactions of hydrogen sulfide and elemental sulfur illustrate this
point. For every sulfur atom oxidized, two hydrogen ions result. This effect
is utilized by adding sulfur to reduce the extreme alkalinity of certain alkali
soils of arid regions and to rediice ilie pH of certain soils for the control of
diseases such as potato scab (see Figure 7.11). It is also taken into consideration
when making the cloice of fertilizer, since some materials such as sulfur-coated
urea are acid forming.

The acidifying effect of sulfur oxidation can bring about extremely acid
soil conditions. For example, this has been known to occur when land is drained
after it has been submerged for some time under brackish water or seawater.
During the submerged period, sulfates in the water are reduced to sulfides,
in which form they are stabilized generally as iron sulfides (Bloomfield and
Coulter, 1973). Since there is a continuous supply of sulfates under these condi-
tions, high levels of sulfides are built up. If there are periods of partial drying,
elemental sulfur can form by partial oxidation of the sulfides. The sulfide and
elemental sulfur content are hundreds of times higher than would be found
in comparable upland soils.

When these areas are drained, the sulfides and/or elemental sulfur are
quickly oxidized, forming sulfuric acid. The soil pH may drop to as low as
1.5, a level unknown in normal upland soils. Obviously plant growth cannot
occur under these conditions. Furthermore, the quantity of limestone needed
to neutralize the acidity is so high as to make this remedy completely uneconom-
ical.

Sizeable areas of these kinds of soils, called acid sulfate soils or cat-clays,
are found.in southeast Asia and along the Atlantic coasts of South America an
Africa. They also occur in tideland areas along the coasts of several other areas,
including the southeastern part and the West Coast of the United States. So long
as these soils are kept submerged, the soil reaction does not drop prohibitively.
Consequently, production of paddy rice is sometimes possible under these
conditions.

Another potentially harmful effect of acid production by sulfur is the devel-
opment of acidity in fog or rain containing oxides of sulfur (Likens et al.,
[1979]). The sulfuric acid resulting from reactions of these oxides with water
can lower the pH of the precipitation to 4 or below, creating problems for
plants as well as people (Section 20.13). Fortunately, steps are being taken
to reduce excess sulfur in the atmosphere.
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9.28 Sulfate Retention and Exchange

Sulfate is the form in which plants absorb most of their sulfur from soils.
Since this ion is quite soluble, it would be readily leached from the soil espe-
cially in humid regions, were it not for its adsorption by the soil colloids. As
was pointed out in Chapter 4, most soils have some anion exchange capacity,
which is associated with iron and aluminum oxide clays and to a limited
extent with 1:1-type silicate clays. The sulfate is attracted by the positive
charges that characterize acid soils containing these clays. It also reacts directly
with hydroxyl groups associated with these clays. A general equation indicates
how this may occur.
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This reaction takes place in acid soils. If the soil pH were increased and
hydroxyl ions were added, the reaction would be driven to the left and sulfate
would be released. Thus this is an ion exchange reaction, the hydroxyl being
exchanged for an KSO,~ anion.

Most soils will retain some sulfate, although the quantity held is generally
small and its strength of retention is low compared to that of phosphate. Sulfate
retention is generally higher in the subsoil than the topsoil, since iron and
aluminum oxides are more prominent in subsoils. Soils of the southeast part
of the United States tend to be higher in sulfate adsorption than elsewhere
in the country because of their higher content of iron and aluminum oxides
and 1:1-type silicate clays, especially in the subsoils.

Sulfur adsorption and exchange by soils is important since they can provide
a ready supply of available sulfur for plants. Sulfur retention is also of some
significance, since it helps the soil hold an otherwise mobile element that
could easily be lost by leaching.

9.29 Sulfur and Soil Fertility Maintenance

In Figure 9.13 are depicted the major gains and losses of sulfur from soils.
The problem of maintaining adequate quantities of sulfur for minerals is becom-
ing increasingly important. Although this element is added to soils through
adsorption from the atmosphere and as an incidental component of many ferti-
lizers, each of these sources are apt to decline in the future. Even though
chances for widespread sulfur deficiencies are generally less than for the three
“fertilizer” elements, higher crop removal of sulfur makes it essential that farm-
ers be on guard to prevent deficiencies of this element.
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Situations where crops respond to sulfur applications are becoming more
and more common. Less “incidental” fertilizer sulfur is being added in some
areas, and additions of this element from the atmosphere will like y continue
to decrease as air-pollutioi-abafement efforts are acceleraied. Furthermore,
steadily increasing crop yields are removing proportionately larger quantities
of this and other elements. Although crop -rimues and farmyard manures
can help replenish the sulfur removed, greater and greater dependence must
be placed on fertilizer additions. Regular sulfur applications are necessary
now for good crop yields in large areas far removed from industrial plants.
There will certainly be an increased necessity for and use of sulfur in the
future.

REFERENCES

ASBA. 1980. Nitrification Inhibitors—Potentials and Limitations, ASA Special
Publication No. 38 (Madison, WI: Amer. Soc. of Agron., Soil Sci. Soc.
Amer.).

Bezdicek, D. F., D. W. Evans, A. Abede, and R. E. Witters. 1978. “Evaluation
of peat and granular inoculum for soybean yield and N fixation under
irrigation,” Agron. J., 70:865-868.

Bloomlfield, C., and J. K. Coulter. 1873. “Genesis and management of acid sulfate
soils,” Adv. in Agron., 25:265-326.

Bond, G. 1977. “Some reflections on Alnus-type root nodules,” in W. Newton,
J. R. Postgate, and C. Rodriguez-Barrueco (Eds.), Recent Developments
in Nitrogen Fixation (New York: Academic Press).

Broadbent, F. E., T. Nakashima, and G. Y. Chang. 1982. “Estimation of nitrogen
fixation by isotope dilution in field and greenhouse experiments,” Agron.
J., 74:625-628.

324 9 Nitrogen and Sulfur Economy of Soils



Burns, R. C., and R. W. F. Hardy. 1975. Nitrogen Fixation in Bacteria and
Higher Plants (Berlin: Springer-Verlag).

Cady, F. B,, and W. V. Bartholomew. 1960. “Sequential products of anaerobic
denitrification in Norfolk soil material,’ Soil Sci. Soc. Amer. Proc., 24:477- 82.

Coleman, R. 1966. “The importance of sulfur as a plant nutrient in world crop
production,” Soil Sci., 101:230-39.

Dalal, R. C. 1977. “Fixed ammonium and carbon-nitrogen ratios of some Trini-
dad soils,” Soil Sci., 124:323-327.

Dobereiner, J. 1978. “Potential for nitrogen fixation in tropical legumes and
grasses,” in |. Dobereiner, R. H. Burris, and A. Hollaender (Eds.), Limita-
tions and Potentials for Biological Nitrogen Fixation in the Tropics (New
York: Plenum Press).

Hauck, R. D. 1980. “Mode of action of nitrification inhibitors,” in Nitrification
Inhibitors—Potentials and Limitations, ASA Publication No. 38 (Madison,
WI: Amer. Soc. of Agron., Soil Sci. Soc. Amer.), pp. 19-32.

Havelka, U. D., M. G. Boyle, and R. W. F. Hardy. 1982. “Biological nitrogen
fixation,” in F. |. Stevenson (Ed.), Nitrogen in Agricultural Soils, Agronomy
Series No. 22 (Madison, WI: Amer. Soc. of Agron., Crop Sci. Soc. Amer.,
Soil Sci. Soc. Amer.), pp. 365-422.

Hughes, H.A. 1980. Conservation Farming (Moline, IL: Deere & Company).

IFDC. 1979. Sulfur in the Tropics (Muscle Shoals, AL: International Fertilizer
Development Institute).

Johannson, O. 1960. “On sulfur problems in Swedish agriculture,” Kgl. Lanabr.
Ann., 25:57-169.

Jones, U. S., and E. L. Suarez. 1980. “Impact of atmospheric sulfur deposition
on agro-ecosystems,” in D. S. Shriner et al. (Eds.) Atmospheric Sulfur Depo-
sition (Ann Arbor, MI: Ann Arbor Science Publishers, Inc.).

Likens, G. E., R. F. Wright, ]. N. Galloway, and T. ]. Butler. 1979. “Acid rain,”
Sci. Amer., 241:43-51.

Lumpkin, T. A., and O. L. Plucknett. 1982. Azolla as a Green Manure: Use
and Management in Crop Production (Boulder, CO: Westview Press).
Lyon, T. L., H. O. Buchman, and N. C. Brady. 1952. The Nature and Properties

of Soils, 5th ed. (New York: Macmillan), p. 467.

Nelson, D. W., and D. M. Huber. 1980. ““Performance of nitrification inhibitors
in the midwest (east),” ch. 6 in Nitrification Inhibitors—Potentials and
Limitations, ASA Special Publication No. 38 (Madison, WI: Amer. Soc.
Agron., Soil Sci. Soc. Amer.).

