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Foreword

EZRA TAFT BENSON

Secretary of Agriculture

ALL mY LIFE I have had direct experience of the

importance of soil. As a boy and young man I
tilled it, worked with it, and got from it its bounty or, in bad vears,
wrested from it its reluctant yield. Then and later 1 learned to love it,
respect it, and appreciate its values and limitations.

I LEARNED what every farmer knows—that each of the thousands of
different kinds of soils requires its own care and skillful use, which also
change from season to season as conditions of moisture, temperature,
and crops change.

THESE TRUTHS, 5o simple to say here but so acutely complex when onc’s
living depends on observing them, were brought home to me again, but
more forcefully than ever, when I accompanied President Eisenhower
early this year on a trip to survey the disastrous effects of drought in
the Southwest, the Great Plains, and other sections. Farmers and ranchers
in some of the States had suffered their sixth consecutive year of drought
and necded help urgently.

THE PROBLEM demanded action of several kinds—emergency measures
to provide for feed, refinancing of farm indebtedness, and urgent con-
servation necds; cooperation of State and Federal Governments, farmers
and ranchers, and other citizens whose livelihood depends on agricultural
well-being; and a long-range program looking to the best use of land
and other natural resources.

MORE RESEARCH——continuing, thorough research—in the management
of soil and water is a vital part of the long-range program. Not only must
we learn more about the management of our soil and water; we must
encourage the wider dissemination and application of the results of this
research.

THAT IS WHY I am so keenly interested in this Yearbook of Agriculture
and commend it to you and your neighbors. The facts in it are the
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product of years of patient, useful, practical research, and publishing it
in this form is the best way I know of making it available to all Americans,
wherever they live.

FOR TO ALL AMERICANS, wherever they live, soil is a basic treasure.
Soils produce good yields and keep on doing so if they are well managed.
The management of soil is among the oldest of the arts, but none is
changing more rapidly than it. We know mere about taking care
of soil than our fathers and grandfathers did. There is much more
that we should know.
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Preface

ALFRED STEFFERUD

Editor

THIS BOOK IS, as a plant scientist might say, a

new and adapted variety of Soils and Men, the
1938 Yearbook of Agriculture. The parent, a giant of 1,232 pages and
258,042 copies, is now out of print. That may be a manifest of its popu-
larity and value. Surely it did help make Americans aware of the acute
need to take care of their heritage. It warned: “The social lesson of soil
waste is that no man has the right to destroy soil even if he does own it
in fee simple. The soil requires a duty of man which we have been slow
to recognize.”

A PURPOSE of the present book is to indicate the extent to which that
warning has been heeded—and at times to repeat it—and to describe
the knowledge about soils that scientists and farmers have since gained.

THE 1938 YEARBOOK OF AGRICULTURE devoted considerable space to the
classifications of soils, technical aspects of soil science, and the use of land
(which we take to be different from the use of soil).

BECAUSE OUR KNOWLEDGE of soil has expanded greatly since 1938 and
emphasis and needs have changed, this Yearbook of Agriculture is limited
to the management of soil, itself a big and burgeoning subject. We plan
to devote a subsequent Yearbook to the use and ownership of land. The
material here about soil classification, the soils of the United States, and
basic soil science is suflicient, we think, for the nontechnician to under-
stand the principles of soil management that are set forth in this volume.

WE HAVE TRIED to help a farmer appraise his own requirements and help
him decide which of the many available practices, machines, and mate-
rials are best for his situation. We have explained the continually in-
creasing opportunities for more efficient soil management on a permanent
basis—how the same soils can be farmed more efficiently than our fathers
and grandfathers could farm them and how also more kinds of soil can
be farmed efficiently.
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WE EMPHASIZE that for best results all parts of the soil-management
system for a field must fit together—that systems of crop and timber
management must be geared to the characteristics and requirements of
both soil and plants.

A GLANCE at the table of contents will tell you more about the scope and
organization: The place of soil management within the broad field of
agriculture; how new scientific principles are developed; what we have
learned about soils and the basic principles of their behavior; methods
for achieving specific objectives, such as liming, cultivating, controlling
moisture, increasing organic matter and storage of water, and preventing
erosion; how systems of soil management support one another, and the
requirements and methods of developing farm plans and systems of soil
management for high production with conservation; soil-management
systems for forest trees, gardens, and a few special crops that have re-
quirements somewhat unlike those of the general run of field crops; and
the opportunities for improved systems of soil management in the
different regions of the United States.

THE MATERIAL AND ScOPE were planned by a Yearbook Committee,
whose members are:

Charles E. Kellogg, Soil Conservation Service, Chalrman
W. H. Allaway, Agricultural Research Service
Carleton P. Barnes, Agricultural Research Service
N. C. Brady, Cornell University

V. L. Harper, Forest Service

Carl P. Heisig, Agricultural Research Service

W. H. Pierre, Iowa State College

Harold E. Pinches, Agricultural Rescarch Service
K. S. Quisenberry, Agricultural Research Service
F. G. Ritchie, Agricultural Conservation Program
Alfred Stefferud, Office of Information

Wynne Thorne, Utah State University

C. H. Wadleigh, Agricultural Research Service
Eric Winters, University of Tennessee

TwWo oF THEM, Dr. Kellogg and Dr. Barnes, were members of the 1938
Yearbook Committee. Their devotion and wisdom in agricultural re-
search and their distinguished work in the Department of Agriculture
are reflected in their continuing concern that the results of the research
and achievements of scientists be made public for the benefit of all.
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We Seek;
We Learn

Charles E. Kellogg

Two hundred generations of
men and women have given us
what is in our minds about soils
and soil fertility—the arts and
skills and the organized body
of knowledge that we now call
science.

What is in our hearts they also have
given us—the lore, traditions, and love
for the land as the wellspring of our
national life.

Men in ancient times used many
practices that we use—manuring, lim-

‘ing, and crop rotations with legumes.

In the Odyssep, Homer told how
Odysseus the far-wanderer was recog-
nized at his homecoming first by his
old dog “lying on a heap of dung with
which the thralls were wont to manure
the land.”

The Romans had several good man-
uals for farmers, prepared by keen ob-
servers who sifted out the best from the
experience they saw around them.
Columella’s Husbandry, written about
A.D. 60, was a handbook for 15 gener-
ations. Some of his suggestions were
good, even in the light of modern
knowledge. He discussed amounts of
material to be used, timing of opera-
tions, and application of combinations
of practices to various kinds of soil.

Most of the actual knowledge farmers
used during the long period from the
fall of Rome to the French Revolution
and for some time afterward was the
home knowledge of farm people, passed
on by father and mother to son and
daughter. Their practices were highly
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traditional and slow to change. Yields
of crops were low.

After Rome fell, the people of Europe
were disorganized and lived in a dark
age of disease, famine, and war for
more than a thousand years.

But the Arabian culture flourished in
the Near East, northern Africa, and
southern Spain. Farming there was
reasonably good, especially under irri-
gation. In the 12th century, for ex-
ample, Ibn-al-Awan, a Moorish schol-
ar, prepared an excellent handbook of
agriculture. The experience he re-
corded and explained became signifi-
cant to us much later through the
Spanish influence brought into early
settlements in the southwestern part of
the United States.

Greater stability of governments
came with the close of the Thirty Years
War in 1648. Populations began to in-
crease. Since yields remained low in
much of western Europe, the growing
populations began to press hard against
the food supply. The new stability of
governments stimulated intellectual ac-
tivity, and out of it the first principles
and skills of modern science were born.
For the first time, economic problems
were recognized and studied.

These new forces and ideas seemed
to be unrelated for many years. In
1798 Thomas R. Malthus wrote his
Essay on Population, in which he devel-
oped the idea that populations increase
faster than the food supply and that it
was probable that some people would
die of starvation. He had no way of
foreseeing the tremendous effects that
technology would have on crop yields
in Europe or on the development of
vast new lands overseas.

Attempts were made to rationalize
farming and to improve soil manage-
ment. Near the beginning of the 18th
century, Jethro Tull, an Englishman,
invented the grain drill and the culti-
vator, which he called a “horse hoe.”
Weeds had choked grain fields; now
crops could be sown in rows and culti-
vated.

Tull demonstrated that cultivation
could be helpful, but he gave a wrong
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reason—that cultivation helped plants
take in small particles of earth, espe-
cially clay. It is simply one example of
how a practice, which is good on
some kinds of soil, may be established
through observation and advocated for
all kinds of soil for the wrong reasons.
The effect of Tull’s insistence on much
cultivation lasted a long time. Until
recently farmers have overcultivated
their soils beyond the need to incor-
porate organic matter and fertilizers,
to make the soil receptive of rainwater,
and to control weeds.

Jethro Tull’s practices helped the
further development of crop rotations
to replace the carlier “two-field” sys-
tem, in which a year of wheat alter-
nated with a year of fallow.

The Norfolk “four-course” system,
developed partly from experience in
Holland, had such an advantage over
wheat and fallow that it has persisted
as a cornerstone of agriculture in the
minds of many to this day.

In the original Norfolk system, tur-
nips for cattle feed were grown as an
intertilled crop, followed by wheat and
2 years of clover or clover mixed with
grass. Sometimes the second year of
grass was replaced by another year of
wheat or other small grain. Soil fer-
tility was maintained by the clover and
manure. Weeds were controlled. The
soil was kept in good physical condi-
tion by the roots of the meadow crop
and by the organic matter returned in
the manure. Yields of grain were
doubled. Eliminating the fallow meant
the soil could be used for crops and
pasture all the time.

But here again, results that were so
helpful to many of the soils of England
were recommended too widely. Arthur
Young, an English agriculturist, wrote
in 1792 as follows:

“Hence then some courses [rota-
tions] arrange themselves that are ap-
plicable, perhaps, to all the soils of the
world.

“1, Roots, cabbage, or pulse.

“g, Corn [wheat].

“g, Grasses.

‘4, Corn.
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‘and, 1, Roots [turnips], or cabbage.

“2, Corn.

g, Grasses.

¢4, Pulse, or maize, hemp, or flax.

“s, Corn.

“And in these the chief distinction,
relative to soil, will be the number of
years in which the grasses are left....”

It took a long time and much re-
scarch to establish clearly that other
systems are better for most kinds of soil
that are unlike those of western Eu-
rope.

SciENTISTS meanwhile were trying to
find out what made plants grow. They
assumed that one “principle” could be
found. In the 16th century, Bernard
Palissy, potter to French royalty and a
man of great affairs who finally died in
a dungeon of the Bastille, maintained
that manures and plant residues re-
turned to the soil the “salt’ that plants
removed. He regarded the ash left
when plants burned as “a kind of salt”
and the “principle” of plant growth.
But experimental results were disap-
pointing before chemistry had devel-
oped the skills necessary to distinguish
among the many kinds of “salt.”

Jan Baptista van Helmont, a Flem-
ish chemist, thought he had proved
water to be this “principle’ in a famous
experiment with a willow tree about
1635. He planted a small tree in 200
pounds of oven-dried soil. After grow-
ing 5 years, protected from dust and
given only rainwater, the tree was re-
moved. The soil was redried and
weighed. Because the soil loss was only
2 ounces (which could be considered
an experimental error) and the tree
gained 165 pounds, he assumed that
growth was due to the water alone.
Now we know that the 2 ounces were
critically important and that the bulk
of the 165 pounds was carbon, oxygen,
and hydrogen, mostly from the air. His
results had wide acceptance, however.

John Woodward, of England, later
reopened the question by growing
plants in rainwater, river water, and
muddy water from his garden. As
growth was greatest from the muddy
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water, he concluded that earthy mate-
rial must be the “principle.”

Others found the answer. in humus.
They explained plant growth in terms
of a passing of the “principle” from a
dead plant or animal to the new plant.
Some schools of ‘“‘organic farming”
hold to all or part of this idea today.

After the middle of the 17th century,
most scrious students of plant growth
recognized that several items were nec-
essary, although they could not be
specific about them. More exact meth-
ods were necessary.

The French scientist, Antoine La-
voisier, who was led to the guillotine in
1704, greatly advanced scientific skills.
Building on carlier work, as every sci-
entist does, he perfected the quantita-
tive balance, by which tiny amounts of
substances can be weighed. He devel-
oped a table of chemical elements. It
was incomplete, but it was a remark-
able forward step. He showed that
plants and animals used oxygen and
survived by respiration—by the “burn-
ing” of organic food. He and others
thus were able to account for a large
part of the bulk of Van Helmont’s
willow tree.

ExXPERIMENTATION in fields was begun
in 1834 by the French agriculturist,
J. B. Boussingault. Through measure-
ment—weighing and chemical analy-
ses—he made important attempts to
account for the constituents of plants
in relation to the soils in which they
grew.

But the great change in agricultural
theory came in 1840 when a German
chemist, Justus von Liebig, published
his findings. He made careful analyses
of surface soils and plants and stated
the balance sheet of plant nutrition:
“The crops on a field diminish or in-
crease in exact proportion to the di-
minution or increase of the mineral
substances conveyed to it in manure.”

The seemingly simple reasonablencss
of his views, his prestige as a scientist,
and his skill in debate swept away all
the alchemistic theories of plant growth.

Liebig’s own theory, however, was
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based on the assumption that soils
were static, lifeless storage bins filled
with pulverized rocks, which held the
water and nutrients and which farmers
stirred in tillage.

Neither Liebig nor his followers
looked carefully at a real soil to sce
whether such an assumption was right.
The researches that led to our appre-
ciation of the dynamic processes going
on in soils began much later.

The Rothamsted Experimental Sta-
tion, long famous in agricultural his-
tory, was established near London in
1843. Painstaking experiments were
begun, and systems of cropping have
since been under continuous scientific
study there. The chemistry of plant
nutrition was further elaborated. Su-
perphosphate was invented, and it and
other fertilizers were tested. We owe a
great deal to the researches in soil man-
agement conducted at Rothamsted as
applied to much of western Europe and
to like soils everywhere.

THE SOURCE OF NITROGEN in the soil
was an early stumbling block to the
balance-sheet theory of soil-plant rela-
tionships. People knew that wheat re-
moved nitrogen, and good crops of
wheat left an unmanured soil poorer
in nitrogen. Yet, although clover re-
moved nitrogen, the amount left in the
soil was undiminished or increased.

The question was cleared up in the
1880’s with the discovery that RAizobium
organisms grow in the nodules on the
roots of leguminous plants and fix ni-
trogen from the air into forms that
plants can use. The role of soil organ-
isms in changing the nitrogen com-
pounds in organic matter into forms
available to plants had been explained
a few years carlier.

The new soil science that was de-
veloping along the lines that Liebig
laid down was a great advance. With
the crop rotations begun in the Norfolk
system, wider use of farm manures and
chalk (as agricultural lime), and im-
proved tillage, wheat yields had risen
by 1850 to 16 bushels an acre in Ger-
many, 14 in France, and 20 in Eng-
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land. Then, with fertilizers and other
improvements, by 1906 they had risen
again to about g0 bushels in Germany
and England and 20 in France. In
1950 they were more than g5 bushels
in England.

Tillage methods and other soil-man-
agement practices also were improved
through research. Grain production in
western Europe went from about 590
million bushels to 1,260 million bushels
between 1800 and 1900.

EARLY SOIL MANAGEMENT in the Unit-
ed States was largely copied from
western Europe, except for that intro-
duced into the Southwest by the Span-
iards, who were familiar with the irri-
gation techniques the Moors perfected.

Practices of western Europe did not
work well in the United States for sev-
eral reasons. The soils of the Northeast
are like the soils of western Europe,
but those of the South and the West
are quite different. The climate of
western Europe is modified strongly by
the sea, and most rains are gentle. The
weather in nearly all of the United
States has wider extremes than in
western Europe, rains are more violent,
and cultivated sloping soils are more
subject to erosion. Land was abundant
in America until the beginning of this
century and relatively cheap in rela-
tion to labor costs.

Most farms in western Europe were
small and intensively cultivated, but
America was a big place with lots of
room. Within a few years after clear-
ing, the rclatively acid and nutrient-
poor soils along the Atlantic seaboard
gave low yields. Many agriculturists
emphasized the need for lime, ferti-
lizers, and rotations with clover, but
for more than 100 years after the Amer-
ican Revolution it was comparatively
easy for young people to move West to
soils that were richer to begin with.

Counties in New England that were
8o percent or more open cropland be-
fore the Civil War were 8o to go per-
cent in forests by 1940. And the sub-
stitution of forest crops for field crops
on many of the soils there still goes on.
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Once the leached and acid soils of
the forested uplands of the East had
given up the nutrients stored in them
by the trees and had begun to erode,
the farmers on them were ready to
move on. Farmers on the move in the
United States during the 1gth century
wanted soils that were fertile and that
would remain so.

Actually, only a few of our soils in
the United States have within them-
selves the dynamic to remain produc-
tive. Those that do are mainly the
alluvial soils along streams that receive
frequent additions of nutrient-rich sed-
iment from occasional overflow. Yet
many of the dark-colored soils of the
Middle West and Great Plains, devel-
oped under grass from nutrient-rich
geologic materials in a drier climate,
can return good yields of grain under
cultivation without fertilizers for a long
time. In the Great Plains, shallow soils
with little room for water storage be-
tween infrequent rains and sandy soils
easily moved by wind are even riskier
than leached, erosive soils of the East.

SoME AMERICAN FARMERS, of course,
did work out efficient, conserving sys-
tems, copied only in part from Europe.
But until nearly the First World War,
Americans looked to Europe for scien-
tific leadership. It was the fashion for
scientific scholars, including soil scien-
tists, to go to Europe for advanced
study. Most of them still looked to Eu-
rope when they came back. Few stud-
ied American soils and what American
farmers were doing with them.

There were exceptions.

Edmund Ruffin, a Virginia farmer
who fired the first shot at Fort Sumter
and who killed himself when General
Lee surrendered, was a great American
agriculturist. His book, An Essay on
Calcareous Manures, was reprinted five
times by 1853. Liming was an old prac-
tice, but I believe Ruffin may have
been the first farmer in the world to
use lime specifically to correct a soil
condition that he rightly judged to be
acidity.

He reached this conclusion by study-
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ing Sir Humphry Davy’s book, FEle-
ments of Agricultural Chemistry, and the
soils on his own farm in Virginia. He
experimented, explored for marl, stud-
ied, and wrote down his findings and
theories. He explained the greater in-
come to be had from good practices
and scolded the many farmers who did
not follow them or accept his advice.
“Wornout” soils continued to be aban-
doned to broomsedge and Virginia
pine, and slopes continued to erode.

Another great book appeared in
1860 and met a similar fate, Report on
the Geology and Agriculture of the State of
Mississippi, by E. W, Hilgard. It was
the beginning of a new idea—the con-
cept that different kinds of soil are
products of climate and vegetation
acting upon the rock materials pro-
duced by weathering.

Hilgard studied soils in many parts
of the country before he became pro-
fessor of agriculture in the University
of California. His Report on Cotion Pro-
duction in the United States, published as
two huge volumes in the 1880 census,
is a mine of information about the na-
ture of soils and how they can and
should be used.

Hilgard developed the idea of unique
kinds of dynamic soils, each formed
under unique combinations of climate
and associations of native plants. To
him these were the objects of soil study
and the basis for recommendations to
settlers.

He was ahead of his time. American
farmers generally were not ready to
rationalize their agriculture. Land was
too abundant for people to see the need
of conserving and building up the pro-
ductivity of the soils on the farms they
had cut out of the wilderness. Although
widely available in colleges and librar-
ies, Hilgard’s great textbook, Soils,
Their Formation, Properties, Composition,
and Relations to Climate and Plant Growth
in the Humid and Arid Regions, published
in 1906, was read with understanding
by relatively few. Much of what he had
worked so hard to learn had to be re-
discovered in later years.

Other scientists who studied soil ero-
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sion also were ignored. In his Origin
and Nature of Soils (1891), the great
American geologist N. S. Shaler drew
attention to declining soil productiv-
ity. “Our successors,” he wrote, “will
look back upon our present adminis-
tration of this great trust with amaze-
ment and disgust.”

Farmers’ Bulletin No. 20, Washed
Soils: How to Prevent Them, published
by the Department of Agriculture in
1894, gave a clear explanation of the
problem. In the foreword, Assistant
Secretary Charles W. Dabney de-
clared, “Thousands of acres of land
in this country are abandoned every
year because the surface has been
washed and gullied beyond the possi-
bility of profitable cultivation.”

FIELD EXPERIMENTS were begun dur-
ing and after the Civil War, especially
with the establishment of the land-
grant colleges. Many experiments with
lime, fertilizers, crop rotations, tillage,
drainage, and irrigation were under
way by 1890. They were mainly ““test-
ing” experiments, or trials. Not many
were designed to study the soils them-
selves in order to determine the mech-
anisms of their behavior. Most of the
experimenters took the soils for grant-
ed—as “storage bins” of fine rock ma-
terial essentially as Liebig did a half-
century earlier.

Chemistry was developing. It was
applied to soils, crops, and animals. A
workable concept about the soils them-
selves was lacking, but valuable infor-
mation came from thousands of analy-
ses and experiments. Men at nearly all
State experiment stations were study-
ing soil management by 1900, and a
few fields and projects were laid out
for the total analysis of crops and soils.

The researches of F. H. King at the
University of Wisconsin and Cyril G.
Hopkins at the University of Illinois
were outstanding.

King studied the movement and
storage of water in soils and the deep
rooting of plants below the surface. He
sought ideas from China, where peas-
ants, poor and untrained in modern
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science and engineering, had been sup-
plying food to a huge population for
centuries. King’s work greatly broad-
ened the field of soil science in Amer-
ica; it was more than chemistry.

Hopkins’ influence was great. He
went about as far toward developing
good soil-management systems for Illi-
nois and for soils like those in Illinois
as hard work with the simple tools of
analytical chemistry and empirical
field experiments made possible. Lime,
finely ground, raw rock phosphate,
and clover became his basic formula.
His book, Soil Fertility and Permanent
Agriculture (1910), reached many farm-
ers and led to marked improvements in
midwestern agriculture.

Still there was no theory or set of
principles that could be used to bring
into order the data coming from the ex-
periment stations and the experiences
of farmers—no way of applying the re-
sults of research and practical experi-
ence on millions of farm fields on more
than 10 thousand kinds of soil. Not
many people saw the need.

Milton Whitney, chief of the Bureau
of Soils and the first leader of soil in-
vestigations in the Department of Agri-
culture, saw the need.

Dr. Whitney had imagination and
the services of a growing staff of
scientists. His own study of soils made
him appreciate the importance of the
differing characteristics of real soils
outside the laboratory. He over-
emphasized soil texture—the relative
amounts of sand, silt, and clay—but
his emphasis on the texture of the soil
in the root zone was a forward step.
Soil texture is a permanent character-
istic of the soil itself that can be meas-
ured. He noted that the cffects of cli-
mate on crop growth varied greatly
with texture. He was impressed that
characteristics of soils, their produc-
tivity, and the adaptability of crops to
them varied from place to place.

He conceived an orderly field study,
classification, and mapping of soils so
that experimental studies in both fields
and laboratories could be planned ra-
tionally and the results might be syn-
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thesized by kinds of soil and extended
to farmers through the use of the maps.
In that way, recommendations could
be pinpointed to individual ficlds and
farms, once the soils were identified.

Thus the Soil Survey was organized
in 1899. The first results were disap-
pointing, but gradually a corps of sci-
entists were traincd to study the real
soils—all their characteristics to the
depths that affect roots and water
movement—in relation to the natural
environment and to farm experience.

Dr. Whitney started other investiga-
tions. One was directed to find out the
nature of clay too fine to be seen clearly
with a microscope and yet the most
active part of soils. Other research was
aimed at the nature of the water in
soils—the soil solution—from which it
was supposed that plant roots took
in their mineral nutrients. Research
was begun to discover what toxic sub-
stances may inhibit plant growth.

Some of Whitney’s views seemed al-
most wild at the time. His theory that
all or most soils contained enough nu-
trients for crops and needed only water
if they were used in a rotation and if
a buildup of toxic compounds was
avoided was proved false. So was
Liebig’s statement of the balance-sheet
theory. Out of the clashes of opinion
that followed, both theories were dis-
carded in favor of a new theory that
accounted for the evidence on which
both were based.

CuEMISTRY meanwhilc was advanc-
ing and was soon to make fertilizers
better, cheaper, and more abundant.
Sir William Crookes delivered a re-
markable address in 1898 on the prob-
lem of wheat production for a growing
population. Wheat vyields were not
keeping up with the need, and he fore-
saw an “impending catastrophe.” He
said the solution lay in the fixation of
atmospheric nitrogen by chemical proc-
esses. That alone, he maintained,
could save the countries whose people
depend on wheat bread. It was an
accurate forecast.

Technical processes for fixing the ni-
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trogen of the air into nitrogen com-
pounds were just being developed.

During the next 12 years after Sir
William spoke, methods were vastly
improved. A chemical nitrogen indus-
try developed enormously during the
First World War, primarily for ex-
plosives. Nitrogen afterwards became
available for use in fertilizers.

Soluble phosphatic fertilizers, dis-
covered at Rothamsted in 1843, also
were improved greatly during the first
part of our century. The concentration
of plant nutrients was increased. Meth-
ods were worked out for adding am-
monia to superphosphate. Ways were
developed for granulating the fertilizer.

Most supplies of potash fertilizer for
American agriculturc used to be im-
ported from Europe. Shortages during
the First World War stimulated ex-
ploration and development in the
United States and elsewhere, and this
primary fertilizer material also became
more abundant.

The effect of fertilizers on improving
the efficiency of crop production can
scarcely be overemphasized. Although
various natural products had been used
for a long period, the general use of
fertilizers in quantity depended on this
development of an efficient chemical
industry.

A BRILLIANT SCHOOL of soil scientists
developed in Russia about 1840 under
the leadership of V. V. Dokuchaev.
These students noted that each kind of
soil has a unique series of layers, or
horizons, from the surface down to the
geologic material at g to 5 feet, which
have resulted from powerful soil-build-
ing forces acting on the geologic mate-
rials beneath.

Thus they established for the first
time what Hilgard had hinted at—that
soils are individual, natural bodies,
each with its own morphology. This
concept was as important to progress
in soil science as the development of
knowledge of anatomy was to medi-
cine. One did not need to assume what
a soil was. He could go directly to the
soil itself and find its characteristics
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displayed in its own morphology as a
summary of all its past environment.

Because of the language barrier, only
hints of the far-reaching results of these
ideas reached western Europe and
America until 1914, when a textbook
was published in German by K. D.
Glinka. Hilgard in his earlier work and
G. N. Coffey, in the Bureau of Soils,
had conceived part of this new concept,
but they had not reached it in a clearly
integrated form.

The Soil Survey in the United States
went on cooperatively between the De-
partment of Agriculture and the State
agricultural experiment stations, gath-
ering data and learning about our soils.
C. F. Marbut took charge of the Soil
Survey under Whitney. He read and
translated Glinka’s book. He grasped
the significance of the new concept at
once. He personally studied the soils
of the country and led young soil sci-
entists everywhere along the new lines.
It was not easy: Liebig’s old balance-
sheet theory of soils as storage bins was
hard to dislodge, but Marbut was a
great teacher.

With the new and broader theory,
the data already accumulated in the
experiment stations and from the Soil
Survey took on new meaning. It be-
came possible to develop a nation-
wide system of soil classification, which
makes possible the orderly planning of
soil research and the interpretation of
the results to make them applicable to
individual fields everywhere. Much of
the work of mapping soils is still ahead
of us, but a great deal has been done.

We know now that soils are dynamic
and changing. Not only do soils sup-
port living plants and micro-organisms
but these, in turn, have a lot to do with
the formation and behavior of the soils.
The system is not simply chemical and
geological. It is also physical and bio-
logical,

As IN MANY OTHER FIELDS, Americans
emphasize testing and the application
of technology while depending on
Europeans for the basic research in soil
science. Even now, in the 1950’s, the
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proportion of time and facilities for
basic research on the behavior of soils
and the nutrition of plants growing in
soils is too low for the most economical
benefits from the total effort in soil re-
search. Practice can never get far ahead
of basic principles, except accidentally.

Even so, the new ideas, developed
partly within America and partly
adapted from those of eastern Europe,
had a stimulating effect. Emphasis on
soil colloids (especially the fine clay)
stimulated by Milton Whitney led to
the discovery that clays are crystalline.
Knowledge about the properties of
these clay mineral systems has become
a cornerstone of modern soil science.

Gradually total chemical analyses of
samples of soil gave way partly to
chemical examinations of the individ-
ual parts of the soil, of the soil solution,
and of the exchanges between clay
minerals and the solutions.

When we understand the processes
going on in dynamic soils, we can
change them by management to in-
crease their productivity for plants.

Chemical treatments, liming, irriga-
tion, tillage, drainage, and the growth
of crops change the soils. Besides the
characteristics of the original soils, the
changes caused by cultural practices
had to be understood, and the soil con-
ditions had to be measured in the new
situation. This called for chemical tests
of nutrients and for other soil tests that
could be widely applied.

For example, the soil scientist knew
that untreated Norfolk fine sandy loam
or Miami silt loam needed lime and
fertilizers for good crop growth. He
had to have methods that would give
quantitative results, so that he could
recommend specific amounts. Tests
also were needed to assess the status of
the soils after treatment in order to
avoid deficiencies or the wasteful appli-
cations of material not needed.

Although homesteading ended about
1910, the public and many farmers and
professional agriculturists generally did
not see the serious problems of soil
management that were coming.

These were problems of soil deple-
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tion through erosion and soil blowing,
declining fertility, loss of soil structure,
increased runoff, the flooding of small
streams, and poorly adaptced cropping
systems for the local kind of soil. Farm-
ing during the early years of this cen-
tury generally was cxploitative, and
most systems of soil management were
planned on a short-run basis despite
the warnings of Ruffin, Hilgard, Hop-
kins, King, and the others.

After the First World War, agricul-
ture was depressed. It was hard to ad-
just total production downward from
the great increases stimulated by the
war. Farmers could scarccly make ends
meet, and soil depletion increased.

The land-grant colleges were well
established and were becoming better,
but they had to cover all phases of
agriculture in their teaching programs,
and the attention to the different
phases in research and off-campus edu-
cation followed roughly the same pro-
portion as in resident teaching. Thus
the effort devoted to soil science was
small in relation to the growing soil
problems on farms.

H. H. Bennett, of the Department of
Agriculture, started writing dramati-
cally in the middle 1920’s about the
growing soil problem, which became
worse when a general depression grew.
He got attention where others had
failed. He did much to awaken the
country to the problem.

Bennett and his staff developed a
grouping of the many kinds of soil
under the ‘“‘use-capability” concept.
They placed major emphasis on re-
lating the kinds of soil to their needs
in simple terms. This emphasis started
the conservation program on a sound
basis. It brought out the major condi-
tions each land user must deal with
and furnished a guide to the combina-
tions of practices required for sustained
production.

More than 1.6 million farmers plan
the use and management of their soil
and water resources through about
2,700 soil conservation districts. Other
thousands of farmers each year coop-
erate with their districts.
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America’s greatly expanded industry
has given farmers new tools and chem-
icals. Research programs in the manu-
facturing technology of fertilizers and
in their use also have expanded.

Instead of basing the use of fertilizers
on the analyses of harvested crops, ac-
cording to the balance-sheet theory of
putting in what plants take out, the
aim now is to supplement the soil in
order to develop and to maintain a
balanced supply of plant nutrients at
economic levels.

This level of fertility for many kinds
of soil is far higher than that of the
natural soils. Certain nutrients must
be added to the soils in amounts well
above those removed annually by
plants. Few arable soils require fer-
tilizers containing all the plant nu-
trients. Some soils need several. Others
require only one or two, even after
long use. The amounts removed by
plants and animals are important, but
we have learned to take account of the
amounts in the soil that are becoming
available to plant roots and of proc-
esses going on in the soils that affect
these supplies.

Conceivably we may be able some
day to draw up a true balance sheet
for a soil. To do so we shall need to
understand better the mechanics of
several processes and know how to
measure them more precisely.

These include—besides analyses of
plants, whole soils, and drainage wa-
ters—the amounts of nutrients in dusts
that fall onto or are washed into the
soil by rain, and those removed; the
amounts removed by normal soil ero-
sion and those added by the incorpo-
ration of new materials into the soil
from the underlying rock material; the
sources of nitrogen compounds in the
soil; and the rate at which nutrients
become available or unavailable to
plants under different conditions.

These processes are influenced by
drainage, irrigation, total amounts of
nutricnts and the balance between the
nutrients and other substances, and
different species of growing plants. All
are modified by cultural practices.
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The use of fertilizer and soil erosion
are related. Erosion may change the
chemical nature of soils, but the great
damage is to soil structure. Commonly
a mellow surface soil is removed, and a
subsoil difficult to cultivate is un-
covered.

The erosion of sloping soil is stimu-
lated by tillage or weakened plant
growth—by anything that cxposes a
bare soil to the direct action of wind
and rain. On any highly erodible soil,
even a highly fertile soil, exposure of
the soil through cultivation results in
erosion hazards. On many moderately
erodible soils, however, the extent of
erosion depends upon the vigor of the
plant growth under good management
practices, other than fertilization.

With low fertility and weak plants,
erosion is serious; with high fertility
and vigorous plant growth, it is not.
Since the use of naturally infertile
sloping soils, or of those that have been
allowed to become infertile, means
weak vegetation, erosion is increased.
Thus the accelerated erosion of such
infertile soils is more an effect of low
fertility than it is a cause of the infer-
tility.

A first step in the control of runoff
and erosion on such soils, we have
learned, is adequate fertilization. A
fertile soil has a wider range of adapted
crops, including grasses and legumes,
than an infertile one. The problem
may be solved with vigorously growing
plants or with such plants and supple-
mentary engineering works that would
be ineffective by themselves or eco-
nomically impractical at low levels of
crop yields.

As a result of the developments in
the use and supplies of fertilizers, a
part of our emphasis in the study and
teaching of soil management has been
shifting from soil fertility to the physi-
cal properties of soils. In contrast to
the early 1920’s, few farm managers
with adequate capital and skill need
to allow soil fertility to be a limiting
factor. We have methods of testing
soils and recommendations for ferti-
lizing for most kinds of soils. We have
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reasonably good fertilizer materials at
prices that generally have been going
down.

In fact, the modern farmer is not pri-
marily concerned with the produc-
tivity of his soil when it is first plowed.
He is concerned with the responsive-
ness of the soil to management—the
physical condition of the soil, the
nature and stability of its structure,
which controls its permeability by
roots and water, and the maintenance
of an adequate amount of available
moisture.

THuUs, FROM THE LORE, skills, and ex-
perience of many generations and the
experiments, theories, and researches,
we have learned a great deal about
soils and how to use them.

We have learned that soils have
depth and area. They can be defined,
undersiood, classified, and mapped.
Soil maps give us the means for firm
connections between the experimental
plots and the millions of fields. The
capability of the soils for use can be
predicted as a basis for farm decisions
and the classification of land.

We have learned that any kind of
soil is a complex combination of char-
acteristics, no one of which has mean-
ing by itself and apart from the others.
A whole group of characteristics, each
influencing the others, makes up the
soil that will respond, for better or for
worse, to the care we give it.

We have learned that the most effi-
cient systems of soil management are
combinations of practices, fitted to the
unique kinds of soil in ways that realize
the benefits of the many interactions
among the separate processes and the
several characteristics of the soil.

We have learned that soil-manage-
ment practices can be adjusted with
increasing accuracy to specific fields.
Broadly defined combinations of treat-
ments, or “‘shotgun” recommendations,
can be replaced with specific ones that
avoid the wasteful use of power, chem-
icals, and water. »

We have learned that many of our
so-called poor soils can be built up and
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maintained for efficient production
and that there are few conflicts be-
tween those systems of managcment
that give the greatest economic return
and those that insure the continued
improvement and conservation of the
soils.

We have learned that many kinds of
soil that gave low yields with the prac-
tices of only a gencration ago can be
used cfliciently now. If those soils are
protected under grass or trees, the
United States can increase its acres of
cropland very greatly if the necd arises.
Thus we have many choices in soil use
and no real need to use unresponsive
or high-risk soils for cultivated crops.

What we seek is not some kind
of mythical natural balance between
farmers and the soils they cultivate, but
a cultural balancc in which we use
with understanding and precision all
the tools of modern science, engineer-
ing, and economics.

The Basis
of Fertility

Sterling B, Hendricks and Lyle T. Alexander

The old and new meet in soil
management. From ancient
days man has plowed, drained,
terraced, and irrigated land.
He has manured his crops
and has used rotations, either
blindly or by plan.

Early man was limited by not know-
ing how things happened. When a
background of knowledge had devel-
oped to the point where the question
of how? could be approached, further
progress was possible. That progress
was late, even in the period of recorded
history—between 1800 and 1850.
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Humphry Davy, an English chem-
ist and a professor of the Royal Institu-
tion in London, made one of the first
steps toward explaining the value of
manure and ashes. He wrote in 1813:

“If land be unproductive, and a
system of ameliorating it is to be at-
tempted, the sure mcthod of obtaining
the objcct is to determine the cause of
its sterility, which must necessarily de-
pend upon some defect in the consti-
tution of the soil, which may be easily
discovered by chemical analysis.”

Twenty-seven years later, in 1840,
Davy’s ideas were still being debated
and had not been put to wide use on
farms. At that time the German, Justus
von Liebig, the foremost organic
chemist of his day, was turning his
attention to the problems of soil fer-
tility. In his book, Organic Chemistry in
its Applications to Agriculture and Physi-
ology, he pointed out that the chemical
elements in plants must have come
from the soil and air. If fertility is to
be maintained, the loss from the soil
must be replaced.

Even before Liebig had so emphat-
ically pointed out the essential basis of
fertility, others were conducting tests.

Prominent among them was John
Bennet Lawes, who was devoting his
estate at Rothamsted, north of Lon-
don, to the purpose. In 1840 Lawes
was trying out the effectiveness of
crushed bones as a source of phosphate
for plants. He found the bones to be
quite ineffective, contrary to Liebig’s
teachings. Lawes reasoned that a more
soluble type of phosphate compound
was needed. To prepare such a mate-
rial, he and his associate, J. H. Gilbert,
in 1842 treated bones with sulfuric
acid. The rcsulting fertilizer came to
be known as superphosphate and is the
basis of much of our present fertilizer
industry.

The concern of Liebig, Lawes, Gil-
bert, and other agricultural chemists
between 1840 and 1860 centered on
the elements required in large amounts
for plant growth. These include nitro-
gen, potassium, and calcium as well
as phosphorus. The success of super-
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phosphate (P) as a fertilizer quickly
led to the wide use of soluble potas-
sium (K) salts and compounds of nitro-
gen (N) in complete fertilizers. Thus,
N-P-K as components of a complete
fertilizer, or rather N-P,0,-K,0, as
we know them on our fertilizer tags,
came into being.

The principles involved in nitrogen
supply to plants and in the production
of nitrogenous fertilizers have devel-
oped since 1850. Liebig thought that
plants derived their nitrogen from am-
monia in the air. The French agricul-
tural chemist and farmer, J. B. Bous-
singault, however, in 1848 on his estate
at Bechelbronn in Alsace showed that
legumes can obtain nitrogen from the
air only when the soil or medium in
which they are growing has not been
heated. Boussingault argued that the
free nitrogen of the air is changed into
compounds suitable for plant growth
by something that is alive in the soil.
Heat killed the living organisms. The
time, 1838, however, was too long be-
fore the development of bacteriology as
a science to allow the organisms to be
found.

Fifty years after Boussingault’s ex-
periments, a Dutch scientist, M. W.
Beijerinck, isolated bacteria from nod-
ules on legume roots. He showed that
the bacteria, which came to be known
as Rhizobia, or root living, had to be
present for nitrogen to be taken up by
the legume. It was the rhizobia that
were killed by Boussingault’s heating
of the soil. But the 50 years between
Boussingault and Beijerinck had seen
the development of bacteriology by
the German physician, Robert Koch,
and by one of the greatest benefactors
of mankind, Louis Pasteur.

This was discovery. It served to ex-
plain the importance of legumes in
land use, but it did not give the prin-
ciples for changing the nitrogen of the
air into soluble compounds.

The way in which nitrogen can be
caused to react with other clements is
basic to its fixation from the air. The
principles of this fixation process are
needed, both for an understanding of
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the part played by the legume bacteria
as well as for the creation of a fertilizer
industry. Both depend on catalysts,
which are materials for speeding up
reactions that otherwise are too slow
to be cffective.

Metallic iron is the most effective
catalyst for promoting the combina-
tion of nitrogen and hydrogen to form
ammonia, NHj;. This catalyst was
developed by the German chemist,
Fritz Haber, in the early years of the
First World War.

Haber knew from the principles of
chemistry that the catalyst could only
increase the rate of combination of
the nitrogen and hydrogen without
changing the degree of their combina-
tion—that is, the cquilibrium between
nitrogen, hydrogen, and ammonia.
To obtain the greatest degree of com-
bination required pressures of many
hundreds of atmospheres and tempera-
tures of about 800° F. But even under
thosc conditions, the combination did
not take place unless the catalyst was
present and iron was the best catalyst.

Haber’s successful synthesis of am-
monia answered the most serious
problem of soil management and of
world food production, a supply of
nitrogenous fertilizers. More than 3
million tons of ammonia are now pro-
duced yearly in this way in the United
States from the elemental nitrogen of
the air and hydrogen, obtained chiefly
from natural gas or petroleum refining.

The catalysts that promote nitro-
gen fixation by rhizobia growing on
legume roots are still unknown. The
German bacteriologist, H. Bortels, in
1930 showed, however, that free-living
forms of nitrogen-fixing bacteria will
grow in the absence of nitrogen com-
pounds only if they have a supply of
molybdenum. Bortels reasoned that
some molybdenum compound must be
the catalyst in bacteria for nitrogen
fixation. On the basis of this idea, he
showed in 1937 that nitrogen fixation
by clover, beans, and peas was greatly
enhanced by an adequate supply of
molybdenum.

The practical application of Bortels’
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findings first came in Australia, where
large areas were known to be unsuited
for pastures containing clover. The
agronomist, A. J. Anderson, showed in
1942 that this condition could be cor-
rected by use of a few pounds an acre
of molybdenum compounds mixed
with superphosphate, for the soils were
deficient also in phosphate.

Another discovery about the associa-
tion of nitrogen-fixing bacteria and
legumes was made by a Japanese
scientist, H. Kubo, in 1939. He learned
that the nodules containing the bac-
teria are effective only when a red
pigment is present. He demonstrated
that this pigment is a hemoglobin
much like that of blood, which has
never been obscrved under other con-
ditions in plants. Herein is a suggestion
to explain the uniqueness of legumes
among plants for nitrogen fixation, but
much morc must be found to explain
the process.

The importance of a rather rare ele-
ment such as molybdenum as essential
for establishing legumes introduces the
minor nutrient elements. A group of
thesc elements, which are discussed in
detail in the chapters that follow, are
known to be essential for plant growth.

The first to be recognized was iron,
the absence of which leads to a general
ycllowing, or chlorosis, of leaves. A
French scientist, A. Gris, in 1844 de-
scribed how chlorosis of some plants
can be corrected by sprays of iron
salts. Progress, however, was slow, and
it was not until after 1goo that the
importance of other minor-nutrient
elements such as boron, copper, man-
ganese, and zinc was appreciated.

The principle of essentiality of these
elements has been stated by D. I.
Arnon, of the University of California,
in this form:

“An element is not considered essen-
tial unless a deficiency of it makes it
impossible for the plant to complete

. its life cycle; such deficiency is
specific to the clement in question and
can be prevented or corrected only
by supplying this element; and the
clement is directly involved in the

I3
nutrition of the plant quite apart from
possible cffects in correcting some
unfavorable microbial or chemical
condition of the soil or other culture
medium.”

Most minor—or ‘““trace”—nutrients
act as required parts of enzyme sys-
tems, the catalysts of living things, that
speed up the reaction necessary for
growth, although many of these en-
zymes are still to be discovered.

Thus molybdenum acts in nitrogen
fixation as a part of some enzyme
systemn; it also is required for the reduc-
tion of nitrates in plants, the enzyme
required being nitrate reductase. The
element is also required in animals for
the oxidation of xanthine, a material
similar to uric acid, which must be
oxidized before it can be eliminated
adequately.

A pRINCIPLE intimately involved in
fertility, but with broader implications
as well with regard to physical features
of soils, is that of base or cation ex-
change. Today this is often a first factor
to consider in management, as it in-
volves liming of acid soils and amel-
ioration of alkali soils.

The principle is that soils act to hold
base elements such as calcium, sodium,
potassium, and magnesium and the
acid element hydrogen. Generally, one
element can only be replaced by an-
other. Thus, as calcium is removed
from soil by plant growth, or by leach-
ing with water, its place might be
taken by hydrogen until the soil is too
acidic for use. This is the tendency in
most soils of the Eastern and Southern
States.

The principle of base exchange was
discovered just a little over a century
ago by the Englishman, J. T. Way, an
associate of Lawes at Rothamsted.

Way was concerned with the possible
loss of water-soluble fertilizers from soil
by leaching. He established instead
that the soluble material was held and
displaced an equal amount of material
present in the soil. This was a funda-
mental principle. It foreshadowed by
three decades the development of a
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part of modern chemistry, namely, the
law of mass action, later (186%) stated
by the Scandinavian scientists, C. M,
Guldberg and Peter Waage.

The law of mass action formulated
the idea that in a chemical reaction
such as A+B&CH+-D, in general, or
Nat4H soil2H*+Na soil, in par-
ticular, an equilibrium is attained. If
then, A is increased, the reaction will
be driven toward the right; if D,
toward the left. Thus, acid, H*, in-
crease displaces sodium, Na, so that it
can be washed from soils. This is the
basis for the use of sulfur as an acid-
forming element in the recovery of
alkali soils.

The principle of base exchange and
that of mass action expressed in the
reaction Nat4H soilsH*Y4-Na soil
is in a very general form, in that in-
quiry is not made into the nature of
H soil and Na soil.

This serves some of the requirements
of management, but it does not ex-
plain, for instance, why Na soils often
have very poor drainage and why one
soil differs markedly from another
when both have high sodium contents.
The ends of management both for use
of many soils under irrigation in the
Western States or for recovery of land
from the sea, as in the Netherlands,
require a more detailed knowledge of
Na soil.

Way, in the period near 1850, estab-
lished that the base exchange was due
chiefly to the very finely divided ma-
terials in the soil. Prominent among
these materials were the clays, and
Way made synthetic materials by pre-
cipitating aluminum and silicon com-
pounds that somewhat resembled the
clays and possessed base-exchange
properties. But these synthetic ma-
terials, which have long been exceed-
ingly important for softening water,
differed markedly from clays in many

. of their properties, such as the capacity
to remain suspended in water without
change. An understanding of base
exchange, then, became largely an
effort to understand the nature of clays.
This search was successful after 1925.
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We can separate soils into fractions
of various particle sizes by shaking
them through sieves and by suspend-
ing them in water. The coarse fractions
are sands. The intermediate ones
down to the limits of microscopic mag-
nification are silt. Those below these
limits are the clays, which settle very
slowly in water.

If a soil after separation into frac-
tions is reconstituted with omission of
the clay, its cohesive properties will be
greatly diminished, particularly if the
soil is a loam or heavier in clay con-
tent. The clay, then, apparently is the
fraction involved not only in base ex-
change but also in interaction with
water in soil. In management, as an
example, the clay interaction with
water is determinative for many prop-
erties, such as those underlying the
tendency of soil to erode and its
features of internal drainage.

The basic principles about clays are
to be found on an atomic scale. You
might think it strange that this is the
case for such gross features of a field as
its lime requirement, its tendency to
erode, the draft requirement for plow-
ing, or the required spacing of drains.
These properties of the whole field,
though, are only reflections of the
most minute parts. While the four
features are quite different in external
appearance, they might depend on
the same (or on only a few) minute
features.

KNOWLEDGE ABOUT crLAYS on the
atomic scale advanced only after a
long period of development in the
basic physics of atomic structure. In
principle, to work with phenomena on
a particular scale, the measuring in-
struments must have features on that
scale. Thus, for measuring a mile to
the nearest foot, a measuring tape
need only be divided into feet, which
would make it unsuited for measure-
ment of thickness for a plastic film.

The desired basic information about
clays was the arrangement of the
atoms. The measuring method that
proved useful in finding the arrange-
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ment was the diffraction of X-rays.

X-rays are like visible light in that
they can be resolved into different
wavelengths by diffraction and refrac-
tion. In visible white light, the resolu-
tion into the different component
wavelengths or colors by refraction is
shown in a rainbow. This resolution
can also be done with an ordinary
window screen and a light by diffrac-
tion, as can be seen by looking at a
distant light through the screen. The
degree to which the various colors are
separated depends on the fineness of
the screen—the smaller the separation
of the wires, the greater is the color
separation. The diffraction then can
be used to measure the wire separation
in the screen.

X-rays have wavelengths, equiva-
lent to color in visible light, of about
the same value as the separation of
atoms in clays. The atoms in the clays,
as in all crystals, irrespective of size,
are arranged in an orderly and re-
peated manner much like the men in
an army passing in review. This ar-
rangement corresponds to the wires
of the screen for visible light. Accord-
ingly, the diffraction of the X-rays by
the atomic arrangement in the clays
can serve to measure the arrangement.

The kinds of atoms present in the
clays are chiefly silicon, aluminum,
and oxygen, with small amounts of the
basic elements such as calcium, mag-
nesium, sodium, and potassium, and
the acid element hydrogen. They are
the ones taking part in base exchange.
This knowledge of composition came
from the analysis by chemists of many
pure clays collected from mineral de-
posits by geologists and mineralogists.

The diffraction of X-rays by a clay
shows that the silicon atoms, which are
relatively small, are each surrounded
at the corners of a tetrahedron by
larger oxygen atoms and that each
oxygen atom is between two silicon
atoms, which thus serve to link tetra-
hedrons together. The aluminum at-
oms, which are similar in size tosilicon,
are substituted, in part, in place of the
silicon atoms. The tetrahedrons upon
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linking are formed into sheets, and two
of these atomic sheets are joined by
aluminum atoms between them.

This arrangement of the atoms in the
clays has three features, which are the
basic ones underlying many propertics
of soils. These features are: The atoms
are arranged in shects; the surfaces of
the sheets are largely the surfaces of
oxygen atoms; and the attraction be-
tween atoms in the sheets depends on
the relative number of oxygen, silicon,
and aluminum atoms.

As aresult of the atomic arrangement
in sheets, the clays can be split be-
tween the sheets and thus reduced to
particles that are exceedingly thin. The
clays therefore are finely divided; that
is one of the necessary features for for-
mation of a mud.

OxYGEN ATOMS on the surface result
in attraction of water molecule through
binding with the hydrogen atoms of the
water. In other words, the sheets have
a high tendency to be wetted with
water. In one type of clay, as a matter
of fact, water molecules on the sheet
surfaces separate the sheets and cause
the clays to swell. It is for this reason
that many of the alkali soils have such
poor drainage. It is the basic reason for
the cracking of many soils during
prolonged droughts.

If the attraction of the atoms is not
balanced on the scale of atomic dimen-
sions, other atoms must be present for
the balance. These atoms can only be
present on the surfaces of the sheets.
On the surfaces they can readily be sep-
arated in the water layers that are also
there. Accordingly, they are the atoms
thatcan be exchanged with others—the
atoms of base exchange—the atoms in-
volved in the acid reactions of soils and
the liming requirements.

As knowledge of clays devecloped, it
was found that there are several ways
of making the atomic arrangements in
sheets and that clays with different
arrangements differ considerably in
such properties as the amount of their
base exchange and their tendencies to
swell in water.
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A first question about most soils is,
“What is the clay type?”

This question_is accompanied by,
“What is the soil texture; how much
clay is present?”’ Finally, “What is the
base-cxchange capacity?”’

A guiding method for learning more
about clays in soils was to work on pure
clays and from their properties to as-
sess their degree of contribution to the
general properties of the soil. Other
soil components also affect these prop-
erties, and the part played by organic
matter or humus can be great. Can the
principles basic to the action of organic
matter also serve as a guide through
some of the complexities of soil?

Until the time of Liebig, the idea was
held that humus was directly used by
plants and as such contributed to soil
fertility. Liebig showed that plant
growth instead depends upon inor-
ganic compounds. Organic matter is
useful for fertility only as it is broken
down with release of the constituent
nitrogen and phosphorus into inor-
ganic forms. Even today, though, some
nonagricultural persons maintain that
humus has direct attributes in fertility.

With the advance near the end of
the last century in knowledge of bac-
teriology and the requirements of
micro-organisms for growth, it became
evident that humus was, in part, a
product of the action of micro-organ-
isms and, in part, their sustaining food.
The release of the nutrient elements
required the destruction by micro-
organisms of the organic matter from
past crops or that of the native soil.
From this point of view alone, the best
practice would utilize the organic mat-
ter as rapidly as possible.

The organic matter has other prop-
erties. One is base exchange, or the
capacity to hold nutrient elements,
such as potassium, calcium, and mag-
nesium, in saltlike combination much
as do clays. Destruction of organic
matter naturally reduces this exchange
capacity of the soil.

The desirable effects of organic
matter on the structure and, through
these eflects, on the physical properties
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of soil are of greatest importance. This
is the discovery of no particular person
but it is readily observed by all who
are familiar with soils. It has to do
with mellowness and friability, with
the maintenance of a good tilth, and
the preservation of a loose and uncoms-
pacted soil.

The question of principle would be
to establish how organic matter con-
tributes to desirable structure in soil.

The answer has not been found even
by repeated inquiries into the nature
of organic matter. Rather, it seems
that something still is to be established
about the interaction between organic
matter and surfaces of clay minerals.

The most progress in this regard was
the finding that some of the polymeric
compounds related to the materials of
plastics but containing more acid
groups when added to clays or to soils
have the desired action on structure.
The principle, as vaguely formed, in-
volves, in part, the presence of a
number of acidic organic groups held
together in one molecule that is resist-
ant to attack by micro-organisms.

These acidic groups interact with
the surfaces of the clay minerals. The
natural materials possessing these
properties, in part, are gums formed
by bacteria. They are not very stable
against further attack by bacteria,
however, and have to be constantly
renewed by supplying fresh organic
matter for the bacteria to consume.

Fertility, the properties of clay, and
the functioning of organic matter are
examples of factors in soils for which
basic principles have been sought.

Each principle is treated in chapters
that follow. Other principles also are
expressed, particularly with regard to
the behavior of water in soils for
which a basic understanding is wcll
developed.

In the end, the search for prmc1ple
is the only way by which we can gain
information from one soil that is useful
for farming another soil. Information
about properties of the individual soils
become an orderly and consistent part
of knowledge about all soils.
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What Soils
Are

Roy W. Simonson

Soil is continuous over the land
surface of the earth, except for
the steep and rugged mountain
peaks and the lands of per-
petual ice and snow.

Soil is related to the carth much as
the rind is rclated to an orange. But
this rind of the carth is far less uniform
than the rind of an orange. It is deep
in some places and shallow in others.
It may be red, as soils are in Hawaii,
or it may be black, as they are in North
Dakota. It may be sand, or it may be
- clay.

Be it deep or shallow, red or black,
sand or clay, the soil is the link between
the rock core of the earth and the living
things on its surface. It is the foothold
for the plants we grow. Therein lies the
main reason for our interest in soil.

The soil mantle of the earth is far
from uniform, but all soils have some
things in common.

Every soil consists of mineral and
organic matter, water, and air. The
proportions vary, but the major com-
ponents remain the same.

Every soil occupies space. As a
small segment of the earth, it extends
down into the planet as well as over
its surface. It has length, breadth, and
depth.

Every soil has a profile—a succession
of layers in a vertical section down
into loose weathered rock. The nature
of the soil profile has a lot to do with
the growth of roots, the storage of
moisture, and the supplies of plant
nutrients. The profile also is basic to
scientific studies of soil. The profile car-
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ries within itsclf a record of its history
for those who learn to read it.

A SOIL PROFILE consists of two or
more layers lying one below the other
and parallel to the land surface. The
layers are known as horizons. The
horizons differ in one or more prop-
ertics such as color, texture, structure,
consistence, porosity, and reaction.

Soil horizons may be thick or thin.
Some arc no more than a fraction of
an inch. Others are several feet thick.
Few horizons are at ecither extreme.
Generally they merge with one an-
other and lack sharp boundaries.

Horizons in a profile are like the
parts of a layer cake without the clear
bands of frosting between them.

Most soil profiles include three mas-
ter horizons, identified by the letters
A, B, and C. Some soils lack a B hori-
zon and are said to have AC profiles.
When a soil is used without proper
care, the A horizon and even the B
horizon may be eroded away.

The combined A and B horizons are
called the solum, sometimes the “true
soil.” Together they form the major
part of a profile. They are also direct
results of the processes by which soils
are formed.

All of the master horizons may be
subdivided in the scientific study of
soils. Such subdivisions are identified
by the proper letter plus a subscript
number, thus: Al) Az, A3, Bl’ B2, Ba.
The subdivisions of master horizons
provide clues to the processes of soil
formation and are important to the use
and management of soils.

The A horizon, the uppermost layer
in the soil profile, often is called the
surface soil. It is the part of the soil in
which lifc is most abundant in such
forms as plant roots, bacteria, fungi,
and small animals. It is thereforc the
part in which organic matter is most
plentiful.

Because it lies at the surface, the A
horizon is also the part of the soil that
falling rain reaches first. Hence it nor-
mally is lcached more than are the
deeper horizons. Most A horizons have
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1. A single area of a soil type as it occurs in nature.

its major horizons.

lost soluble substances. Many have also
lost some clay—mineral particles finer
than a pinpoint. (About 10 thousand
clay particles of average size laid end
to end would equal 1 inch.) They may
also have lost iron and aluminum ox-
ides, which soil scientists generally call
sesquioxides. Iron oxide is the familiar
rust on an old piece of steel. Aluminum
oxide is the dark tarnish on aluminum
kettles.

Two subdivisions of the A horizon
are common in soil profiles, although
only one of the two may be present in
a given profile. If a soil has been
formed under prairie vegetation, as in
the Corn Belt, it has a thick, dark A,
and lacks an A, horizon. If the soil
were formed under forest cover in the
same region, the A horizon has two
distinct subdivisions, a thin, dark sur-
face layer (the A; horizon) and a much
thicker, lighter colored layer beneath
it (the A, horizon). The A; and A, hori-
zons can be recognized in many un-
eroded soil profiles in humid regions,
but both exist in few soil profiles of dry
regions.

The B horizon lies immediately be-
neath the A horizon and often is called
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At the right is an enlarged sketch of the profile with

the subsoil. Lying between the A and
C horizons, it partakes of the proper-
ties of both. Living organisms are fewer
than in the A horizon but more abun-
dant than in the C horizon. Color is
often transitional between those of the
A and C horizons. The B horizon gen-
erally is harder when dry (and stickier
when wet) than its neighbors. It is fre-
quently higher in clay than either of
them. It may have a blocky or pris-
matic structure, usually combined with
greater firmness. Concentrations of
iron oxide or aluminum oxides or both,
usually in combination with organic
matter, mark B horizons of some soils.

Tue C HORIZON is the deepest of the
three major horizons. It consists of the
upper part of the loose and partly de-
cayed rock beneath the A and B hori-
zons. The rock material in the C hori-
zon is of the same kind as that which
now forms the bulk of the soil above it.
The C horizon therefore is said to be
the parent material of soils. It may
have accumulated in place by the
breakdown of hard rock, or it may have
been moved to where it now is by
water, wind, or ice. The C horizon has



WHAT SOILS ARE

less living matter than overlying ones
and is therefore lower in organic mat-
ter. It is commonly lighter in color
than the A and B horizons. The C hori-
zon in most soils is more like the B than
the A horizon. Some profiles, however,
lack B horizons. Such profiles usually
consist of faint or distinct A horizons
grading downward into C horizons.
The differences betwcen the A and C
horizons may then be small, especially
if the A horizon is faint.

The master horizons and their sub-
divisions, recognized in scientific stud-
ies of soils, are shown in the second
diagram. This hypothetical profile can-
not be found in nature. All the hori-
zons and subhorizons in it do not exist
in any actual soil. Yet some of the hori-
zons are part of every soil on carth.
Moreover, the kinds and arrangement
of horizons in a profile are a record of
what has happened to that soil since
it began to form. This history has
meaning to the fertility, tilth, and pro-
ductivity of soils for plants useful to
mankind.

SoiL FORMATION proceeds in steps
and stages, none of which is distinct.
They are like the overlapping fibers in
a piece of string—the eye can hardly
tell where one fiber ends and another
begins. Similarly, it is not possible to be
sure where one step or stage in soil for-
mation stops and another starts.

The two major steps in the forma-
tion of soils are accumulation of soil
parent materials and differentiation of
horizons in the profile. Each step can
be thought of as consisting of several
stages, which are hard to tell apart.

Some processes begin with the onset
of rock weathering. Silicate clay min-
erals, for example, are formed and
oxides are released from primary min-
erals, such as feldspars, before a rock
disintegrates. Feldspars are minerals
formed when molten lava crystallizes
into hard rock, as happens deep in the
earth. They consist of aluminum, sili-
con, and oxygen and one or more of
calcium, potassium, and sodium. Sili-
cate clay mincrals are also mostly sili-
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con, aluminum, oxygen, and hydro-
gen, but differ in atomic structure from
feldspars.

Clay minerals may continue to be
formed and oxides released within a
soil as long as it exists. Minerals nor-
mally continue to decompose in a soil
profile long after the distinct horizons
form. Some processes in horizon differ-
entiation, however, may begin only
after there is a deep mantle of loosc
weathcred rock. The two main steps in
soil formation thus merge with one
another.

STAGES in each of the major steps of
soil formation, liké the steps themselves,
are far from being distinct.

The accumulation of soil parent ma-
terials follows from the weathering of
rocks, which is slow, gradual, and con-
tinuous. It proceeds little by little from
the time that the first changes take
place in the solid rock mass. Many
changes normally occur in a rock be-
fore it disintegrates. Decomposition of
minerals usually proceeds long after a
rock has disintegrated. Weathcring
continues without any sharp breaks.
Thinking of it in stages is simply a way
of looking at a continuous process one
picce at a time.

Horizons in soil profiles may be con-
sidered faint, distinct, and prominent,
although the stages in their differenti-
ation are not clearly defined. Two or
more faint horizons first appear when
a soil profile begins to form. The earli-
est changes are small, and the horizons
therefore are faint and hard to distin-
guish. If conditions are favorable, these
horizons become distinct with the
passing of time.

Additional horizons may also ap-
pear. Horizons change slowly and
gradually as they become more and
more distinct. These changes are like
the steady upward movement of a bar-
rel being rolled up an incline rather
than like the jumps with which a boy
goes upstairs.

Changes in color, structure, texture,
consistence, porosity, and other prop-
erties occur in all horizons, but the
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Organic debris lodged on the
soil, usually absent on soils
developed from grasses,

Horizons of maximum bio-,
logical activity, of eluvia-
tion (removal of materials
dissolved or suspended in

)

THE SOLUM

(The genetic soil developed -
by soil-forming processes.)

’ tion, or of blocky or pris-
matic structure, or both.

The weathered parent mate-
rial. Occasionally absent
i. e., soil building may follow
weathering such that no
weathered material that is
not included in the solum is
found between B and D.

Any stratum underneath the
soil, such as hard rock or
layers of clay or sand, that :
are not parent material but
which may have significance
to the overlying soil.

YEARBOOK OF AGRICULTURE 1957

Loose leaves and grganic debris, largely undecomposed.
Organic debris partially decomposed or matted,

A dark-colored horizon with a high content of organie
matter mixed with mineral matter,

A light-colored horizon of maximum eluviation, Prom-
inent in Podzolic soils; faintly developed or absent In
Chernozemic soils,

Transitional to B,-but more like A than B. Sometimes
absent.

Transitional to B, but more like B than A, Sometimes
absent,

Maximum accumulation of silicate clay minerals or of
iron and organic matter; maximum development of
blocky or prismatic structure;j or both.

Transitional to C.

Horizon G for intensely gleyed layers, as in hydromorphic
— soils,

Horizons Cca and Ccs are layers of accumulated calcium
carbonate and calcium sulfate found in some soils,

2. A hypothetical soil profile that has all the principal horizons. Not all of these horizons are present in

any profile, but every profile has some of them.

same changes do not take place in
every one. These various kinds of
changes slowly differentiate horizons
in a soil profile.

THE WEATHERING OF ROCKS provides
soil parent materials.

Solid rocks disintegrate slowly under
the influence of climate, which acts on
them through sunshine, rain, frost, and
wind. Heating and cooling, freezing
and thawing, wetting and drying all
tend to weaken the rock structure. The
minerals in rocks react with water and
air that enter through tiny cracks and
crevices. Changes in the minerals then
set up stresses and strains, which fur-
ther weaken the rock structure.

The final effect of these forces is to
break up a rock into small pieces, often
into the constituent mineral grains.
Gradually rocks thus disintegrate and
decay. The loose and weathered rock
materials may then become soil parent
materials. As used here, parent rock
means rock that is still solid and mas-
sive, whereas soil parent material is

the distintegrated rock at or near the
present land surface.

Tremendous quantities of rocks have
been weathered during the millions of
years that have passed since the con-
tinents took form. A mantle of weath-
ered rock, known as the regolith, now
blankets the land surface generally.
This regolith has been formed in some
places by disintegration and decompo-
sition of rocks on the spot. In many
more places it has been moved about
by water, wind, or ice.

The regolith may be slightly weath-
ered and consist of fresh primary min-
erals, as it does in recent deposits left
by glaciers in Alaska. It may be in-
tensely weathered so that nothing but
highly resistant minerals remain, as is
true in parts of central Brazil. The
wide range in degree of weathering is
matched by similar ranges in compo-
sition of the regolith and in its thickness
to hard rock. The composition and
thicknesses are important to soil forma-
tion. The nature of the original rock
and the stage of weathering of the
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regolith also affect the fertility and
water relationships of soils.

PLANTS SOON GAIN A FOOTHOLD in the
regolith. Sometimes they begin grow-
" ing on rock before it has disintegrated.
The pioneers are commonly simple
forms, such as lichens. Micro-organ-
isms, such as bacteria and fungi, also
are early invaders. Larger and more
complex plants soon follow. Small ani-
mals then join the biological commu-
nity in the infant soil.

As these organisms grow and die,
their bodies are left on and in the
regolith. Parts of dead plants fall to
the surface. Roots are left within the
weathering rock mass. The addition
and decay of organic matter gradually
change the character and appearance
of the surface layer of the regolith. It
begins to differ from the deeper layers.
It thus becomes a faint A horizon,
marking the first stage in the differen-
tiation of horizons.

Formation of an A horizon usually
follows on the heels of weathering. By
the timc a regolith has been formed,
horizon differentiation also will have
started. Soil profiles with A and C
horizons, both of which may be thin,
therefore can be found in all but the
very youngest regoliths. With the pass-
ing of time, a faint A horizon slowly
becomes thicker and plainer, growing
at the expense of the C horizon.

The B horizon makes its appearance
after the A horizon has become distinct,
as a rule, although A and B horizons
may be formed together. Some soils
have AC profiles for a long time before
there is any indication of a B horizon.

Many soils in north central Iowa
have thick, dark A, horizons with little
evidence of any B horizons. These soils
were formed from drift left by glaciers
some 8,000 years ago. Eighty centuries
have passed since horizon differentia-
tion began, and an A; horizon prob-
ably has been obvious most of that time.

A, and B horizons have been formed
in the former plowed layers of fields
abandoned in eastern North Carolina
a scant half century ago. These fields
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are now covered by pines about 45
years old. Under the trees, leaching
has formed a thin A, horizon, and the
accumulation of iron oxides and or-
ganic matter has formed a thin B hori-
zon. The combined thickness of the
two horizons is no more than 5 inches.
Both of these new horizons lic within
what was the A, horizon of a larger
profile formed earlier. Changes re-
flected in the new profile are small,
even though the horizons are distinct.

HoR1zONS ARE FORMED in soil profiles
because of gains, losses, and alterations.

The regolith, as a whole, gains some
things and loses others. Changes in its
composition go on all the time. The
kinds and rates of changes are not the
same throughout the regolith. Sub-
stances being gained or lost are not
identical in the different parts of the
vertical section.

Organic matter is usually added to
the surface layer in greater quantities
than to deeper ones. Clay and sesqui-
oxides may be lost from the surface
layer and accumulate in deeper ones.
Minerals decompose slowly all the
time, and organic matter decays rapid-
ly. Minerals in the regolith react with
air and water or with each other to
form new compounds. The combined
effects of these gains, losses, and altera-
tions, going on slowly but constantly,
differentiate horizons in soil profiles.

Gains in organic matter are an early
step in the differentiation of horizons
in most soils. They are important gen-
erally in differentiating A horizons.
They are major processes in forming A,
horizons, such as those in the soils once
covered by prairie vegetation in the
Midwest and the Great Plains.

Soils of the broad chernozemic belts
of the world, shown in the map, have
distinct A; horizons that owe their
main features to gains in humus.

Humus seems to be a mixture of sub-
stances somewhat like wood in chemi-
cal composition and is formed by the
decay of fresh plant or animal residues.
During decay, the bulk of the organic
matter is broken down to simple sub-
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stances, such as water and carbon di-
oxide. (Gas bubbles in soft drinks are
carbon dioxide.) Black colors, as in
chernozemic soils, do not always fol-
low from additions of organic matter.
Moderate amounts are added through-
out the profile to many soils in the
latosolic belts, mainly in the Tropics,
but the dominant colors are still red
and yellow.

Being the remains of living organ-
isms, soil organic matter has nutrient
elements in its structure and thus be-
comes a small storehouse for such ele-
ments. It also has direct effects on
structure and tilth,

Gains in organic matter are not gen-
erally important in forming B horizons.
Small amounts are transferred down-
ward from A to B horizons in many
soils. Usually the eflects in horizon dif-
fercntiation also are small. Large
amounts of organic matter, as humus
and more soluble forms, are moved
down from the A horizon of some pod-
zolic soils formed from sands. Thus
much organic matter is being lost by
the A and gained by the B horizon in
such soils. The humus moves largely in
suspension, tending to stop in the B
horizon. More soluble organic matter
moves in solution, and part of it may
also stop in the B horizon.

Losses from the soil profile are due
mainly to leaching or eluviation.
Downward movement of substances in
solution is known as leaching. The
washing out of mineral and organic
matter in suspension is called cluvia-
tion. The reverse of eluviation is illuvi-
ation, which means ‘“washing in”
rather than “washing out.” The re-
verse of leaching is deposition. Losses
may also be due to removals of nutrient
clements by plants.

Water must move through a soil pro-
file before leaching and eluviation can
occur. The water comes from falling
rain, which first enters the A horizon.
In passing throughthe atmosphere, the
water has absorbed a little carbon di-
oxide, which makes it slightly acid and
helps it to dissolve minerals. -

Once in the soil, the water dissolves
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minute quantities of mineral and or-
ganic matter, as sugar dissolves in
coffece. The dissolved substances com-
monly move with the watcr as far as it
goes. To this gencral rule, therc are
exceptions.

Material in solution may be carried
deeper in the profile, below that into
the regolith, or out into streams and
cventually to the sea. If enough moves
through the soil, water may also pick
up clay, humus, or sesquioxides, as in
muddy streams. Losses through leach-
ing and eluviation and gains through
illuviation are important to horizon
differentiation in many soils.

Leaching and cluviation affect soils
of humid rcgions more, on the whole,
than they do those of dry regions. The
rainfall is greater, so more water moves
down and less moves upward through
the profile. Examples of leached and
eluviated A, horizons are common in
soils formed under forest in the Eastern
States and in the broad podzolic belts
of the world.

Solublc salts (sodium chloride, or
table salt, is an example), carbonates,
and elements such as calcium, sodium,
and potassium are slowly leached from
the profiles of well-drained soils in
humid regions. Leaching gradually re-
moves the more soluble elements and
also carries out some part of the less
soluble ones, such as silicon, from most
soils of the podzolic and latosolic belis.
Slowly but surely, leaching depletes
the plant nutrients in these soils. In
cxtreme cases, among soils of the
Tropics, the full supply of available
nutrients is bound up in living and
dead organic matter.

Leaching also plays a role in horizon
differentiation in soils of dry regions.
Soluble salts and carbonates in the
well-drained soils are leached from the
A horizon and also may be removed
from the B horizon. Carbonates may
be left in the lower B horizon but are
left oftencr in the C horizon.