Nommik, N., and K. Vahtras. 1982. “Retention and fixation of ammonium and
ammonia in soils,” ch. 4 in F. ]. Stevenson (Ed.), Nitrogen in Agricultural
Soils, Agronomy Series No. 22 (Madison, WI: Amer. Soc. of Agron., Crop
Sci. Soc. Amer., Soil Sci. Soc. Amer.).

Patrick, W. H. Jr., and K. R. Reddy. 1977. “Fertilizer nitrogen reactions in flooded
soils,” in SEFMIA, Proceedings of the International Seminar on Soil Envi-
ronment and Fertility Management in Intensive Agriculture (Tokyo: The
Society of the Science of Soil and Manure), pp. 275-281.

References 325



Stevenson, F. J. (Ed.). 1982. Nitrogen in Agricultural Soils, Agronomy Series
No. 22 (Madison, WI: Amer. Soc. Agron., Crop Sci. Soc. Amer., Soil Sci.
Soc. Amer).

Terman, G. L. 1978. “Atmospheric sulphur—the agronomic aspects,” Tech. Bull,
23 (Washington, DC: The Sulphur Institute).

Torrey, ]. G. 1978. “Nitrogen fixation by actinomycete-induced angiosperms,”
BioScience, 28:586-592.

Walker, T. W,, et al. 1956. “Fate of labeled nitrate and ammonium nitrogen

when applied to grass and clover grown separately and together,” Soil
Sci., 81:339-52.

Whitehead, D. C. 1964. “Soil and plant-nutrition aspects of the sulfur cycle,”
Soils and Fertilizers, 27:1-8.

326 9 Nitrogen and Sulfur Economy of Soils



Supply and Availability
of Phosphorus
and Potassium




[Preceding page] Ample supplies of phosphorus and potassium are essential for good
crop yields. The response to additions of fertilizers containing these elements (expressed
as P,O5 and K;O) is obvious in this photograph. [Courtesy Walt Wallingford and Crops
and Soils Magazine]

10.1
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Next to nitrogen, the most critical elements in influencing plant growth and
production throughout the world are phosphorus and potassium, Unlike nitro-
gen, however, these elements are not supplied through biochemical fixation,
but must come from other sources to meet plant requirements. Included among
these sources are (a) commercial fertilizer; (b) animal manures; (c) plant resi-
dues, including green manures; (d) human, industrial, and domestic wastes;
and (e) native compounds of these elements, both organic and inorganic, al-
ready present in the soil. Since the first four sources are to be considered in
later chapters, attention now will be focused on the ways and means of utilizing
the body of soil as a source of these mineral elements.

Importance of Phosphorus!

With the possible exception of nitrogen, no other element is as critical in
practical agriculture as is phosphorus. It is a component of the two compounds
involved in the most significant energy transformations in plants, adenosine
diphogphate (ADP) and adenosine triphosphate (ATP). ATP, synthesized from
ADP through both respiration and photosynthesis, contains a high-energy phos-
phate group that drives most biochemical processes requiring energy. For exam-
ple, the uptake of some nutrients (see Figure 1.15) and their transport within
the plant, as well as the synthesis of different molecules, are energy-using
processes that ATP helps to implement.

Phosphorus is an essential component of deoxyribonucleic acid (DNA),
the seat of genetic inheritance in plants as well as animals, and of the various
forms of ribonucleic acid (RNA) needed for protein synthesis. Obviously, phos-
phorus is essential for numerous metabolic synthesis processes.

It is difficult to state in detail all the beneficial effects of phosphorus on
plants. Among the more significant ones are

1. Cell division and fat and albumin formation.
2. Flowering and fruiting, including seed formation.

3. Crop maturation, in which phosphorus counteracts the effects of excess
nitrogen applications.

4. Root development, particularly of the lateral and fibrous rootlets.

5. Strength of straw in cereal crops, thus helping to prevent lodging.

6. Improvement of crop quality, especially of forages and of vegetables.

! For a review of the significance of this element see ISMA (1977).
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10.2 The Phospho s Cycle

The biological cycling of phosphorus from the soil to higher plants and return
is illustrated in Figure 10.1. Note that the plant roots absorb inorganic and
to a lesser extent organic phosphorus compounds and translocate them to
above ground plant parts. The phosphorus in the plants is returned to the
soil either in crop residues or in human and animal wastes. Microorganisms

Chemical
fertilizers
Crop residues
Animal manures
MICROBIAL TISSUE
AVAILABLEP
Inorganic INORGANIC POOL ORGANIC POOL
and organic Adsorbed and fixed Inositol, etc.,
Fe, Al, Ca, and clay and humus

FIGURE 10.1 The phosphorus cycle in and above the soil surface. Crop residues,
human wastes, animal manures, and chemical fertilizers are the primary sources of
phosphorus. Two major pools of phosphorus are present in the soil: (a) an organic
pool found in humus and plant and microbial residues and (b) an inorganic pool of
insoluble Ca, Fe, and A compounds. In a representative mineral soil 40-80% of the
phosphorus would be found in each of the organic and inorganic pools with about 1~
2% in the microbial form and perhaps 0.01% in the available form.
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decompose the residues and temporarily tie up at least part of the phosphorus
in their body tissue. Ultimately it is released to become part of either the
inorganic or the organic pool of this element in the soil. In either form the
phosphorus is very slowly converted to the available forms that plant roots
can absorb, thereby starting a repeat of the cycle.

In most soils, the amount of phosphorus in the available form at any one
time is very low, seldom exceeding about 0.01% of the total phosphorus in
the soil. It is for this reason that available phosphorus levels must be
supplemented on most soils by adding chemical fertilizers. Unfortunately, much
of the phosphorus thus supplied is converted to the less available inorganic
pool, in which form it is released very slowly and is usable by plants only
over a period of years. The problem of maintaining phosphorus in an available
form will receive our attention next.

10.3 The Phosphorus Problem

330

While the phosphorus content of an average mineral soil compares favorably
with that of nitrogen, it is much lower than potassium, calcium, or magnesium
(see Table 1.3). Of even greater importance, however, is the fact that most
of the phosphorus present in soils is not readily available to plants. Also,
when soluble fertilizer salts of this element are supplied to soils their phospho-
rus is often fixed? or rendered insoluble or unavailable to higher plants, even
under the most ideal field conditions (see Section 10.7).

Fertilizer practices in many areas exemplify the problem of phosphorus
availability. Large quantities of phosphate fertilizers are applied to soils. The
removal of phosphorus from soils by crops, however, is low compared to that
of nitrogen and potassium, often being only one third or one fourth that of
the latter elements. The necessity for high fertilizer dosage when relatively
small quantities of phosphorus are being removed from soils indicates that
much of the added phosphates becomes unavailable to growing plants. It also
suggests some soil phosphorus accumulation.

In the United States, phosphorus added in fertilizers in the past 20 years
has generally exceeded that removed by crops (Figure 10.2). In some areas,
notably the eastern seaboard states, additions of phosphorus have greatly ex-
ceeded the removal of this element by crops. Since phosphorus is only sparingly
removed by leaching, this utilization of phosphate fertilizers is obviously ineffi-
cient. Research has quantified this inefficiency by showing that less than 15%
of fertilizer-applied phosphorus is normally taken up by.the crop during the
year the fertilizer was applied.

Briefly, then, the overall phosphorus problem is threefold: (a) a compara-

?Note that the term fixed has a different meaning for phosphorus and potassium than for
nitrogen. Nitrogen fixation refers to the conversion of N, gas to combined forms that plants can
utilize. Phosphorus and potassium fixation refers to the conversion of soluble. forms of these
elements to insoluble forms unavailable to plants.
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FIGURE 10.2 Estimates of fertilizer phosphorus applied in the United States from
1965 to 1982 compared to the removal of this element by crops. {From Douglas (1962).]

i e low eloftotal hos horus in soils, (b) ailability of this native
hosphorus, and (c) ed atio of added soluble phosphates. Since
crop removal of phosphorus is relatively low and ld hosphate supplies
are huge, the problem of supplying sufficient total phosphorus is a matter of
economics and distribution. Increasing the availability of native soil phospho-
rus and retarding the fixation or reversion of added phosphates are, therefore,
the problems of greatest scientific importance. These two phases will be dis-
cussed following a brief review of the phosphorus compounds present in soils.

10.4 Phosphorus Comp un s in Soils?

Both inorganic and organic forms of phosphorus occur in soils and both are
important to plants as sources of this element. The relative amounts in the
two forms vary greatly from soil to soil but it is not at all uncommon for
more than half the phosphorus to be in the organic form. Data in Table 10.1
give some idea of their relative proportions in mineral soils. The organic fraction

3For a review of soil phosphorus, see Larsen (1967).
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TABLE 10.1 Total Phosphorus Content of Soils from Different Areas and
the Percentage of Total Phosphorus in the Organic Form®

=~

Number of Total P Organic

Soils samples (ppm) fraction (%)
Western Oregon soils

Hill soils 4 357 66

Old valley-filling soils 4 1479 30

Recent valley soils 3 648 26
Iowa soils

Mollisols 2 613 42

Alfisols 2 574 37

Afisols 2 495 53
Arizona soils

Surface soils 19 703 36

Subsoils 5 125 34
Australia soils®

Spodosol 1 398 65

Vertisol 1 362 86

Mollisol 1 505 75
Ghana soils®

Antoakrom site 1 32 55

Bofoyedru site 1 47 63

Somiabra site 1 64 70

Obuasi site 1 51 67

* Source for Oregon, Iowa, and Arizona is quoted by Brady (1974).
* Source for Australia is Fares et al. (1974).
¢ Source for Ghana is Acquaye (1963).

generally constitutes 20-80% of the total. Despite the variation that occurs, it
is evident that consideration of soil phosphorus would not be complete without
some attention to both forms (Figure 10.3).

Inorganic Compounds. Most inorganic phosphorus compounds in soils fall
into one of two groups: (a) those containing calcium, and (b) those containing
iron_and aluminum. The calcium compounds of most importance are listed
in Table 10.2 The apatite minerals are the most insoluble and unavailable of
the group. They may be found in even the more weathered soils, especially
in their lower horizons. This fact is an indication of the extreme insolubility
and consequent unavailability of the phosphorus contained therein. The simpler
compounds.of.calcium, such as mono- and dicalcium phosphates, are readily
available for plant growth. Except on recently fertilized soils, however, these
tompounds are present in extremely small quantities only because they easily
revert to the more insoluble forms.

Much less is known of the exact constitution of the iron and aluminum
phosphates contained in soils. The compounds involved are probably hydroxy
phosphates such as strengite and variscite, although these two chemicals exist
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FIGURE 10.3 Distribution of phosphorus in organic and inorganic forms in an lowa
soil. The dilute-acid-soluble inorganic phosphorus is more readily available than the
residual inorganic forms. In heavily fertilized soils the upper horizons would likely
be much higher in inorganic phosphorus. [From Black (1971).]

only in very acid soils. Hydroxy phosphates are most stable in acid soils and
are quite insoluble.

Many investigators have shown that phosphates react with certain iron
or aluminum silicate minerals such as kaolinite. There is some uncertainty,
however, as to the exact form in which this phosphorus is held in the soil.
Most evidence indicates that it, too, is probably fixed as iron or aluminum
phosphates, such as those described in the preceding paragraph.

Organic Phosphorus Compounds. There has been relatively less work done
on the organic phosphorus compounds in soils, even though this fraction often
comprises more than half of the total soil phosphorus. As a consequence, the
nature of most of the organic-bound phosphorus in soils is not known. However,
three main groups of organic phosphorus compounds found in plants are also
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TABLE 10.2 Inorganic Calcium Compounds
of Phosphorus Often Found in Soils

Listed in order of increasing solubility.

Compound Formula

Fluor apatite 3 Ca,(PO,). « CaF
Carbonate apatite 3 Cas(PO,); * CaCO;4
Hydroxy apatite 3 Cas(PO,); - Ca(OH).
Oxy apatite 3 Ca;(PO,). - CaO
Tricalcium phosphate Ca3(PO,).
Octacalcium phosphate CagH,(PO,)s * 5H0
Dicalcium phosphate CaHPO, - 2H,0
Monocalcium phosphate Ca(HzPO,);

present in soils. These are (a) phytin and phytin derivatives, (b) nucleic acids,
and (c) phospholipids. While other organic phosphorus compounds are present
in soils, the identity and amounts present are not known.

Phytin is a calcium-magnesium salt of phytic acid (inositol phosphoric
acid), which has an empirical formula (CH)¢(H,PO,)s. Phytin is the most abun-
dant of the known organic phosphorus compounds in soils, although it generally
accounts for no more than 30-40% of the total organic phosphorus. This com-
pound is quite insoluble in soils.

Phosphate is a critical component of ribonucleic acid (RNA) and deoxyribo-
nucleic.acid (DNA), which occur in all plant residues. They are also thought
to be present in soils, although at the relatively low levels of 1-2% of the
soil organic phosphorus. Phospholipids are phosphorus-containing fatty com-
pounds found in plants. They also make up only about 1-2% of the soil organic
phosphorus. Obviously, nearly two-thirds of the organic phosphorus is in forms
not as yet identified.

Phosphorus is present in phytin, nucleic acid and phospholipids in the
phosphate form. Consequently, as microorganisms decompose these com-
pounds, the phosphate that is released is available to react with inorganic
compounds or to be taken up by plants.

10.5 Factors That Control the Availability of Inorganic
Soil Phosphorus

334

The availability of inorganic phosphorus is largely determined by (a) soil pH;
(b) soluble iron, aluminum, and manganese; (c) presence of iron-, aluminum-,
and manganese-containing minerals; (d) available calcium and calcium miner-
als; (e) amount and decomposition of organic matter; and (f) activities of mi-
croorganisms. The first four factors are interrelated since soil pH drastically
influences the reaction of phosphorus with the different ions and minerals.
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10.6 pH and Phosphate Ions

As indicated in Section 6.10, the availability of phosphorus to plants is deter-
mined to no small degree by the ionic form of this element (Figure 10.4). The
jonic form in turn is determined by the pH of the solution in which the ion
is found. Thus, in highly acid solutions only H,PO,- ions are present. If the

pH is increased, first HPO,?~ ions and finally PO,*~ ions dominate. This situation
is represented by the equation

HPO,- 25 H,0 + HPOZ- 22 H,0 + POS
(very acid H* H*

(very alkaline
solutions)

solutions)

Atintermediate pH levels two of the phosphate ions may be present simultane-
ously. Thus, in solutions at pH 7.0, both H,PO,~ and HPO?" ions are found.
The H,PO,~ ion is somewhat more available to plants than is the HPO.*"
ion. In soils, however, this relationship is complicated by the presence or ab-
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FIGURE 104 Relationship between solution pH and the relative concentrations of

three soluble forms of phosphate. In the pH range common for soils, the H,PO,~ jons
predominate.
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sence of other compounds or ions. For example, the presence of soluble iron
and aluminum under very acid conditions, or calcium at high pH values, will
markedly affect the availability of the phosphorus. Clearly, therefore, the effect
of soil pH on phosphorus availability is determined in no small degree by

the various cations present. The effect of these ions in acid soils will be dis-
cussed first.

10.7 Inorganic Phosphorus Availabi ity in Ac'd Soi s

Assume that there is either a nutrient solution or an organic soil very low in
inorganic matter. Assume also that these media are acid in reaction but that
they are low in iron, aluminum, and manganese. The H,PO, ions, which would
dominate under these conditions, would be readily available for plant growth.

Normal phosphate absorption by plants would be expected so long as the
pH was not too low.

Precipitation by Iron, Aluminum, and Manganese Ions. If the same degree

of acidity should exist in a normal mineral soil, however, quite different results
would be expected (Figure 10.5). Some soluble iron, aluminum, and manganese

Relatively available phosphates

= Fixation by >,
hydrous oxides of Y77 %, S
:o_: 5 Fg, Al, and Mg ’oq,,e’/oo Fixation mostly as
5 4, calcium phosphates
2 e, %
7 %
a
Chemical
fixation by
0 soluble Fe, Al, and Mn
4.0 5.0 6.0 7.0 8.0
Soil pH

FIGURE 10.5 Inorganic fixation of added phosphates at various soil pH values.
Average conditions are postulated, and it is not to be inferred that any particular
soil would have exactly this distribution. The actual proportion remaining in an available
form will depend upon contact with the soil, time for reaction, and other factors. It
should be kept in mind that some of the added phosphorus may be changed to an
organic form in which it would be temporarily unavailable.
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are usually found in strongly acid mineral soils. Reaction with the H;PO,~
jons would immediately occur, rendering the phosphorus insoluble and also
unavailable for plant growth.

The chemical reactions occurring between the soluble iron and aluminum
and the H,PO,~ ions would result in the formation of hydroxy phosphates.
This may be represented as follows, using the aluminum cation as an example.

Al + HPO,~ + 2H,0 = 2H* + Al(OH).H.PO,
(soluble) (insoluble)

In most strongly acid soils the concentration of the iron and aluminum ions
greatly exceeds that of the H,PO,~ ions. Consequently, the above reaction
moves to the right, forming the insoluble phosphate. This leaves only minute
quantities of the H,PO,~ ion immediately available for plants under these condi-
tions.

An interesting series of reactions occur when fertilizers containing
Ca(H,PO,), are added to soils, even those of relatively high pH (Lindsay and
Stephenson, 1959) (Figure 10.8). The Ca(HzPOj). in the fertilizer granules attracts
water from the soil and the following reaction occurs.

CB(H2P04]2‘H20 + Hzo — C&l‘m04‘2H20 + H3P04

As more water is attracted, a H;PO,-laden solution with a pH of about 1.4
moves outward from the granule. This solution is sufficiently acid to dissolve
and displace large quantities of iron, aluminum, and manganese. These ions
react with the phosphate to form complex compounds, which later probably
revert to the hydroxy phosphates of iron, aluminum, and manganese in acid
soils and of calcium in neutral to alkaline soils. In any case, the immediate
products of the addition to soils of a water-soluble compound [Ca(HzPO)."Hz0]
are a group of insoluble iron, aluminum, manganese, and calcium compounds.
Even so, the phosphorus in these compounds is released quite readily for plant
growth. It is only after these freshly precipitated compounds are allowed to
“age” or to revert to more insoluble forms that availability to plants is greatly
reduced.