Soluble salts, as a rule, are moved
down and out of the profiles of well-
drained soils. They have been leached
to depths of 8 to 10 feet in the glacial
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till under many soils along the Cana-
dian border in North Dakota. The A
and B horizons of soil profiles in that
region have combined thicknesses of
2.5 feet. In soils without free drainage,
on the other hand, soluble salts and
carbonates accumulate wherever the
watcr table may stand in a profile, even
at the surface itself. Generally speak-
ing, leaching of A horizons is greater
than that of B horizons in both arid
and humid regions.

Eluviation operates mainly on A
horizons. Clay, humus, and sesquiox-
ides are lost from the A horizons of
many soils. A part of these substances
is carried out of the profile into the
drainage waters. Mostly, however, the
losses from the A horizon by eluviation
are offset by gains in the B horizon.
Many soils in humid regions show the
effects of eluviation of substances from
the A horizon accompanied by illuvia-
tion in the B horizon. Some soils in
dry regions also bear the marks of elu-
viation and illuviation in their profiles.

Changes in the composition of min-
eral and organic matter are normal
in soils the world over. Some of the
changes proceed slowly. The decompo-
sition of minerals is slow. The decay of
organic matter is rapid. Whether fast
or slow, alterations in composition con-
tinue throughout the regolith, includ-
ing the soil profile. Changes that take
place in a single week may be negli-
gible, but Nature is patient and has
plenty of time. The decomposition of
minerals can become profound after
many thousands of years.

Soil organic matter turns over rap-
idly. Most plant residues added to the
A horizon by the growth of one season
will decay before the next has come
and gone. Because fresh supplies are
added periodically, organic matter in
the soil is in all stages of decay. A very
small part of the total decomposes
slowly enough to persist for several
centuries. Some products of decay,
such as humus, have direct effects on
color, structure, and consistence of soil
horizons. Others react with minerals
to speed up their decomposition and
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change. Some will dissolve sesquiox-
ides, which can then move more rap-
idly. The decay of organic matter also
releases nutrient elements that may
later be used for plant growth.

Alterations of minerals and organic
matter may make them more soluble
or less soluble, or the solubility may
be unchanged. Elements such as cal-
cium, sodium, and potassium are
shifted to more soluble forms when
feldspars decompose. They then may
be absorbed by roots or lost through
leaching. Iron is released by decom-
position of minerals much like (but not
identical with) feldspars. It often com-
bines with oxygen soon afterward to
form oxides or rust, which is almost
insoluble.

The breakdown of feldspars with
formation of clay minerals has little
effect on solubility. Both types of min-
erals are slightly soluble. The individ-
ual clay particles are smaller than feld-
spars, however, and move in the soil
more readily.

Changes in the composition of min-
erals and organic matter may contrib-
ute directly or indirectly to horizon
differentiation. When clay and sesqui-
oxides are formed by decomposition of
feldspars and other primary minerals,
this in itself can make one horizon
differ from another.

Differences in amounts of clay be-
tween A and B horizons in many soils
reflect in part the differences in rates
of formation of clay minerals in each
of the two horizons. Changes in com-
position may also shift the solubilities
of substances. This can then speed up
or slow down leaching, eluviation, illu-
viation, and deposition.

Gains and losses from the regolith,
especially from the soil profile, coupled
with alterations in minerals and or-
ganic matter, determine the direction
and rate of horizon differentiation.

They, in turn, depend on a host of
simple processes, such as hydration,
hydrolysis, solution, lecaching, eluvia-
tion, and illuviation. These simple
processes prevail in all soils. The bal-
ance is governed by such factors as
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climate, vegetation, and parent rock.
The total combined effects of the sim-
ple processes fix the character of every
soil, including its profile and its suit-
ability for the growth of plants.

THE FIVE MAJOR FACTORS in soil for-
mation are climate, living organisms,
parent rocks, topography, and time.
They control the weathering of rocks
and the gains, losses, and alterations
throughout the regolith, including the
soil profile.

Temperature and rainfall govern
rates of weathering of rocks and the
decomposition of minerals. They also
influence leaching, eluviation, and il-
luviation. Thus climate functions di-
rectly in the accumulation of soil par-
ent matcrials and in differentiation of
horizons. The indirect effects of climate
arc through its controls over the kinds
of plants and animals that can thrive in
a region. These living organisms, in
turn, are of major importance in differ-
entiating horizons in soils.

Because climate is so important to
soil formation, the broad soil regions of
the world tend to follow the distribu-
tion of climates. Soil and climatic re-
gions are not identical, however, be-
cause five factors rather than one are
important in soil formation.

Living organisms—plants, animals,
insects, bacteria, fungi, and the like—
are important chiefly to horizon differ-
entiation and less so to the accumula-
tion of soil parent materials. Gains in
organic matter and nitrogen in the
soil, gains or losses in plant nutrients,
and changes in structure and porosity
are among the shifts due to living or-
ganisms. Plants and animals may also
mix horizons and thus retard their
differentiation.

Plants largely determine the kinds
and amounts of organic matter that go
into a soil under natural conditions.
They also govern the way in which it
will be added, whether as leaves and
twigs on the surface or as fibrous roots
within the profile.

Some plants take their nitrogen from
the air and add it to the soil as they die.
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Deep-rooted plants reverse leaching
processes in part. The roots may take
up calcium, potassium, phosphorus,
and other nutrient elements from the
C horizon or even from the deeper
regolith, only to leave some part of
those nutrients in the solum when the
plants die.

The effects of plants on the soil be-
neath them may be striking. Desert
shrubs, such as shadscale, for example,
concentrate sodium in the soil on which
they grow. Enough sodium is taken up
by the plant and added to the surface
of the soil to make it far more alkaline
than the soil between the bushes. Most
effects are less dramatic than this,
but all are important to horizon
differentiation.

Horizons may be mixed by plants or
animals. When trees tip over in a for-
est, the roots take up soil materials
from several horizons. As the upturned
roots decay, this soil material tumbles
back down, mixing as it goes. Burrow-
ing animals also mix horizons as they
build their homes. Such mixing partly
offsets horizon differentiation.

Bacteria and fungi live mainly on
plant and animal residues. They break
down complex compounds into simpler
forms, as in the decay of organic mat-
ter. It has been suggested that the
humus in soils is largely dead bodies of
micro-organisms; much of it seems to
have about the same composition, even
though it exists under widely different
types of vegetation. Some micro-
organisms fix nitrogen from the atmos-
phere and thus add it to the regolith in
their bodies when they die.

Parent rock is sometimes called a
passive factor in soil formation. It must
be weathered to form soil parent ma-
terials, which are further changed as
horizons develop in a soil profile.

The character of the rock itself is a
factor in the kinds of changes and how
fast they go. Pure quartzite will dis-
integrate, for example, but little else
can happen to it. Quartzite consists of
quartz grains cemented together by
silica. Quartz is also silica, a combina-
tion of silicon and oxygen. Highly re-
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sistant to weathering, quartz grains are
well-nigh permanent. Small ones may
dissolve very slowly, but no plant nu-
trients are released and no clay is
formed as they do.

Most rocks are mixtures of many
minerals, few of which are able to
withstand weathering as well as quartz.
The composition and structure of rocks
strongly influence the rate of weath-
cring and the products of that weather-
ing. These in turn are both important
to the kind of soil that may be formed.

Topography, or the lay of the land,
affects runoff and drainage. Other
things being equal, runoff is large on
steep slopes and small on level ones.
Drainage is rapid from mountainsides
and slow from level plains. The amount
of water that moves through the soil
depends partly on topography. More
water runs off and less enters the soil
on steep slopes, as a rule, than it does
on gentle slopes. The runoff also re-
moves more of the weathered rock on
steeper slopes, other things being the
same.

Soil profiles on steep slopes generally
have indistinct horizons and are shal-
lowcer than those on gentle slopes. Low
and flat topography oftcn means that
extra water is added to the soil. The
extra water is reflected in gray or
mottled colors or in higher amounts of
organic matter in the A horizon. If
water stands on the surface, peat de-
posits may be formed. Topography
thus influences the moisture regime in
soil and the erosion from its surface.

Time is required for soil formation—
how much time depends on where the
processes must start.

A tremendous interval is needed for
development of soil from freshly ex-
posed and fairly pure limestone. The
limestone dissolves slowly while the
rains come and go. As the mass of the
limestone dissolves and is carried away,
any impurities originally present are
left to form a regolith. Millions of years
may pass before parent materials have
accumulated and horizons have been
formed under such circumstances.

Much more time is needed, generally
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speaking, for the accumulation of soil
parent materials than for the differen-
tiation of horizons in the profile. This
would be of the first importance if soil
formation had to start from scratch.
Because of weathering during past geo-
logic time, however, a regolith now
exists widely over the continents. In
fact, soils have been formed on most
land surfaces, perhaps many times,
since molten lava first crystallized into
rock about 2 billion years ago.

A soil profile may be formed in a
fresh regolith within a few decades.
R. L. Crocker and J. Major, soil scien-
tists at the University of California,
found the topmost 6-inch layer darker
and higher in organic matter than the
drift below within go years after it was
left by a melting glacier in southeastern
Alaska. Biological activity is low be-
cause of the cold climate, yet an A
horizon was evident in 30 years. Where
the drift has been exposed for 100
years, the A horizon contains as much
organic matter as do many in soils of
the eastern United States. The leach-
ing of carbonates and increased acidity
of the A horizon could also be meas-
ured by the end of the first century.

Differentiation of thin A, and B hori-
zons within 50 years has also bcen
observed in former plow layers in
eastern North Carolina.

Soil profiles usually must be many
centuries old before they have distinct
B horizons.

Soils with B horizons high in humus
have been formed in sands laid down
on Roman ruins in parts of western
Europe. The sands can be no more
than 2,000 years old, but the profiles
have prominent B horizons. Conditions
for horizon differentiation in the sands
were more favorable than they are
gencrally. Furthermore, B horizons
high in humus form more rapidly than
do B horizons high in clay.

Soils formed from loess—windblown
silty sediments—in eastern Iowa have
distinct B horizons formed in about
20,000 years. Clay has accumulated in
the B horizons of these soils, as have
small amounts of sesquioxides.
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¢ A sketch showing how bodies of soil types fit together in a small landscape, much like the pieces in a
Jigsaw puzzle. Boundaries between adjacent bodies are gradations rather than sharp lines.

Many soils with B horizons that are
thick and either distinct or prominent
must be much older than 200 centuries.
Long intervals may therefore pass while
horizons are being formed in soil pro-
files, even though parent materials are
at hand for horizon differentiation.

None of the five factors of soil forma-
tion is uniform over the face of the
earth. Variations in all of them are
wide.

There are really many climates,
many combinations of living organ-
isms, many kinds of rocks, many topog-
raphies, and many different ages of
land surfaces. As a result, there are
hundreds of thousands of different local
combinations of the factors of soil
formation.

DIFFERENCES AMONG SOILS are local
and regional.

Every farm consists of several local
kinds of soils, known as soil types. A
single farm usually has three to six
types of soil within its boundaries. Soil
types in the whole country number in
the tens of thousands. Over the world,

they must number in the hundreds of
thousands.

These thousands of soil types are not
scattered about without rhyme or
reason. Each one occurs in a definite
geographic area and in certain pat-
terns with others. Thus there are re-
gional differences of importance.

Individual areas of soil types, com-
monly called phases, are three-dimen-
sional bodies. They have length,
breadth, and depth. A single body of a
soil type is seldom large. Most are a
few acres in size. Each soil type occurs
on the earth as a number of separate
bodies, which may be distributed over
parts of several States or restricted to a
small part of one. Each soil type can be
defined by a description of the typical
profile, the allowable deviations from
that profile, and other features such as
slope, stoniness, and physiographic
position.

Every soil type has neighbors. It
never occurs by itself. It tends to have
the same neighbors wherever it may be
found. A few other soil types usually
are associated with it to form a char-
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acteristic pattern. The individual bod-
ies of neighboring soil types form a
mosaic, or patchwork, within a farm or
any area of like size.

The bodies fit together like the pieces
of a jigsaw puzzle, as shown in the
fourth illustration. They are not set
apart distinctly, as the sketch suggests;
they grade into one another without
sharp boundaries between them. Rare-
ly does one find a sharp line between
associated soil types. That is one reason
why soil is a continuous mantle over
the land surface.

Differences among neighboring soil
types may be large or small. Marked
differences set apart Congaree fine
sandy loam in the small flood plain and
Ashe stony loam on the adjacent
mountainside in the Smokies of eastern
Tennessee. The former has an AC pro-
file and is deep, free of stones, and
nearly level. It is fertile and has excel-
lent moisture relationships. Ashe stony
loam has faint A, B, and C horizons
and is steep, stony, and of low fertility.
It has poor moisture relationships be-
cause so much of the profile is made
up of stones. Neighboring soil types
thus may differ greatly in features that
have an important bearing on use
and management.

Differences among soil types in the
same landscape may be small. Fayette
silt loam and Downs silt loam occur on
the same ridge in northeastern Iowa.

The pattern formed by Fayette,
Downs, and associated soils is shown in
the fourth drawing.

All soils shown in it might be found
on a single farm, but every farm does
not include all of them. Fayette silt
loam and Downs silt loam have the
same horizons in their profiles and
have been formed from the same loess.
Downs silt loam has thicker A;, thinner
A,, and slightly more friable B hori-
zons than Fayette silt loam. Water re-
lationships are about the same in the
two soils. Downs silt loam is higher
in organic matter and a trifle more
fertile.

Differences among associated soil
types generally are smaller than re-
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gional soil differences. Many soils
within a small geographic area, such
as a county, have some features in com-
mon. For example, most of the soils in
a county in eastern Colorado have the
same kinds of A and B horizons. These
horizons also have about the same
thicknesses. Similarities among soils
within a county are greater in the
Great Plains than they are in most
sections of the country. Even so, it is
true that many soils within a small area
have some, and often many, features
in common. Regional differences are
normally bigger than the local ones.

Regional soil differences follow from
two facts. First, any one soil type can
be found only in certain sections of the
country. Second, it is associated with
a small number of other soil types in
those sections. Fayette silt loam is
widely distributed in adjacent parts of
Illinois, Iowa, Minnesota, and Wis-
consin. It is not to be found in other
States. Congaree fine sandy loam is
scattered through the Appalachians
and nearby Piedmont from Alabama
to Pennsylvania. The two soil types
never occur together, and each has its
own sct of neighbors.

Regional soil differences can be re-
lated oftenest to the distribution of cli-
mate and living organisms. In places,
however, such differences reflect differ-
ences in topography, ages of land sur-
faces, or character of parent rocks.
The kinds of regional differences and
their size can best be illustrated by
comparisons of a few broad classes of
soils, each made up of several great
soil groups.

A GREAT SOIL GROUP consists of many
soil types whose profiles have major
features in common. Every soil type
in any of them has the same number
and kinds of definitive horizons, al-
though they need not be expressed in
every profile to the same degree. The
Fayette, Dubuque, Downs, and Quan-
dahl soils, for example, are all mem-
bers of a single great soil group.

The thousands of soil types in the
United States can be classified into
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about 40 great soil groups. For the
world as a whole, the number is per-
haps half again as large. Collectively,
the groups have wide ranges in their
many characteristics, or properties.

They also have wide ranges in such
qualitics as fertility, tilth, ability to
hold available moisture, and suscepti-
bility to erosion.

Woell-drained soil types with undu-
lating to rolling topography tend to be
similar over broad geographic belts.
The similarities may extend across
from one grcat soil group to another.
Gcographic belts marked by certain
combinations of grcat soil groups can
thercfore be shown on maps of small
scale.

Six broad belts are outlined on our
schematic soil map of the world.

One consists of mountains and sim-
ilar rough landscapes, in which many
of the soils are stony, shallow, or both.
The local patterns of great soil groups
and soil types are especially complex
in such areas.

- The other five broad belts have sim-
pler patterns, but cach includes a num-
ber of great soil groups. For that mat-
ter, the soil types within a single farm
commonly represent two or more great
soil groups. The broad rcgions in the
map therefore show major kinds of
soils rather than complete patterns.
Great soil groups other than the domi-
nant ones exist in every belt. These are
also important in many localities. The
broad belts themselves have much
meaning to farming and forestry.

The tundra region has a cold cli-
mate, which restricts biological activ-
ity and horizon differentiation. The
soils are in cold storage for a large part
of each year. The deep regolith is
permancntly frozen in some parts of
the tundra. Well-drained soils of the
tundra belt have profiles much like
those of podzolic soils, although the
horizons usually are thinner and less
distinct.

PopzoLic soiLs dominate a broad
belt in the higher latitudes of the
northern hemisphere and some smaller
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areas in the southern half of the world.
They include the great soil groups
known as Podzols (originally from
Russian words meaning ““ash benecath,”
referring to the A, horizon), Brown
Podzolic soils, Gray-Brown Podzolic
soils, and Gray Wooded soils. These
groups were formed under forest vege-
tation in humid, temperate climates.

Podzolic soils commonly have dis-
tinct A, horizons. Some have B hori-
zons that are accumulations of sesqui-
oxides, humus, or both. Others have B
horizons that are mainly accumula-
tions of clay with minor amounts of
sesquioxides and humus. Podzolic soils
are more strongly weathered and
leached than chernozemic or desertic
soils but less so than latosolic soils.
They are commonly acid, low in bases
such as calcium, and lew in organic
matter. Levels of fertility therefore are
moderate to low. Available moisture
capacity is variable, depending on
depth of soil and textures of horizons.
As a group, however, the soils are
responsive to scientific management.

LaTosoLic soiLs dominate equatorial
belts of Africa and South America.
They are also dominant in southeast-
ern parts of Asia and North America,
as well as northeastern Australia and
the larger islands of the western Pacific
Ocean.

They include the great soil groups
known as Laterites, Reddish-Brown
Lateritic soils, Yellowish-Brown Later-
itic soils, Red-Yellow Podzolic soils,
and the several kinds of Latosols.

Red-Yellow Podzolic soils are so
namcd because they have some fea-
tures in common with each of the
broad latosolic and podzolic groups,
though they are more closely related
to the former. Latosolic soils have been
formed under forest and savanna vege-
tation in tropical and subtropical and
humid to fairly dry climates. They do
not cxtend into arid regions but may
be found in altcrnately wet and dry
zones where rainfall is low.

Latosolic soils are strongly weathered
and leached, usually to great depths.
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In fact, they are the most strongly
weathered soils in the world. Despite
the deep, strongly weathered rego-
liths, most of the -soils lack distinct
horizons, except for a darkened sur-
face layer or A; horizon. Below this,
the profile may remain unchanged for
many feet. Red-Yellow Podzolic soils
differ from others in having distinct A,
horizons as well.

Red and yellow profile colors are
common to latosolic soils because of the
large amounts of iron oxides formed
through intense weathering. Supplies
of plant nutrients normally are low,
but the capacity to fix phosphorus in
unavailable forms is high. Most lato-
solic soils are easily penetrated by
water and plant roots and are resistant
to -erosion. Red-Yellow Podzolic soils
are more susceptible to erosion than
others, being less permeable on the
whole. Ease and depth of penetration
by roots is illustrated by reports of tree
roots extending down to 6o feet in the
regoliths beneath latosolic soils in
southeastern Brazil.

High porosities are also evident in
the many fine tubular channels in such
soils. Available moisture capacities are
mostly moderate to high in latosolic
soils, although they are low in some.
Productivity is normally low when
latosolic soils are used without benefit
of modern science and industry.

CHERNOZEMIC SOILS have been formed
under prairie or grass vegetation in
humid to semiarid and temperate to
tropical climates. These soils are most
extensive in temperate zones, but some
areas in the Tropics are also large.
They include the great soil groups
known as Chernozems, Brunizems or
Prairie soils, Reddish Prairie soils,
Chestnut soils, and Reddish Chestnut
soils in temperate regions. In tropical
and subtropical regions, the soils have
been known as black cotton soils,
Grumusols, regurs, and dark clays.

Chernozemic soils normally have
dark A; horizons of great thickness, are
fertile, and but slightly weathered. The
Aj horizons are among the most prom-
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inent found in soils, whereas the B
horizons usually are much less distinct.
The A, horizons of chernozemic soils
are typically high in organic matter
and nitrogen in temperate zones but
not in tropical and subtropical zones.
The profiles compare in depth to those
of podzolic soils. They are not so deep
as those of latosolic soils but are deeper
than those of desertic soils. Cherno-
zemic soils are less acid, higher in
bases, and higher in plant nutrients
generally than are podzolic or latosolic
soils. They are much higher in organic
matter and nitrogen, less alkaline, and
lower in bases than desertic soils.
Available moisture capacities of the
soils are usually moderate to high.

Chernozemic soils of temperate zones
are among the naturally most fertilc
soils in the world. They produce about
go percent of the grain in commercial
trade channels. Within the United
States, they form the heart of the Corn
Belt and wheat-producing regions. Pro-
duction varies with seasonal weather,
because the soils extend from the mar-
gins of humid into semiarid zones.

Chernozemic soils of tropical and
subtropical zones commonly have un-
favorable physical properties for tillage
and plant growth. They are high in
clay, plastic, and subject to great
shrinking and swelling. Most of them
are used for agriculture without benefit
of modern technology, and their pro-
ductivity under simple management is
low. Problems-in handling the soils are
difficult.

DeserTic soms have been formed
under mixed shrub and grass vegeta-
tion or under shrubs in arid climates.
The climates range from hot to cold.
The soils are prominent in the great
deserts of Africa, Asia, and Australia
and in the smaller oncs of North Amer-
ica and South America.

They include the great soil groups
known as Desert soils, Red Desert soils,
Sierozems, Brown soils, and Reddish-
Brown soils.

Besides the desertic soils themselves,
the deserts of the world include large
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proportions of sandy wastes, rocklands,
and very shallow soils with the barest
beginnings of horizons. Such lands lack
agricultural possibilities.

Decsertic soils have been very slightly
weathered and leached. The shortage
of moisture which restricts weathering
and leaching also limits plant growth,
leaving the soils low in organic matter
and nitrogen. Limited rainfall is also
reflected in the shallow profiles normal
to the soils.

Their horizons are seldom promi-
nent. Most of them are faint. The A
horizon has commonly lost carbonates
and perhaps some bascs and clay and
is lighter in color than the B horizon.
The slightly darker B horizon has some
accumulation of clay, but it is very low
in organic matter. Levels of nutrient
elements other than nitrogen are usu-
ally moderate to high in the soils.
Available moisture capacitics are vari-
able, depending on thickness of profile
and textures of horizons.

Marked contrast exists in the pro-
ductivity of desertic soils used in a
highly developed agriculture or under
nomadic grazing—an example of the
tremendous impact management may
have on productivity.

Beyond the effects of management,
however, each soil type or great soil
group has an ill-defined range in use
and management possibilities under a
given agricultural technology. Each
also differs in its response to changes in
technology. The range in possibilities
may be narrow, regardless of technol-
ogy, as it is for steep slopes of Ashe
stony loam in the Smokies. Soils of that
kind will produce some forest but are
not suitable for pasture or crops. On
the other hand, Congaree finc sandy
loam has a wide range in use and
management possibilities. It is suitable
for forest, pasture, and a variety of
crops within the present agriculture.
It would also be productive under a
number of other levels of agricultural
technology. Yields obtained from Con-
garee fine sandy loam in any agricul-
ture depend greatly upon the level of
management practiced.
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Physical
Properties

M. B. Russel!

The physical properties of a
soil largely determine the ways
in which it can be used. On
the size, shape, arrangement,
and mineral composition of its
particles and the volume and
form of its pores depend other
important physical properties.

The flow and storage of water, the
movement of air, and the ability of the
soil to supply nutrients to plants are
examples of properties dctermined by
the size and arrangement of the soil
particles.

The proportions of the four major
components of soils—inorganic par-
ticles, organic material, water, and
air—vary greatly from place to place
and with depth. The amount of water
and air in a soil often fluctuates widely
from season to season. The physical
characteristics of the primary solid com-
ponents of soil, however, are essentially
unchanging.

Inorganic soil particles occupy about

one-half of the total volume of most
surface soils. Some of the particles can
be secen very easily, but others can be
examined only with an electron micro-
scope. For many purposes it is conven-
ient to divide the particles into size
groups called separates.
- Particles more than 2.0 millimeters
in diameter are classed as gravel or
stones and are not usually included in
analyses of particle size. Particles under
2.0 mm. are divided into three major
separates, each of which may be fur-
ther subdivided.
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Sand has particles between o0.05 and
2.0 mm. in diameter. The percentage
of sand is determined by screening a
thoroughly dispersed soil.

Silt has particles 0.002 to 0.05 mm.
in size. Clay has particles less than
0.002 mm. in diameter. The amount
of silt and clay usually is determined
indirectly from measurements of the
speed of fall of the individual particles
which have been well dispersed in
water. The size of the individual par-
ticles is calculated from the settling
speed.

THE PERCENTAGES of sand, silt, and
clay determine the texture of the soil.
The percentages in each of the several
classes of texture are summarized in
the illustration.

1. The texture triangle shows the percentage of
sand, silt, and clay in each of the textural classes.

Thephysical propertiesand thechem-
ical composition of the large and small
particles differ greatly. The coarse sep-
arates—the stones, gravel, and sand—
act as individual particles. They are
composed mainly of rock fragments or
such primary minerals as quartz.

Because of their size, these large par-
ticles have low specific surface (surface
area per unit mass). Most of the im-
portant chemical and physical-chemi-
cal reactions in soils take place at the
surface of the particles. The amount
of such surface therefore strongly af-
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fects the ability of soils to react chemi-
cally.

The density of the larger soil par-
ticles usually is near 2.65 grams per
cubic centimeter (gm./cc.). Soils con-
taining large amounts of gravel or sand
exhibit little or no plasticity and can-
not retain large amounts of water or
nutrients. They can easily transmit
water and air, however, because large
voids occur between their particles.

"

SPECIFIC SURFACE AND REACTIVITY OF SOIL

PARTICLE SIZE >
Sands
2. Spectfic surface is important in determining the

reactivity of soils. The amount of surface varies in-
versely with the size of the soil particles.

Clays

The properties of silt particles are
intermediate between those of sand
and the clays, but mineralogically silts
arc more like sand because they are
composed largely of primary minerals.

Silt particles have greater chemical
activity because of their higher specific
surface. Silts also exhibit more plastic-
ity and cohesion than the coarser soil
separates. The amount of chemical and
physical-chemical activity in the silts,
however, is not enough to give desir-
able physical behavior to soils that con-
tain large amounts of such particles
but little or no clay.

The clay fraction is the one that con-
trols most of the important properties
of a soil. In soils of the temperate re-
gions, it is composed chiefly of second-
ary crystalline alumino-silicates, which
are platy in form. Hydrated sesquiox-
ides of iron and aluminum are the
main components of the clay in the
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more completely weathered soils typi-
cal of many parts of the Tropics.

The clay minerals are secondary
hydrated alumino-silicates, in which
isomorphous substitutions may have
occurred. These minerals are platelike
in structure and show marked basal
cleavage. Their crystalline structure is
determined by the spatial arrangement
of oxygen atoms, which by weight con-
stitute roughly half of the mineral con-
tent, although on a volume basis the
clays are roughly go percent oxygen.

The oxygen tetrahedron, which con-
sists of four oxygen atoms in a close-
packed arrangement around a silicon
atom, is one of the basic structural
units of the clay minerals. Such tetra-
hedra, by sharing oxygens, form sheets
having the composition (Si;Op)y.

Silica sheets are characteristic of the
micas and the clay minerals. In these
minerals the sheets are bonded through
common oxygen atoms with sheets of
aluminum or magnesium octahedra.

- Kaolinite, a major clay mineral in
many mature soils, especially in the
Southeastern States, consists of silica
and alumina sheets in a 1:1 ratio. Two
other important types of clay minerals,
montmorillonite and illite, are com-
posed of silica and alumina sheets
bonded together in a 2:1 ratio.

Ionic substitution of Al**+ for Sit+++
and Mgt or Fett for Al**++ are com-
mon in minerals of the 2:1 type. Such
substitution -destroys the balanced-
charge condition of the idealized struc-
ture and gives the clay mineral crystal
a negative charge. Some negative
charge also comes from unsatisfied
bonds at. the edges  of clay mineral
crystals and from the dissociation of
Ht from the surface-exposed hydroxyl
groups.

The negative charge of the clay min-
erals causes the clay particles to react
with other charged particles, ions, and
with dipolar molecules, such as water.
The attraction between the negatively
charged clay and such positive ions as
Ht, Catt, Mg*t, and K is one of the
most important properties of a soil.

The attracted ions are held in a state
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of dynamic equilibrium with similar
ions in the soil solution and can be re-
placed or “exchanged” from the soil
particle in response to changes in con-
centration ‘in the soil solution. This
process of ionic exchange is a process
of fundamental importance in soil
management and plant nutrition.

ydrated Alumina Octahedra

1 ] 1
] I N

drated Alumina Octahedra

3. Kaolinite crystals are composed of pairs of
silica and alumina sheets held together by hydrogen
bonds. The space between the crystal units is fixed
and is largely inaccessible for surface reactions.

The charged clay surfaces together
with their associated exchangeable ions
also react with water molecules, which
become oriented when they are present
in the strong electric field near the
charged surfaces. The resulting layers
of oriented water molecules give the
characteristic properties of plasticity,
cohesion, and shrinkage to clays and
soils that contain large amounts of clay.

The individual particles occupy
roughly one-half of the total volume in
a soil. The remaining space, the voids
between particles, is called the pore
space. This is the volume occupied by
water and the soil air. A measure of
the total pore space is obtained by de-
termining the bulk density, which is
defined as the mass of a unit volume of
dry soil. Values of bulk density range
from less than 1.0 gm./cc. in well-
aggregated soils high in organic matter
to more than 2.0 gm./cc. for some
highly consolidated soils.

Bulk density and other measures of
the total porosity are useful in under-
standing certain types of soil behavior.
They are of little value, however, in
predicting performance if air or water
transport is involved.
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4. The crystal unit of illite consists of a silica
sheet on cach side of an alumina sheet. Adjacent
crystal units are held together by potassium bridges.
The space between the units is parily accessible for
surface reactions.

——
Spacing
Variable

umina Octahedra=

5. The crystal unit of clays of the montmoril-
lonite consisis of a silica sheet on each side of an
alumina sheet. The interlattice spacing in the moni-
morillonite clays varies with the amount of water
present. The entire surface of the crysial unit is
accessible for surface reactions.

It is necessary to consider the size
distribution of the individual pores to
understand the fluid transport phe-
nomena that take place in soils. A geo-
metric description of the size and shape
of the voids in a system of regularly
packed uniform spheres is difficult. In
a soil composed of irregular particles
of many sizes, such a description is
impossible.

Soil pores can be classified in terms
of their effective sizes by an analysis of
the moisture desorption curve. This
curve relates the moisture content of a
soil to the pressure in the soil water. It
also represents the moisture content
observed at different heights in a verti-
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cal column of soil after excess water has
drained from the lower end of the
column.

The fraction of the total pore space
that will bé drained by successive re-
ductions of pressure of the soil water
can be readily determined from the
dcsorption curve.

The pressure values can be translated
into equivalent pore diameters through
the use of the capillary rise equation.
This equation relates the pressure, #,
to the radius, 7, of the soil pore. The
density, d, and the surface tension, 7,
of water as well as g, the acceleration
of gravity, also appear in the equation,

which is written as /z-=2—T.
rdg

It is possible by repeated measure-
ments of the volume drained at differ-
ent pressures to determine the volume
of pores having a given range of sizes.
Such a size-distribution analysis is a
more useful way of describing the soil
voids than the single valuc obtained
from measurements of bulk density.

Bulk density and porosity measure-
ments reflect the arrangement or state
of packing of the soil particles and are
measures of the structure of the soil.
Soils composed of coarse particles such
as sands have single-grained structure;
that is, each particle functions as an
independent structural unit.

In soils that contain substantial
amounts of silt and clay, many of the
fine particles are grouped into second-
ary structural units, called aggregates.

The size, shape, and arrangement,
particularly the amount of overlap, of
the soil aggregates largely determine
the porosity and pore size distribution
of soils containing large amounts of
silt and clay.

Soil aggregates are not permanent
structural units, particularly in the
surface of a cultivated soil. Conse-
quently the degree of aggregation
shows marked variations, depending
on the texture and organic matter
content of the soil and on climatic con-
ditions and cultural practices.

Longevity of soil aggregates is re-
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6. The wvolume fractions occupied by solids,
water, and air are variable and affect soil behavior.

lated to the nature of the materials
that hold the particles together. Or-
ganic colloids are the principal ce-
menting agents for soil aggregates in
the surface horizons of soils of tem-
perate humid regions. Sesquioxides
and silica act as important aggregating
agents in some tropical and desert
soils.

The organic colloids that are effec-
tive in giving stability to soil aggre-
gates are intermediate products in the
decomposition of plant residues. Such
colloids are adsorbed on the surface of
soil particles, probably through the
mechanism of hydrogen bonding.

Added stability is imparted to the
aggregate if the organic colloid under-
goes an irreversible dehydration ac-
companied by shrinkage.

Under field conditions, the organic
bonding compounds normally undergo
further decomposition, which results in
a loss of aggregate stability. A con-
tinuing supply of decomposing organic
material therefore is of great impor-
tance in maintaining a high level of soil
aggregation.

Soil aggregation greatly modifies the
effects of texture as a factor affecting
the important physical phenomena
related to plant growth. That is par-
ticularly true for such transport proc-
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esses as the movement of air and
water and the flow of heat through the
soil. Such properties as water reten-
tion, nutrient supplying power, and
plasticity, however, are more closely re-
lated to soil texture, although structure
may exert some modifying influence.

Water relations are among the most
important physical phenomena that
affect the use of soils for agricultural or
engineering purposes. In particular,
the flow of water in both saturated and
unsaturated soils has a major effect on
the field behavior of soils. Waterflow
occurs through the soil pores. The
resistance to waterflow is determined
by the length and the cross-sectional
area of the flow path.

The flow in saturated sands or
gravels is rapid because such soils con-
tain a high proportion of large pores.
In partially saturated soils in which
flow is limited to the water-filled pores,
water transport is faster in fine-tex-
tured soils because they contain a
larger effective transmitting cross sec-
tion than do the coarse-textured soils
in which the large pores are air filled.

Pore size distribution is strongly
affected by aggregation as well as tex-
ture. Infiltration and movement of
water through the soil therefore are
greatly influenced by soil structure.

Water and air occupy the soil pores
in reciprocally varying amounts. The
amount and composition of the air in
the soil have important direct and in-
direct effects on plant growth. Soil air
differs from the atmosphere above the
soil in that it usually contains 10 to 100
times as much carbon dioxide (CO,)
and slightly less oxygen and is satu-
rated with water vapor. The roots of
most plants and many of the soil
micro-organisms require oxygen for
their normal respiratory functions.

The composition of the soil air re-
flects a dynamic balance between two
competing processes. The consump-
tion of oxygen and the liberation of
CO; by plant roots and soil organisms
tend to increase the differences in
composition between the soil air and
the atmosphere above the soil surface.
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Gaseous diffusion, however, tends to
reduce the differences in composition.

The rate of diffusion of oxygen into
and carbon dioxide out of the soil
depends on the differences in concen-
tration of each gas in the soil and the
air and on the ability of the soil to
transmit the gases.

Diffusion is proportional to the vol-
ume of air-filled pores and, for the
pore sizes encountered in soils, seems
to be largely independent of pore size.

Temperature and heating properties
are important in determining the pro-
ductivity and use of soils.

The temperature of field soils shows
rather definite changes at different
depths and at different seasons of the
year. The changes are determined by
the amount of the radiant energy that
reaches the soil surface and by the
thermal properties of the soil. The
amount of radiant cnergy reaching
the soil surface is determined by the
angle at which the sunlight strikes the
earth and by the nature of the at-
mosphere. Only the part of the energy
that is absorbed causes changes in soil
temperature.

Dark-colored soils having a low
reflecting power capture a much higher
proportion of radiant energy than do
light-colored soils. Thus a fallow Brun-
izem absorbs nearly 8o percent of the
radiation that reaches the soil surface.
A grass-covered soil and quartz sand
absorb, respectively, 65 percent and
30 percent.