Reaction with Hydrous Oxides. It should be emphasized that the H.PO,~
ion reacts not only with the soluble iron, aluminum, and manganese but also
with insoluble hydrous oxides of these elements, such as gibbsite (Al;03-3Hz0)
and goethite (Fe,04-3H,0). The actual quantity of phosphorus fixed by these
minerals in acid soils quite likely exceeds that due to chemical precipitation
by the soluble iron, aluminum, and manganese cations (Figure 10.5).

The compounds formed as a result of fixation by iron and aluminum oxides
are likely to be hydroxy phosphates, just as in the case of chemical precipitation
described above. Their formation can be illustrated by means of the following
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® CaHPO,-2H,0
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FIGURE 10.6 Reaction of Ca(H,PO,).*H;O granules with moist soil. (a) The granule
has just been added to the soil and is beginning to absorb water from it. (b) In the
moistened granule HaPO, and CaHPO,-2H,O are being formed, and H;PO, begins to
move out into the soil as more soil water is being absorbed. (c) The HsPO.-laden
solution moves into the soil, dissolving and displacing Fe, Al, and Mn and leaving
insoluble CaHPO,-2H,0 in the granule. (d) The Fe, Al, and Mn ions have reacted
with the phosphate to form insoluble compounds, which, along with the residue of
CaHPO, - 2H,0, are the primary reaction products. {Photos courtesy G. L. Terman and
National Plant Food Institute, Washington, DC]
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equation if the hydrous oxide of aluminum is represented as aluminum hydrox-
ide.

/OH /OH
Al—OH + H,PO,~ = AI<OH + OH-
OH H.PO,
(soluble) (insoluble)

By means of this and similar reactions the formation of several basic phosphate
minerals containing either iron or aluminum or both is thought to occur. Since
several such compounds are possible, fixation of phosphorus by this mechanism
probably takes place over a relatively wide pH range. Also the large quantities
of hydrous iron and aluminum oxides present in most soils make possible
the fixation of extremely large amounts of phosphorus by this means.

Thus, as both of the equations above show, the acid condition that would
make possible the presence of the readily available H,PO,~ ion in mineral
soils at the same time results in conditions conducive to the vigorous fixation
or precipitation of the phosphorus by iron, aluminum, and manganese com-
pounds (Figure 10.6).

Fixation by Silicate Clays. A third means of fixation of phosphorus under
moderately acid conditions involves silicate minerals such as kaolinite. Al-
though there is some doubt about the actual mechanisms involved, the overall
effect is essentially the same as when phosphorus is fixed by simpler iron
and aluminum compounds. Some scientists visualize the fixation of phosphates
by silicate minerals as a surface reaction between exposed —OH groups on
the mineral crystal and the H,PO,~ ions. Other investigators have evidence
that aluminum and iron ions, removed from the edges of the silicate crystals,
form hydroxy phosphates of the same general formula as those already dis-
cussed. This type of reaction might be expressed as follows.

[Al] + H,PO,~ + 2H,O = 2H* + Al(oH)szPO‘
(in silicate crystal) (insoluble)

Thus, even though phosphates react with different ions and compounds
in acid soils, apparently similar insoluble iron and aluminum compounds are
formed in each case. Major differences from soil to soil are probably due to
differences in rate of phosphate precipitation and in the surface area of the
phosphates once the reaction has occurred. This will be discussed again later.

Anion Exchange. The reactions described so far involved either the formation
of insoluble chemical precipitates or the replacement of OH groups on the
surface of either silicate clays or hydrous oxides. Phosphate can also participate
in simple anion exchange. As was pointed out in Chapter 5, certain positively
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charged colloidal particles are the seat of exchange between two anions. This

AN
can be illustrated with AIOH,* to represent the positively charged particle.

[>AIOH2*]OH + HPO,~ = [>AIOH3*]H2PO4 + OH-

positively positively
charged particle charged particle

Note that the reaction is reversible; that is, the OH- ion can replace the H,PO,-
ion and remove it from the colloidal surface to the soil solution. This reaction
shows how anion exchange takes place and illustrates the importance of liming
acid soils in helping to maintain a higher level of available phosphorus.

10.8 Inorganic Phosphorus Availability at High
pH Values

The availability of phosphorus in alkaline soils is determined largely by the
solubility of the calcium compounds in which the phosphorus is found. If an
H,PO,"-containing fertilizer such as concentrated superphosphate is added
to an alkaline soil (say at pH = 8.0), the H;PO,~ ion quickly reacts to form
less soluble compounds. Three such compounds are dicalcium phosphate dihy-
drate (DCPD), CaHPO,-2H,0; octacalcium phosphate (OCP), CagH,(PO,)s-5H.0;
and tricalcium phosphate (TCP), Cas(PO,);. While the specific mechanisms
for the formation of these compounds are not well established, their relationship
to each other can be shown rather simply.

Ca(H2PO4]2 + C8C03 + Hzo - 2 CEHPO4'2H20 + COz
DCPD

6 CHHPOCZHzO + 2C8003 + Hzo — C&gHz(p04]s‘5Hzo + ZCOz
DCPD OCP

Ca;H:(POJs'stO + C&COa — 3 C&a(P04]z + COz + BH-.-O
OCP TCP

The solubility of the compounds and, in turn, the availability to plants
of the phosphorus they contain decrease as the phosphorus changes from the
H,PO," ion to the DCPD and finally to the TCP.

Although the Cas(PO,), (TCP) thus formed is quite insoluble, it may be
converted in the soil to even more insoluble compounds. Hydroxy, oxy, carbon-
ate, and even fluor apatite compounds may be formed if conditions are favora-
ble and if sufficient time is allowed (Table 10.2).

This type of reversion may occur in soils of the eastern United States
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which have been heavily limed. It is much more serious, however, in western
soils, owing to the widespread presence of excess CaCOs;. The problem of
utilizing phosphates in alkaline soils of the arid West is thus fully as serious
as it is on highly acid soils in the East.

10.9 pH for Maximum Inorganic Phosphorus
Availability

With insolubility of phosphorus occurring at both extremes of the soil pH
range (Figure 10.5), the question arises as to the range in soil reaction in which
minimum fixation occurs. The basic iron and aluminum phosphates have a
minimum solubility around pH 3—4. At higher pH values some of the phosphorus
{a released and the fixing capacity somewhat reduced. Even at pH 6.5, however,
much of the phosphorus is still probably chemically combined with iron and
aluminum. As the pH approaches 6, precipitation as calcium compounds begins;
at pH 6.5 the formation of insoluble calcium salts is a factor in rendering the
phosphorus unavailable. Above pH 7.0, even more insoluble compounds, such
as apatites, are formed.

These facts seem to indicate that maximum phosphate availability to plants
is obtained when the soil pH is maintained in the 6.0-7.0 range (Figure 10.5).
Even in this range, however, the fact should be emphasized that phosphate
availability may still be very low and that added soluble phosphates are readily
fixed by soils. The low recovery (perhaps 10-30%) by plants of added phos-
phates in a given season is partially due to this fixation.

10.10 Availability and Surface Area of Phosphates

When soluble phosphates are added to soils, two kinds of compounds form
immediately: (a) fresh precipitates of calcium phosphate or iron and aluminum
phosphates and (b) similar compounds formed on the surfaces of either calcium
carbonate or iron and aluminum oxide particles. In each case, the total surface
area of the phosphate-held particles is high, and consequently the ease of
availability of the phosphorus is reasonably great. Thus, even though the water-
soluble phosphorus in superphosphate may be precipitated in the soil in a
matter of a few days, the freshly precipitated compounds will release much
of their phosphorus to growing plants.

Effects of Aging. With time, changes take place in the reaction products of
soluble phosphates and soils. These changes generally result in a reduction
in surface area of the phosphates and a similar reduction in their availability.
An increase in the crystal size of precipitated phosphates occurs in time. This
decreases their surface area. Also, there is a penetration of the phosphorus
held by calcium carbonate and iron or aluminum oxide particles into the particle
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FIGURE 10.7 How relatively soluble phosphates are rendered unavailable by
compounds such as hydrous oxide. (a) The situation just after application of a soluble
phosphate. The root hair and the hydrous iron oxide particle are surrounded by soluble
phosphates. (b) Within a very short time most of the soluble phosphate has reacted
with the surface of the iron oxide crystal. The phosphorus is still fairly readily available
to the plant roots since most of it is located at the surface of the particle where exudates
from the plant can encourage exchange. (c) In time the phosphorus penetrates the

crystal and only a small portion is found near the surface. Under these conditions its
availability is low.

itself (Figure 10.7). This leaves less of the phosphorus near the surface where
it can be made available to growing plants. By these processes of aging, phos-
phate availability is reduced. Thus, the supply of available phosphorus to plants

is determined not only by the kinds of compounds that form but also by their
surface areas (Figure 10.8).

FIGURE 10.8 The effect of clay
content on the percent recovery of
fertilizer phosphorus by seven crops
grown on four calcareous soils. Soils
with higher clay contents tended to
fix the phosphorus in forms not readily
available to the crop plants. [From
Olsen et al. (1977); used with
permission of the World Phosphate
Industry Association, Paris, France.]
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Relation to Soil Texture. Most of the compounds with which phosphorus re-
acts are in the finer soil fractions. As a consequence phosphorus fixation tends
to be more pronounced in clay soils than in the coarser-textured ones. This
factis borne out by the data in Figure 10.8, which clearly illustrates the tendency
of clays to reduce phosphate availability.

10.11 Phosphorus-Fixing Power of Soils

10.12

In light of the above discussion it is interesting to note the actual quantities
of phosphorus that soils are capable of fixing. Data from three New Jersey
soils presented in Table 10.3 emphasize the tremendous power of certain soils
in this respect. For example, to satisfy the phosphorus-fixing power of the
unlimed Collington soil, nearly 105 Mg of ordinary superphosphate containing
10% P would be required. Although liming definitely reduced the fixing capacity,
the quantity of phosphorus fixed even on the limed soils is enormous. Thus,
over 56 Mg of superphosphate would be required to satisfy completely the
phosphorus-fixing power of a hectare-furrow slice of the limed Collington soil.

TABLE 10.3 Phosphorus-Adsorbing Power of Three
New Jersey Soils Limed and Unlimed® (upper 15 cm)

Phosphorus

fixing power (P)
Soil Treatment pH kg/ha Ib/A
Sassafras No lime 3.6 2780 2480
Sassafras Lime 6.5 1361 1215
Collington No lime 3.2 9173 8184
Collington Lime 6.5 4920 4390
Dutchess No lime 38 8727 6002
Dutchess Lime 8.5 4309 3844

* From Toth and Bear (1947).

Influence of Soil Organisms and Organic Matter

on the Availability of Inorganic Phosphorus

In addition to pH and related factors, organic matter and microorganisms strik-
ingly affect inorganic phosphorus availability. Just as was the case with nitro-
gen, the rapid decomposition of organic matter and consequent high microbial
population result in the temporary tying up of inorganic phosphates in microbial
tissue.

Products of organic decay such as organic acids and humus are thought
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FIGURE 10.9 The effect of added
organic matter (manure) on the
soluble phosphorus level of soil at pH 0
7.2. As the manure decomposed,
organic acids were released that
formed stable complexes with iron
and aluminum compounds and also
affected the solubility of calcium
phosphates. [Data from El-Baruni and
Olsen (1979).]
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to be effective in forming complexes with iron and aluminum compounds. This
engagement of iron and aluminum reduces inorganic phosphate fixation to a
remarkable degree. Figure 10.9 shows the effect of manure application on the
soluble phosphorus level in soils. Apparently the manure was effective in re-
leasing phosphorus after it had been fixed as Fe, Al, and Ca phosphates. Thus,
organic decomposition products undoubtedly play an important role in inor-
ganic phosphorus availability.

10.13 Availability of Organic Phosphorus

Only meager information has been obtained on the factors affecting the availa-
bility to higher plants of organic phosphorus compounds. Even though both
phytin and nucleic acids can be utilized as sources of phosphorus, inorganic
sources of this element are needed for normal production. Plants commonly
suffer from a phosphorus deficiency even in the presence of considerable quanti-
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ties of organic forms of this element. Just as with inorganic phosphates, the
problem is one of availability.

Phytin behaves in the soil much as do the inorganic phosphates, forming
iron, aluminum, and calcium phytates. In acid soils the phytin is rendered
insoluble and thus unavailable because of reaction with iron and aluminum.
Under alkaline conditions calcium phytate is precipitated and its phosphorus
is rendered unavailable.

The fixation of nucleic acids involves an entirely different mechanism,
but the end result—low phosphorus availability—is the same. Evidently, nucleic
acids are strongly adsorbed by clays, especially montmorillonite.

This adsorption is particularly pronounced under acid conditions and re-
sults in a marked decrease in the rate of decomposition of the nucleic acids.
Consequently, the available phosphorus supply from this source is low, espe-
cially in acid soils which contain appreciable amounts of montmorillonite.

The judicious application of lime to acid soils is thus fully as important
in organic phosphorus nutrition as it is in rendering inorganic compounds avail-
able. Whether we are dealing with inorganic soil phosphates, added fertilizers,
or organic materials, the importance of lime as a controlling factor in phosphate
availability is clearly evident.

10.14 Intensity and Quantity Factors

It is important to be aware of the different forms in which phosphorus is found
in soils. But it is even more important to know a soil's ability to maintain
sufficiently high levels of phosphorus in the soil solution to assure satisfactory
plant growth. The concentration of phosphorus in the soil solution is a measure
of the intensity {I) factor of phosphorus nutrition. If this factor is maintained
at"about 0.2 ppm or above, maximum yield of most crop plants will occur
(Table 10.4).

TABLE 10.4 Concentration of Phosphorus
in Soil Solution That Provided 95% of
Maximum Yield of Several Crops in Hawaii®

Approximate P in
soil solution

Crop Soil (ppm)
Cassava Halii 0.005
Peanut Halii 0.01
Corn Halii 0.05
Soybean Halii 0.20
Cabbage Kula 0.04
Tomato Kula 0.20
Head lettuce Kula 0.30

* From Fox (1981).
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As plant roots take up phosphorus from the soil solution, it is at least
partially replenished by release of phosphorus from the labile forms, the soil
solids that are in equilibrium with the soil solution. This source of soil solution
replenishment is known as the quantity (Q) factor of phosphorus nutrition.
While it involves all solid forms of phosphorus that releases this element to
the solution, it is made up primarily of the slowly available forms shown in

Readily available phosphates
(soil'solution)

H2PO, ™ and HPO, 2~ ions released from other forms or added in fertilizers

Slowly available phosphates
(labile)

Fe, Al, and Mn phosphates (acid soils) and Ca and Mg phosphates (alkaline soils)
that have been freshly precipitated or are held mostly on the surface of fine
particles in the soil

Very slowly available phosphates
(nonlabile)

Precipitates of Fe, Al, Mn, Ca, and Mg phosphates that have aged and are well crystallized.
Phosphates that were held on particle surfaces have penetrated the particles, little remain-
ing on the surface. Also includes stable organic phosphates.

FIGURE 10.10 Classification of phosphorus compounds in soils in three major groups.
Fertilizer phosphates are generally in the readily available phosphate (soil solution)
group, but are quickly converted to the slowly available (labile) forms. These can be
utilized by plants at first, but upon aging are rendered less available and are then
classed as very slowly available (nonlabile). At any one time perhaps 80-90% of the
soil phosphorus is in very slowly available forms. Most of the remainder is in the
slowly available form since perhaps less than 1% would be expected to be readily
available. Note that phosphorus moves from one form to another although the movement
is slow.
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Quantity, Q (P in labile forms)

Figure 10.10. They are freshly precipitated Fe, Al, Mn, and Ca compounds
and surface-adsorbed phosphates that have not yet penetrated the particles
on which they are held.

As shown in Figure 10.11, the Q level needed to provide a given intensity
(1) or soil solution phosphorus level will vary from soil to soil. Tropical clays
high in Fe and Al need a high Q level to assure an I level sufficient for normal
growth. In contrast sandy soils with low clay and Fe and Al contents provide
higher intensities with a given quantity of phosphorus.

When plant roots remove a given quantity of phosphorus from the soil
solution (reduce the I factor), the level of I is drastically reduced in the sandy
soil and may be reduced only slightly in the clay soil. The latter is thus said
to be more highly buffered with respect to phosphorus than the sandy soil.
The potential buffering capacity (PBC) of a soil is given by

-AQ
PBC= Al
Soil B Soil B
_________ R
I AQ I
! R ot
I rAlgvl
| ! !
| Soil A '| Soil A
|
_____ | Y A
| AQ |
| - L= o
| L A
) ]
I
Intensity, / (P in solution) Intensity, I (P in solution)
(a) (b)

FIGURE 10.11 Relationship between the intensity factor (P in solution) and the
quantity factor (P in solid labile forms that are in equilibrium with P in solution) on
two soils. Soil A may be a sandy soil low in phosphorus-binding compounds, while
soil B is a heavier-textured soil high in Fe, Al, Mn, or Ca that holds the phosphorus
in relatively unavailable forms. (a) To provide a given level of P in the soil solution
(intensity) a much higher quantity must be present in soil B than in soil A. (b) However,
when a given quantity (AQ) of phosphorus is removed from the soil by a crop, the
decrease in intensity is much greater for soil A (Al,) than for soil B (Alg). Soil B is
more highly buffered than soil A.
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AQ is the change in the quantity (Q factor), and AI is the change in the
intensity (I factor).

The quantity/intensity relations of phosphorus in soils and the potential
buffering capacity are important in determining the fertilizer phosphate require-
ments for high yields. We shall see in Section 10.22 that this same general
relationship holds for potassium.