The energy that has been adsorbed
by the soil surface is disposed of in one
or more of the following ways: By re-
radiation to atmosphere as longwave
radiation, by heating of air above the
soil by convection, by increasing the
temperature of the surface soil, or by
conduction to the deeper soil layers.

During daylight hours there 1s nor-
mally a net influx of heat to the soil
surface. This situation is reversed dur-
ing the night. Consequently the tem-
perature of the exposed soil surface
shows wider daily fluctuations than
those of the air.

Soil temperatures vary in a charac-
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teristic manner both on a daily and
seasonal basis. The fluctuations in both
instances are greatest at the surface and
decrease in size at lower depths. A
well-defined time lag, which increases
with depth in the soil, also occurs in
both the daily and seasonal variations.

SURFACE

T—\ Spring ; Summer/

Winter Autumn

DEPTH

< '
{ TEMPERATURE

7. Soil temperatures in lemperate regions show
characteristic seasonal variations, which decrease
with depth.

The observed fluctuations in soil
temperature are related to the heat
capacity and to the thermal conduc-
tivity of the soil. Both of these proper-
ties are strongly affected by the propor-
tions of the total soil volume that are
occupied by the solid, liquid, and gase-
ous soil constituents.

The thermal conductivity of water
is greater than the corresponding value
for the solid soil particles, which in
turn is higher than that of air. Conse-
quently the rate of heat flow in a soil
is increased when the volume occupied
by air is decreased. Such a reduction
in the volume fraction of air can be
obtained either by compacting the soil
or increasing its moisturc content.
Modifications of this kind, however,
cause a reduction in the temperature
change that will result from the flow
of a given amount of heat into or out
of a unit volume of soil,

The foregoing relations are modified
in frozen soils because the thermal con-
ductivity of ice is nearly three times
that of water, whereas its specific heat
is only one-half that of water.

The rcaction of soil to physical ma-
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nipulation, such as is involved in till-
age, is primarily an expression of the
properties of cohesion, adhesion, and
plasticity. These properties are largely
determined by the size, shape, and ar-
rangcment of the soil particles and by
the nature of the water films surround-
ing them.
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8. Soil temperature fluctuates widely during a
24-hour period, but the variations become smaller
below the soil surface. )

Water molecules, being highly dipo-
lar, are strongly adsorbed and oriented
on the negatively charged surfaces of
soil particles. Also, water itself exhibits
strong cohesion, as shown by its high
surface tension. Therefore, as a result
of drying, adjacent soil particles are
drawn together with considerable force
and the soil develops greater cohesion
and mechanical strength.

Orientation of the particles into a
tighter state of packing results in fur-
ther shortening and strengthening of
the water bonds between the particles.
This results in shrinkage of the soil.

Soil loses its cohesion and becomes
plastic in the presence of increasing
amounts of water. This phenomenon is
also associated with the water films and
is most strongly shown by soils of high
specific surface having platelike par-
ticles. Orientation of the soil particles
parallel to the direction of the deform-
ing force occurs. The soil then has little
or no shearing strength and is readily
deformed.

At a very high moisture content, soil
loses its cohesive strength and its plastic
properties and approaches a fluid in
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its mechanical properties. In this con-
dition, the interparticle distances are
so great that the cffects of the oriented
water molecules on the surfaces cannot
influence the behavior of the particles.

The amount and kind of clay min-
erals, the nature of the exchangcable
cations, and the content of organic
matter are factors of major importance
in all the foregoing rheologic rcactions
of soil. The phenomena of cohesion,
plasticity, and shrinkage are the most
strongly expressed in soils containing
alarge amount of clay of the montmo-
rillonite type. Such propertics are also
enhanced by the presence of monova-
lent cations on the exchange complex.

Many important soil-management
problems involving physical properties
are associated with the kinds and the
amounts of the clay and exchangeable
bases in the soil. Increases in bulk den-
sity resulting from mechanical manip-
ulation, such as occurs in tillage, are
affected strongly by the amount of
moisture in the soil. This relation is
described by the compaction curve,
which relates bulk density resulting
from a given compactive effort to the
moisture content.

Compaction curves of soils that vary
in their content of clay, exchangeable
cations, or organic matter content show
marked differences in the critical
moisture percentage and the maximum
bulk density that are obtained.

Soils high in organic matter are less
susceptible to compaction and exhibit
less well-defined critical moisture per-
centages. Tillage on such soils therefore
is less likely to result in excessive com-
paction even when performed over a
wide range of moisture content.

Soil crusting is another form of con-
solidation important in soil manage-
ment. Soil crusts are formed by the
desiccation of a thin layer of dispersed
surface soil. Such crusts, which vary in
thickness from a few millimeters to sev-
eral inches, frequently have consider-
able mechanical strength—they there-
fore may keep seedlings from emerging
or cause injury to the stems of estab-
lished plants.
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Crust formation involves three proc-
esses—dispersion, segregation, and
desiccation. )

Dispersion accompanies the break-
down of the aggregates in the surface
soil, which may result from excessive
tillage or through the impact of rain-
drops. Because aggregate stability is
low in the presence of excess water,
raindrop impact is a major factor lead-
ing to the dispersion of unprotected
surface soil.

Following the destruction of the ag-
gregates, some segregation of particles
of different sizes occurs in the dispersed
surface soil. This segregation results in
a closer packing of the soil particles
and an increase in bulk density.

Mechanical strength of the dispersed
soil is greatly increased by drying. Ap-
preciable shrinkage accompanies the
drying in soils high in clay or organic
colloids. The cracking that results be-
cause of shrinkage reduces the mechan-
ical impenetrability of the crust. There-
fore the problem of crust formation on
soils high in clay or organic matter is
usually less acute than on silty soils.

All the physical properties discussed
above affect plant growth through
their relation in a qualitative sense to
the root environment in the soil.

Of equal importance are the quanti-
tative aspects of the soil as a habitat for
plant roots. It is necessary that nu-
trients, air, and water are present in
optimum concentrations for normal
root development and plant growth.
It is necessary also that enough of all
of them be present throughout the
growing season to meet plant needs.

It is important therefore to empha-
size the depth of soil available for root-
ing as a major physical factor that in-
fluences soil management. Severe limi-
tations are placed on the ways in which
the soil can be used, in situations where
the rooting volume is restricted by bed-
rock, cemented layers, a high water
table, or other root barriers. Deep,
permeable soils through which plant
roots can develop extensively provide
much wider possibilities for use in crop
production.
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Whatever any plant does dur-
ing the course of its growth
cycle depends on its hereditary
background and the environ-
ment under which it is grown.

The best of soil-management prac-
tices cannot make up for inferior germ
plasm—the substance by which he-
reditary characters are transmitted—
in our crops. You have to grow the
varieties with the most desirable capa-
bilities for your climate and soil con-
ditions. Soil management cannot make
a silk purse out of a sow’s ear.

Consider a few illustrations: Varie-
ties of sugar beets that do not carry
resistance to curly top disease are apt
to be a total loss when they are grown
in many of the Western States, regard-
less of cultural practices.

Even the best farmers in Minnesota
cannot produce a profitable crop of
wheat if they plant seed that does not
carry resistance to a prevailing strain
of stem rust.

California Common alfalfa grows
luxuriantly in the Imperial Valley dur-
ing the fall, but a northern variety like
Ranger grown there at that time makes
little growth because of its sensitivity
to the length of day. The growth of
Ranger practically stops in the fall
with the onset of short days regardless
of how favorable the weather and soil
conditions may be.

Even though a plant has a good he-
reditary background for the most de-
sired type of productivity, its potenti-
alities cannot be reached fully in an
adverse environment.
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Crust formation involves three proc-
esses—dispersion, segregation, and
desiccation. )

Dispersion accompanies the break-
down of the aggregates in the surface
soil, which may result from excessive
tillage or through the impact of rain-
drops. Because aggregate stability is
low in the presence of excess water,
raindrop impact is a major factor lead-
ing to the dispersion of unprotected
surface soil.

Following the destruction of the ag-
gregates, some segregation of particles
of different sizes occurs in the dispersed
surface soil. This segregation results in
a closer packing of the soil particles
and an increase in bulk density.

Mechanical strength of the dispersed
soil is greatly increased by drying. Ap-
preciable shrinkage accompanies the
drying in soils high in clay or organic
colloids. The cracking that results be-
cause of shrinkage reduces the mechan-
ical impenetrability of the crust. There-
fore the problem of crust formation on
soils high in clay or organic matter is
usually less acute than on silty soils.

All the physical properties discussed
above affect plant growth through
their relation in a qualitative sense to
the root environment in the soil.

Of equal importance are the quanti-
tative aspects of the soil as a habitat for
plant roots. It is necessary that nu-
trients, air, and water are present in
optimum concentrations for normal
root development and plant growth.
It is necessary also that enough of all
of them be present throughout the
growing season to meet plant needs.

It is important therefore to empha-
size the depth of soil available for root-
ing as a major physical factor that in-
fluences soil management. Severe limi-
tations are placed on the ways in which
the soil can be used, in situations where
the rooting volume is restricted by bed-
rock, cemented layers, a high water
table, or other root barriers. Deep,
permeable soils through which plant
roots can develop extensively provide
much wider possibilities for use in crop
production.
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Cultural operations on the soil affect
plant growth through their influence
on the environment of an exceedingly
important part of the plant—the roots.
Even so, favorable conditions around
the roots will be limited in their effects
by the nature of aerial environment.

Why do plants grow?

By what processes and mechanisms
do conditions about the tops and roots
of plants influence growth?

Such questions cannot be answered
fully. The secret of life is still a secret.

Yet progress in biological research
constantly is increasing our under-
standing of why and how the wheels
go ’round inside a living cell and why
and how external conditions affect this
“machinery.”

GrowTH of an annual seed plant is
in four stages: Seed germination, vege-
tative development, reproductive proc-
esses, and the maturing of the seed.

A mature seed contains a small,
living, quiescent plant. This miniature
plant is the embryo, or germ. When
conditions of temperature, moisture,
and oxygen are right, the embryo
starts to grow. This process, including
the bursting of the seedcoat, is germi-
nation. When the embryo plant has
developed enough to lead an inde-
pendent life without drawing on the
nourishment stored in the seed, ger-
mination is complete.

Absorption of water is the first stage
in germination. The rate at which
seeds absorb water from the soil de-
pends mainly on the moisture in the
soil, the compactness of the soil around
the seed, temperature, and the nature
of the seedcoat. If the water content of
the soil is down to the permanent wilt-
ing percentage, seeds cannot absorb
enough water to germinate. Loose
soil around the seed may prevent
contact with a sufficient number of
moisture-coated soil particles to trans-
fer the amount of water needed for
germination.

But excessive compaction of a moist
soil may limit absorption of water by
limiting the supply of highly essential
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oxygen. Thus the press wheel on seed
planters should bring moist soil par-
ticles in close contact with the seed
without too much compaction.

Sceds absorb water faster from a
warm soil than from a cold one.

Some seeds have hard coats that
water will not penetrate. They may
need special treatment, such as scari-
fying (scratching the seedcoat) to make
them more penetrable to water. Some
seeds—like apple, rose, and iris—will
not germinate even when the moisture
supply is favorable unless they go
through a series of changes known as
afterripening—a process that usually
involves exposure to low temperatures
in a moist environment. Some sceds,
like Grand Rapids lettuce, require ex-
posure to light in the presence of mois-
ture in order to germinate.

The second stage in germination is
the digestion of stored nutrients and
the transfer of these solubilized nu-
trients to the young plant or embryo.
As water enters the seed, the sced coat
is softened, facilitating the entry of
oxygen and the release of carbon di-
oxide (CO,), given off by respiration
of the awakening seed.

With the absorption of water, the di-
gestive compounds—enzymes—in the
seed become active and digest or break
down the complex stored foods, such
as fats, starches, and proteins, into
soluble forms. They are translocated
to the embryo and are used in the for-
mation and growth of the new cells
that comprise the first shoot and root
as they emerge from the seed.

These processes in the germinating
seed arc greatly affected by tempera-
ture. Some seeds will not germinate
when the temperature of the soil is be-
low 40° to 50° F. There is no specific
optimum temperature for seed germi-
nation. The most suitable temperatures
vary with the kind of plant; 65° to 80°
are often favorable, depending on the
kind of seed. Above 100°, germination
is impeded. Therefore soil-manage-
ment practices that aid in warming the
soil in cool seasons may help seeds to
germinate.
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The digestion of stored foods in seeds
and their reutilization in the growing
embryo require relatively high levels
of oxygen. Large amounts of CO, are
given off. Facility for gaseous inter-
change around germinating seeds is
highly important. That is why com-
pacted soils or soggy, wet soils hinder
or prevent germination.

As the young seedling pushes its way
upward through the soil, mechanical
work is done in thrusting soil particles
aside and breaking any crust that may
be present on the surface. When soils
are seriously encrusted, more force
may be required for a breakthrough
than the little seedlings can muster,
and they perish in the cffort.

Cold, wet soils seem to foster the
activities of the many kinds of disease
organisms that are ready to attack
weakened seedlings and thus cause
serious agricultural loss.

Growers of cotton, sugar beets, soy-
beans, and other row crops know that
one of their stiffest hurdles in produc-
ing a crop is getting a stand. In other
words, attaining soil conditions that
will provide optimum seed germina-
tion regardless of weather is important
in getting high yields. _

The little seedling, as it pops through
the soil, starts on a new phase of de-
velopment. It no longer depends on
nutrient reserves in the seed. Its con-
tinued life and growth depend on its
ability to make and use its own food
supplies. The period of growth follow-
ing seedling emergence and on to
flowering is vegetative development.

Let us examine just what is meant
by this word “growth” when applied
to plants.

Growth consists of an irreversible in-
crease in size. This usually (but not
always) includes an increase in dry
matter. Growth usually is accompa-
nied by a changeinform, shape, orstate
of complexity, which constitute the
processes of development. Growth is
measurable by a balance or a rule;
development 1s characterized by de-
scriptive adjectives.

How does growth take place?
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Each crop plant is made up of bil-
lions of minute cubicles, the cclls. A
plant increases in size as the cells in-
crease in number or size or both. If our
cabbages stop growing, it means that
the cells making up the leaves of the
plants have stopped increasing in
number and size.

The cells that provide the increases
in number are only in certain parts of
the plants—the meristems. They are
the cambial layers (familiar as the
“slipping” areas between the bark and
wood of trees), the growing points of
stem and root tips, and the blades of
young leaves. Meristem cells can mul-
tiply by division. At a certain stage of
their growth, the various contents of
the cells are divided into two parts, and
a new cell wall is laid down between
the parts.

Some of the newly formed cells en-
large enormously with intake of water.

Other cells are destined to develop
openings in consecutive ends to form
the elaborate conductive system, or
“plumbing,” that is always present in
the crop plants. Still others become
strangely elongated and form thick
walls, which are the fiber and wood
cells that give rigidity to the frame-
work of the plant.

Why do cells grow and thercby
bring about the growth of our corn,
cotton, or cabbage plants?

We do not know. We do know some
of the essentials. :

Every living cell contains a complex
proteinlike substance, somewhat like
egg white, called protoplasm. It is the
physical basis of life.

Protoplasm contains fatty substances
in addition to proteins. It is 8o to 85
percent water. It is distributed over
the inner wall of the cell cubicle.
Water fills the interior of a living cell,
and this contains a host of substances,
such as sugars, amino acids, hormones,
organic acids, enzymes, minerals, and
more complex materials that are essen-
tial for the life and function of the
protoplasm.

An essential part of our discussion is
how environment affects the compo-
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nents and thereby the life and growth
of the cells that make up the growth of
a plant.

Increase in size of a cell means that
work was done and energy was utilized.

The cnergy comes from sunlight.
Light energy from the sun is absorbed
by chlorophyll—the green color in
leaves—which in turn converts the
CO, absorbed by the leaves and the
water absorbed by the roots to simple
sugars, a process called photosynthesis.
The simple sugars are depositories of
encrgy from the sun. They are the raw
materials for the plant’s diverse chemi-
cal syntheses and growth processes.

Thus light is essential for growth. A
grower of grecnhouse tomatoes in
Cleveland knows that he can expect
only half the production per plant
from his fall crop as compared to his
spring crop. The difference in produc-
tion is merely a simple reflection of the
difference in the light energy available
to the tomato plants at the two scasons.

Carbon dioxide also is essential for
growth. The atmosphere normally con-
tains only 0.03 percent of CO,. Under
high light intensities during the sum-
mer, this low level of CO, in the air
probably is the main limiting factor in
the photosynthesis.

The production of an acre of a 100-
bushel corn crop requires about 4 tons
of CO,. On a still summer day, the
CO, level in the air of a cornfield drops
very low. The corn under full sunlight
could use 20 times the normal level of
CO,. We have evidence that the CO,
produced by respiration of micro-or-
ganisms in the soil is an important
factor in the supply of the gas to photo-
synthesizing plants: A well-fertilized
soil rich in decomposing organic mat-
ter provides a much higher level of
CO, in the air just above the soil than
does a barren, infertile soil—proof that
soil management can affect photosyn-
thesis in the plant.

The greenness of leaves certainly af-
fects the amount of light energy that
will be absorbed and the sugars that
will be synthesized. The loss of chloro-
phyll in leaves is called chlorosis—a
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malformation that may develop in re-
lation to several kinds of disturbances
in mineral nutrition of the plant or be
induced by certain soil-management
practices. I discuss this point in later
paragraphs.

Air temperature affects growth in
that the rates of chemical reactions in-
crease with increase in temperature.
Thus many of the biochemical proc-
esses in the living cell speed up with
increasing temperature. This is par-
ticularly so with respiration, the proc-
ess by which living tissues chemically
combine oxygen and organic sub-
stances, such as sugars, with the re-
sultant release of CO, and encrgy.

The rate of photosynthesis may also
increase with increasing temperature,
depending on the specific nature of
the plant. The maximum rate for this
process takes place at higher tempera-
tures in tropical plants than in plants
of temperate areas.

Respiration and photosynthesis tend
to be counteractive in the usage and
buildup of stored food (i. e., sugars) in
the plant.

The temperatures at which these two
seemingly countcracting processcs per-
mit maximum accumulation of food
materials for growth vary with differ-
ent kinds of plants. Little growth of
sugarcane takes place at temperatures
below 65° F., and maximum growth
as well as accumulation of sugar occurs
at 85° to 88° On the other hand,
Irish potatoes grow and yield the best
at mean temperatures of around 60°,
Aroostook County, in Maine, and
Cuba are famous for the production of
potatoes and sugarcane, respectively.

The distribution of prevailing tem-
peratures is a key factor. Night tem-
peratures are especially significant in
the growth rate of plants. The Iowa
farmer knows that his corn grows best
on the nights that he swelters. Growth
of most plants is superior under fluc-
tuating night and day temperatures,
when the night is appreciably cooler
than the day.

Because freezing temperatures kill
many kinds of plants, good manage-
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ment practices in orchards include pro-
vision for good air drainage down a
slope to minimize frost damage at
flowering time in the spring.

Light, temperature, and concentra-
tion of CO; in the air around a plant
all have a direct effect upon the activ-
ity of the living cell in the growing
plant. The effects are influenced by
the behavior of the protoplasm—the
stuff of life—in the cell. In essence,
growth is largely dependent on the
formation of new protoplasm. This
proteinaceous substance is made up
mainly of carbon, hydrogen, oxygen,
nitrogen, and sulfur. It is dispersed in
water. The first three elements come
from the sugarsmade by photosynthesis.
The sulfur and (in most cases) the
nitrogen come from the soil.

The nitrogen in proteins is the key
component. The nitrogen supply in
the soil regulates the ability of the
plant to make the protcins that are
vital to the formation of new proto-
plasm. Inadequate supply of nitrogen
in soils is one of the main limiting fac-
tors in agricultural production.

But we must not overlook the other
essential mineral nutrients that plants
obtain from the earth. Farmers of the
United States spend more than a
billion dollars a year to improve the
fertility of their soils. Some of this
fertilizer is used unwisely or ineffec-
tively, but much higher levels of fer-
tilization could be used profitably to
improve plant growth when the soil
is managed well.

Much of the annual fertilizer bill
covers the purchase of phosphorus,
which is vital to the processes in all
living cells—plant or animal. Com-
bined with certain organic substances,
phosphorus provides the key mechan-
ism by which biochemical energy is
transferred from one step in a proto-
plasmic process to another. As the wir-
ing in a house permits electrical energy
to be transferred from one room to an-
other, organic phosphorus compounds
permit transfer of biochemical energy
from one life process to another in the
cell. When the cell manufactures sugar
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by photosynthesis, or releases cnergy
through respiration, or synthesizes pro-
teins for new protoplasm, organic phos-
phorus compounds control the bio-
chemical steps in those processes and
others.

The third major element supplied in
the fertilizer bag is potassium. Potas-
sium is essential for the growth of
plants, and plants take tremendous
amounts of it from the soil.

We do not know exactly what role
potassium performs in the living proc-
esses of a plant cell. We have some
evidence that potassium acts in enzy-
matic processes, especially those in
transformations among different kinds
of sugars.

Enzymes are proteinlike substances
that catalyze (speed up) biochemical
reactions. Many of them have a me-
tallic element like iron or copper in
their makeup, and these attached met-
als control the characteristic action of
the enzyme.

A plant cell may contain hundreds
of different enzymes that are active in
different processes. Thus the concen-
tration of a metal like potassium in the
cell will regulate the activities of en-
zymes sensitive to it. Studies with bac-
teria show that potassium affects en-
zymes that control the use and trans-
formation of sugars necessary in the
life of the cell.

Tremendous amounts of calcium
also are applied to our soils as super-
phosphate and as liming materials.

Lime does more than merely correct
acidity of soil. The calcium in lime is
a highly essential nutricnt to plants.
Calcium concentration in the cell af-
fects the activities of certain enzymes,
but it is especially important in com-
bining with pectin to form calcium
pectate—a sort of cementing material
laid down between cells that aids in
holding them together.

A deficiency of calcium first shows
by death or distortion of the cells in
the growing points of shoots and roots.
In fact, the roots of most crop plants
must have a supply of available cal-
cium immediately at the growing root
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tips and cannot depend on calcium
available in other parts of thc root
zone if the roots are to continue to
grow.

The subsoil of very acid sandy soils
in the Atlantic Coastal Plain often is
devoid of roots, even though the soil
is porous and water supply is adequate.
Roots of crop plants cannot cope with
the prevailing deficiency of calcium.
Peanut pegs will not grow in a soil
layer deficient in calcium even though
calcium is supplied to the roots.

These observations indicate that
growing plants do not have the ability
to translocate calcium cffectively from
one part of a plant to another. Potas-
sium moves from older leaves to the
growing points under deficiency con-
ditions, but calcium does not.

Magnesium is another metallic elc-
ment that is used in plant growth in
appreciable amounts. It is also active
in enzyme systems, but it is especially
significant in that an atom of magne-
sium is the central part of every
chlorophyll molecule in cells of green
leaves. Thus the magnesium taken up
from the soil has a vital part in the
photosynthetic process.

Sulfur is the sixth mineral element
of major importance in the health and
growth of plants. Sulfur is a component
of important amino acids—organic
acids containing nitrogen groups—
present in plant cells. Amino acids are
the building blocks of proteins. Cer-
tain amino acids that also contain sul-
fur are essential in the makeup of the
various proteinaceous constituents of
protoplasm.

Sulfur is just as essential as nitrogen
in- making new protoplasm for plant
cells, but its deficiency in the soil is
not so prevalent.

Around industrial areas where sulfur
dioxide is going into the atmosphere
{from furnace stacks, plants may absorb
a major part of their sulfur from the
air through the leaves. Sulfur dioxide
in the air at concentrations of 1 part
per million can kill the cells in leaves.

Besides the six so-called major min-
eral nutrients, seven others are some-
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times designated as the trace ele-
ments. They arc iron, manganese, zinc,
copper, boron, molybdenum, and chlo-
rine. These seven are not less essential
than the six major mineral nutrients,
but they are required at much lower
levels. They are considered in dctail in
later chapters, but we discuss them
here primarily as they influence the
growth of plants.

A deficiency of iron in plants is re-

‘flected in yellowness of leaves. Iron is

not a part of the chlorophyll molecule,
but it is essential for the formation of
chlorophyll. Iron is the central atom of
heme—a complex atom similar to
chlorophyll that comprises the red pig-
ment of blood hemoglobin. These iron-
containing compounds regulate res-
piration in plant cells through their
association with enzymes. Somec soils
are on the borderline in providing ade-
quate iron to plants, and management
practices may have an effect. Thus
soils in the peach orchards around
Grand Junction, Colo., may readily
bring about severe iron-deficiency
chlorosis in the trees. The tendency is
augmented by overirrigation, plowing
under cover crops, or excessive phos-
phate fertilization.

Manganese is essential in certain
enzyme systems of the plant cell. Too
little manganese is reflected in a type
of chlorosis of the leaves. An interrela-
tionship may exist between iron and
manganese in the effects on growth
processes—that is, a high level of man-
ganese may intensify iron-deficiency
chlorosis.

Zinc also is an essential part of cer-
tain enzyme systems. Plants that do
not get enough of it have small, thick-
ened leaves on shortened internodes
of the stem. Chlorotic arcas develop
between veins of leaves. Corn, tung
trees, and citrus are especially sensi-
tive to a deficiency of zinc.

Copper is present in the active part
of such enzymes as polyphenoloxidase,
an enzyme that is important in the
respiratory processes of many plants.

Boron is somewhat like calcium in
that it is essential in continuous supply
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to the main growing points of plants.
Otherwise the tips of growing roots and
shoots die. Storage tissues become
corky. Sugars and starches tend to ac-
cumulate, instead of being transferred
from cell to cell and from tissue to
tissue. Plants are sensitive to an excess
of boron in the soil; in fact, levels ex-
ceeding only 1 part per million in the
soil solution are toxic to sensitive
plants, such as beans and lemon trees.

Molybdenum needs to be present in
only minute amounts. It is essential in
the enzymatic processes, which con-
vert nitrate nitrogen taken up from
the soil to organic nitrogen forms,
which are used in synthesizing amino
acids and proteins.

Chlorine needs to be present in the
form of the chloride ion in minute
amounts. Its role in plant metabolism
has not been established.

All these mineral nutrients that are
essential for the growth and function
of plants are taken up from the soil by
the roots. Before we explore how and
why these elements enter the roots, it
is important that we consider at least
one more important component of the
living cell—water.

WATER is the medium that disperses
the protoplasm in the cell. It is a me-
dium by which physical force is ef-
fected on the cell wall to bring about
expansion and growth. ‘

Only a small part of the water taken
up by the roots from the soil is retained
in the cells of the plants. Most of the
water that is absorbed is conducted to
the leaves, where it is lost by evapora-
tion or transpiration. Since the evapo-
ration of 1 gram of water requires 539
calories, the high rate of water loss that
takes place from leaves on hot summer
days acts as an evaporative cooler.
One mature tomato plant in a warm,
arid climate will transpire a gallon of
water in a day. As much as %700 tons of
water may be needed to produce 1 ton
of alfalfa hay. The water that is tran-
spired by a cornfield in Iowa in a grow-
ing season is enough to cover the field
to a depth of 13 to 15 inches.
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The loss of water from plants is con-
trolled by incident light energy, rela-
tive humidity, temperature, wind,
opening of pores (called stomata) in
leaves, and supply of water in soil.

Incident light encrgy is the most im-
portant factor because the evaporation
of water requires a source of energy.
Relative humidity is also important
because evaporation takes place much
more rapidly in a dry atmosphere than
in a humid one. The other factors I
mentioned are of a relatively minor
consequence.

If water loss by transpiration exceeds
water intake by the roots, a water
deficit develops in the plant, expansion
of growing cells ceases, and the plant
stops growing. If the water deficit con-
tinues, the plant wilts. If it becomes too
severe, the plant tissues wither and die.

By what means can plant cells ab-
sorb and retain water when the atmos-
phere is evaporating it from the leaves
and the soil is impeding its entry into
the roots? An illustration:

When salt is applied to shredded
cabbage, the tissue fluids diffuse out of
the leaf slices and dissolve the salt,
making a brine. The cabbage shreads
become limp, or flaccid. If the limp
shreads are washed free of brine and
placed in pure water, they again be-
come stiff or turgid. This exemplifies
one of the most fundamental charac-
teristics of the water relationships of
plants. It is the diffusion of water
through a semipermeable membrane—
more commonly called osmosis. When
two solutions differing in concentra-
tion are separated by a membrane im-
permeable to the dissolved substance,
water moves from the solution of lower
concentration to the one of higher con-
centration. (Water in the shredded cab-
bage diffuses out to the more concen-
trated brine surrounding the shreds.)

The force with which water moves
across such a membrane is called
osmotic pressure, which is measurcd in
atmospheres (1 atmosphere equals 14.6
pounds to the square inch). A 4-per-
cent sugar solution has an osmotic
pressure of about g atmospheres. Thus,
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if this 4-percent sugar solution were
separated from pure water by a semi-
permeable membrane, the driving force
causing the water molecules to cross
the membrane and enter the sugar
solution is g atmospheres, or 44 pounds
to the square inch. If this 4-percent
sugar solution were contained in a
nonexpandable cell having a limited
capacity for water, the hydraulic pres-
sure on the walls of the cell would
equal the osmotic pressure of the solu-
tion. This hydraulic pressure on the
walls is the turgor pressure of plant
growth. It is the force that causes cells
to expand and plants to grow.

Now if the cell containing the 4-
percent sugar solution were surrounded
by a 2-percent sugar solution having
an osmotic pressure of 1.5 atmospheres,
the net driving force across the cell wall
causing water to enter would be only
1.5 atmospheres, calculated thus: In-
side pressure of 3.0 atmospheres minus
outside pressure of 1.5 atmospheres
equals a driving force of 1.5 atmos-
pheres. Hence the hydraulic, or turgor,
pressure of the cell solution pushing
outward on the cell wall would also be
only 1.5 atmospheres.

If the osmotic pressure of the bathing
solution equalled that of the cell solu-
tion, then turgor pressure, the force
effecting cell expansion, would be zero.
Hydraulic forces other than osmotic
pressure are involved in the suction of
watcr into cells and the creation of the
wall pressure effective in the turgor
and growth of cells.

Evaporation of water from leaf cells
around the terminals of the conductive
tubes induces a water deficit in these
cells that is transferred down through
the conductive tubes to all parts of the
plants, including the roots.

We do not ordinarily think of water
as having the tensile properties of a
rope, yet if we look at a drop of water
on a piece of wax paper, we see that the
water coheres into a spherical droplet
having a minimum of surface exposed.
This tendency of water to form into
discrete drops illustrates the high sur-
face tension of water—the high affinity
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of one water molecule for another.

This cohesion between water mole-
cules is so great that in very fine tubes
water can actually be pulled up to
great heights. This is the mechanism
by which water is brought to the tops
of tall trees 200 feet or more in height;
the actuating force for the movement
of water up the very fine tubes in the
stem is the transpirational pull devel-
oped by evaporation of water from the
leaves.

The force of the transpirational pull
up the stem can greatly exceed the
osmotic pull by cells for water. If that
happens, the cells lose water and tur-
gidity, and the plant wilts. This em-
phasizes the key importance of water
supply from soil to the roots in meeting
the water needs while maintaining tur-
gidity of cells so essential for growth.

WE coME Now to the vital contribu-
tions of roots in the growth of our
crop plants. Not only do they absorb
water that is so essential in rather tre-
mendous amounts, but they also take
in the many mineral elements neces-
sary for the life of plant protoplasm.

Roots also take up some elements
(silicon, sodium, strontium, selenium,
arsenic, cobalt, iodine) that are not
essential to the plant. Excessive accu-
mulation of these and of the essential
elements can be toxic to the plant.

The way by which soil management
affects plant growth is mostly through
influences on the environment of the
roots. It follows therefore that in some
degree we should fit tillage practices to
the peculiarities of the roots of the crop
we are growing.

Different crops vary greatly in the
nature and extent of their root systems.
The roots of spinach and celery are
confined mostly to the surface foot of
soil. Most of the roots of potatoes are
within the surface 2 feet. Corn, cotton,
and tomatoes permeate an open soil to
a depth of 4 feet or more. Alfalfa and
asparagus roots readily penetrate good
soil to a depth of 8 to 10 feet or more.
Cucumber roots extend laterally 5 or
6 feet in the plowed layer. Asparagus
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roots make little lateral spread in com-
parison with their depth.

The concentration of roots of many
plants in the plowed layer has an im-
portant bearing on tillage practices.
Deep cultivation may effect severe root
pruning and damage the plant. Roots
of some crops proliferate much more
than others. Potatoes and celery are
known to have roots that do a poor job
of permeating the soil, but the grasses
have roots usually characterized by a
high degree of proliferation.

A study at the University of Iowa of
the roots of a single winter rye plant
illustrates how extensive the root system
of a grass plant may be. The plant was
grown for 4 months in 1 cubic foot of
loam soil. Then the roots were care-
fully liberated by spraying with water
for several hours. It was determined
that this one plant had approximately
13,800,000 roots, with a length of more
than 385 miles and a surface area of
about 2,550 square feet. The root hairs
of this plant numbered approximately
14 billion, with a total length of more
than 6,600 miles and a surface area of
about 4,320 square feet. These calcu-
lated figures illustrate the high propor-
tion of the linear growth of a plant that
takes place beneath the ground surface.

Each specics of plant has certain
inherent characteristics of its root sys-
tem, such as length and depth of pene-
tration and degree of proliferation, but
soil conditions may modify the char-
acteristics.

Root penetration is seriously inhib-
ited by the presence of compacted
layers in soils. The prevalence of com-
pacted layers at the plowsole effec-
tively confines roots of crops in many
of our cultivated soils in the surface 6
to 8 inches. The adverse effect on roots
of soil compaction resulting from tillage
and harvesting machinery has become
a serious agricultural problem.

Roots cannot penetrate ledges or
hard layers except through cracks.
Thus on shallow soils the roots may be
confined to a thin layer. Studies car-
ried out during the Second World War
by the Department of Agriculture on

YEARBOOK OF AGRICULTURE 1957

guayule, a shrub that produces rubber
latex, illustrate the point. Two-year-
old plants on a Lewisville silty clay in
San Antonio, Tex., sent their roots
down 16 fect, but go-year-old guayule
plants on an Ector stony loam in
Brewster County, Tex., had their roots
confined to the surface 2 feet by the
prevalence of limestone flagstones al-
ternating with dry shale.

When roots penetrate soils made up
of interspersed layers of sandy material
and clay loam, proliferation usually is
much greater in the layers of clay loam
than in those made up of sandy soil.

Roots make practically no growth
into soil depleted in moisture down to
and below the permanent wilting per-
centage. Roots are hydrotropic—they
will grow in a direction toward in-
creasing available moisture if they are
not impeded by a very dry layer.

Roots may grow upward to a moist
layer maintained at the soil surface.
Frequent light sprinklings of water on
lawns tend to keep the roots of grass
near the surface of the soil and thereby
impair the ability of the grass to with-
stand drought and to absorb nutrients
present in the soil below the surface
a few inches.

Roots of most plants will not enter
wet, saturated soils.

High water tables limit root pene-
tration and may even kill roots that
had previously penetrated below-the
water table. High water table condi-
tions that restrict roots to a shallow
surface layer during the spring impair
the capacity of the plant to stand a
drought during the summer.

Wet soils impair root activity to the
extent that they restrict aeration—ex-
posure to air. Soil pores filled with
water leave no room for air. Roots are
actively alive and need a continuous
supply of oxygen to remain healthy.

There is also a need for dissipation
of the carbon dioxide given off by root
respiration. An accumulation of car-
bon dioxide at the root surface can be
toxic. Facility for gaseous transfer in a
soil is a good measure of its suitability
as a physical medium for root growth.
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Plants killed by flooding of soils usu-
ally die from physiological drought.

Flooding keeps air from the roots.
Unaerated roots of most plants cannot
absorb water.

TuE TEMPERATURE of the soil also
affects the development of roots, but
it does so through its influence on cell
activity, particularly respiration. It is
pertinent therefore to consider in more
dctail how the cells in the surfaces of
roots absorb water and nutrients.