10.15 Practical Control of Phosphorus Availability

FIGURE 10.12

From a practical standpoint, the phosphorus-utilization picture is not too en-
couraging. The inefficient utilization of applied phosphates by plants has long
been known. Most crops do not take up more than about 10-15% of the phospho-
rus added in fertilizers during the year the fertilizer is applied. This is due
not only to the tendency of the soil to fix the added phosphorus but to the
slow rate of movement of this element to plant roots in the soil.

Continuing application of phosphate fertilizers in time tends to increase
the level of this nutrient in the soil and particularly its level in the labile
forms which can release phosphorus to the soil solution. Thus, even though
much of the phosphorus added in fertilizer is not used during the year of
application, it may provide an important source in future years.

Liming and Placement of Fertilizers. The small amount of control that can
be exerted over phosphate availability seems to be associated with liming,
fertilizer placement, and organic matter maintenance. By holding the pH of
soils between 6.0 and 7.0, the phosphate fixation can be kept at a minimum
(Figure 10.5). To prevent rapid reaction of phosphate fertilizers with the soil,
these materials are commonly placed in localized bands. In addition, phosphatic
fertilizers are quite often granulated to retard still more their contact with
the soil. The effective utilization of phosphorus in combination with animal

How the available Crop residues Commercial  Phosphorus-bearing

phosphorus level in a soil is depleted Manures Fertilizers soil minerals

and replenished. Note that the two
main features are the addition of
phosphate fertilizers and the fixation
of this element in insoluble forms.
It should be remembered that the
amount of available phesphorus in
the soil at any one time is relatively
small, especially when compared to
those of calcium, magnesium, and
potassium.
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manures is evidence of the importance of organic matter in increasing the
availability of this element.

In spite of these precautions, a major portion of the added phosphates
still reverts to less available forms (Figure 10.12). It should be remembered,
however, that the reverted phosphorus is not lost from the soil and through
the years is slowly made available to growing plants. This becomes an impor-
tant factor, especially in soils that have been heavily phosphated for years.

In summary, maintaining sufficient available phosphorus in a soil largely
narrows down to a twofold program: (a) the addition of phosphorus-containing
fertilizers and (b) the regulation in some degree of the fixation in the soil of
both the added and the native phosphates.

1016 Potassium—The Third “Fertilizer” Element

The history of fertilizer usage in the United States shows that nitrogen and
phosphorus received most of the attention when commercial fertilizers first
appeared on the market. Although the role played by potassium in plant nutri-
tion has long been known, the importance of potash fertilization has received
full recognition only in comparatively recent years.

The reasons that a widespread deficiency of this element did not develop
earlier are at least twofold. First, the supply of available potassium originally
was so high in most soils that it fook many years of cropping for a serious
depletion to appear. Second, even though the potassium in certain soils may
have been insufficient for optimum crop yields, production was much more
drastically limited by a lack of nitrogen and phosphorus. With an increased
usage of fertilizers carrying these latter elements, crop yields have been corre-
spondingly increased. As a consequence, the drain on soil potagsium has been
greatly increased. This, coupled with considerable loss by leaching, has en-
hanced the demand for potassium in commercial fertilizers.

10.17 Effects of Potassium on Plant Growth®

Potassium plays many essential roles in plants. It is an activator of dozens
of enzymes responsible for such plant processes as energy metabolism, starch
synthesis, nitrate reduction, and sugar degradation. Because of its ease of trans-
port across plant membranes, it is extremely mobile within the plant. Its rela-
tively high concentration in plant cells helps it regulate the opening and closing
of stomates in the leaves and the uptake of water by root cells.

Potassium is essential for photosynthesis and for starch formation and
the translocation of sugars. It is necessary in the development of chlorophyll,
although it does not, like magnesium, enter prominently into its molecular

s For further information on this topic see Mengel and Kirby (1880) and Sekhon (1978).
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structure. This element is important to cereals in grain formation, as it aids
in the development of plump, heavy kernels. Abundant available potassium
also is absolutely necessary for tuber development. Therefore, the percentage
of this element usually is comparatively high in mixed fertilizers recommended
for potatoes. All root crops respond to liberal applications of potassium. As
with phosphorus, it may be present in large quantities in the soil and yet
exert no harmful effect on the crop.

By increasing crop resistance to certain diseases and by encouraging strong
root and stem systems, potassium tends to prevent the undesirable “lodging”
of plants and to counteract the damaging effects of excessive nitrogen. In delay-
ing maturity, potassium works against undue ripening influences of phosphorus.
In a general way, it exerts a balancing effect on both nitrogen and phosphorus,
and consequently is especially important in a mixed fertilizer.

In considering potassium plant nutrition it should be noted that sodium
has been found to partially take the place of potassium in the nutrition of
certain plants. When there is a deficiency of potash, the native sodium of
the soil, or that added in such fertilizers as nitrate of soda, may be very useful.

10.18 The Potassium Cycle

Figure 10.13 shows the major forms in which potassium is held in soils and
the changes it undergoes as it is cycled through the soil and plant systems.
The original sources of potassium are the primary minerals such as the micas
and potash feldspar (microcline). As these minerals weather, their rigid lattice
structures become more pliable. Potassium held between their 2:1-type layers
is slowly made more available, first through nonexchangeable but slowly avail-
able forms, and finally through the readily exchangeable and the soil solution
forms from which plant roots take up this element. At any one time most of
the potassium is in the primary mineral and nonexchangeable forms. But the
exchangeable and soil solution potassium are the forms of greatest immediate
concern to plant growth. To maintain the levels of these last two forms high
enough to encourage good crop production, it has become increasingly neces-
sary to supplement soil-borne potassium with applications of chemical fertil-
izer. The sections that follow give greater details on the reactions involved
in the potassium cycle.

10.19 The Potassium Problem
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Availability of Potassium. In contrast to the situation regarding phosphorus,
most mineral soils, except those of a sandy nature, are comparatively high
in total potassium. In fact, the total quantity of this element is generally greater
than that of any other major nutrient element. Amounts as great as 35,000
55,000 kg potassium per hectare-furrow slice (31,225-44,600 b per acre-furrow
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GURE 10.13 The major components of the potassium cycle. Primarily soil minerals
such as the micas and feldspars are the original sources of potassium. They weather
to fine micas (illite) and other silicate clays in which some of the potassium is held
'n a nonexchangeable, but slowly available form. The nonexchangeable potassium is
slowly released to the exchangeable form and later to the soil solution, from which it
is absorbed by plant roots, and is eventually recycled through plant residues and wastes
to the soil. At any one time, most of the potassium is in primary minerals or in the
nonexchangeable or fixed form. Chemical fertilizers are increasingly important sources
of potassium.

s ice) are no at all uncommon (see Table 1.3). Yet the uantit of potassium
held in an easily exchangeable condition at any one ime often is very sma .
Most of this element is held rigidly as part of the primary minerals or is fixed
in forms that are at best only moderately available to plants. Also competition
by microorganisms for this element contributes at least temporarily to its una-
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vailability to higher plants. Thus, the situation in respect to potassium utiliza-
tion parallels that of phosphorus and nitrogen in at least one way. A very
large proportion of all three of these elements in the soil is insoluble and
relatively unavailable to growing plants.

Leaching Losses. Unlike the situation with respect to phosphorus, however,
much potassium is lost by leaching. An examination of the drainage water
from mineral soils on which rather liberal fertilizer applications have been
made will usually show considerable quantities of potassium. In extreme cases,
the magnitude of this loss may approach that of potassium removal by the
crop. For example, heavily fertilized sandy soils on which crops such as vegeta-
bles or tobacco are grown may suffer serious losses by leaching. Even on a
representative humid region soil receiving only moderate rates of fertilizer,
the annual loss of potassium by leaching is usually about 35 kg/ha (31 1b/A)
(see Table 15.7).

Crop Removal. The third phase of the potassium problem concerns the quan-
tity of this element in plants—in other words, its removal by growing crops.
Under ordinary field conditions and with an adequate nutrient supply, potas-
sium removal by crops is high, often being three to four times that of phosphorus
and equaling that of nitrogen. The removal of 120-150 kg/ha (107-134 1b/A)
of potassium by a 50 Mg/ha silage corn crop is not at all unusual.

Moreover, this situation is made even more critical by the fact that plants
tend to take up soluble potassium far in excess of their needs if sufficiently
large quantities are present. This tendency is termed /uxury consumption, be-
cause the excess potassium absorbed apparently does not increase crop yields
to any extent.

Examples of Luxury Consumption. The principles involved in luxury con-
sumption are shown by the graph of Figure 10.14. For many crops there is a
more or less direct relationship between the available potassium in the soil
and the removal of this element by plants. The available potassium would,
of course, include both that added and that already present. A certain amount
of this element is needed for optimum yields and this is termed required polas-
sium. All potassium above this critical level is considered a luxury, the removal
of which is decidedly wasteful.