Vacuole (containing cell sap)

Middle Lamella
Soil Particles

Cytoplasm

Calcium Pectate Layer

Cell Wall (cellulose)
1. Surface cells of a root. The development of

root Fairs-and their peneiration among soil particles -

are shown. (From Experiment Station, Hawaiian
Sugar .Planters’ Association)

The drawing illustrates a small sec-
tion of the absorbing surface of a root.
Note that root hairs are tubular ex-
tensions from the wall of the surface
cell lucated one-fourth inch to 1 inch
back from the growing point of the
root. Note also that the root hairs make
close contact with soil particles as the
hairs protrude in an irregular course
through interstices among the parti-
cles. Furthermore, the film of water
that surrounds each soil particle touches
the surface of the root hair. There is
also 'iustrated the vital air pore spaces
that imust maintain oxygen supply to
the root cells and transport carbon di-
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oxide away from the roots. Parts of the
root not covered by root hairs also
maintain intimate contact with the
soil particles and their surrounding
moisture films.

We have noted that a single plant
may have an astronomical number of
root hairs, which provide a seemingly
enormous surface for contact with soil
particles. The roots of a winter rye
plant were found to have a total sur-
face of 6,870 square fect. The plant
was grown in a cubic foot of loam soil.
Such a soil will have a specific surface
of about 20 square feet to a cubic
centimeter. The surface on all the mil-
lions of particles contained in a cubic
centimeter of loam will add up to
about 20 square feet. Calculations
show that the particles in a cubic foot
of such a soil will have a total surface
of about 560,000 square feet. That is,
what we regarded as an enormous root
surface was really only a little over 1
percent of the soil surface available for
contact. In other words, even this
highly proliferous root system did not
come in contact with g8 percent of the
soil particle surface.

Water enters the roots from the soil
particle films as a result of osmotic
forces in cells or through the pull of
transpiration transferred from the
leaves. Cells must be alive and active
to absorb water. If the oxygen supply
is deficient, the root-absorbing cells
may become asphyxiated and stop ab-
sorbing water, and the plant wilts.

Unduly low temperatures may also
impede water absorption by root cells.
Sudden hot spells in spring when the
soil is still comparatively cool cause
cotton plants to wilt, even though soil
moisture is adequately available. Too
low a temperature around the roots
limits absorption of water. Toxic sub-
stances that impair the health of root
cells also impede the absorption of
water.

As the roots absorb water from the
films surrounding the soil particles,
the films become thinner, and the re-
maining moisture is held by the soil
particle with greater tenacity.



48

At the moisture content of field ca-
pacity—the soil moisture content a few
days following a heavy rain when free
internal drainage has stopped—the soil
particles hold the moisture with a force
equivalent to o.01 atmosphere.

When the plant has removed the soil
moisture down to the permanent wilt-
ing percentage, the soil particles hold
the moisture with a force equivalent
to about 15 atmospheres.

The movement of moisture along the
surfaces of particles towards the root

surface is slower as the moisture films.

become thinner. Thus both energy of
retention and movement may contrib-
ute to impeding water entry into roots
at low levels of soil moisture.

The moisture held by the soil be-
tween field capacity and the perma-
nent wilting percentage is termed the
available soil moisture.

Sandy loams hold about 1 inch of
available water per foot of depth. Clay
loams hold about 2 inches of available
water per foot of depth. The soil mois-
ture reservoir available to a plant is
equal to the depth of the active root
zone of the plant times the amount of
available water per foot of soil. Thus
spinach growing in a sandy loam will
have a soil-moisture reservoir equiva-
lent to a 1-inch layer of water, but a
deep-rooted alfalfa field in a clay loam
will have a moisture reservoir of 12
inches. Obviously the status of the
soil-moisture reservoir is of key impor-
tance in enabling growth of plants
during extended periods of drought.

The mineral nutrients absorbed by
the roots are adsorbed on the surfaces
of the soil particles or dissolved in the
moisture films surrounding the par-
ticles. Maybe you assume that the
minerals move into the absorbing cells
of roots along with the entry of water.
That is not necessarily so. Although
minerals move in along with water
pulled by transpiration, they also will
move in even if transpiration is nil.

The accumulation of mineral ions
by root cells is an active life process
effected by energy rcleased by respira-
tion of the cell. Any condition in the
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root environment such as low tempera-
ture, lack of aeration, and the presence
of toxins that impair respiration will
likewise adversely affect absorption of
mineral ions.

Asis evident in the drawing, in order
for minerals to reach the vacuoles of
a cell, they must move through the
cytoplasm around its inner wall.

The cytoplasm—cytoplasm plus nu-
cleus equals protoplasm—has remark-
able powers of accumulating and re-
taining certain minerals. For example,
a root cell may accumulate potassium
in its vacuoles to 20 to g0 times its
concentration in the soil solution. The
cells retain the accumulated potassium
against the high tendency for outward
diffusion as long as it is actively alive.
If the cell is full, the potassium will
immediately diffuse out.

Although potassium and sodium are
quite alike chemically, the cytoplasm
in the roots of many plants differen-
tiates them—accumulating potassium
while excluding sodium. Since nutrient
absorption depends on energy released
from respiration, it also follows that
the supply of respiratory substrate
(sugars) in the root cells regulates min-
eral intake. The sugars providing this
energy are transported down from the
leaves. In this manner, conditions of
the aerial environment affecting pho-
tosynthesis and sugar accumulation
may have a direct bearing on absorp-
tion of mineral nutrients by the roots.

The mineral reservoir available to
the plant is conditional, as is the soil
moisture reservoir, upon the extent
and proliferation of the root system.
Since the plowed layer is the main
source of minerals in most soils, it is
obviously important that the roots
develop maximum permeation of this
layer.

Thus we see that the vegetative
growth of a plant is the resultant of a
complex interrelationship of a large
number of environmental factors upon
the constituent cells in the plant. In a
number of crops, the grower has no
economic intercst beyond the phase of
growth termed vegetative development.
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Potatoes, sugarcane, sugar bects, hay
crops, and the lealy vegetables are ex-
amples, but the farmer growing cot-
ton, soybeans, fruits, grains, and secds
must produce something besides stems
and leaves.

Why does a plant go into the flower-
ing stage? We do not know exactly.
When a plant has reached a certain
age and the proper environmental con-
ditions prevail, certain cells in the
growing points initiate the develop-
ment of tissues that become flower
parts.

Investigations by Department of
Agriculture scientists some 20 years ago
showed that the flowering of many
plants is controlled by length of day.
Some flower during the long days
(short nights) of early summer and
others flower during the shorter days
(longer nights) of late summer and
carly fall. Other species of plants are
induced into flowering by exposure to
low temperature. For example, sugar
beets, cabbage, and cauliflower must
go through a cold period before they
will flower.

Soil-management practices may af-
fect flowering through their influ-
ences on vegetative vigor. Vigorous
plants are usually delayed in flowering
but this may be compensated for by
increased intensity of flowering.

The maturation of seed is largely
influenced by the previous vegetative
status of the plant, weather conditions,
and soil moisture. The problem of soft
corn is a good illustration of the eco-
nomic importance of the right growing
conditions and good weather and seed
maturation.

The production of our crop plants is
determined by their inhcrent capabili-
ties to grow within the limitations im-
posed by environmental conditions.
The farmer can do relatively little to
improve the weather conditions pre-
vailing on his ficlds, but he can have a
major influence through soil manage-
ment upon the environment of the
roots of his crops: A plant is a living
entity derived from soil, sunshinc, air.

The soil is not the least of thesc three.
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Soil
Moisture

L. A. Richards and S. J. Richards

The efficient use of the avail-
able supply of soil moisture is
usually a major aspect of soil
management. It may domi-
nate crop selection, time and
rate of planting, tillage opera-
tions, weed control measures,
and programs of fertilization.

Soil moisture is seldom ideal for best
crop vyields. Some soils are too wet,
even for a part of the year, and arti-
ficial drainage may be profitable. In
some places a lack of soil moisture
limits crop yields, and irrigation or
moisture-conserving practices are used.

Statistical studics for semiarid and
subhumid climates usually show a
significant correlation between effec-
tive precipitation and crop yields. Ir-
rigation often is feasible, even when
the investment is considerable. With-
out irrigation in semiarid and sub-
humid regions, soil-management prac-
tices strongly emphasize the efficiency
of use of the available moisture supply.

In humid climates, if other factors
are favorable, deficiency of soil mois-
ture may limit crop growth oftener
than is generally rcalized. The possi-
bility of a significant deficiency de-
pends on the crop and the soil as well
as the climate. Studies of evapotran-
spiration in relation to climate indicate
that yield-depressing droughts occur
with almost statistical regularity in
many climates, cven though the aver-
age precipitation during the cropping
season may exceced the total amount
needed by the crop.
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Supplemental irrigation in humid
climates is often feasible because of
proximity to a water source and is
becoming more widely practiced.
Technicians have gained much in-
formation on the effect of soil-manage-
ment practices in determining the
amount of water that enters the soil
and the amount that runs off and is
lost by surface drainage. Terracing,
contour furrows, contour cultivation,
and basin listing are used for reducing
runoff. Crop residues are left to protect
the soil surface from puddling and
evaporation. All cultural practices af-
fecting soil structure, at the surface
and below, are involved. These and
other subjects related to infiltration,
erosion, and evaporation have a direct
and controlling effect on soil moisture,
and are treated in later chapters.
Chapters are devoted also to irrigation
and drainage. This discussion deals
with the general principles relating to
the retention and conduction of water
by soil—principles that apply to soil
management under a variety of con-
ditions of climates, crops, and soils.

THE RETENTION of water by soil is
related to the size and arrangement of
the soil pores: In the soil pore system
water moves and is retained for plant
use. The ratio of the volume that is not
occupied by soil particles to the bulk
volume of the soil is called the porosity.

Fine-textured soils tend to have
higher porosity than coarse soils—
when all of the pores are filled with
water, a fine soil usually contains more
water than a coarse soil. Sandy soils
tend to have a preponderance of large
pores. Clay soils, which contain many
fine particles, tend mainly to have
small pores. During and following the
entry of rain and irrigation water,
sandy soils with their large pores usu-
ally conduct water more rapidly than
fine-textured soils. For that reason and
because they contain less water to
begin with, sandy soils retain less water
for plant use.

If a bucket of soil is connected to a
water reservoir as at A, the soil will
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1. A system for measuring the water content of
soil in relation to the suction supplied by a hanging
column of water.

approach saturation. When the reser-
voir is lowered to B, some (but not all)
of the water drains back into the reser-
voir. The soil retains a certain amount,
depending on interconnection and size
distribution of pores in the soil. With
such an arrangement, each lowering of
the reservoir will produce an additional
outflow of water from the soil. A layer
of permeable material with fine pores,
such as a porous ceramic plate, can be
placed in the bottom of the bucket to
keep air from getting into the suction
line. The suction of the vertical column
of water extending down to the free
water surface in the reservoir is coun-
terbalanced after each outflow incre-
ment by an increased suction devel-
oped in the water films remaining
in the soil. This suction depends on
force action at the soil and water
surfaces.

The suction required to empty a soil
pore depends on its size. The volume
of water retained in a soil at a given
suction is therefore related to the vol-
ume of pore space smaller than a given
size. The water content of a soil at a
specified suction and structure is
called retentivity. The water retention
curve is based on a number of reten-
tivity values. Such curves provide a
picture of pore size distribution.

The terms “soil suction” and “soil
moisture tension’” have identical mean-
ing and may be used interchangeably.

In this example, the suction is con-
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trolled, and the soil moisture makes a
corresponding adjustment. Under field
conditions, the soil moisture content
changes and the suction changes ac-
cordingly. Suction is reduced when
water is added to the soil by rainfall or
irrigation and, conversely, suction is
increased when soil moisture is de-
pleted by drainage, root absorption, or
evaporation.

Suction is related to the relative wet-
ness of soil and, over a restricted range,
can be measured with a tensiometer.
This is a standard soil moisture instru-
ment consisting of a porous cup, which
is connected to a vacuum gage and
filled with water. Commercial instru-
ments usually employ a Bourdon gage,
as shown at the left in the illustration.

2. Tensiometers use dial gages, mercury ma-
nometers, or water columns for measuring soil suc-
tion. The length H on the water manometer repre=
sents suction head in the soil adjacent to the cup.

A mercury manometer, mounted
above the ground on the tensiometer
tube, often is employed for suction
readings in experimental work. The
tensiometer unit on the right in the
drawing is shown with a water manom-
eter attached. Suction is read direct-
ly from the gage or scale in pressure
units and sometimes is called soil
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moisture tension. Pressure in the
manometer at A is the same as in the
porous cup at the same level, so the
suction in the cup, and in the soil
adjacent to it, is equal to that pro-
duced by the vertical length of water
column from A to B. This equivalent
length of water column H is called
suction head and is a convenient
measurement for relating suction dif-
ferences to the water-moving force in
soil. If the porous cup of a tensiometer
were installed in the soil bucket of the
preceding figure, the instrument would
give a reading corresponding to the
height H.

Suction values are often expressed in
terms of cm. (centimeter) of water
column. A larger unit is sometimes
more convenient. The barometer is
used for measuring atmospheric pres-
sure and the bar is a metric unit of
pressure, which is approximately equal
to the pressure of the atmosphere at
sea level. One bar corresponds to
1,021 cm. of water column at 20° C.
One millibar therefore corresponds
closely to 1 cm. of suction head.

MOISTURE RETENTION CURVES show
the relationship between soil moisture
and suction.

Moisture content may be expressed
in various units. Moisture percentage
on a dry basis is commonly used and
is the weight of water per 100 units of
weight of dry soil. For field applica-
tions, expressing soil moisture content
as the water ratio is convenient. This
is the volume of water per unit bulk
volume of soil and is numerically the
same as the surface depth of water per
unit depth of soil. (The water ratio is
determined by drying a known bulk
volume of soil or by multiplying the
moisture percentage, dry weight basis,
by 1 percent of the bulk density of the
soil when the latter is expressed in
grams per cubic cm.) The equivalent
surface depth of water in a soil depth
interval is found by multiplying the
soil depth by the average value of the
water ratio in the interval. This is
convenient because rainfall and irri-
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gation water are also expressed in
terms of the equivalent surface depth
of water.

Water Ratio
0.5

-
04 Chino Silty Clay
-
0.3
0.2
Pachappa Sandy Loam
0.1 Hanford Sand -
—
0 L 1 g . 1]
[ 2 3 15

Suction—Bars

3. Waler retention curves for three soils. Water
content is expressed in terms of the water ratio which
is the volume of water per unit bulk volume of soil.

The accompanying curves show the
moisture retention properties of a
fine-, a medium-, and a coarse-tex-
tured soil. Core samples having field
structure were initially saturated, and
successive water. contents were deter-
mined by weighing after equilibrium
was established at successively increas-
ing suction values. Suction control
apparatus like that illustrated above
could be used for such measurements.
With the soil supported on a layer of
material with fine pores, it is more
convenient to obtain the pressure dif-
ference across the supporting layer by
increasing the air pressure inside the
soil chamber. With this arrangement,
the outflow of water from the soil takes
place at atmospheric pressure and is
casy to measure. Cessation of outflow
indicates that hydraulic equilibrium is
attained between the soil and the suc-
tion control surface. The suction value
in the soil is then equal to the excess
air pressure in the chamber.

Opver the suction range from zero to
150 bars, soil moisture retention is
represented by a smooth, continuous
curve. There is no water content or
suction value in this range at which
the water appears to undergo a marked
change in properties or state. Older
terms used for classifying soil water,
such as gravitational, capillary, and
hygroscopic water, are hard to identify
with physical properties of the system.
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Pore size distribution determines the
shape of a retention curve at the low
suction end. At the saturation point—
that is, zero suction, when all the pores
become filled—the volume of water
per unit bulk volume of soil equals the
porosity. For the sandy soil in the fig-
ure, small increases in suction at the
wet end of the curve caused a large
decrease in water content, thus indi-
cating the presence of pores having
large size. For the clay soil, on the
other hand, no water outflow occurred
below a suction of 100 millibars. This
means that starting with saturation un-
der field conditions, downward drain-
age to a water table at a depth of 1
meter would still leave this soil satu-
rated clear to the surface.

Attempts to identify the upper limit
of the field moisture range with a con-
stant retentivity value, such as the
1/10-bar or 1/g-bar or the moisture
cquivalent, have not been generally
successful. We return to this later.

THE LOWER LIMIT of available water
often is taken as the permanent-wilting
percentage. When the moisture con-
tent of a soil drops below a certain
value, test plants growing in a sample
of the soil become permanently wilted
and do not recover when placed over-
night in a humid chamber. This per-
manent-wilting percentage has been
found for a wide variety of soils to
correspond closely to the amount of
water retained at a suction of 15 bars.

As plants use up the available supply
of soil moisture, the intensity of the
wilting symptoms increases. The de-
gree of wilting of leaves depends on the
balance between water uptake by the
roots and evaporation from the leaves,
so that weather and the characteristics
of the crop also are involved.

Corresponding to the range of wilt-
ing symptoms is a wilting range of soil
moisture. The so-called permanent-
wilting percentage corresponds to a
selected degree of wilting and repre-
sents a somewhat arbitrary point in
the wilting range. The usefulness and
significance of the 15-bar percentage
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depends directly on the fact that it
corresponds closely to the permanent-
wilting percentage. Undcr certain crop-
ping conditions, soil moisture in the
field is depleted below the 15-bar per-
centage. The minimum moisture for
wheat grown in the Great Plains is
well below the 26-bar percentage in
the 60- to 120-cm. depth interval.

The suction range corresponding to
the wilting range can be obtained by
locating the measured moisture con-
tent values on the retention curve and
reading the corresponding suction val-
ues. This is not a very reliable proce-
dure because of the large rate of change
of suction with respcct to moisture
content. By this method, however, it
is estimated that for various plants and
soils wilting takes place in the suction
range from 10 to 60 bars.

Curves relating soil moisture to suc-
tion for a given soil sample are not
single valued. The water uptake curve
lics bencath or below the water relcase
curve, and the time required for soil
to reach hydraulic cquilibrium is much
longer. Moisture release curves are be-
licved to be more generally rcpresenta-
tive of ficld conditions and therefore
are much more commonly dealt with.
The hysteresis effect, however, must
not be ignored or forgotten.

The water retained by a given soil
at high suctions is associated with the
surface arca of the soil particles. The
surface area per unit mass of soil is
called the specific surface. Specific sur-
facc values are surprisingly high. A
clay, for example, may havc as much
as 25 acrcs of surface area for 1 pound
of soil. A sandy soil will have much
less—from g to 5 acres of surface area
a pound. At suctions of the order of 10
bars and above, the retention curve is
ncarly flat. A small change in soil-wa-
ter content (that is, a small change in
film thickness) produccs a large change
in suction. Suction is a convenient
measure of the physical condition of
water in soil and the tenacity with
which water is held by soil.

Vapor transfer of water through soil
occurs by molccular diffusion through
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the connected gas-filled pore space.
This mechanism is relatively more im-
portant in dry soils because more pore
space is available for transmitting the
vapor and also because the vapor pres-
sure difference, which is the direct
causc of vapor diffusion, is likely to be
higher.

At constant temperature, the aque-
ous vapor pressure in soil pores changes
only slightly with the water content of
the soil in the plant growth moisture
range. The vapor pressure of soil at
the wilting point is below the vapor
pressure of the same soil at saturation
by less than 2 percent. In other words,
the air contained in soil that is dry
enough to cause crop plants to wilt is
still more than 98 percent saturated,
and the vapor pressure difference that
is due to differences in water content
alone will be small in the root zone for
agricultural crops.

Temperature, however, has a strong
effect on the vapor pressure of soil
water, and temperature gradients pro-
duce marked vapor pressure gradients
in the soil air system. Steep tempera-
ture gradients are most likely to occur
near the soil surface or where there is
a freezing zone in the profile. There is
evidence that, except very near the soil
surface and then mainly for longtime
effects involving weeks or months, va-
por transfer of water in soil in the root
zone of growing crops is not very sig-
nificant agriculturally.

Li1Quip AND FILM FLOW arc the main
mechanisms responsible for water trans-
fer in soil. Marked progress is being
made in applying hydraulics to the
processes involved. It is useful to have
general principles that apply to and
describe water movement in all soils.

A primc element in this theory is the
law that flow is proportional to the
driving force. This is a basic relation
that holds for heat and elcctricity and
for a long time has been known to
apply to soil moisture. Only recently,
however, have mcthods for measuring
the driving force and the proportion-
ality factor bcen devcloped to such a
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stage that they can be applied to soils
under field conditions. The effect of
temperature on liquid and film flow
of water in soil can be taken into ac-
count, but in many instances temper-
ature effects do not appear to be very
significant.

The flow law may be expressed by
the equation v=#:, in which v is the
volume of water crossing unit area per-
pendicular to the flow in unit time.
The proportionality factor £ is called
the hydraulic conductivity, and ¢ is the
water-moving force. At each point in
the soil, the effective velocity v is equal
to the product of the conductivity and
the driving force. The latter may be
conveniently expressed relative to
gravity and has two components.
These are the gravity force and a pres-
sure-gradient force. The gravity force
per unit amount of soil water is of con-
stant magnitude and always acts in the
downward direction with an intensity
we refer to as 1 g. The pressure-gradient
force, on the other hand, may vary
both in direction and magnitude. For
flow of water in unsaturated soil, the
pressure force, expressed in g units, is
equal to the gradient of the suction
head. This is the change in suction
head per unit distance through the
soil in the direction of the greatest rate
of increase in suction.

Examples will illustrate the value of
instrument readings and a flow theory.
Consider cores of the sand, loam, and
clay for which the water retention
curves were given earlier. For arbi-
trarily selected values of the water
ratio R equal to o.10, 0.20, and 0.43,
the suction values § would be 250, 500,
and 750 millibars, respectively. If these
soil cores, while resting on a table as
shown in the illustration, are pressed
into contact, water will move from the
sand to the loam and both will lose
water to the clay even though the lat-
ter has a much higher moisture con-
tent. It is possible to specify these flow
directions because in the horizon-
tal direction there is no component
of the gravity force, and flow takes
place in the direction of the increase in
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CLAY

R=0.43
§=750 mb.

SAND
R=0.1
§=250 mb.

4. The relationship of suction to the movement of
waler is illustrated by the soil cores on a table. The
water ratio R and suction S are indicated for each
soil. Lateral water flow, which is indicated by the

arrows, is controlled by suction difference rather
than moisture content difference.

suction. The suction values indicated
were taken from the retention curves
but could have been measured with
tensiometers.

As another example, consider a wick
rolled up from a piece of cheesecloth
that is immersed in water, pressed out
lightly, and supported from above by
the fingers. With just a slight water
deficit, no dripping occurs when the
roll is horizontal; if either end is low-
ered, however, dripping occurs im-
mediately from the low end. The flow
equation, which holds for water in any
porous medium, states that flow stops
only when the suction-gradient force
is upward and equal in magnitude to
the downward gravity force. This con-
dition of zero water-moving force is
always met when water is at static
equilibrium under gravity. Suction
and the suction gradient in the cheese-
cloth roll, as in the case also for soil,
are determined by water content and
the water content gradient in the roll.

In the horizontal position, the suction
difference required to counterbalance
gravity is small because the vertical
distance is small. With the roll in the
vertical position, the vertical distance
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5. A device for illustrating hydraulic effects from
underlying soil layers. The cheesecloth roll retains
water n the horizontal position. When rotated to
the vertical, however, outfloww commences immedi-
alely because of the suction difference produced by
the longer vertical column.

‘in the roll is greater and the suction
difference necessary to counterbalance
gravity will be greater. For static equi-
librium, there must be one unit of in-
crease in suction head for each unit of
increase of elevation. In order to meet
or establish this condition, water is
moved downward by the gravity force.
This causes the lower part of the wick
to become saturated, the suction is re-
duced to zero, and water drips from
the lowest point.

This illustrates a second law of soil
moisture which is of the nature of a
boundary condition; namely, that frec
outflow will occur from soil or other
porous medium only if the suction
reduces to zero.

The outflow process maintains the
suction at the bottom of the wick at the
zero value until the suction head at the
top of the wick is equal to the elevation
of the top above the drip point. This
makes the upward suction gradient
equal to one unit of suction head per
unit of vertical distance and corre-
sponds to an upward suction force of
1 g. This cancels gravity and brings
the water-moving force in the roll to
zero; the flow stops. The amount of
water the end of the roll that is marked
“A” will hold depends on the underly-
ing hydraulic system that controls the
water-moving force and the suction
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head at A. This example has applica-
tion to field soil and will be referred to
again.

The rate at which water drains from
the root zone following an application
of water is of importance to farmers.
This rate depends directly on the suc-
tion gradient. If the profile is dry and
wetting is shallow, drainage will be
speeded up by a downward suction
gradient. If the same soil is decply
wetted, the downward suction gradient
will be smaller and surface soil will re-
main wetter for a longer time. The
downward suction force is decreased by
the presence of a shallow water table

. because, by definition, the suction is

zero at the water table. The water
table is the locus of points in the soil-
water system where the suction is zero.

A soil layer in which the hydraulic
conductivity is low slows the drainage
of overlying soil. It is recalled that the
flow velocity is equal to the product of
the conductivity and the water-moving
force. Velocity is low in the restricting
layer because the conductivity is low.
Velocity is low above the restricting
layer because the water-moving force
is low. A temporary water table forms
or tends to form just above the restrict-
ing layer. This lowers the suction gra-
dient, lowers the downward water-
moving force, and consequently lowers
the drainage rate in overlying soil.
Thus the water-moving force acting to
remove water from surface soil depends
importantly on hydraulic conditions,
including water distribution, in the
underlying soil. This was illustrated by
the example of the cheesecloth roll. In
the horizontal position, the water-
moving force in the end marked A
quickly dropped to zcro and drainage
ceased. In the vertical position, how-
ever, the water-moving force at A was
controlled by hydraulic conditions at a
lower depth, and water loss from A by
downward drainage took place rapidly
and occurred over a longer time and to
a greater degree.

The condition for static equilibrium
of water in a field profile is seldom at-
tained. It might occasionally be ap-
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proached under conditions of a high
steady water table and with negligible
evaporation at the soil surfacc. Usu-
ally, however, the water-moving force
is not zero. The moisture content of
field soil changes with time, whether
or not plant roots are prcsent. The
velocity of water movement in surface
soil decreases with time following wet-
ting, but it is not easy to spccify the
time after which the movement rate
becomes negligible for agricultural
purposes.

THE WATER RETAINED in soil for crop
use is important to farmers and is fre-
quently measured and studied. The
upper limit of the plant-available
range is often referred to as the field
capacity and is determined by oven-
drying samples of soil that are taken
from the profile at some time following
arain or an irrigation. Values obtained
for a given soil depend on the sampling
time and moisture distribution in the
profile.

Attempts have been made to esti-
mate field capacity from laboratory
measurements on soil samples. The
water retained in an air-dried and
screened sample of soil that is satu-
rated and brought to equilibrium on a
porous plate at a suction of 1/10 bar
has been found to correlate reliably
with water contents observed in the
field following the irrigation of sandy
soils in certain localities. Similarly, the
moisture equivalent, which corre-
sponds closely to the 1/3-bar retentiv-
ity, has been related to field capacity
for some medium-textured soils.

The futility of looking for a labora-
tory determination that can be gen-
erally used for indicating the field
capacity of all soils may be indicated
by reference again to the example of
the roll of cheesecloth. Numerous lab-
oratory measurements could be made
of the intrinsic moisture properties of a
sample clipped from the wick, such as
the ecnd A, but the water-moving force
that caused drainage from A in the
vertical position was determined by
hydraulic conditions elsewhere in the
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column and cannot be predicted from
the physical properties of A considered
separately.

For that rcason, the upper limit, or
thc wet end of the plant available
range of soil water in any given field
case, is most reliably obtained from
direct field observations. Useful corre-
lations have been found for certain
laboratory determinations with certain
soils, but these should always be closely
checked against field measurements.

For some medium-textured soils, the
1/g-bar retentivity has been associated
with field capacity. As a rcsult, it is
sometimes concluded incorrectly that
suction at field capacity is near the
1/3-bar value. A day or two following
deep wetting by rain or irrigation,
tensiometers usually indicate soil suc-
tion in the range from 20 to 100
millibars.

The lower limit of available water is
a much more dcfinite figure. Because
of the low value of the capillary con-
ductivity in the wilting range, it can
be reliably related to intrinsic physical
properties of a sample of soil. The wilt-
ing percentage is normally taken as the
lower limit of available water, and for
most practical purposes it is indistin-
guishable from the 15-bar percentage.

It has been customary to refer to all
of the water retained in a soil between
the field capacity and the wilting per-
centage as available water. Because of
the interaction of variables related to
crop and soil and their cffect on depth
of root zone, and also because of the
uncertainties of climatic factors, the
recommended time for irrigation may
vary from 50 to 85 percent depletion
of the available water.

THE WATER-CONTENT CHANGE due to
downward drainage of water from a
field soil is illustrated by the parallel
straight lines in the accompanying
figure, where the data on soil mois-
ture content are plotted against time,
using logarithmic scales.

The Pachappa sandy loam was the
same as that represented by the middle
retention curve in the earlier drawing.
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This is a deep, uniform soil with unre-
stricted drainage and no water table.
After a deep wetting of the profile, the
soil surface was covered with plastic
sheeting to prevent evaporation, and
moisture samples were taken on the
days following irrigation indicated in
the figure. The volume of water per
unit volume of soil was calculated for
each soil sample, and the equivalent
depth of water W, in each of the sev-
eral surface layers of depth D is plotted
in the figure as a function of time 7.
For this profile it was found that the
ratio Wp/Dwassubstantiallyindepend-
ent of depth so that all of the data can
be represented by the single equation
Wy,/D=aT=? where a and b are con-
stants. Wp/D is the average waterratio
in the layer of surface soil of depth D.
Because the soil surface was sealed, the
rate of change of the depth of water in
each surface layer of soil is equal to the
downward drainage velocity, v,, at the
depth D of the lower boundary of the
layer. The equation for »;, follows
directly from the foregoing equation
and may be written in the form

op/D=—abT-1,

These equations are shown plotted
to linear scales and give a complcte
picture of the moisture content and the
flow velocity as functions of both depth
and time for this profile.

CHANGE in water content due to the
combined action of drainage and
evaporation was also measured and is
shown in the set of straight lines in the
additional figure, again using logarith-
mic scales. It is apparent that with sur-
face evaporation the straight lines
representing moisture change with
time are no longer parallel, The nearer
the surface, the more rapidly the water
content of the soil changes with time.
The straight-line relation with log
scales indicates that the rate of water
loss from surface layers of this soil,
with or without evaporation, is pro-
portional to the water content and is
inversely proportional to the time fol-
lowing irrigation.
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6. Waler content changes produced by drainage
in a fallow soil that is protected from evaporation.
The data points, which are plotted on logarithmic
scales, indicate the equivalent surface depths of water
contained in the various soil layers.

Water Ratie
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Pachappa Sandy Loam
Any Surface Layer Down to 110 Cm.

20

20 40 60
Days After Irrigation
7. This curve, which is plotted to linear scales,
summarizes the data from the preceding figure. The
volume of water per unit bulk volume of soil was
Jound to be independent of depth for this particular
Sield test.

Flow Velocity/Depth

Cm.Day/Cm
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Pachappa Sandy Loam

Exampie: Find downward flow
02 velocity at 30 Cm depth on day 3

From curve ?p/D=01 at T=3

For D=30,Y30=.01x380=0.3 Cm/day
01 -~

o
0]

'20 40 60
Days After Irrigation
8. The downward flow velocity as a function of
tzme and depth. This curve is dertved from the curve
in the preceding figure,
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9. Water-content changes in fallow soil as pro-
duced by drainage and evaporation. The data points,
which are plotied on logarithmic scales, indicate the
surface depth of water contained in soil layers of
various depths.

From the data taken, it was possible
to detcrmine the amount of water leav-
ing the soil surface by evaporation. The
accumulated evaporation from this soil
during the two summer months is
shown in the lower curve, which is
plotted to linear scales.

The overlying curve is drawn in for
refcrence and shows the total depth of
water leaving the o—40-centimeter soil
layer during the samc period. The
middle curve is the difference between
these two curves and represents down-
ward drainage.

During this field test, information on
the suction and the suction gradient in
the profile was obtained with tensiom-
cters. Both the direction and the mag-
nitude of the suction-gradient force,
therefore, were known at all times. Im-
mediately following irrigation, the flow
velocity in the profile was downward at
all depths. Following the disappear-
ance of free water from the soil surface,
evaporation commenced the depletion
of watcr in the surface soil and caused
a buildup of suction. This produced an
upward suction-gradient force and re-
sulted in a reversal of the flow direction
from down to up.

It is convenient to define a static zone
as that layer in the soil below which
flow is downward and abovc which
flow is upward. In the static zone, the

15 30 45 6
Days After Irrigation

10. The accumulated loss of water from a layer of
Jallow soil. These curves are plotted to linear scales
and are based on the straight line for the g0-cm.

layer in figure 9.

suction-gradient force is cqual and op-
positc to gravity and the net water-
moving force is zero. The position of
the static zone in the profile was known
from the tensiometer readings.

In this soil, the static zone moves
downward through the profile at a
fairly rapid ratc. By the 14th day fol-
lowing irrigation, the static zone had
passed below the f5o-centimeter depth.
It is clear that, in the soil layer above
the static zone, water loss no longer
occurs by drainage but moves upward
in response to surface evaporation. Ex-
cept in a very shallow surface layer,
it was determined that this upward
flow was film flow because soil salts
moved with the water. Water move-
ment in the vapor phase does not trans-
port salt, and vapor transfer was found
to be of significant magnitude only in
the surface 10 or 15 cm. of soil.

In considering this example of water
flow in a field profile, one should keep
in mind that the foregoing data repre-
sent a deep uniform soil without re-
stricting layers or a water table. Other
soils, having different textural layers,
a flow barrier, or a water table, will
represent different hydraulic condi-
tions, but the flow law that states that
the flow velocity is equal to the product
of the conductivity and the water-
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moving force holds for all cases and
provides a background of theory for
understanding and predicting field-
flow problems, especially since the
capillary conductivity and the water-
moving force can be measured under
field conditions.

The capillary conductivity function,
like water retentivity, is an intrinsic
physical property of the soil. It can
now be evaluated over thc whole soil-
moisture range that will permit the
growth of plants. The capillary con-
ductivity of Pachappa soil is shown
on log-log scales in the accompanying
figure. It is apparent that the capillary
conductivity falls off very rapidly as
the suction increases. The capillary
conductivity at a suction of 0.2 bar is
10,000 times the value at 1o bars.
Nevertheless, it is believed that film
flowin the wilting range is far from neg-
ligible because it is primarily this slow
movement of water in the film phase
that supplies water to the root system
and makes it possible for certain species
to survive long periods of drought.

The capillary conductivity function
should play an increasingly useful role
in understanding and applying avail-
able information to the moisture prob-
lems that enter into soil management.
Clay soils, for example, have low
conductivity at low suctions compared
with sandy soils, but at high suction
values the fine-textured soils have
much higher capillary conductivity
than the coarse-textured soils.

Consider the problem of the salini-
zation of surface soil from a shallow
ground water table. The movement of
water from a water table at a depth of
1 meter in a sandy soil in response to
surface evaporation may be completely
negligible, whereas, in a soil like the
Pachappa, the capillary conduction of
water to the soil surface from a 1-meter
water table is more than adequate to
maintain an evaporation rate that is
limited only by the external evapora-
tive conditions. That is, the evapora-
tion of water from the soil surface
would be at the same rate as from a
free water surface. The movement of
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11. Capillary conductivity, which is the effective
Jlow velocity when the water-moving force is one g,
changes rapidly with suction. This physical property
makes possible a quantitative treatment of soil mots-
ture phenomena as observed in the field.

water to the soil surface from a shallow
water table can now be predicted from
theory, and the theoretical approach
will play an increasingly useful role in
field operations relating salinity, leach-
ing, and drainage.

SOIL WATER MEASUREMENTS, for man-
agement purposes, involve two aspects.

One is the volume or quantity of
water present in the soil that can be
used by crops. This information has
been obtained in the past by oven-
drying soil samples to determine the
quantity of water present. Information
on the wilting point or the minimum
to which the soil moisture is reduced
by the crop is necessary for each indi-
vidual sample in order to determine
the available water. Field samplings
of soil-moisture content are still widely
made and are quite useful for guiding
management practices, particularly
in dry-farm areas. Newer methods in-
volving neutron scattering are now be-
ing used in expcrimental work and
may prove o be feasible in practical
agricultural operations.
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12, Readings of two instruments, plotied against
time, indicale film flow in the tensiomeler suction
range. One tensiometer cup (solid line) was in soil
permeated by roots. In adjacent soil, another tensi-
ometer was enclosed in a guard such that no roots
came closer than 2% cm. to the tensiometer cup
(dashed line).