Under field conditions, luxury consumption becomes particularly wasteful.
For example, to save labor, one may be tempted to supply potassium only
during the first year of a three- or four-year perennial hay crop. Much of the
potassium thus added is likely to be absorbed wastefully by the first crop of
hay or even in the first cutting. Consequently, too little of the added potassium
would remain for subsequent crops.

In summary, then, the problem of potassium economy in its most general
terms is at least threefold: (a) a very large proportion of this element at a
given time is relatively unavailable to higher plants; (b) because of the solubility
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FIGURE 10.14 General relationship between the potassium content of plants and
the available soil potassium. If excess quantities of potash fertilizers are applied to a
soil, the plants will absorb potassium in excess of that required for optimum yields.
This luxury consumption may be wasteful, especially if the crops are completely
removed from the soil.

of its available forms, potassium is subject to wasteful leaching losses; and
(c) the removal of potassium by crop plants is high, especially when luxury
quantities of this element are supplied. With these ideas as a background,
the various forms of potassium in soils and their availabilities will now be
considered.

1020 Forms and Availability of Potassium in Soils

For convenience, the various forms of potassium in soils can be classified on
the basis of availability in three general groups: (a) unavailable, (b) readily
available, and (c) slowly available. Although most of the soil potassium is
in the first of these three forms, from an immediate practical standpoint the
latter two are undoubtedly of greater significance.

The relationship among these three general categories is shown diagram-
matically in Figure 10.15. Equilibrium tendencies presented therein are of vital
practical importance, especially when dealing with the slowly and readily avail-
able forms. A slow change from one form to another can and does occur.
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FIGURE 10.15 Relative proportions of the total soil potassium in unavailable, slowly
available, and readily available forms. Only 1-2% is rated as readily available. Of
this, approximately 90% is exchangeable and only 10% appears in the soil solution at
any time. [Modified from Attoe and Truog (1945).]

This makes possible a fixation and conservation of added soluble potassium
and a subsequent slow release of this element when the readily available
supply is reduced.

Relatively Unavailable Forms. By far the greatest part (perhaps 90-98%) of
all soil potassium in a mineral soil is in relatively unavailable forms (Figure
10.15). The compounds containing most of this form of potassium are the feld-
spars and the micas. These minerals are quite resistant to weathering and
probably supply relatively insignificant quantities of potassium during a given
growing season. However, their cumulative contribution over a period of years
to the overall available potassium in the soil undoubtedly is of considerable
importance. Potassium is gradually released to more available forms through
the action of solvents such as carbonated water. Also, the presence of acid
clay is of some significance in the breakdown of these primary minerals with
the subsequent release of potassium and other bases (see Section 12.4).

Readily Available Forms. The readily available potassium constitutes only
about 1-2% of the total amount of this element in an average mineral soil. It
exists in soils in two forms: (a) potassium in the soil solution and (b) exchangea-
ble potassium adsorbed on the soil colloidal surfaces. Although most of this
available potassium is in the exchangeable form (approximately 90%), soil
solution potassium is most readily absorbed by higher plants and is, of course,
subject to considerable leaching loss.
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As represented in Figure 10.15, these two forms of readily available potas-
sium are in dynamic equilibrium. Such a situation is extremely important from
a practical standpoint. In the first place, absorption of soil solution potassium
by plants results in a temporary disruption of the equilibrium. Then to restore
the balance, some of the exchangeable potassium immediately moves into
the soil solution until the equilibrium is again established. On the other hand,
when water-soluble fertilizers are added, the reverse of the above adjustment
occurs. The exchangeable potassium can be seen as an important buffer mecha-
nism for soil solution potassium.

Slowly Available Forms. In the presence of vermiculite, smectite, and other
2:1-type minerals the potassium of such fertilizers as muriate of potash not
only becomes adsorbed but also may become definitely “fixed" by the soil
colloids (Figure 10.16). The potassium as well as ammonium ions fit in between
layers in the crystals of these normally expanding clays and become an integral
part of the crystal. Potassium in this form cannot be replaced by ordinary
exchange methods and consequently is referred to as nonexchangeable potas-
sium. As such, this element is not readily available to higher plants. This
form is in equilibrium, however, with the available forms and consequently
acts as an extremely important reservoir of slowly available potassium. The
entire equilibrium may be represented as follows.

Nonexchangeable K sg" Exchangeable K méid Soil solution K

R —-0—

| !
e OAOLOAO —K+H,0 (® °
— ]

i '
—_— | ! |
I._\ +K—H,0 (:I) (:l) (:I>
W ! I I

(a) Mica Hydrous micas (e.g., illite) (b) Vermiculite
CEC=0 CEC = 15-40 CEC =150
@ Potassium ion, dehydrated @@@ Exchangeable cations, hydrated

FIGURE 10.16 Diagrams to illustrate the release of potassium from primary micas
to fine-grained mica (illite) and then to vermiculite and the fixation of exchangeable
potassium by reversing these release reactions. Note that the dehydrated K* ion is
much smaller than the hydrated ions of Na*, Ca?*, Mg?*, etc. Thus, when potassium
is added to a soil containing 2:1-type minerals such as vermiculite, the reaction may
go to the left and K* ions are held tightly (fixed) in between layers within the crystal,
giving an illite-type structure. [Modified from McLean (1978); used with permission of
Potash Research Institute of India.]
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TABLE 10.5 Potassium Removal by Very Intensive Cropping and the
Amount of This Element Coming from the Nonexchangeable Form

Total K used by Percent
crops derived from
_— nonexchangeable
Soil kg/ha Ib/A form
Wisconsin soils®
Carrington silt loam 133 119 75
Spencer silt loam 66 59 80
Plainfield sand 99 88 25
Mississippi soils®
Robinsonville fine silty loam 121 108 33
Houston clay 64 57 47
Ruston sandy loam 47 42 24

* Average of six consecutive cuttings of Ladino clover, from Evans and Attoe
(1948).

® Average of eight consecutive crops of millet, from Gholston and Hoover
(1948).

The importance of this adjustment to practical agriculture should not be
overlooked. It is of special value in the conservation of added potassium. For
example, when potassium-containing fertilizers are added to the soil, a large
proportion of the soluble (soil solution) potassium becomes attached to the
colloids. As a result, the above equilibrium shifts to the left, and some exchange-
able ions are converted to the nonexchangeable form. Although this potassium
is at least temporarily unavailable, it is not subject to leaching and thus a
significant conservation is attained. Also, since the fixed potassium is slowly
reconverted to the available forms later, it is by no means completely lost to
growing plants.

Release of Fixed Potassium. The above reaction is perhaps of even greater
practical importance in another way. The quantity of nonexchangeable or
“fixed” potassium in some soils is quite large. The fixed potassium in such
soils is continually released to the exchangeable form in amounts large enough
to be of great practical importance. The data in Table 10.5 indicates the magni-
tude of the release of nonexchangeable potassium from certain soils. In several
cases cited, the potassium removed by crops was supplied largely from nonex-
changeable forms.

1021 Factors Affecting Potassium Fixation in Soils
Several soil conditions markedly influence the amounts of potassium fixed.
Among the factors are (a) the nature of the soil colloids, (b) wetting and drying,
(c) freezing and thawing, and (d) the presence of excess lime.
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Effects of Type of Clay, Moisture, and Temperature. The ability of the various
soil colloids to fix potassium varies widely. For example, 1:1-type clays such
as kaolinite and soils in which these clay minerals are dominant fix little
potassium. On the other hand, clays of the 2:1 type, such as vermiculite, smec-
tite, and fine-grained mica (illite), fix potassium very readily and in large
amounts. Even silt-sized fractions of some micaceous minerals fix and subse-
quently release potassium.

The potassium and ammonium ions are attracted between layers in the
clay crystals by the same negative charges responsible for the internal adsorp-
tion of these and other cations. The tendency for fixation is greatest in minerals
where the major source of negative charge is in the silica (tetrahedral) sheet.
Thus vermiculite has a greater fixing capacity than montmorillonite (see Table
5.4 for formulas for these minerals).

The mechanism for potassium fixation may vary somewhat from one clay
mineral to another. In the case of illite and some smectites and vermiculites,
the potassium ions may penetrate the crystal lattice and be trapped when
the layers contract during periods of drying. Clay minerals with a high negative
charge caused by the Al3*-for-Si* substitution (see Section 5.7) will strongly
bind the K* ion and prevent its being exchanged. Some weathered micas may
simply permit the K* ions to reenter the surface potassium sites that were
vacated when the mineral weathered. It is easy to see why there would be
such wide variability in the K-fixing capacity of clays.

The mechanism for potassium fixation is probably the same as that for
fixation of the ammonium ion. These two ions do not have as high an affinity
for water of hydration as do other cations such as Na* and Ca%*. As a conse-
quence, they can easily be dehydrated, and then their small size is such as
to permit them to fit snugly between the silica sheets of adjoining layers in
2:1-type clay minerals (Figure 10.16). Once in place, these ions become trapped
as a part of the rigid crystal structure, thereby preventing normal crystal lattice
expansion and reducing the cation exchange capacity of the clay. The larger
hydrated ions of cations such as Na*, Ca%* and Mg?* are not able to fit between
these layers and consequently escape fixation.