The other aspect of measuring soil
moisture relates to the physical status
of the water in soil. In saline soils, this
must involve the concentration of the
soil solution as expressed in terms of
osmotic pressure, but in nonsaline
soils, a measurement of soil suction
gives an indication of the tenacity
with which the water is held and an
indication of the availability of the
water to plants. Because it gives a
direct measure of soil suction, and also
because of the very large significance
of suction readings to the hydraulics of
soil water, the tensiometer will always
be a standard soil-moisture instrument.

Tensiometers are commonly used in
irrigation agriculture as an aid in irri-
gation control. The question sometimes
is raised as to the representativeness of
a tensiometer reading and the extent
to which the reading is disturbed by

plant roots at the surface of the cup.

" Some information on this point is
given by the curves in the accompany-
ing figure that show the reading of a
tensiometer in soil directly in contact
with roots and the reading of a tensi-
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ometer in the same root zone where
the tensiometer was enclosed within a
larger porous cup so that no plant roots
came within 2.5 cm. of the tensiometer
cup.

The curves indicate that for this
sandy loam the reading of the tensi-
ometer that was protccted from direct
root action increased almost as rapidly
as the nearby tensiometer, which was
subjected to direct root action. The
capillary conductivity for this soil in
the tensiometer range of suction appar-
ently was adequate to move water for
some distance during the interval be-
tween irrigations.

In sandy soils having low contents
of silt and clay, the capillary conduc-
tivity decreases rapidly as the suction
increases. The suction developed in
such soils at the plant roots where the
moisture is absorbed is not transmitted
rapidly to the cup, and wilting symp-
toms may develop before the tensi-
ometer attains its maximum reading.
Tensiometers will work reliably only
up to suctions of about 850 millibars.
This limitation must always be kept
in mind, but apparently there is still
a wide range of usefulness for these
instruments in research on the control
and measurement of moisture.

Several types of electrical resistance
blocks give readings that in general
respond to the soil water suction. In
other words, in nonsaline soils, an
electrical resistance unit comes to
about the same reading, independent
of the kind of soil, when a certain value
of the suction is attained. There is still
considerable room for improvement in
instruments to measure moisture.

The subject of soil moisture is grow-
ing and developing. The flow and
distribution of water in soils can be
described in terms of hydraulic laws
and intrinsic soil properties. Better in-
struments for measuring soil moisture
condition and soil properties are still
needed, but progress toward more
efficient utilization of water in agricul-
ture will be accelerated as the basic
laws and principles relating to soil
moisture become more widely used.



USE OF MOISTURE BY PLANTS

Use of Moisture
by Plants

Sterling A. Taylor

The growth of plants reflects
the rate at which energy is used
to remove water from the soil
to supply their needs.

Most of the water that plants take up
from the soil passes out into the atmos-
phere as transpired water. Conse-
quently the rate of transpiration de-
termines more than anything else how
fast water must be taken up.

Plants wilt whenever the rate of
transpiration exceeds the rate at which
water enters their roots. A wilted plant
does not grow. If something happens
to reduce the rate of transpiration—
such as an increase in the relative hu-
midity of the air or a drop in leaf tem-
perature—the rate of uptake might
exceed the rate of transpiration (or de-
pletion), and the plant will regain
turgidity—fully distendcd tissues—and
grow again.

Weather conditions govern almost
entirely the transpiration rates for tur-
gid plants, which need more water on
hot, dry, windy days than on humid,
cool, or calm days. Likewise plants
have greater need for water in hot, dry
climates than in cool or humid cli-
mates. The needs also are greater in
regions where solar radiation is high
than in places where much of the sun’s
energy is intercepted and absorbed in
the atmosphere.

The transpirational nceds of crop
plants are small on cool, cloudy, calm
days, when the atmosphere is nearly
saturated, but they might need more
than one-half inch of water a day on
hot, windy days when relative hu-
midity is low.
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The total water requirement for the
crops is the sum of the daily require-
ments for every day of the season. It
drops as low as 6 to 8 inches for short-
season crops in humid climates. It may
be 30 to 40 inches for long-season crops
in arid climates.

Solar radiation strongly influences
the amount of evaporation and tran-
spiration that takes place. It is there-
fore a good indication of the rate at
which plants require water.

The amount of solar energy arriving
at the earth’s surface averaged 542
calories a squarc centimeter a day at
Albuquerque, N. Mex., in 1954; it was
288 at Astoria, Oreg. The maximum
at Astoria was 585 calories a day in
May; at Albuquerque it was 744 a day
in June. The minimum at Albuquer-
que was 295 calories per square centi-
meter a day in December. At Astoria
the minimum was %g.

Solar radiation is high throughout
the dry regions of Washington, Ore-
gon, Idaho, Utah, Nevada, California,
Arizona, New Mexico, Texas, Okla-
homa, Wyoming, and Kansas, where
it reaches average values above 400
calories a square centimeter a day for
one or more months in the year. The
rate of water use is highest there.

In the humid localities of New
York, Maine, Minnesota, Pennsyl-
vania, Maryland, Rhode Island, and
Massachusetts, the mean monthly
solar radiations did not exceed 600
calories a square centimeter a day in
1954. The rate of water use by plants
was lowest in those States.

The amount of solar radiation and
rate of water use by plants were inter-
mediate at places where measurcments
were made in Florida, North Carolina,
Georgia, Indiana, Arkansas, Louisiana,
North Dakota, and Nebraska.

The areas of high solar radiation
usually have higher temperatures and
lower average relative humiditics.
Much more soil water thereforce is re-
quired for a given plant there than in
arcas of lower solar radiation. Local
winds and other conditions can modify
these generalizations.
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SAND OR GRAVEL
COARSE SOIL

1. Walter penctrates a dry soil uniformly in all directions, as shown at T, until it strikes a coarse layer. It
will not enter this coarse layer readily but moves laterally in the fine soil, as shown at T,. Finally, when the
soil is wet enough, it will enter the coarse soil at a few points and be channeled away as in a drain (T;). Wa-
ter continues to drain for several days after source is removed. I'ield capacity is the amount of water remaining

after 24—48 hours of free drainage.

WATER CAN BE STORED in the soil in
limited amounts. The soil itself limits
the amount that can be stored for
futurc plant use. Some farmers supply
large cxcesses of water to the soil dur-
ing irrigation in the false bclief that
all the water that enters the soil will
be held there until it is evaporated or
used by the plant.

Excess water actually may do serious
damage when it carries nutrients below
the root zone or raises the water table
in low-lying areas to a point where
drainage may become necessary to
keep the land productive. The term
“field capacity” is used sometimes to
express the amount of water that re-
mains in the soil moisture rescrvoir
after the applied surplus has leaked
away.

Part of the cxcess water drains out
rather fast in soils that have good in-
ternal drainage. It enters the water
table if one exists, or it might cnter
dry soil and eventually crcate a new
water table.

The movement of water into dry
soil from irrigation or rain continues
uniformly in all directions until it
strikes a wormhole, root channel, or
a change in texture or structure. Then
its movement is retarded.

Soils of coarse texture or structure
that are overlain by finer soil will re-
tard the movement of water and tend
to increase the amount of water re-
tained in the finer overlying soil.

An underlying layer of fine soil may
have the same effect if the water trans-
mission rate is appreciably less in the

fine material. The movement of mois-
ture in soil does not stop when one
stops applying water to the surface.
Rather, the movement continues for
hours or days.

Plants cannot remove all the water
retained in the soil.

Lyman J. Briggs and H. L. Shantz, of
the Department of Agriculture, found
that about the same amount of water
rcmained in a given soil at the end of
a long, dry summer in the desert re-
gions of Utah, regardless of the species
and the size of the many kinds of plants
that grew there. Different soils, how-
ever, contained different amounts of
water at the end of the summer and
also when plants growing in them
wilted permanently.

In speaking of the availability of
water 1o plants, they said that the per-
manent wilting of plants represented a
point—the permanent wilting point—
on a curve that relates time and the
amount of water left in the soil. This
point is reached when the forces oppos-
ing the further removal of soil moisture
exceeds the forces exerted by the plant.

FORCES OF MOISTURE retention in soil
increase as the soil dries out—the en-
ergy that must be expended to remove
each additional incremeni of water
from the soil increases; the moisture
stress increases as the soil dries out.

When the soil is near field capacity,
the forces that retain water in the soil
increase only a little with each incre-
ment of water removed. The forces of
retention increase progressively more
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rapidly as water is removed. By the
time the soil moisture has been reduced
to the wilting point, the forces of reten-
tion are increasing very rapidly as
moisture is removed. This fact led F. J.
Viehmeyer and A. H. Hendrickson, of
California, to suggest that water could
be used with equal facility by plants in
the moisture range from field capacity
to permanent wilting point.

The concept that water is retained
by forces in the soil and withdrawn
when plants exert greater force was
expressed by Willard Gardner, of Utah.

He showed that such terms as ““field
capacity” (amount of water in the soil
when free drainage becomes negligible)
and “permanent wilting point” or
“wilting coefficient” (the amount of
water in the soil when plants wilt and
fail to recover unless water is added)
are points on a continuous curve that
relates soil moisture content to the
energy required to remove water from
the soil.

Therefore the facility with which
plants can get water must increase as
the energy required to remove water
increases. Evidence to support this
idea has accumulated until there is
little doubt that the energy of retention
affects the ease with which plants can
take up water.

Plants frequently can get water fast
enough to supply all their needs even
though the cnergy required to remove
the water might increase. When that is
the case, plant growth may not be re-
tarded or diminished by the lower
availability of water. For some deep-

T3), but most of the water remains in the soil, creates an excess of waler, and results in
reduced yield of crops. Water continues to drain slowly for many days. Field capacity does

rooted crops, such as alfalfa, or or-
chards, the surface soil might be re-
duced to a moisture content near the
wilting point before the plant is unable
to get water fast enough from greater
depths to supply its needs.

Retardation in growth often occurs
in dry regions where water is needed
by plants at a faster rate, even though
the moisture content of the surface soil
ismuch higher than permanentwilting.
Growth in the dry regions of Utah is
progressively retarded as the average
force of moisture retention in the soil
comprising the root zone increases be-
yond 1 atmosphere. Field capacity cor-
responds toabout one-third atmosphere
and the wilting point to about 12 at-
mospheres in the same region.

M. E. Bloodworth, in experiments in
Texas, learned that the rate at which
water moves upward in the stem of the
cotton plant decreases as the average
moisture tension increases. When the
soil was quite moist, the upward move-
ment was rapid but was followed by a
rapid drop in the rate of upward move-
ment in the stem as the tension in-
creased. When the soil became moder-
ately dry, with tensions near 1 atmos-
phere, the rate of upward movement
declined to about 50 percent of that
when the tension was near field capac-
ity. The further decrease in rate of
moisture movement in the stems of
plants was only 12 percent as the soil
dried to the range of wilting, near 15
atmospheres of tension. The stresses
developed within the plants must have
been considerably greater when they
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3. The forces that retain water in the soil increase
progressively faster as the soil dries. By the time the
moisture has been reduced to the permanent wilting
region, the tension increases very rapidly. The amount
of water retained in this clay loam at the wilting
point is more than the fine sandy loam contains at
field capacity. The amount of extractable water is
about 18 percent in clay loam and only 8 percent in
-fine sandy loam. Very little water is removed from
Jine sandy loam above 4 atmospheres tension, but in
clay loam appreciable water is removed up to about
10 or 12 atmospheres tension.

grew in the dry soil in order for water
to move through them almost as fast
as it did through plants grown in
moister soil.

Research in California demonstrated
that for plants grown under controlled
conditions the net water removed in a
day was about the same when soils
were nearly dry as when they were
moderately moist.

Observations in Utah confirmed that
the total water removed in a week from
the entire root zone of alfalfa and
sugar beets was almost as great when
the average tension in the root zone
approached 8 atmospheres as when
it was near 1. If the plant wilted,
however, the removal was retarded
greatly.

When the tension approached 8 at-
mospheres before irrigation was ap-
plied, yields of alfalfa hay and sugar
beet roots were reduced—the plant
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must have been under stresses that
retarded growth more than they re-
tarded moisture uptake and movement
through the plant. Since the rate of
flow of water in the plant dropped as
tension in the soil moisture increased,
the plant must have been under great
stress and water must have moved for
an increasing proportion of time in
order for the total amount of water
removed in one day to be nearly
constant.

MoisTurRE REMOVAL from the soil is
determined by the active absorbing
area of roots, the average velocity that
water moves from the soil to the roots,
and the rate of increase of active root
area. The growth of roots into moist
soil and the movement of water from
moist soil to the absorbing root there-
fore influence the amount of water that
can be removed by a plant in any
given time. If water moved to the ac-
tive root surface at the same rate, then
the uptake from any portion of soil in
the root zone would be proportional
to the root activity. As soil dries out,
however, water moves progressively
more slowly.

Because more roots normally are
in the surface soils, most of the water
plants use is taken up from the surface
soil immediately after a good irrigation
or rain. The surface soil therefore dries
out faster than the soil at lower depths.
And, because water moves more slowly
in dry soil, the plant then takes up a
larger proportion of the water it uses
from deeper soil, where the root ac-
tivity is less.

Moisture removal patterns from soil
in which crops are growing, as well as
from laboratory models, have shown
this to be true. The rate of soil moisture
removal is proportional to root distri-
bution when the water is retained
throughout the root zone at uniform
tension. As soon as nonuniformity oc-
curs in the form of tension gradients
in the soil, the removal rate from any
unit of soil depends more upon how
fast the water moves to the roots (and
how fast roots move to water) than
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upon how many roots there are in the
soil being considered.

A greater force per unit area must
be exerted at the surface of a plant
root in a dry soil than in a moist one if
water is to move to the plant at any
needed rate.

For example, assume that two identi-
cal fields of Millville loam are side by
side except that one is moist with
average tensions about 0.5 atmosphere,
the other has tensions near 2 atmos-
pheres. If the weather is such that
water is needed at the rate of o.o15
inch an hour and a force of 0.75 at-
mosphere at the root surface will sup-
ply it in the first soil (moist), a force
gradient go times as large would be
required to supply the water at the
needed rate in the dry soil. To get this
gradient, the force would need to be
9.5 atmospheres at the root surface in
the drier soil. In the dry field, the
physiological condition of stress in the
plant tissue caused by high suction
force needed at the root surface would
probably be enough to cause retarda-
tion of growth. The amount of water
utilized by the plant would be about
the same in both instances, but growth
would be more in the moist soil.

The term “moisture stress” is used
to indicate that an undesirable physi-
ological condition might be created in
the plant tissue because of the large
forces that must be exerted to get water
from soil as a result of either high ten-
sion or salt in the soil water or the slow
rate with which water moves to the
plant to be taken up.

DIFFERENT SPECIES OF PLANTS reach
their peak requirements for water at
different parts of the season. The peak
rate of use and the total seasonal re-
quirement vary with the kind of crop
as well as the climate.

Annual crops have a small water re-
quirement while they are still young
and small. At the same time, however,
the roots are limited to a small volume
of soil so that the soil might need fre-
quent but light irrigations. The plants
are especially sensitive to shortage of
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4. The rate of soil moisture removal under sugar
beets grown on Millville loam is almost proportional
to the root distribution for a short time after a good
trrigation or soaking rain. As the surface soil dries
out, less water is removed from it and more water is
removed from deeper depths, where root concentra-
tions are less. As the surface soil approaches the
permanent wilting point, only a small amount of
water is removed in the surface soil, but large
amounts are removed from the 3- to g-foot depths,
where the water is at lower tensions. Growth is re-
tarded by the fourth week, even though almost as
much water was removed from the soil as was
removed during the earlier weeks.

water at this stage of growth, and even
short periods of drought might retard
growth so seriously that the plant can
never catch up to those that did not
suffer.

When the plants are larger and have
a more extensive root system, their
water requirement is higher, but the
roots can reach a larger reservoir of
moisture and the plant is less sensitive,
so that it can withstand short periods
of wilting during the heat of the day
without damage.

Sensitivity to moisture stress corre-
sponds to the period of most rapid
growth. Seeds might germinate rather
slowly if the moisture tension is high,
but they will still live until the moisture
conditions are right. The plant grows
most rapidly during the seedling stage
and it is most sensitive then to high
moisture stress. If not enough moisture
is available, the seedling will die or it
may be permanently retarded in
growth. As the plant gets older and
larger, its relative growth rate and its
sensitivity to high moisture stress di-
minish gradually.



66

Many crops, such as corn and grains,
show a sccond peak of sensitivity at the
time they sct seeds. Nearly all crops
can stand high moisture stress during
maturation and ripening without seri-
ous damage to yield. But nearly all
such crops will be retarded in vegeta-
tive growth by high moisture stress.

Sometimes it might be desirable to
limit vegctative growth in order to
throw the plant into the reproductive
stage and encourage a large seed sct.
Since moderately high moisture stress
limits vegetative growth but has little
effect on seed production and matu-
ration, an excellent way exists to
encourage secding. It is to withhold
water until the soil moisture tension
in the root zone approaches the wilting
point.

This technique might be quite useful
in seed production of alfalfa, clover,
and birdsfoot trefoil where there is a
tendency for plants getting normal
moisture supply to continue to set
small amounts of seed over a long
period, and at no time is there a large
amount of seed to harvest. By with-
holding water and obtaining moder-
ately high stress, larger amounts of
seed are sct. Then, if water continues
to be withheld, there will be little ad-
ditional vegetative growth and little
additional seed set, thus allowing con-
siderable amounts to be harvested at
one time.

Perennial crops require water earlier
in the growing season than do the
annual crops. The root systems of most
perennials are already well established
in the spring, so that as soon as condi-
tions are right for growth there will be
a relatively high demand for water.
The requirement will be somewhat
less if the leafy portion does not cover
the ground completely, because less
transpiring surface is exposed to the
sun’s radiation. Since the roots are
already well established, the plants do
not show the same sensitivity to mois-
ture deficiency as do annual crops in
the seedling stage. Their well-devel-
oped roots enable them to endure
lower soil moisture.
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The period of maximum use of water
genecrally corresponds to the period of
fastest vegetative growth. In the case
of fruits and fruit trees, water should be
available at low tension during the
period of rapid expansion of fruit size.
If the fruits are enlarging more or less
umformly through the season, an in-
crease in moisture stress at any time
will cause a retardation in growth and
result in smaller fruits at harvest.
Fruits that remain small during the
summer and enlarge in the fall are
affected only slightly by moderate
stress during the summer but require
abundant moisture during enlarge-
ment.

Lxcess water lowers the growth and
use of water by most agricultural crops
except rice. Plant roots nced to be
aerated so that the waste carbon di-
oxide produced by the roots can be
dispelled and be replaced by oxygen.
Whenever waterlogging or compac-
tion stops this process, the rate of mois-
ture uptake is retarded, and the plants
might wilt. Plant growth will ccase,
and the plants will die if the condition
continues long enough.

PoiNTs 'TO REMEMBER about the use
of moisture by plants:

Proper balance of moisture in the
root zone of growing plants is neces-
sary for healthy, vigorous growth.

Aeration will limit growth and the
uptake of water if soil is too wet.

As soil dries out, the plant is placed
under increasing stress until the rate
that water can move to the plant root
and be absorbed is no longer fast
enough to prevent retarded growth
and decreased vegetative yields.

During dry, hot weather, the limit-
ing stress in plants might occur at rela-
tively low soil moisture tensions of 1
atmosphere or less.

During cool, humid weather, ten-
sions might become 4 atmospheres or
higher before plant growth is retarded.

Limiting plant stress is reached at
lower soil moisture tensions in soil con-
taining few roots than in soil with
large numbers of roots.
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pH, Soil Acidity,
and Plant Growth

W. H. Allaway

When crop plants do not grow
well, one of the first questions
the soil scientist usually asks
is, “What is the pH of the soil?”’
or, “Is the soil acid, neutral,
or alkaline?”’

The reason for these questions lies in
the fact that the pH, or degree of
acidity of the soil, often is a symptom
of some disorder in the chemical con-
dition of the soil as it relates to plant
nutrition.

A measurement of soil acidity or
alkalinity is like a doctor’s measure-
ment of a patient’s temperature. It re-
veals that something may be wrong but
it does not tell the exact nature of the
trouble.

The acidity or alkalinity of every
water solution or mixture of soil and
water is determined by its content of
hydrogen ions and hydroxyl ions. Wa-
ter molecules break up, or in chemical
language, ionize, into two parts—hy-
drogen ions and hydroxyl ions. When
there are more hydrogen ions than
hydroxyl ions, the solution is said to be
acid. If there are more hydroxyl ions
than hydrogen ions, the solution is al-
kaline (or basic). Solutions with equal
numbers of hydrogen and hydroxyl
ions are called neutral.

Only a very small percentage of the
water molecules present are broken up
into hydrogen and hydroxyl ions at
any one time. If one atlempts to ex-
press the concentration of these ions in
conventional chemical ways, some
cumbersome decimal fractions result.
In order to avoid these cumbersome

67

numbers, the Danish biochemist S. P.
L. Sorenson devised a system called
pH for expressing the acidity or alka-
linity of solutions.

The pH scale goes from o to 14. At
pH 4, the midpoint of the scale, there
are equal numbers of hydrogen and
hydroxyl ions, and the solution is ncu-
tral.

pH values below % indicate an acid
solution, where there are more hydro-
gen ions than hydroxyl ions, with the
acidity (or hydrogen ion concentra-
tion) increasing as the pH values get
smaller.

pH values above 4% denote alkaline
solutions, with the concentration of
hydroxyl ions increasing as the pH
values get larger.

The pH scale is based on logarithms
of the concentration of the hydrogen
and hydroxyl ions. This means that a
solution of pH 5 has 10 times the hy-
drogen ion concentration of a solution
of pH 6. A solution of pH 4 has 10
times more hydrogen ions than one of
pH 5 and 10 times 10, or 100 times,
the hydrogen ion concentration of a
solution of pH 6.

A measurement of the pH of a solu-
tion of a strong, or highly ionized, acid
measures essentially the total strength
of the acid. But a pH determination
of a solution of weak, or slightly ion-
ized, acid measures only a part of the
total strength of the acid, because pH
is a measure of hydrogen ions only and
does not measure all the acid molecules
that can potentially ionize to form hy-
drogen ions.

In a soil, hydrogen ions exist in a
number of different chemical combi-
nations and states of adsorption on the
surfaces of solid particles. The number
of hydrogen ions in the soil solution at
any one time is small in relation to the
number held in a less active form in
various nonionized molecules and on
the surfaces of the solid particles.

When the soil is limed in order to
bring it to neutrality, enough lime
must be added to react not only with
the so-called free hydrogen ions of the
soil solution but also with those held
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in the less active forms. This is so be-
cause as the neutralization of the soil
progresses, ionization of the less active
forms of hydrogen likewise progresses
and ncw free hydrogen ions arc formed
as long as the supply of less active
forms holds out.

Thus it is possible to think of the total
acidity of a soil as being composed of
two parts.

One part, often called the active acid-
ity, is made up of the hydrogen ions in
the soil solution. These are the hydro-
gen ions measured when the pH of the
soil is determined.

The second, and much larger, part
of the total soil acidity is often called
potential acidity. The potential acidity
is due to hydrogen ions held in various
chemical combinations and adsorbed
on the surfaces of solid particles. These
hydrogen ions arc in chemical equilib-
rium with the frce hydrogen ions of the
active part of the soil acidity, and as
the free hydrogen ions of the soil solu-
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tion are neutralized or removed from
the soil solution in other ways, hydro-
gen ions from the less active (or poten-
tial acidity) source enter the solution.

Most of the hydrogen ions in the po-
tential acidity forms are held on sur-
faces of solid particles of clay or soil
organic matter. These clay and organic
particles are very small, and conse-
quently have a large surface area per
unit weight. They make up what is
called the colloidal fraction of the soil.
Since most of the potential acidity of
soils is due to hydrogen ions held on
the clay and organic particles, it fol-
lows that fine-textured soils, which are
high in clay and organic matter, can
have a higher total acidity than sandy
soils of low clay and organic content.

There are different kinds of clay in
different soils, and these different kinds
of clay can hold different amounts of
hydrogen ions in the potential acidity
form. Generally speaking, the clay
found in soils of cool-temperate and

Approximate Amounts of Finely Ground Limestone Needed to Raise the pH
of a 7-inch Layer of Soil as Indicated ! 5

Soil regions and textural classes

Soils of warm-temperate and tropical re-
gions: 2
Sand and loamy sand..............
Sandy loam.......................
Loam............................

Soils of cool-temperate and temperate re-
gions: 4
Sand and loamy sand..............
Sandy loam.......................
Loam..................covuvin.

Limestone requirements

From pH 3.5
to pH 4.5
Tons per acre

From pH 4.5
to pH 5.5
Tons per acre

From pH 5.5
to pH 6.5
Tons per acre

0.3 0.3 0.4
.5 .7
.8 1.0

1.2 I. 4

1.5 2.0
3a.5 3.3 3.8
.4 .5 .6

.8 1.3

1.2 1.y

1.5 2.0

1.9 2.3
32.9 3.8 4.3

! All limestone goes through a 2-mm. mesh screen and at least % through a 0.15-mm. mesh
screcn. With coarser materials, applications nced to be greater. For burned lime about 1 the
amounts given are used; for hydrated limec about 34.

? Red-Yellow Podzol, Red Latosol, ctc.

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

4 Podzol, Gray-Brown Podzol, Brown Forcst, Brown Podzol, etc.

$ From USDA Handbook No. 18, p. 23Y.



pH, SOIL ACIDITY, AND PLANT GROWTH

Cation Exchange Reactions When an Acid Soil Is Limed

ACID SolL +
@ Hydrogen ion in soil solution
(active acidity)
H+ Replaceable Hydrogen ion

(potential acidity)
Calcium ion in soil solution

Cat+2 Replaceable Calcium jon

arid regions can hold a greater quan-
tity of potential-acidity hydrogen ions
than can the kind of clay found in
soils of warm-temperate and tropical
regions. General relationships between
kind of soil, pH, and the amounts of
lime required are shown in the table.

The hydrogen ions of the potential
acidity form are held to the colloidal
material because of their electrical
charges. The colloidal material is pre-
dominantly negatively charged. The
hydrogen ions are positively charged,
and the attraction between the unlike
charges accounts for most of the bind-
ing of hydrogen ions to the colloidal
surfaces. When hydrogen ions change
from the potential to the active acidity
forms, their places on the clay-organic
colloidal material are taken by other
ions carrying positive charges. Ions of
calcium, magnesium, potassium, and
sodium are positively charged and may
take the place of hydrogen on the col-
loidal complex.

Ions with positive charges are called
cations. The process whereby positively
charged ions of one kind are replaced
on the surfaces of the clay-organic col-
loidal material is called cation ex-
change. The total amount of all kinds
of cations held by the clay-organic com-
plex at any one time is called the cat-
ion-exchange capacity. The ions held
to the clay-organic surfaces are called

Ca+2

Cat?

4 NEUTRAL SOIL
Mg+2 Replaceable Magnesium ion
Al+3 Replaceable Aluminum ion
K+ Replaceable Potassium ion
H,0 Water
Al(OH);  Aluminum Hydroxide

exchangeable or replaceable cations.

The basic process involved when lime
is added to an acid soil is the replace-
ment of hydrogen ions held by the clay-
organic colloidal material with calcium
ions from the lime.

The diagram shows this process. The
small numbers by the symbols for the
different cations indicate the number
of positive charges carried by that cat-
ion. Where no number appears, one
positive charge is present. The num-
bers of different kinds of ions involved
in an exchange reaction depend on the
number of charges carried by each ion.
Thus one calcium ion with its two posi-
tive charges will replace two singly
charged hydrogen ions. Three doubly
charged calcium ions are required to
replace two triple charged (or, in chem-
ical terms, trivalent) aluminum ions.

Aluminum ions have a unique role
in soil acidity. In the diagram it can
be seen that the replaceable aluminum
ions of the acid soil have been replaced
by calcium in the neutral soil. The
aluminum ions thus replaced react
with the soil water to form insoluble
hydroxides and oxides.

Aluminum is one of the ions of posi-
tive charge that react with basic so-
lution to form insoluble oxides and
hydroxides. Aluminum occurs as a re-
placeable cation in acid soils in far
greater quantity than any of the other
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cations that show this property. So
long as the soil remains neutral, these
aluminum oxides and hydroxides re-
main insoluble and inert in the soil.

Because calcium ions replace both
aluminum and hydrogen ions during
the neutralization of an acid soil, the
aluminum ions can be said to con-
tribute to the total acidity of the soil.
In most methods for determining total
acidity of soils, the replaceable alu-
minum and hydrogen ions are lumped
together.

Soils become acid through a process
that is almost the direct reverse of the
liming process shown in the diagram.
The soil parent materials usually con-
tain colloidal material, which is nearly
saturated with basic cations like cal-
cium and magnesium. But through the
centuries during which soil develop-
ment takes place, hydrogen ions car-
ried by downward percolating waters
gradually replace these calcium and
magnesium ions. The calcium and the
magnesium are carried away by the
drainage waters.

The replacement of bases by hy-
drogen ions from the water moving
through the soil profile is a slow proc-
ess, but soil formation usually takes
place over many centuries. The more
water moving down through the soil,
the faster the process. Therefore the
soils of humid regions are generally
more acid than the soils of subhumid
regions, and acid soils are rarely found
in arid regions. Also, since sandy soils
can hold lesser amounts of replaceable
bases, these sandy soils usually be-
come acid more rapidly than do fine-
textured soils.

Many important chemical proper-
ties of the soil are dependent on the
kind of replaceable cations held by the
clay-organic colloidal fraction of the
soil. Calcium, potassium, and mag-
nesium held as replaceable ions con-
stitute the major source of these im-
portant plant nutrients in most soils.

The physical properties of the soil
are often affected also by the replace-
able cations. In some of the alkali soils
of the West, excesses of replaceable
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sodium ions bring about very unde-
sirable physical properties and very
slow movement of soil water. In these
alkali soils, hydroxyl ions in the soil so-
lution greatly exceed the hydrogen ions
and pH values of 8 to 10 are common.

One of the most important experi-
ments dealing with the effect of pH on
plant growth was conducted by D. I.
Arnon and his associates in California.
They grew plants in water solutions in
which the pH varied from very acid
to very alkaline; the solutions con-
tained a liberal supply of all the im-
portant plant nutrients at all pH
values. The plants grew well except at
extremely acid or extremely alkaline
pH values—values that are only very
rarely encountered in field soils.
Throughout the range of pH values
common in soils—that is, from about
4 to g—plant growth was not greatly
affected by the pH of the solution.

This experiment of Dr. Arnon and
his associates might well cause one to
question why soil scientists so fre-
quently measure the pH of the soil in
order to diagnose troubles in crop pro-
duction. One might also question the
valuc of tables of the pH values at
which various plants grow best.

The answer to these questions lies in
the fact that the effects of pH on plants
growing in soil are indirect, while Dr.
Arnon’s solution culture experiments
were designed to measure the direct
effects of pH. The solution cultures
used contained neither deficits nor ex-
cesses of the essential plant nutrients.

In soil, however, the solubility and
availability to plants of many impor-
tant nutrients is closely related to the
pH of the soil. It is this indirect effect
of pH on the availability of plant nu-
trients that justifies the frequent use of
pH measurements for diagnosis of soil
problems, and makes tables of so-
called pH preferences of plants useful
under many conditions.

Changes in the acidity of soils may
change the availability to plants of
different nutrients in different ways.
As the pH of an acid soil is increased
by the addition of lime, ions such as
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aluminum, iron, manganese, copper,
and zinc become less soluble. In acid
soils these ions may be found in dis-
solved form in quantities sufficient to
become toxic to plants. As the soil is
neutralized, these ions form inert
oxides and hydroxides, and the toxic-
ity is corrected. As the pH of the soil
is increased still further, the solubility
of these ions becomes so low that defi-
ciencies of those (iron, copper, manga-
nese, zinc) nceded by plants may occur.

Bacteria and other micro-organisms
living in the soil convert nitrogen, sul-
fur, and phosphorus from organic
compounds, in which these nutrients
are unavailable to plants, to simpler
inorganic forms that plants can take
up. Neutralizing an acid soil usually
makes the soil condition more favor-
able to the growth of bacteria and may
thus indirectly speed up processes by
which important nutrients become
available to plants.

The bacteria that live in association
with the roots of legumes are less
effective in their important role in
nitrogen fixation in acid soils than in
neutral or alkaline soils.

In farm practice, compounds of
calcium and magnesium are the basic
materials used to treat acid soils.

Along with the decrease in acidity,
the addition of these materials in-
creases the supply of calcium and
magnesium for use by plants growing
on the soil. In some cases, a lack of
available calcium or magnesium may
be the most important defect of an
acid soil.

The availability to plants of the
phosphorus in soils is changed in a
rather complex manner when the
acidity of the soil changes. Phosphate
availability in many soils is highest
when the soil is neutral or slightly acid,
and it declines as the soil becomes
either strongly acid or alkaline.

Boron and molybdenum are other
plant nutrients that show changes in
availability with changes in the pH of
the soil. Boron deficiencies frequently
occur when too much lime is added to
an acid soil. On the other hand,
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molybdenum is most often deficient in
acid soils, and becomes more available
as the soil is limed.

In any discussion of the relation-
ships between pH and nutrient avail-
ability in soils it should be emphasized
that these relationships differ in differ-
ent soils. In organic soils (peats and
mucks), the relationships between pH
and nutrient availability are not the
same as for mineral soils. Copper, for
example, may be deficient in acid
organic soils but is rarely so in acid
mineral soils.

Many soils are naturally alkaline
and contain an excess of lime. The
availability of plant nutrients in these
naturally alkaline soils quite often
differs from the availability of nutri-
ents that results when a naturally acid
soil is treated with an excess of lime.
For example, many naturally alkaline
soils have an adequate supply of
available boron, whereas overliming
of a naturally acid soil usually brings
about boron deficiency.

Since the relationships between pH
and the availability of plant nutrients
are complex, pH measurements of
soils are not easy to interpret in the
solution of problems of soil fertility.

While the measurement of pH may
give some valuable clues concerning
the reasons for poor plant growth, it is
generally necessary to follow up these
clues with additional tests before an
accurate diagnosis of the trouble can
be made.

Among the many recent publications
about chemical reactions in soils the
following may be cited: Chemistry of the
Soil, by F. E. Bear (Reinhold Publish-
ing Corp., New York, 1955); Clay Min-
eralogy, by R. E. Grim (McGraw-Hill
Book Co., Inc., New York, 1953); Cat-
ion Exchange in Soils, by W. P. Kelley
(Reinhold Publishing Corp., New York,
1948); Soil Conditions and Plant Growth,
by E. J. Russell and E. W. Russell
(Longmans, Green and Company, New
York, 1950); “Formation Constants for
CU (II)—Peat Complexes,” by N. T.
Coleman, A. C. McClung, and D. P.
Moore (Science, February 24, 1956).
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The Chemistry of
Soil pH
N. T. Coleman and A, Mehlich

Every substance dissolved in
water or mixed with water is
acid, neutral, or alkaline. Vine-
gar, containing acetic acid, is a
substance that is acid. Water
itself is neutral, as are solu-
tions of salt and other such
compounds. Lime, baking soda,
and lye give alkaline solutions.

The reactions of these and all other
substances are typical of the substances
themselves and of the ways in which
they react with water.

Water itself is composed of one atom
of oxygen and two atoms of hydrogen.
Its chemical formula is H,O. Liquid
water, however, is really a mixture of
H,O, H*, and OH~. H*, called the
hydrogen ion, is a positively charged
hydrogen atom, and OH-, the hy-
droxyl ion, is a negatively charged
unit consisting of one hydrogen and
one oxygen atom.

The hydrogen ion and hydroxyl ions
come from the breakdown, or ioniza-
tion, of the water molecule according
to the scheme:

H,0=H*-+-OH-.

This reaction does not produce very
many H* or OH~ ions because the
water molecule is very stable. In fact,
only about one molecule in 10 million
is ionized at any one time.