Alternate wetting and drying, and freezing and thawing has been shown
to result in the fixation of potassium in nonexchangeable forms as well as
its ultimate release to the soil solution. Although the practical importance of
this is recognized, its mechanism is not well understood.

Influence of Lime. Applications of lime sometimes result in an increase in
potassium fixation of soils (Figure 10.17). Under normal liming conditions this
may be more beneficial than detrimental because of the conservation of the
potassium so affected. Thus, potassium in well-limed soils is not as likely to
be leached out as drastically as is that in acid soils.

There are conditions, however, under which the effects of lime on the
availability of potash are undesirable. For example, in soils where the negative
charge is pH-dependent liming can greatly reduce the level of potassium in
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FIGURE 10.17 The effect of pH on the fixation of potassium in Indian soils. [From

Grewal and Kanwar (1976); used with permission of Indian Council of Agricultural
Research.]

the soil solution (Figure 10.18). Furthermore, high calcium levels in the soil
solution may reduce potassium uptake by the plant. Finally, potassium defi-
ciency has been noted in soils with excess calcium carbonate. Potassium fixa-
tion as well as cation ratios may be responsible for these adverse effects.

Intensity and Quantity Factors

As was the case for phosphorus, there is need to identify means by which
the power of soils to supply potassium to plant roots can be described and
measured. There are marked differences between the compounds in which
these two elements are found in soils and in the rates at which they are made
available to plants. But the concept of intensity and quantity discussed in
Section 10.14 in relation to phosphorus is also useful in describing and measur-
ing potassium-supplying power.

The intensity factor is a measure of the potassium that is immediately
available to the root—the potassium in the soil solution. Since the absorption
of the potassium ion by plant roots is affected by the activity in the soil solution
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FIGURE 10.18 The influence of increased pH resulting from lime additions on the
pH-dependent cation exchange capacity of a soil and the level of potassium in the
soil solution. As the cation exchange capacity increases, some of the soil solution
potassium is attracted to the adsorbing colloids. [ Data from Magdoff and Bartlett (1980).]

of other cations and particularly of calcium and magnesium, some authorities
prefer to use the ratio

[K*]
- /[Cazi'] + [Mgﬂ"'[

rather than the K* concentration, to indicate the intensity factor.

The quantity factor is a measure of the capacity of the soil to maintain
the level of potassium in the soil solution over the period of time the crop is
being produced. This capacity is due mainly to the exchangeable potassium,
although some nonexchangeable forms release sufficient potassium during a
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growing season to provide a notable portion of the crop needs. The main point
to remember, however, is that the quantity factor designates the potassium
sources capable of helping to replenish the soil solution (intensity) level of
potassium.

The concept of the buffering capacity of the soil, which indicates how
the potassium level in the soil solution (intensity) varies with the amount of
labile forms of this element (quantity), is useful in explaining differences in
potassium supplying power of soils. The buffering capacity (Bg+) is the ratio
of changes in the quantity factor (AQ) to changes in the intensity factor (AJ).

B _AQ

Al

This ratio is high for well-buffered soils and is low for those that are poorly
buffered and are poor suppliers of potassium during a growth cycle. Clay-
textured soils are well buffered, whereas that those are sandy are apt to be

poorly buffered.

10.23 Practical Implications in Respect to Potassium
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Frequency of Application. One very important suggestion that is evident from
the facts thus far considered is that frequent light applications of potassium
are usually superior to heavier and less frequent ones. Such a conclusion is
reasonable when considering the luxury consumption by crops, the ease with
which this element is lost by leaching, and the fact that excess potassium is
subject to fixation. Although the latter phenomenon has definite conserving
features, these are in most cases entirely outweighed by the disadvantages
of leaching and luxury consumption.

Potassium-Supplying Power of Soils. A second very important suggestion is
that full advantage should be taken of the potash-supplying power of soils.
The idea that each pound of potassium removed by plants or through leaching
must be returned in fertilizers may not always be correct. In some soils the
large quantities of moderately available forms already present can be utilized.
Where slowly available forms are not found in significant quantities, however,
supplementary additions are necessary. Moreover, the importance of lime in
reducing leaching losses of potassium should not be overlooked as a means
of effectively utilizing the power of soils to furnish this element,

Potassium Losses and Gains. The problem of maintaining soil potassium is
outlined diagrammatically in Figure 10.19. Crop removal of potash generally
exceeds that of the other essential elements, with the possible exception of

10 Supply and Availability of Phosphorus and Potassium
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nitrogen. Annual losses from plant removal as great as 100 kg/ha of potassium
are not uncommon, particularly if the crop is a legume and is cut several
times for hay. As might be expected, therefore, the return of crop residues
and manures is very important in maintaining soil potash. For example, 10
Mg of average animal manure supplies about 40 kg of potassium, fully equal
to the amount of nitrogen thus supplied.

The annual losses of available potassium by leaching and erosion greatly
exceed those of nitrogen and phosphorus. They are generally not as great,
however, as the corresponding losses of available calcium and magnesium.
The available potassium depletion by erosion assumes great importance consid-
ering that total potassium removal in this manner generally exceeds that of
any other major nutrient element. The loss of potential sources of available
potassium (soil minerals) cannot but eventually be serious.

Increasing Use of Potash Fertilizers. In the past, potash in fertilizers was
added to supplement that returned in crop residues and that obtained from
the slowly available forms of potassium carried by soil minerals. Fertilizer
potash is now depended upon to supply much of the potassium needed for
crop production. This is essentially true in cash-crop areas and in regions
where sandy soils are prominent. Even in some heavier soils, the release of
potassium from mineral form is much too slow to support maximum plant
yields. Consequently, increased usage of commercial potash must be expected
if yields are to be increased or even maintained.
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[Preceding page] Scientists have used highly sensitive analytical tools such as this
atomic absorption spectremeter to identify essential micronutrients and to enhance
and supplement the ability of soils to supply them. [Courtesy Ray R. Weil, University of
Maryland, College Park, MD.]
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Of the seventeen elements known to be essential for plant and microorganism
growth, eight are required in such small quantities that they are called micronu-
trients or trace elements.! These are iron, manganese, zinc, copper, boron,
molybdenum, cobalt, and chlorine. Other elements, such as silicon, vanadium,
and sodium, appear to be helpful for the growth of certain species. Still others,
such as iodine and fluorine, have been shown to be essential for animal growth
but are apparently not required by plants. As better techniques of experimen-
tation are developed and as purer salts are made available, it is likely that
these and other elements may be added to the list of essential nutrients.
Demands for efficiency of crop production will undoubtedly continue to encour-
age attention to these elements. Their field deficiencies have been noted in
many countries. Table 11.1 lists crops for which micronutrient deficiencies
have been noted in the United States along with the number of states reporting
these deficiencies.

TABLE 11.1 Number of States Reporting Field Deficiencies of Six Micronutrients
in Important Crops of the United States®

Number of states reporting deficiency of

Crop group B Cu Zn Mn Fe Mo

w

Forage legumes
Edible legumes
Soybeans

Corn and sorghum
Forage grasses
Small grains
Crucifers and various leafy vegetables
Solanaceous crops
Root and bulb crops
Cucurbits

Tree fruits

Small fruits

Nut crops
Ornamentals

Cotton

Tobacco

Other
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* From a report of the Soil Test Commission of the Soil Science Society of America (1985)
and Berger (1982).

! For review articles on this subject see Mortvedt et al. (1972) and Nicholas and Egan (1975).
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There are several reasons for the widespread concern for micronutrients.

1. Crop removal has in some cases lowered the level of these trace elements
in the soil below that required for normal growth.

2. Improved crop varieties and macronutrient fertilizer practices have greatly
increased crop production and thereby the micronutrient removal.

3. The trend toward high-analysis fertilizers has reduced the use of impure
salts, which formerly contained some micronutrients.

4. Increased knowledge of plant nutrition has helped in the diagnosis of trace
element deficiencies that formerly might have gone unnoticed.

11.1 Deficiency Versus Toxicity

One common characteristic of all the micronutrients is that they are required
in very small amounts (Figure 11.1). Also, they are all harmful when the availa-
ble forms are present in the soil in larger amounts than can be tolerated by
plants or by animals consuming the plants. Thus the range of concentration
of these elements in which plants will grow satisfactorily is not too great.
Molybdenum, for example, may be beneficial if added at rates as little as
35-70 g/ha (0.5-1 oz/A), whereas applications of 34 kg/ha of available molyb-
denum may be toxic to most plants. Even those quantities present under natural
soil conditions are in some cases excessive for normal crop growth. Although
somewhat larger amounts of the other micronutrients are required and can
be tolerated by plants, control of the quantities added, especially in maintaining
nutrient balance, is absolutely essential. The concepts of deficiency, adequacy,
and toxicity are illustrated in Figure 11.2 for several micronutrients.

11.2 Role of the Micronutrients

The specific roles of the various micronutrients in plant and microbial growth
processes is not well understood. It is known, however, that several of the
trace elements are effective through a number of enzyme systems (Table 11.2).

11.2 Role of the Micronutrients 365