The extent to which water ionizes
can be expressed more exactly in
terms of an ionization constant, Kw.
This is defined as:
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Kw=[H*] [OH"]. (1)
[H*] and [OH~] are the concentra-
tions of hydrogen ions and hydroxyl
ions, expressed as equivalents per liter.
One equivalent of a singly charged
ionic species is the weight in grams of
that species, which contains 6.023 x
10% particles.

The value of Kw is 1071 at 22° C,,
and in any aqueous system at this tem-
perature the product of the concentra~
tions of hydrogen and hydroxyl ions is
107,

Equation 1 can be written in a more
useful form by dividing both sides into
1 and taking logarithms. That is:

I
logKIW=log[HL+]+log[—o—H—_]=l4.(2)

The values of log 1/[H*] and log 1/
[OH"] generally are referred to as pH
and pOH, respectively. Thesc values
are indices of the acidity or alkalinity
of a system.

Any system in which pH and pOH
are equal is neutral. At 22° C., when
Kw=107%, neutrality corresponds to
pH=pOH=%. When pH is less than
7, the system is acid. When pH is
above 7, it is alkaline.

Soils vary in pH from about 4, for
strongly acid soils, to about 10, for
alkaline soils that contain free sodium
carbonate.

The pH range for most agricultural
soils is 5 to 8.5.

IN soruTIONS, pH is related to hydro-
gen-ion concentration in a straight-
forward manner. That is not the case
for soils, which consist of a solution
phase, the soil water, and a solid phase,
the mineral and organic particles of
the soil. The pH of a soil-water system
is an approximate reflection of the
hydrogen-ion concentration of the soil
solution, but it does not reflect the
total acidity of the system. This is be-
cause of the cation-exchange proper-
ties of soils.

The tiny mineral and organic par-
ticles of soils have cation-exchange
capacities—the particle surfaces are
negatively charged, and the positively
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charged ions, or cations, sit on or near
the particle surfaces. These positive
ions are called exchangeable cations.

The cation-exchange capacity of a

soil is the quantity of positive ions
necessary to neutralize the negative
charge of a unit quantity of soil, under
a given set of conditions. Cation-ex-
change capacity usually is cxpressed as
milliequivalents (6.023 x 10% particles)
of cations required to neutralize the
negative charge of 100 grams of soil at
pH 7.
The cation-exchange capacity of a
soil depends on the amounts and kinds
of finely divided mineral and organic
particles present. Sandy soils generally
have low cation-exchange capacities
because of their small proportions of
negatively charged material. Soils high
in organic matter have substantial
cation-exchange capacities because of
the large negative charge developed by
humus. As far as clays are concerned
the cation-exchange capacities of the
montmorillonoid and vermiculite-like
minerals, found in Midwestern soils
and soils of the dry areas, are large.
Those of kaolin minerals, which pre-
dominate in Southeastern soils, are
small. The finely divided micas are
intermediate.

The fine-grained mineral and or-
ganic particles of soil differ as to the
source and characteristics of their
ncgative charge as well as to its magni-
tude. There are two general sources of
cation-exchange capacity, a perma-
nent charge and a pH-dependent
charge.

All clay minerals appear to possess
permanent charges resulting from their
crystal structures. As the name implies,
the permanent charge of soil miner-
als persists under all conditions. The
montmorillonoid minerals, which oc-
cur in many soils of the Midwest, have
permanent charges of 8o to 120 milli-
equivalents per 100 grams. The kaolin
minerals, which are predominant in
soils of the Southeastern States, have
much smaller permanent charges,
varying from 1 to about 8 milliequiva-
lents per 100 grams.
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Clay minerals also have pH-depend-
ent charges, which result from the
ionization of hydrogen ions from SiOH
groups around the edges of the crys-
tals and perhaps for other reasons.
Such charges do not develop below a
pH of about 6, and do not contribute
to the effective cation-exchange ca-
pacity of acid soils. As pH is increased
above 6, the pH-dependent charge in-
creases progressively, reaching a maxi-
mum at a pH of around 10.

The pH-dependent charge which
can be developed by clays depends on
the cxposed edge areca of the crystals
and on the nature of the clay. It prob-
ably is around 20 milliequivalents per
100 grams for montmorillonoid clays,
and is much smaller for micas and
kaolins. Cation-exchange capacity at
pH 7 includes all of the permanent
charge and a part of the pH-depend-
ent charge.

Because of the chemical nature of soil
organic matter, it probably has only
pH-dependent charge, resulting from
the ionization of hydrogen from car-
boxyl and phenol groups attached to
organic matter particles. Of these two
kinds of groups, the carboxyls ionize
largely between pH 4 and pH 4, while
the phenol groups ionize only at alka-
line reactions. The cation-cxchange
capacity of soil organic matter, meas-
ured at pH %, averages near 200 milli-
equivalents per 100 grams. Thus 1 per-
cent of organic matter contributes
about 2 milliequivalents per 100 grams
toward the cation-exchange capacity
of a soil.

The relationships between cation-
exchange capacity and pH for clay
minerals and organic matter can be
illustrated schematically, asin figure 1.

For the mineralogical clay specimens
the effective cation-exchange capacity
does not vary with pH below about 5.
This may not be the case with soil
clays. The effective cation-exchange
capacity of organic matter is near zero
at a pH below about 4, and increases
continuously as the pH is raised.

Though clay minerals and soil or-
ganic matter generally are considered
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1. The negative charge, or effective cation-ex-
change capacity, of clays and organic matter varies
with pH. Those of kaolinite (curve 1) and moni-
mortllonite (curve 2) are constant below pH 6 but
increase at more alkaline reactions. The negative
charge of humus {curve 3) increases linearly with pH.

to be responsible for the cation-ex-
change capacity of soils, other sub-
stances may contribute as well. Iron,
aluminum, and titanium oxides, as
well as noncrystalline iron and alumi-
num silicates and phosphates, may add
greatly to the cation-exchange capaci-
ties of some soils.

Under any given set of soil condi-
tions, the permanent charge and that
part of the pH-dependent charge that
1s ionized are balanced by the presence
of cations in the vicinity of the particle
surfaces. The kinds of balancing ions,
or exchangeable cations, depend on
the previous history of the soil.

Hydrogen, aluminum, calcium, mag-
nesium, potassium, and sodium arc the
most abundant exchangeable cations.
Their proportions vary from soil to
soil, depending on inherited charac-
teristics and past management prac-
tices. Hydrogen and aluminum arc the
predominant exchangeable cations in
most acid soils. Calcium and magnesi-
um balance the negative charge in
nearly neutral soils, while strongly al-
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kaline soils contain large proportions
of exchangeable sodium. The strength
with which ions are bound to soil par-
ticles depends on the nature of the ions
and of the particle charges. Hydrogen
is bound very strongly to pH-depend-
ent charges but weakly by permanent
charge.

IN MosT soiLs the amounts of ex-
changeable cations are much larger
than the amounts of cations in the soil
water. With acid soils it is convenient
to speak of “active acidity” and ““total
acidity.” Active acidity is measured as
the pH of a soil-watcer mixture. The
total acidity of a soil is equivalent to
the amount of a base (such as calcium
hydroxide) necessary to neutralize it.

Total acidity always is greater than
active acidity. It would take only
about g pounds of ground limestone to
neutralize the active acidity of the top
6 inches of an acre of a soil with a pH
of 4. Many times that amount of lime
would be needed to neutralize the total
acidity.

It is possible to have acid soils of
identical pH but with very different
total acidities. Many of the sandy soils
of the Atlantic Coastal Plain have a
pH of about 5. Often 1 thousand to 2
thousand pounds of calcium carbonate
per acre is required to neutralize soil
acidity. Other Coastal Plain soils, high
in organic matter, also have a pH ncar
5. As much as 40 thousand pounds of
calcium carbonate is required to ncu-
tralize the acidity of the plow layer of
many such soils.

NEUTRALIZATION CURVES OR BUFFER
curves are useful for studying and illus-
trating the acid characteristics of soils.
They are prepared by adding to a soil
sample small increments of an alkaline
substance, such as sodium or calcium
hydroxide, and measuring the pH after
each addition. Curves relating soil pH
to percentage base saturation are ob-
tained in that way. The percentage
base saturation is the proportion of the
cation-exchange capacity that is bal-
anced by basic metal cations such as
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2. Neutralization curves of acid soils. Curve 1,
kaolin clay; curve 2, montmorillonoid clay; curve 3,
organic soil.

calcium, magnesium, sodium, and po-
tassium. Neutral soils are base saturat-
ed; acid soils, containing exchange-
able hydrogen and aluminum, are base
unsaturated.

If a partially base-saturated soil is
progressively ncutralized in this way,
the quantity of base necessary to reach
pH 7 is a measure of the total acidity
of the sample. When an acid-washed or
otherwise base-depleted soil is treated
in the same way, cation-exchange
capacity is measured.

The second diagram illustrates the
kind of neutralization curves obtained
with several soils. The curves can be
divided into three general areas. For
each soil there is a region of buffering,
or resistance to change in reaction with
addition of base, in the low pH range.
This reflects the neutralization of acidity
associated with the permanent charge
of the clay or the carboxyl-group charge
of soil organic matter. This portion of
the buffer curve is followed by an in-
flection, or endpoint, evidenced by an
upswing in the curve bctween pH 6
and 8. The midpoint of this upswing,
which commonly occurs around pH

Percentage Base Saturation

3. The pH-percentage base saturation relationships
Sor soils having different sources of cation-exchange
capacity. Curve 1, kaolin clay; curve 2, organic mat-
ter; curve 3, montmorillonoid clay.

78, often is taken to reflect the cation-
exchange capacity. It comcs at differ-
ent additions of base for different soils.
The third region is a zone of buffering
at pH above about 8. This is due in
part to the ncutralization of weakly
acidic groups and in part to the dc-
composition of minerals which occurs
at strongly alkaline reactions.

The shape of the low-pH end (region
1) of the neutralization curve depends
on the base used in the titration and
on the nature of the soil. Generally,
buffer curves obtained with sodium hy-
droxide lie above those obtained with
calcium hydroxide. That is, more cal-
cium than sodium hydroxide is required
to raise the pH of an acid soil to a pre-
determined point.

Differences due to the nature of the
cation-exchange material in the soil
can best be brought out by examining
curves in which pH is plotted against
percentage base saturation. This is
illustrated by the third figure, which
shows such graphs for soils containing
different kinds of clay and different
amounts of organic matter.

Calcium hydroxide was the base used,
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and neutralization was considered to
be complete at pH 8.2. Observe that
the curve for the soil containing mont-
morillonoids and micas (the Iredell
soil) lies below that for the soil con-
taining kaolin minerals or organic mat-
ter. This means that the former would
require a larger calcium saturation to
have a selected pH. To rcach pH 6, for
example, would require 8o percent
base saturation for the Iredell soil, but
only 40 percent for the Cecil soil. The
course of curves would have becn some-
what different if cation-exchange ca-
pacity had been measurcd at a different

pH

ANOTHER FACTOR INFLUENCES the
shape of the low pH region of the neu-
tralization curves of acid clays. This is
the mechanism involved in the neu-
tralization reaction. Acid clays con-
tain both hydrogen ions and alumi-
num ions as exchangeable cations. The
proportions of the two vary with the
characteristics of the clay and the
previous history of the sample. Gen-
erally, the permanent charge on clays
is countered by metal cations such as
calcium, magnesium, and aluminum.
Appreciable quantities of hydrogen ions
do not neutralize permanent charge
because hydrogen-clays are unstable
and spontaneously decompose to yield
aluminum ions (also magnesium, iron,
and others) and silicic acid. The former
migrate to exchange spots, and the clay
becomes aluminum saturated.

Apparently exchangeable calcium,
magnesium, and sodium largely neu-
tralizc the portion of the pH-dependent
charge of clays that exists in a particu-
lar situation. Hydrogen counters the
part that is not ionized.

When hydrogen-saturated soil is neu-
tralized with calcium hydroxide, the
reaction is:

H
SOi1<H+ Ca(OH),—Soil — Ca+2H,0.
When aluminum-saturated soil is
neutralized:

/Al /Ca
Soil— 43 Ca(OH),—Soil—Ca -+ 2A1(OH);.
\Al \.Ca
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4. The neutralization of acid montmorillonite as
related to the kind of neutralizing base and the nature
of the acid clay. Curve 1, aluminum-saturated clay
plus sodium hydroxide; curve 2, aluminum-saturated
clay plus calcium hydroxide; curve 3, hydrogen-satu-
rated clay plus calcium hydroxide.

Aluminum jons in water solution hy-
drolyze, or rcact with water, to give
hydrogen ions and aluminum hydrox-
ide. For this reason, aluminum salt
solutions are acid. The hydrolysis reac-
tion occurs between pH 4 and 5. In the
neutralization of aluminum-saturated
soils, however, the combination of ion
exchange and hydrolysis reactions is
not complete until a higher pH is
reached.

The fourth graph shows the shape
and position of neutralization curves
obtained with samples of the same clay
(montmorillonite) saturated initially
with either hydrogen or aluminum ions.
The curve for the hydrogen clay lics
far below that for the aluminum clay.

Aluminum saturation of the part of
the permanent charge not neutralized
by calcium, magnesium, and other basic
metal cations is the rule in acid soils.
About the only exchangeable hydrogen
in most mineral soils is due to the por-
tion of the pH-dependent charge that
is neutralized betwcen pH 6 and the
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pH chosen to make an “exchangeable
hydrogen” determination. Because of
this, it is more appropriate to use the
term ‘“‘exchange acidity”’ rather than
“exchangeable hydrogen.”

Recion g, THE high pH portion of
the neutralization curve, is observed
when the base used is sodium hydrox-
ide or when calcium hydroxide is used
and the soil system is protected from
the carbon dioxide of the air. When an
acid soil is titrated with calcium hy-
droxide, equilibrium being continu-
ously established with air containing a
given amount of carbon dioxide, a
curve similar to that in the fifth graph
results.

Under those conditions, region g has
turned into a straight line parallel to
the calcium hydroxide axis. In this
case, with the carbon dioxide content
of the air being 0.03 percent, the pH
stays constant at pH 8.3. The straight
line expresses equilibrium between ex-
changeable calcium, excess calcium
carbonate, water, and carbon dioxide.
The equilibrium pH, as well as the cal-
cium and bicarbonate concentrations
of the soil water, depends on the car-
bon dioxide level. The quantity of ex-
cess calcium carbonate present is im-
material as far as reaction is concerned.

The pH of strongly alkaline soils is
high because of the hydrolysis of ex-
changeable sodium, with the formation
of sodium carbonate. Free calcium and
magnesium carbonates may be pres-
ent, but the calcium carbonate-carbon
dioxide equilibrium does not control
soil reaction.

Just as pH is not an index to total soil
acidity, neither is it a guide to total
alkalinity, or the amount of acid re-
quired to bring the soil to neutrality.
In alkaline soils the soluble and in-
soluble metal carbonates are largely
responsible for total alkalinity. The
hydrolysis of exchangeable cations can
account for high pH’s but not for large
total alkalinities.

THE MEASUREMENT of soil pH often
is regarded as a simple and straight-
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5. The distribution of calcium in clay-water-car-
bon dioxide systems. The slanting line with a slope
of 45° shows the total amount of calcium added to a
clay-water system in equilibrium with the carbon
dioxide of the air. For calcium hydroxide additions
of less than 50 milliequivalents per 100 grams, all
of the calcium is bound to the clay. For larger addi-
tions of calcium hydroxide, constant amounts of
calcium bicarbonate and calcium clay are in equi-
librium with excess calcium carbonate.

forward determination. That is not the
case. In fact, pH, particularly in soil
systems, is a most uncertain quantity
both with regard to measurement and
to interpretation.

We originally defined pH as —log
hydrogen-ion concentration, but have
seen that this is not the case in soil sys-
tems. In soil-water systems that are not
too concentrated, pH approximates
the hydrogen-ion concentration of the
soil solution. This, in turn, depends on
the cation-exchange capacity of the soil
and percentage base saturation, soil-
water ratio, and electrolyte content.

The device commonly used for meas-
uring soil pH is a pH meter equipped
with two electrodes, which are inserted
into a soil-water mixture. One of these,
the glass electrode, reflects the con-
centration of hydrogen ions. The essen-
tial part of this consists of a thin bulb
of glass, which separates the soil sus-
pension or paste from an acid solution
of known concentration. An electrical
potential, proportional to the hydro-
gen ion concentration of the solution
into which the electrode dips, develops
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across the glass membrane. This po-
tential is registcred by the meter,
which has a scale that reads directly in
pH units from o to 14.

The second electrode, which is
placed in the soil-water mixture, is a
calomel electrode. It is used as a refer-
ence point for measuring the potential
of the glass electrode. Unfortunately,
the potential of the calomel electrode
is not the same in all soil-water sys-
tems, and pH measurementsmadewith
this assembly are difficult to interpret.

When soil pH is measured with glass
and calomel electrodes, the value ob-
tained depends on whether the salt
bridge that connects the calomel elec-
trode to the soil-water system is in con-
tact with soil particles or with soil so-
lution. With acid soils, lower pH’s are
obtained when the salt bridge contacts
soil particles. This is called the suspen-
sion effect. The factors responsible for
the suspension effect are not completely
understood, but its existence makes the
interpretation of soil pH uncertain.

There are a number of organic com-
pounds called indicators, which change
color depending on the pH of their
surroundings. One such substance is
phenolphthalein, which is colorless be-
low pH 8.3 and is red above this pH.
The indicators are widely used for
measuring the pH of solutions. They
are little used for estimating soil pH
because of numerous practical diffi-
culties. Foremost among these is the
difficulty of seeing indicator color
changes in the presence of soils. Indi-
cators have the more fundamental dis-
advantage that they are ecither posi-
tively or negatively adsorbed by soil
particles, and that they may change
color at different pH’s in contact with
soil than in true solution.

THE GENERAL PH-BASE saturation re-
lationships for different kinds of soils
already have been indicated. In addi-
tion, there are a number of factors that
can be varied. They have large effects
on measured soil pH. These include
the soil-water ratio, the electrolyte
content, and the carbon dioxide level.
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The pH of a soil varies considerably
with its water content. For acid and
neutral soils, pH generally is lower for
large soil-water ratios than for small.
A 1:1 soil-water paste may have a pH
one unit or more lower (a tenfold dif-
ference in “active acidity”) than a 1:5
suspension. This is another manifesta-
tion of the suspension effect, and gen-
erally has been attributed to differ-
ences in hydrogen ion concentration
in contact with the glass electrode. The
correct explanation appears to be much
more complicated and must await fur-
ther work.

With soils that have a high pH and
contain free sodium carbonate and
other soluble salts, pH also increases
with the water-soil ratio. That is be-
cause dilution increases the hydrolysis
of sodium-clay, leading to a larger
hydroxyl ion concentration in the soil
solution. Hydrolysis of exchangeable
sodium occurs very readily because
hydrogen ions from water have a
strong affinity for weakly acidic groups
on clay and organic matter.

Because of the effects of soil-water
ratio on measured values of soil pH, it
is advisable to standardize this. A ratio
of one part of soil to one part of water
often is used. In studying the salted
soils of dry regions, the pH of a soil
saturated with water often is measured.

Some research workers have sug-
gested measuring the pH of soil sam-
ples at field moisture contents. That is
not desirable, since the high external
resistance that is encountered under
these conditions leads to errors.

The concentration and kind of sol-
uble salts in thc water phase pro-
foundly affect soil pH. With acid soils
this is largely an ion exchange phe-
nomenon, with cations of the salt re-
placing exchangeable hydrogen and
aluminum ions from the soil particles.
The acidity of the solution increases
because of increased hydrogen ion con-
centration or the partial hydrolysis of
aluminum ions. As salt concentration
is increased, soil pH falls rapidly at
first and then becomes insensitive to
further changes. Seasonal fluctuations
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6. The yield of soybeans as related to the percent-
age of calcium saturation of two North Carolina
soils. Curve 1, organic soil; curve 2, White Store
so0il containing montmorillonoid clay.

in salt content, due to fertilization or
the mineralization of organic matter,
can change soil pH by 0.5 unit.

Since soil reaction varies with salt
content, pH often is measured in salt
solutions of definite concentration. One
normal potassium chloride and o.o1
molar calcium chloride have been
used. Such procedures iron out experi-
mental fluctuations to some extent,
and for that reason may be desirable.

Measurement of soil pH in dilute
calcium chloride solutions appears to
offer several advantages. Calcium is
the most abundant basic metal cation
in most soils, and addition of calcium
chloride solutions does not usually
change the proportions of the ex-
changeable cations very much.

Furthermore, there is a general re-
lationship between the concentrations
of any two ions in the water phase of a
soil-water mixture which permits a de-
scription of soil reaction in a way that
is independent of the soil-water ratio
and of salt content. This relation,
which has been called the “ratio law,”
is that the concentration of hydrogen
ions in a soil solution divided by the
square root of the concentration of cal-
cium ions is a constant that is charac-
teristic of the soil. The ratio law may
be written as: [H*]4/[Ca**]= con-
stant, or as pH—% pCa=constant.
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Since the value of pH—2 pCa does not
depend at all on the soil-water ratio or
the salt content, it is a more definite
index to soil reaction than is pH.

Another advantage is that both pH
and pCa are determined on a clear soil
solution, and difficulties due to the
suspension effect are avoided.

Considerable attention should be
paid to the effect of the addition of
soluble calcium salts to acid soils.
When gypsum, or calcium sulfate, is
added to acid soils, soil pH falls and
the aluminum and manganese concen-
tration of the soil solution increase,
sometimes to levels toxic to plants.

The effect of salt concentration on
the pH of neutral soils is due largely
to increases in the apparent strength of
acidic groups. With alkaline soils, in-
creasing salt concentration lowers pH
by reducing the hydrolysis of the ex-
changeable cations, largely sodium.

The pH of soils containing free car-
bonates of calcium and magnesium is
greatly influenced by the bicarbonate
concentration in the soil solution. The
bicarbonate concentration is propor-
tional to the carbon dioxide content of
the air in contact with the soil. The
carbon dioxide content of the atmos-
phere is about 0.03 percent. A soil con-
taining free calcium carbonate has a
pH of 8.3 when in equilibrium with
this concentration of carbon dioxide.
The carbon dioxide content of the soil
air may be much larger than that of
the atmosphere. Plant roots and micro-
organisms usually liberate carbon di-
oxide faster than it can escape from
the soil to the atmosphere. Soil air may
contain as much as 10 percent carbon
dioxide, although contents of about 2
percent are more common. This car-
bon dioxide content would result in a
pH of about 7.1.

When soil samples are taken from
the field and prepared for pH measure-
ment, they usually are allowed to equi-
librate with the atmosphere. Because
of the dependence of pH on carbon di-
oxide level, the pH measured in the
laboratory may be different from that
in the field.
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Plant Nutrition
and Soil Fertility

L. A. Dean

At least sixteen elements are
considered necessary for the
growth of green plants—carbon
(C), hydrogen (H), oxygen (O),
nitrogen (N), phosphorus (P),
sulfur (S), potassium (K), cal-
cium (Ca), magnesium (Mg),
iron (Fe), manganese (Mn),
zine (Zn), copper (Cu), molyb-
denum (Mo), boron (B), and
chlorine (Cl).

We commonly refer to these elements
as the plant nutrients and as essential
elements. An element is said to be es-
sential if the plant cannot complete its
life cycle without it and if the malady
that develops in its absence is curable
only by that element.

Plants obtain carbon, hydrogen, and
oxygen from water and carbon dioxide;
and the other nutrients from the soil.

We classify plant nutrients as the mac-
ronutrients and micronutrients {(or—to
use an older term—minor elements).
This classification is based on the rela-
tive amounts that are found normally
in plants and does not imply relative
importance.

The micronutrients are iron, manga-
nese, zinc, copper, molybdenum, boron,
and chlorine.

Green plants contain sodium, iodine,
and cobalt, which are essential to ani-
mals but have not been proved to be
essential to green plants. Although so-
dium is not considered as an indispen-
sable element, it does enhance the
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growth of some plant species. Silicon
and aluminum occur almost univer-
sally in plants, but they perform no
recognized function.

The essential elements originate and
are distributed within the soil in sev-
eral ways. A study of these matters
gives an insight into the nutrient-sup-
plying power and reserves of soils.

Overall chemical analyses indicate
that the total supply of nutrients in
soils is usually high in comparison with
the requirements of crop plants. Much
of this potential nutrient supply, how-
ever, is tightly bound in forms that are
not released to crops fast enough to
produce satisfactory growth. Thus in-
terest has developed in measuring the
available nutrient supply as contrasted
to the total quantities involved.

SomLs ARE coMPOSED of three phys-
ically separable phases: Solid, liquid,
and gaseous. The nutrient supply orig-
inates with the solid phase. The usual
path to the plant is from the solid par-
ticles to the surrounding liquid and
thence into the plant root.

The actual transfer involves the move-
ment of ions. The positively charged
ions, called cations, include K+, Mg+,
Catt, Fettt, Mn*™*, Zn**, and Cu't.
The anions, those of negative charge,
include NOg_, H2P04—, SO4=_—, Cl",
HB,O;~, and HMoO,~. The liquid
phase, which contains these ions, fre-
quently is referred to as the soil solu-
tion. Chemical and biological processcs
occurring in the soil solution and at the
interfaces with solid soil particlescreate
the ions nccessary for plant nutrition.

MATERIALS OF ORGANIG ORIGIN—oONe
of the two broad classes of materials
that constitute the solid phase of soils—
consist of a large series of products
ranging from fresh plant and animal
tissue to the more or less stable black or
brown degradation product, which is
humus, formed by biological decay.

The organic matter of soils is a po-
tential source of nitrogen, phosphorus,
and sulfur. It contains more than g5
percent of the total nitrogen, 5 to 6o
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percent of the total phosphorus, and
10 to 8o percent of the total sulfur.

Biological processes arc required to
convert these organic sources to an
ionic state that is available to plants.

Within the biosphere a continuous
turnover of these clements takes place
among soils, plants, animals, and some-
times atmosphere. Thus there is a ni-
trogen cycle, a phosphorus cycle, and
a sulfur cycle.

We can consider soil organic matter
to be one of the storage points in these
cycles. Energy must be expended be-
fore the elements again reenter the
cycle. For the growth of nonlegumes in
the absence of fertilizer or manures,
the soil organic matter is the origin of
the nitrogen supply of crops. But only
a part of the phosphorus and sulfur
supplied to crops is derived from this
organic mattcr.

The inorganic or mineral fraction—
the other broad solid phase of soils—
comprises the bulk of most soils. It de-
rives from rocks and their degradation
products. The composition, miner-
alogy, and nutrient-supplying power of
the larger particles—that is, the sand
and silt—are quite different from those

-of the fine particles or clay fraction.

The minerals that comprise the sand
and silt fractions contain most of the
elements essential for plant growth as
a part of their structure.

Mineral decomposition is necessary
before the nutrients in this form are
available to plants. These minerals de-
compose very slowly in the soil. Tor
example, experiments have been con-
ducted with finely ground feldspar and
apatite, common primary minerals of
soils bearing potassium and phospho-
rus, respectively. When they were ap-
plied in quantities comparable with
which they usually are found in soils,
the rates of supply of the nutrients
were insufficient for the good growth
of plants.

The clay fraction of soils is composed
of secondary minerals and amorphous
materials that differ typically from the
components of the sand and silt. The
clays are products of weathering and
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are not found in unaltered rocks. They
also are somewhat more stable toward
decomposition by weathering proc-
esses. The soil clay is composed mostly
of two groups of substances—the clay
minerals and the hydrous oxides.

The clay mincrals are composed
mainly of three mineralogical types—
kaolinite, montmorillonite, and illite,
which are important to soil chemistry
and the mineral nutrition of plants be-
cause of the cation-exchange proper-
ties they exhibit.

The hydrous oxides are predomi-
nantly compounds of iron and alumi-
num. They have a part in the fixation
of phosphates and so influence the
availability of phosphorus in soils.

THE CATION-EXCHANGE properties of
soils arise in the clay mineral fraction
and the organic matter fraction. This
exchange is the reversible process by
which cations are exchanged between
the solid and liquid phases.

The exchangeable cations are held
at the surface of the solid phase be-
cause of the negative charges of un-
balanced forces. When these particles
are bathed in water, some of the
cations enter the water until a steady
state between the numbers of cations
associated with each phase is set up.

Conversely, if a soluble salt (potas-
sium chloride, for example) is intro-
duced into the liquid phase, cations of
potassium are formed as the salt dis-
solves and the steady state is disrupted.
In this instance, potassium ions will
exchange for other ion species held as
exchange cations, and a new equi-
librium is established. The net result is
that a part of the soluble potassium is
converted to an exchangeable cation
status and as such is a part of the solid
phase of the soil. The amounts held are
low in sandy soils and large in clay and
organic soils.

This capacity of soil to hold ex-
changeable cations is termed the
cation-exchange capacity and usually
ranges between 2 and 50 milliequiva-
lents per 100 grams of soil. One milli-
equivalent of calcium per 100 grams of
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soil is equal to 400 pounds per acre of
calcium—the amount of calcium in
1,000 pounds of pure limestone.

The important exchangeable cations
are hydrogen, calcium, magnesium,
potassium, and sodium. Other cations
that may appear, but in smaller
amounts, are ammonium, manganese,
zinc, copper, and aluminum. These
different ion species are held to the
solid phase with different binding en-
ergies. Calcium is the nutrient most
tightly held, and potassium the least.
The ease with which ions are ex-
changed one for another is rclated to
the binding energies.

The base-exchange properties of
soils influence plant nutrition and the
desirability of the soil as a growth
medium in a number of ways. Nutrient
cations held as exchangcable bases are
in a readily available state, but are not
readily leached from soils. In fact,
other things being equal, leaching
losses decline with an increase in the
cation-exchange capacity. Cation ex-
change acts as a buffer, which hinders
rapid changes in nutrient level or
cation balance.

The balance between amounts of
exchangeable hydrogen and exchange-
able bases governs the acidity of soils.
In an acid soil, a large number of the
exchange sites are occupied by hydro-
gen. Soil acidity is usually corrected by
replacing these hydrogen ions with
calcium ions—by liming the soil.

Some nutrient elements form anions
and enter into the reactions involving
soil and plants in that form. The most
prevalent nutrient anions in soils are
Nog_, Cl_, SO,;—_ and H2P04_.

When the soils are bathed in solu-
tions containing NO;~ and Cl~ ions,
therc are no chemical reactions of im-
portance involving these ions and the
solid soil phase. Nearly always is that
also true of the SO, ions.

The phosphate fixation properties of
soil are responsible for the normally
low concentration of phosphate ions in
the soil solution and for the restricted
movement of phosphate in soils. In com-
parison with the exchange cations, the
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binding energies holding the fixed phos-
phate ions are high. These fixed phos-
phate ions, however, do contribute to
the reservoir that supplies phosphorus
to plants.

BECAUSE THE LIQUID PHASE (or water)
in soils contains dissolved soluble salts,
itis referred to often as the soil solution.
The assumption is that nutrient ions
present in the soil solution are imme-
diately available for plant nutrition.

Studics of the soil solution and the
water-soluble materials of soils date
back to the early attempts to relate soil
composition to nutrient uptake:

The soluble materials in soils range
from tiny amounts in some acid soils of
the humid regions to the saline condi-
tions sometimes encountered in the
soils of the arid regions.

Crops usually require greater amounts
of nutrients than the soil solution con-
taing at any given time.

The soil solution is highly dynamic.

Tons are continuously being removed
by plant roots.

Simultaneously other ions are renew-
ing this solution through cation ex-
change and the slow breakdown of soil
minerals.

Other ions, notably the nitrate ion,
are eatering the soil solution by way of
biological activity.

We may conclude from the foregoing
that plant roots draw their nutrients
from several sources—the soil solution,
an assortment of minerals and inor-
ganic compounds, the exchange cat-
ions, and the soil organic matter. It is
indeed difficult to distinguish the con-
tribution of a given fraction. Further,
reactions and exchanges between frac-
tions are continually taking place. All
this stresses the fact that the available
nutrient supply is not readily defined.

Two questions now arise: How do
plants feed? What is the feeding power
of plants?

THE PROGESSES by which the mineral
nutrients are absorbed and accumu-
lated by plants is the plant phase of the
soil-plant interrelationships.
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No mechanism or series of mecha-
nisms that cxplains the processes has
received complete acceptance. Perhaps
these phenomena are best understood
if the uncontested observations con-
cerning them are considered:

The process embraces the transfer of
the nutrient ions across the interfaces
of soil and root into the cellular struc-
ture of the plant.

An expenditure of energy by the
plant is required.

No absorption takes place in the ab-
sence of metabolic activity by a plant.
When this activity of a plant is inhib-
ited by lack of oxygen or low tempera-
tures, nutrient accumulation drops.

Nutrient absorption involves ion ex-
change. Cations may be absorbed in
exchange for H* ions of the plant
which are released to the soil. Anions
may be absorbed in exchange for OH~
and HCO;™ ions. A degrece of selec-
tivity is exhibited in nutrient absorp-
tion. Cations and anions enter the
plant independently. The cations K+
and NH,* are rapidly taken up, while
Catt and Mgtt are absorbed at a
much slower rate. The anions NO;~
and Cl~ are absorbed faster than
SO, and H,PO,~.

The rate of nutrient accumulation is
not independent of the concentration
in the soil solution, and (except for in-
stances of high concentrations) this
rate of absorption is proportional to
the concentration of a specific ion spe-
cies. Jon accumulation or absorption
thus is regulated by both external and
internal factors.

A number of root factors are involved
in the overall accumulation of plant
nutrients. The surfaces of roots, like
those of the soil, carry a negative
charge. They also exhibit cation-ex-
change properties like those of soil.

The most active ion absorption is as-
sociated with younger tissues—those
capable of growth and elongation.
Roots are known to vary in their ca-
pacity to absorb nutrients. This is their
feeding power. The extensiveness of
the root systems, and thus the volume
of soil they tap, is involved.
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Other effects are involved, however.
An example is the differential feeding
power for phosphate rock. Species such
as buckwheat and certain lcgumes (as
compared with the grasscs) show a pref-
erential ability to utilize this material
as a source of phosphorus. This ability
is not related to the extensivencss of
their root systcms.

A number of theories have been ad-
vanced to explain such observations.

One is that roots excrcte materials,
such as organic acids or carbon dioxide;
which in turn exert a dissolving action
on soil or fertilizer particles. Other
theories involve a variation in the base-
exchange capacity of the root system.

Our present knowledge emphasizes
an active rather than a passive role
for roots in nutrient accumulation.

NUTRIENT UPTAKE from soil by plants
accounts for about 1o percent of the
total dry weight of crops. The actual
amounts arc highly variable. Among
‘the many factors involved are the size
of the crop, its age and spccies, and the
properties of the soil.

Chemists have sampled crops at var-
ious stages of growth and have ana-
lyzed them for their nutrient content.
Such information gives an insight to
the overall requirements.

Arthur Hawkins, in experiments con-
ducted at the Maine Agricultural Ex-
periment Station, found the highest
content of nutrients in potato plants,
including tubers, to be about 143
pounds of nitrogen, 26 pounds of phos-
phoric acid, 232 pounds of potash, 56
pounds of calcium oxide, 30 pounds of
magnesium oxide, and 11 pounds of
sulfur per acre.

Of those amounts, 8 percent of the
total was absorbed during the first 50
days after planting. During the suc-
ceeding 30 days, 70 percent of the total
nutrient absorption for the season was
accomplished. Thus, during the early
stages of growth, the rate of nutrient
absorption is slow, but as the season
progresses the rate increases sharply.
The peak rate of absorption was for
potash—about 6 pounds an acre a day.
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The amounts given for the potato

crop are considerably higher than for

the usual field crops. A corn crop of 50
bushels an acre, for example, contains
about half these amounts.

This pattern of nutrient absorption
is not unlike that for overall plant
growth as measured by increase in dry
weight. The main difference is that the
period of peak nutrient absorption pre-
cedes that for peak growth by a week
or more.

Besides the variations in the total
amounts of nutrients absorbed, differ-
ences also exist in the amounts relative
to each other. Our potato crop ab-
sorbed more potassium than any other
nutrient. Nitrogen was second. The
amount of calcium was relatively small.
This particular relationship is not com-
mon to all crop specics or all soil-man-
agement practices. The total and rela-
tive amounts of nitrogen or potassium
that are absorbed vary with the soil
fertility and the fertilizer practices.

Ammonium, potassium, and nitrate
ions are looscly held by the soil, and
plants readily absorb them. If the ele-
ments are plentiful, plants will accu-
mulate them in excess of those amounts
required for normal growth and func-
tion. This phenomenon is commonly
called luxury consumption.

The normal physiological function of
plants may be upset by accumulations
of some nutrients. Excessive nitrogen,
for example, may prolong the vegeta-
tive cycle or even prevent flowering.

By comparison, the phosphorus con-
tent of plants is surprisingly constant.
Phosphate ions are tightly held by soils
and are accumulated by plants at a
relatively slow rate.

Some species—including many of the
legumes—have a relatively high cal-
cium content. Our 4-ton potato crop
contained 56 pounds of CaO, and the
ratio of K,O to CaO was 4.15. We
would expect a g-ton crop of alfalfa
hay to contain about 8o pounds of CaO
and to have a K,O to CaO ratio of 1.5.

SIMILAR RELATIONSHIFS exist for the
trace—or micro—nutrients, but the
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amounts involved are much smaller.
The amount of boron in the #%-ton
potato crop (if detcrmined) would have
been about 0.2 pound.

In the case of boron (and to a lesser
degree the other micronutrients) if the
soil contains excessive amounts, toxic
quantities are absorbed by plants and
growth is restricted. The need for a
reasonable balance in amounts of avail-
able nutrients in the soil has been
postulated.

When the available supply of a given
nutrient becomes depleted, this supply
is a limiting factor in plant growth.
Then the addition of increments of this
nutrient to the soil as a fertilizer will
result in increased yields of dry matter.

ExcEssIVE INCREMENTS of some nutri-
ents may cause decreases in yields.

Eilhardt Mitscherlich, a German
agricultural scientist, was the first to
suggest an equation to relate nutrient
supply and growth. This equation,
although it has many recognized limi-

- tations, has been widely used in the so-

lution of practical problems of crop
production. It has been the basis used
by economists in predicting fertilizer
needs and economic usage. Ifmore than
a single nutrient, two for instance, are
in limiting supply, the addition of
either alone may produce but small in-
creases in growth as compared with a
combination of both. This effect is
termed a nutrient interaction.

A field experiment with oats con-
ducted at the Iowa Agricultural Ex-
periment Station illustrates such a nu-
trient interaction. The results from the
treatments, expressed as bushels per
acre, are listed thus: No fertilizer, 15;
nitrogen only, 20; phosphorus only, 28;
nitrogen and phosphorus combined, 54.

The application of nitrogen and
phosphorus singly resulted in net in-
creases of 5 and 19 bushels of oats,
respectively. On the other hand, a
combination of the same quantities of
nitrogen and phosphorus produced an
increase of 39 bushels. This example
illustrates the importance of maintain-
ing a reasonable balance of nutrients.
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Nitrogen and
Soil Fertility

Franklin E. Allison

Crop yields in regions where
rainfall is adequate are de-
termined more by soil nitrogen
than by any other mineral ele-
ment supplied by the soil.

Improved agricultural methods and
better crop varieties are demanding
more and more of this element. Soils
alone seldom can meet the increased
demand because they were never well
supplied with nitrogen or because they
have lost much of their original supply
during 50 to 100 years of cultivation.

Nitrogen is of special importance
because plants need it in rather large
amounts, it is fairly expensive to
supply, and it is easily lost from the
soil. A major factor in successful farm-
ing is the farmer’s ability to manage
nitrogen efficiently.

The functions of nitrogen in plant
and animal life are many. Essentially
all life processes depend directly on it.
Nitrogen occurs chiefly as protein and
nucleoproteins with smaller and wide-
ly varying amounts of amines, amino
acids, amino sugars, polypeptides, and
many miscellaneous compounds.

The more active nitrogenous com-
pounds occur largely in the proto-
plasm and nuclei of the cells of plants
and animals. Among them are the
enzymes that speed up biological proc-
esses; they are proteins.

An abundant supply of the essential
nitrogen compounds is required in
each plant cell for a good rate of re-
production, growth, and respiration.
Even the green leaf pigment chloro-
phyll, which enables plants to use the
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energy of sunlight to form sugars,
starches, and fats from carbon dioxide
and water, is a nitrogencus compound.

Closely associated with the nitrog-
enous constituents are the many non-
nitrogenous substances, which serve
chicfly as sources of energy for the
various cell activities.

Some nonprotein nitrogen com-
pounds do not appear to be especially
active biologically but probably serve
chiefly as a part of the structure of the
organism, just as cellulose and lignin
do. One of them is chitin, a complex
organic substance related to the carbo-
hydrates. It occurs in bacteria, fungi,
lichens, and worms and in the shells
of lobsters, crabs, shrimp, and insects.

Nitrogen occurs chiefly in the young,
tender parts of plant tissues, such as
tips of shoots, buds, and the opecning
leaves. This nitrogen, present chiefly
as protein, is constantly moving and
undergoing chemical changes. As new
cells form, much of the protein may
move from the older cells to the newer
ones, especially when the total nitrogen
supply of the plant is too low. Then the
plant makes the maximum use of a
minimum supply.

The transfer of nitrogen from cell to
cell may proceed to such an extent
that only the growing tips still are
functioning properly. Thc older cells
may turn yellow, and many of them,
even whole leaves, die and drop off.
This yellowing and dropping of the
leaves farthest from the growing shoots
is the main symptom of nitrogen de-
ficiency. Growth then is of a non-
succulent, high-carbohydrate, dwarfed
type.

The proper functioning of nitrogen
in plant nutrition requires that the
other essential elements, particularly
phosphorus, potassium, calcium, and
magnesium, be present in adequate
supply If the supply of one or more of
them is inadequate, the addition of
much nitrogen to most common crops
may produce limited growth, and this
may be very abnormal. Such plants
often are unusually susceptible to dis-
eascs, and they mature late. But if the
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nutrient balance and total supply have
been adequate from the seedling stage,
plants throughout show the stocky
growth and dark-green foliage that is
a mark of health and vigor.

Plants tend to take up most of the
available supply of nitrogen during
the early stages of growth. The young
plants gorge on nitrogen and hold it
for later use. This excess of nitrogen
may meet the needs of the plant for
several days, but it is not adequate in-
definitely for a rapidly growing crop:
There has to be a continuous forma-
tion and rclease of available nitrogen
from soil organic matter or it must be
supplied from outside sources to insure
a steady rate of growth and an ade-
quate supply later for the synthesis of
storage protein for producing seed.

For a crop like grass that is grown for
pasturage, it is even more important
that adequate nitrogen be available
throughout the growing season. Be-
cause pasture plants arc not allowed
to reach maturity, the need for nitro-
gen does not diminish as the season
advances.

As maturity approaches in a grain
crop, most of the protein moves from

. the vegetative parts of the plants into

the seeds. A go-bushel wheat crop, for
cxample, commonly contains about
50 pounds of nitrogen in the grain and
less than 20 pounds in the rest of the
plant. This storage protein remains
inactive as long as the seed is inactive
but changes rapidly when germination
begins.

THE PRIMARY SOURCE of soil nitrogen
is the air.

Harry A. Curtis, of the Tennessce
Valley Authority, calculated that there
are about 34,500 tons of nitrogen over
every acre of the land area. That is
about four-fifths of the atmosphere.
This inexhaustible supply remains con-
stant, because nitrogen is being re-
turned to the atmosphere at about the
same rate as it is being removed.

Higher green plants cannot utilize
gaseous nitrogen directly. It must first
be combined with other clements. The
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process of producing such combinations
is called nitrogen fixation. Nitrogen is
an inert element and resists combining
with other clements. Such combina-
tions are brought about in several ways,
chiefly by electrical discharges in the
atmosphere, by various chemical reac-
tions in industrial processes, and by
several species of micro-organisms liv-
ing in or on the soil, in plant tissues,
and in fresh and salt waters.

Nitrogen fixed by lightning combines
with the oxygen of the air to form
oxides of nitrogen. These oxides are
washed out of the air by rain or snow
and reach the soil in the forms of
nitrous and nitric acids. The amount
of nitrogen that enters the soil in these
forms is usually not more than 2
pounds an acre a year.

Rains commonly wash about 2 to 6
pounds of ammonia and organic nitro-
gen from the air. The total amount of
nitrogen brought down by rains an-
nually varies with the rainfall, fre-
quency of electrical storms, and near-
ness to industrial areas where ammonia
is being released. An average figure for
cropped areas in the humid-temperate
region is usually considered to be about
5 pounds of combined nitrogen an acre
a year. As I stated, two-thirds or more
of this is not newly fixed nitrogen but
is combined nitrogen, chiefly ammonia
that escaped from the soil or was re-
leased as a result of the burning of coal
and other materials. A small percent-
age consists of micro-organisms and
other forms of organic matter carried
into the air by the wind.

Large amounts of nitrogen are fixed
in industrial nitrogen-fixing plants as
ammonia and calcium cyanamide.

The synthetic ammonia process is the
more economical. In this process, ni-
trogen and hydrogen gases are made to
combine under pressure in the presence
of a catalyst. Such fixed ammonia now
constitutes the main commercial source
of nitrogen used in agriculture. It is
commonly applied in the form of am-
monia and ammonium salts, and as
urea and nitrates produced from am-
monia. As a result of the rapid expan-
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sion of the industry, chemical nitrogen
was available in 1956 in adequate
amounts and at prices somewhat below
those a few years earlier. The capacity
of 50-odd anhydrous ammonia facto-
ries in the United States in 1956 was
about 4.1 million tons of ammonia,
compared to 1.8 million tons in 1g51.

Nature’s method of fixing nitrogen
still constitutes the chief source of ni-
trogen for farm crops. This nitrogen is
fixed by microscopic plants that exist
wherever plant life can exist. Some of
them live in nodules on the roots of
plants, chiefly legumes. Others lead an
independent existence. These micro-
scopic forms fix atmospheric nitrogen
at ordinary temperatures and pressures.

Legumes may fix 200 pounds or more
of nitrogen an acre each year if effec-
tive strains of the proper root nodule
bacteria are present in the soil or are
added to the seed as commercial in-
oculants. These bacteria penetrate the
root hairs, live in the root nodules
formed, and in cooperation with the
higher plant take nitrogen from the air
for the use of both the bacteria and the
crop. An average fixation value is usu-
ally 50 to 100 pounds, depending on
the kind of legume. When available
soil nitrogen is abundant, legumes are
likely to use it in preference to atmos-
pheric nitrogen. The amount of nitro-
gen fixed in nitrogen-deficient soils
parallels closely the amount of carbo-
hydrate photosynthesized by the plant
and its dry weight.

Farmers in the past depended largely
on legumes as a source of nitrogen to
supplement animal manures and soil
nitrogen. They have turned more and
more in later years to synthetic am-
monia to meet crop needs. It is largely
a matter of economics, which is in
turn influenced by the type of farming
and the use to be made of the legume.
For example, in livestock farming leg-
umes are especially valuable as feed
and as suppliers of nitrogen. But in
grain farming, where their feed value
1s not realized, they may be a more
expensive source of nitrogen than com-
mercial fertilizer nitrogen.



88

Several nonleguminous plants have
root nodules that arc produced by
bacteria or fungi and can use atmos-
pheric nitrogen. Most of these plants,
such as the alder and various species
of Casuarina, Elacagnus, and Cycas, are
trees or shrubs and of little value in
agriculture. Nitrogen-fixing trees, both
leguminous (black locust, Acacia, and
Mimosa) and nonleguminous, are of
considerable importance in the growth
of some forests.

Bacteria are the chiel free-living
micro-organisms that fix nitrogen. A
few fungi and yeasts also can do so. A
few genera of blue-green algae, often
observed as a green scum on ponds,
also can use atmospheric nitrogen and
are of economic importance where
paddy rice is grown.

We do not know exactly how much
nitrogen is fixed by nonsymbiotic (free-
living) soil organisms, such as azoto-
bacter and clostridia. J. G. Lipman
and A. B. Conybeare, of the New
Jersey Agricultural Experiment Sta-
tion, estimated it to be an average of
6 pounds a cultivated acre a year in
the United States. Others have given
higher values. An accurate value for
such fixation cannot be given because
the errors involved in sampling and
analyzing soils are larger than the
values to be measured. This nonsym-
biotic fixation of nitrogen is important,
but this source of nitrogen does not
meet the needs of large crops.

There has been much interest in
recent years, especially in the Soviet
Union and Germany, in the possibility
that nitrogen-fixing bacteria may live
on the outside of plant roots and supply
the crop with nitrogen. It is reported
that as early as 1942 the Soviet Union
inoculated 5 million acres of crops
with a commercial preparation of
azotobacter. Such preparations have
been valueless in most countries.

MISCELLANEOUS SOURCES of nitrogen
not obtained directly from the air, in-
cluding a few manufactured products
and various byproducts and wastes, are
a large part of the supply of nitrogen
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for crops on many farms. This nitrogen
originally came from the air, but after
fixation it has taken on various forms.

Nitrate of soda from Chile, which
used to be the world’s leading source
of fertilizer nitrogen, has been pushed
into the background by the abundant
supplies of domestic synthetic ammo-
nia. Chilean nitrate remains an im-
portant fertilizer material, and costs
largely determine whether it or syn-
thetic nitrogen is used.

Ammonium sulfate, a byproduct of
the coke industry, is also one of the
important sources of fertilizer nitrogen.
Coal thus is a secondary source of
nitrogen. All ammonium sulfate sold
in 1957, however, was not produced
from coal. Some of it (and also some
sodium nitrate) was produced in ni-
trogen-fixation plants from synthetic
ammonia.

Animal manures are one of the chief
and best sources of nitrogen for crops.
Slaughterhouse byproducts and press
cake, such as cottonseed meal, are also
excellent sources but have practically
disappeared from fertilizers. They are
of more value when used as feeds.

Miscellaneous industrial and canning
wastes find their way by various routes
to the farm. The amount of nitrogen
they supply is not large, and its avail-
ability to crops varies widely. Low
availability may be due to the inert
nature of the product itself or the high
proportion of carbohydrate to nitrogen
in the added material. Leather scraps
and some urea-resin compounds are
examples of inert materials. €anning
wastes are typical of those that com-
monly contain such a high proportion
of carbon to nitrogen that on decom-
position little nitrogen is released to
the growing crop.

Sewage sludge and garbage wastes
are becoming more important as
sources of crop nitrogen, yet only small
percentages of these city wastes reach
the farms. In the raw state they are
decidedly objectionable for health and
sanitary reasons, high in moisture, and
unsuitable for general crop use.

Sewage sludges that are activated
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and dried commonly contain 5 to 6
percent nitrogen and are satisfactory
sources of nitrogen. The digested prod-
uct usually contains less than half as
much nitrogen, and its availability is
considerably lower.

Myron S. Anderson, in Department
of Agriculture Circular g72, discusses
the various types of sludges and pre-
sents data on the availability of the
nitrogen. He states that heat-trcated
sludges are usually safe for use from a
sanitary standpoint, but unheated di-
gested sludges should be used with cau-
tion if vegetable crops are to be grown.

The cost of converting raw sewage
and garbage into forms suitable for use
as fertilizers and their comparatively
low content of nitrogen make them un-
economical to produce if the sole aim
is to produce fertilizer. Nevertheless
they will undoubtedly be produced to
a greater extent in the future because
cities must dispose of their wastes
regardless of costs.

Other sources of nitrogen are the
various crop residues. Green manures
are essentially in the same status, al-
though if they are legumes most of the
nitrogen is obtained by them directly
from the air.

THE CHEMICAL NATURE of soil nitro-
gen is not well understood.

All but a small part is present in or-
ganic forms. Our knowledge of the
organic part is inexact because widely
varying types of nitrogenous com-
pounds gain entrance to the soil and
soon start to decompose. The destruc-
tive processes are affected by almost
every factor that affects life itself. Fur-
thermore, accompanying the biologi-
cal degradation process arc numecrous
synthetic processes. The micro-organ-
isms that decompose the various com-
pounds use a portion of the nitrogen to
form new cells, which in turn diec and
become a new source of soil organic
matter. The cycle never ends.

Protein is believed to be the chief
form of nitrogen in soils although di-
rect quantitative determination has
not been made. Indirect procedures,
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involving treatment with acids, fol-
lowed by identification of the break-
down products, chiefly amino acids,
have usually been used in such studies.

J. M. Bremner, of the Rothamsted
Experimental Station in England, con-
cluded that up to 50 percent of the
nitrogen in some soils is present as
protein. Because micro-organisms de-
compose protein readily, it is not pres-
ent as free protein but is probably in
the form of ligno-protein and clay-
protein complexes. In fact, there is
some evidence that the amino acids
present after chemical treatment of
soils may have been there before such
treatment as amino acids combined
with (and protected by) clays, rather
than as constituents of proteins.

Chitin, already mentioned as a con-
stituent of plants and animals, is also a
common soil constituent. It is some-
what resistant to biological attack, but
some micro-organisms decompose it.

Heterocyclic nitrogen compounds,
such as purincs and pyrimidines, occur
in soils to some extent, but the amount
is believed to be small.

Lignin and several other organic
materials combine with ammonia to
form compounds that are resistant
cven to treatment with acids and alka-
lies. Considerable nitrogen may be
present in such forms, but we have no
proof of that.

Organic-inorganic complexes are
important parts of soils. Laboratory
studies have shown, for example, that
protein to the cxtent of 8 percent of
the weight of some clays can combine
with them. Any protein held in such
a complex is attacked much more
slowly by micro-organisms than if no
clay is present. Several other com-
pounds, including humic acids and
amino acids, are so held.

Some nucleic acids, found in the
nuclei of bacteria and in the cells of
higher plants, are present in soils. The
amount of soil nitrogen present in that
form may be less than 1o percent.

Crop residues, also present in vary-
ing stages of decomposition, contain
chiefly protein and its degradation
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products. During decomposition, such
compounds as histidine, argininc,
creatinine, choline, cyanuric acid, and
lysine are formed. The amounts of
each present at any one time are small
and are likely to be transitory. Some
of them have been thought to have
effects on plant growth far greater than
might be expected from the concen-
trations present, but seldom have such
effects been demonstrated.

Inorganic forms of nitrogen, chiefly
ammonia and nitrates, are always
present in soils in quantities varying
from traces to perhaps 5 percent of the
total. The amount present in cropped
soils is small.

Many soils can hold ammonia nitro-
gen so tenaciously that it is released
only slowly to micro-organisms and to
higher plants. The minerals in soils
that are responsible for this fixation
and holding of ammonium ions are
vermiculite, montmorillonite, biotite,
and weathered illite, which usually
contains the other three minerals.

The quantities of such fixed ammo-
nium normally present in cultivated
surface soils is belicved to be small.
The ammonium-fixing power of sub-
soils is usually higher than that of
surface soils and is increased by drying
and heating. Low recoverics of nitro-
gen in the crop, following additions
of ammonia to subsoils, might be
expected on the basis of laboratory
studies on soils high in the mincrals I
mentioned, but we have no field data
to prove or disprove this.

THE NITROGEN CONTENT of virgin
soils in various parts of the United
States, according to Oswald Schreiner
and B. E. Brown, of the Department of
Agriculture, varied from o0.01 to 1
percent or higher in the surface layer
when first put under cultivation. The
nitrogen level tended to vary with the
climate and native vegetation, which
arc so important in soil formation.
They put the approximate nitrogen
content of the surface 6 inches of
virgin soils in the various regions as
follows: Brown Forest soils of the
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Northeastern States and Red and
Yellow soils of the Southcast, 0.05 to
0.20 percent; Prairie soils of the Cen-
tral States, 0.10 to 0.25 percent;
Chernozem soils of the eastern Da-
kotas, Nebraska, and Kansas and
farther south, 0.15 to 0.30 percent;
Chestnut soils in the western parts of
those States, 0.10 to 0.20 percent;
Brown soils still farther west, o0.10 to
0.15 percent. The western desert soils
are very low in nitrogen.

The variation in nitrogen content
with depth is pronounced in the soils of
the different regions. Soils in the East
gencrally are shallow. Soils in the Cen-
tral States are deeper. Under virgin
conditions, there was an average of
about 4 thousand pounds of nitrogen
an acre in the upper 4o-inch layer in
the Red and Yellow soils of the South-
east and 16 thousand pounds in the
Chernozem soils of the Central States.
The figures emphasize that many of
our soils were not high in nitrogen
when first brought under cultivation,
but most of them contained more ni-
trogen then than they do now.

The statement that virgin soils are
not necessarily fertile soils may seem
strange to some readers, but that is
true of many of our soils. The main
factors that determine content of soil
nitrogen, aside from the effect of farm-
ing operations, are temperature, rain-
fall, soil texture, the type of minerals
present, and vegetation. Temperature
and rainfall largely determine the
plant cover under virgin conditions.

The nitrogen content of soils in the
United States usually tends to increase
from south to north.

Hans Jenny, at the Missouri Agri-
cultural Experiment Station, found
that the average content of nitrogen
and organic matter in the soils of the
central part of the country increascs
two to three times for each fall of 18° F.
in annual tempcrature. This tempera-
ture effect corresponds closely to the
known effect of temperature on the
rate of both chemical and microbio-
logical activities as observed in the
laboratory.
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This effect of temperature does not
always hold for tropical soils, some of
which are as high in nitrogen as are
soils of the Temperate Zone. In tropi-
cal soils, other factors may mask the
effect of temperaturc—poor acration
in recgions of high rainfall; absence of
wetting and drying, with the accom-
panying incrcased oxidation; and ab-
sence of killing frosts.

Dr. Jenny also observed that in the
grassland soils of the Central States
the nitrogen content increased with
rainfall. This finding would probably
not hold for many other rcgions, espe-
cially where the rainfall is very high.
Generalizations about the effect of
climatic factors on soil nitrogen ob-
viously need to be limited to definite
regions.

The type of vegetative cover on a
soil affects the nature of the soil that
forms and its nitrogen content. In the
humid places where forests predomi-
nate, the Podzo! soil that forms is a
shallow soil, and most of the organic
matter and nitrogen is concentrated in
the upper foot or less. The higher rain-
fall causes much leaching and the re-
moval of most of the bases originally
present. In contrast, Chernozem soils,
formed under conditions of somewhat
limited rainfall, retain their bases and
are deep soils, largely because of the
depth of penetration of the grass roots.

Soil texture influences the amount of
nitrogen that accumulates in soil. A
clay or clay loam commonly contains
two or three times as much nitrogen as
a very sandy soil in the same type of
climate. A part of the difference is due
to the combining of organic nitrogen
constituents with some of the clay min-
erals. Poorer aeration and less leaching
also favor the retention of nitrogen in
soils of finer textures.

THE NITROGEN CONTENT of cultivated
soils after 50 years or more of cropping
is usually much lower than when first
plowed, unless the soil initially had
little nitrogen. The nitrogen content
in virgin soils, kept under constant
conditions for centuries, is stabilized.

9T
Cultivation introduces a new set of
factors, and soil nitrogen immediately
starts to respond to the new conditions
and secks a new level at which income
and outgo of nitrogen are in balance.

Cultivation accclerates microbiologi-
cal activities and the rate of release of
ammonia from soil organic matter. A
considcrable part of this nitrogen may
be lost through lcaching and erosion
while the soils arc without adequate
vegetative cover, but a larger propor-
tion is removed in the crop. Besides,
less vegetative material usually is re-
turned to the soil than under virgin
conditions.

Unless adequate nitrogen and the
other cssential elements are added as
animal manures, legumes, or as com-
mercial fertilizers, the productivity of
the soil gradually declines. Even if they
are added and crop production is
maintained, the nitrogen level seldom
stays at the virgin level. The higher
the soil was originally in nitrogen, and
the warmer the climate, the greater
the decline in soil nitrogen is apt to be.

Studies of the decrcase in soil nitro-
gen when soils are first put under cul-
tivation show that the rate of decline
is usually high the first few years and
becomes less in later years. Reductions
of 25 to 50 percent of the original
nitrogen in the Central States have
commonly occurred during the %5 or
more years of cultivation. Usually
about half of the loss occurred in the
first 20 years and one-fourth in the
next 20 years.

It scems that the nitrogen content
now has about reached stability in
many localities, at least where farm-
management practices are good. In
dry-farming regions, where wheat is
the main crop, the surface soils com-
monly have lost about a third of their
nitrogen since 1goo. At the southern
end of the Wheat Belt and below it,
the losses have usually been near one-
half. Losses from castern and south-
eastern soils probably have been of
about the same magnitude in terms of
percentage of the original content.

In all sections of the United States
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arc soils that have not shown nearly as
marked losses in nitrogen as the figures
would indicate. Examples are the soils
that have been in sod or trees for much
of the time and have not been stirred
very often. The examples emphasize
that farming practices determine the
extent and rate of change in soil nitro-
gen. In fact, the trend toward lower
soil nitrogen levels often can be re-
versed slowly.

THE RELEASE of soil nitrogen to crops
occurs as a result of the activities of
many kinds of micro-organisms. Two
broad groups are primarily responsi-
blc for making it available to higher
plants—the ammonifiers (ammonia-
producers) and the nitrifiers (nitrite-
and nitrate-producers). The ammoni-
fiers comprise most of the bacteria and
fungi that live in soil. They decompose
soil organic matter primarily in order
to obtain a supply of energy for growth.
In the process they liberate ammonia,
some of which they use themselves.
The rest is set free as a byproduct. The
nitrifiers then oxidize the ammonia to
nitrites and then to nitrates. Some
chemical oxidation of nitrites to ni-
trates may occur also in acid soils.
Ammonia and nitrates are the main
sources of nitrogen for plants and
hence do not accumulate in the pres-
ence of an actively growing crop.

Little ammonification and nitrifica-
tion take place in the Temperate Zone
during the winter. The rate of activity
of micro-organisms above 45° F. in-
creases twofold or threefold for each
rise of 18° if moisture is adequate and
the soil is not highly acid. Nitrate for-
mation reaches a maximum in the late
summer and decreases in early fall.
The total amount of nitrates in the soil
may be highest in late summer because
of the high temperature and also be-
cause of less leaching and the slowing
down of crop demands as maturity
approaches.

Any nitrate that accumulates in late
summer is largely leached out during
the winter and early spring in the
humid region unless a cover crop is
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grown. This yearly soil nitrate pattern
under cultivated crops does not hold
under sod crops; rarely is there more
than a trace of available nitrogen in
such soils at any time. There is less
decomposition of soil organic matter
under a sod, and any released nitrogen
is quickly assimilated by the crop. The
mass of undecomposed carbonaceous
roots present also serves to keep nitrates
low. Grasses can use much more nitro-
gen than they usually get.

Good soil aeration also favors the
release of nitrogen from soil organic
matter. The degree of aeration is de-
termined largely by soil texture, drain-
age, and cultivation. Aeration in cul-
tivated soils is usually adequate for a
satisfactory rate of formation of am-
monia if it is adequate for healthy
plant growth.

An increase in the rate of oxidation
of native organic matter, as evidenced
by increased production of carbon
dioxide, is sometimes observed after
green manures and other fresh plant
materials are added. Presumably ni-
trogen is also released, but it may be
assimilated soon by the microflora.

This increased destruction of native
organic matter, which has been dem-
onstrated by tracer techniques, is due
to the increase in microbial growth
with the accompanying increase in the
production of cell enzymes. They at-
tack the added plant material and
native organic matter simultaneously.
The magnitude of the effect on the
latter usually varies from a negligible
increase to a 100-percent or 200-per-
cent increase in carbon release from
soils during the first week. A rapid
decrease in the rate of release follows.
Within a few days, a negative effect
may be observed. This phenomenon is
of more scientific than practical inter-
est; the everall effect during a growing
season is small. Any such effect is much
more than compensated for by the new
soil organic matter formed from the
added plant materials.

The net amount of nitrogen released
from an organic material depends on
the nitrogen content of the material,
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the completeness with which it is de-
stroyed, and the amount of nitrogen
used by the decay organisms. If the
material is high in available energy
and contains less than 1.5 percent of
nitrogen, most of the nitrogen will be
used by the micro-organisms. If the
nitrogen content is above 1.5 percent,
most of the extra nitrogen will be
released for plant use.

The percentage of soil nitrogen re-
leased annually to a cultivated crop
varies widely and is affected by many
factors. G. E. Smith, of the Missouri
Agricultural Experiment Station, esti-
mated the percentages released yearly
to corn in that State to be 1.25 to 2.5
percent of the total from a clay or clay
loam, 1.5 to g percent from a silt loam,
and 4 to 6 percent from a sand or
sandy loam. It is fortunate that humus
is rather resistant to biological attack
because it is usually more valuable for
maintaining soil tilth and permeabil-
ity to air and water than it is as a
source of nitrogen.

Great interest has been shown in
rapid methods for estimating the
amount of nitrogen that a soil can fur-
nish a crop. No method has been pro-
posed that is cntirely satisfactory. The
most used method, and probably the
best, is to determine nitrate formation
in a few grams of soil kept in the lab-
oratory at constant temperature for
about 2 wecks. The amount of nitrate
formed is then compared with that
formed in similar soils where crop
yiclds have been determined.

LossEs OF NITROGEN from soils may
occur through crop removal, erosion,
and leaching, and as gases. The com-
parative importance of the four chan-
nels varies with the soil, crop, and soil-
management practices.

Losses through crop removal are
proportional to the size of the crop.
Such losses can be lowered only by
changing the farming system. Grain
and hay crops, for example, may be
fed to animals on the farm rather than
be sold.

Erosion control is especially impor-
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tant because erosion tends to loosen
and float away much organic matter.
The nitrogen in such eroded material
may be several times higher than in
the soil left behind.

Leaching removes large amounts of
nitrates from soils but no more than
traces of other forms of nitrogen. The
losses occur most readily from the
more sandy cultivated soils, especially
in warmer climates and in places where
the rainfall is enough for the surface
water to penetrate to the ground water
several times a year.

Losses of gaseous nitrogen from soils
occur chiefly as ammonia, free nitro-
gen gas, and nitrous oxide. Traces of
certain substances, such as amines,
hydrocyanic acid, and nicotine, may
also escape from growing plants.

Ammonia, applied as a fertilizer,
often is rapidly lost from soils to the
extent of 25 percent or more. Such
volatilization 1s largely limited to al-
kaline soils, although they neced not be
much above pH 4. It is accelerated by
drying, especially if the temperature is
high and the ammonia is near the sur-
face. It occurs most readily from sandy
soils and also from decaying masses of
nitrogenous organic materials at or
near the soil surface cven if the soil is
slightly acid, since the ammonia form-
cd may raise the pH locally. Failure to
incorporate manure with soil may help
explain the low recovery of its nitrogen
in the crop.

Losses of nitrogen from soils in the
form of free nitrogen gas and oxides of
nitrogen are chiefly the result of bac-
terial action. Such losses are of consid-
erable economic importance. Denitri-
fying bacteria that produce these gases
are widely distributed. Ordinarily they
use atmospheric oxygen for growth,
but if the supply is deficient they can
obtain oxygen from nitrates. In do-
ing so they release gaseous nitrogen.
The losses are greatest if soil aeration
is poor and if nitrate fertilizers are
applied in the prescnce of masses of
plant matcrials that are undergoing
decomposition.

The efficient use of the nitrogen
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sources available to the farmer in-
volves the prevention of unnecessary
losses, the return of manures and crop
residues, use of Nature’s methods of
fixation, and the addition of commer-
cial sources of nitrogen to bring the
yield up to a satisfactory level.

Attention should be given more to
the use of good farm-management
practices than to just the maintenance
or building up of soil nitrogen.

The level at which soil nitrogen can
be held varies for each soil and for each
climatic zone and is affected by the
cropping system. With good farm man-
agement, including adequate use of
fertilizers, good crops can be produced
on soils of any nitrogen level if the en-
vironment can be made suitable for
the crop. This does not imply, though,
that abundant soil nitrogen is not
highly desirable and favorable to larger
and more profitable crops.

In the control of soil erosion and
leaching, a greater use of sod crops,
catch crops, and cover crops, especially
on rolling or hilly land, is needed. Ap-
plication of soluble forms of nitrogen
as short a time as possible before
needed by cultivated crops will greatly
increase the proportion that is utilized.
This statement applies chiefly to the
more sandy soils in regions where much
leaching occurs just before and during
the growing season.

All crop residues should be returned
to the soil unless insect infestation,
diseases, or the crop to be grown make
this impractical. The residues supply
some nitrogen, help to hold soluble
soil nitrogen, and replenish the supply
of active organic matter. Special atten-
tion needs to be given to the preserva-
tion and use of animal manures.

Gaseous losses of ammonia can be
minimized by not applying anhydrous
ammonia or ammonium salts to alka-
line soils; if they are used, one has to
make certain that they arc well mixed
with the soil. Highly nitrogenous or-
ganic matter added to all soils should
be handled in the same way.

Losses of nitrogen gas and oxides of
nitrogen can be reduced by avoiding
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the application of nitrates to soils that
are poorly aerated and drained. Large
applications of undecomposed plant
materials also may favor such losses by
reducing the oxygen in the soil.

More legumes should be grown in
many areas, especially where moisture
is not limiting and there arc enough
livestock to utilize them. The deep-
rooted perennial or biennial ones that
fix the most nitrogen and require the
least cultivation are most beneficial to
the soil. Because the amount of nitro-
gen fixed on nitrogen-deficient soils is
likcly to parallel closely the total dry
weight of the legume, it is important
that growth conditions, apart from
nitrogen, be made satisfactory.

Nitrogen fixation by free-living soil
micro-organisms can probably be in-
creased by the addition of crop resi-
dues, such as cornstalks and straw,
that are low in nitrogen.

Commercial nitrogen should be used
as a supplement to the other forms of
nitrogen to the extent needed. Other
elements should be supplied in such
quantities as to keep the proper
nutrient balance.

Soil Phosphorus
and Fertility

Sterling R. Olsen and Maurice Fried

Phosphorus is present in all
living tissue. It is particularly
concentrated in the younger
parts of the plant and in the
flowers and the seed.

It is necessary for such life processes
as photosynthesis, the synthesis and
breakdown of carbohydrates, and the
transfer of energy within the plant.

It is a major part of the nucleus of
the cell and is present in the cyto-



94

sources available to the farmer in-
volves the prevention of unnecessary
losses, the return of manures and crop
residues, use of Nature’s methods of
fixation, and the addition of commer-
cial sources of nitrogen to bring the
yield up to a satisfactory level.

Attention should be given more to
the use of good farm-management
practices than to just the maintenance
or building up of soil nitrogen.

The level at which soil nitrogen can
be held varies for each soil and for each
climatic zone and is affected by the
cropping system. With good farm man-
agement, including adequate use of
fertilizers, good crops can be produced
on soils of any nitrogen level if the en-
vironment can be made suitable for
the crop. This does not imply, though,
that abundant soil nitrogen is not
highly desirable and favorable to larger
and more profitable crops.

In the control of soil erosion and
leaching, a greater use of sod crops,
catch crops, and cover crops, especially
on rolling or hilly land, is needed. Ap-
plication of soluble forms of nitrogen
as short a time as possible before
needed by cultivated crops will greatly
increase the proportion that is utilized.
This statement applies chiefly to the
more sandy soils in regions where much
leaching occurs just before and during
the growing season.

All crop residues should be returned
to the soil unless insect infestation,
diseases, or the crop to be grown make
this impractical. The residues supply
some nitrogen, help to hold soluble
soil nitrogen, and replenish the supply
of active organic matter. Special atten-
tion needs to be given to the preserva-
tion and use of animal manures.

Gaseous losses of ammonia can be
minimized by not applying anhydrous
ammonia or ammonium salts to alka-
line soils; if they are used, one has to
make certain that they arc well mixed
with the soil. Highly nitrogenous or-
ganic matter added to all soils should
be handled in the same way.

Losses of nitrogen gas and oxides of
nitrogen can be reduced by avoiding

YEARBOOK OF AGRICULTURE 1957

the application of nitrates to soils that
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applications of undecomposed plant
materials also may favor such losses by
reducing the oxygen in the soil.

More legumes should be grown in
many areas, especially where moisture
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fix the most nitrogen and require the
least cultivation are most beneficial to
the soil. Because the amount of nitro-
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weight of the legume, it is important
that growth conditions, apart from
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plasm, where it is involved in the or-
ganization of cells and the transfer of
hereditary characteristics.

Growth is arrested when the supply
of phosphorus in the soil is too low,
and phosphorus from the older tissues
moves to the younger tissues. Usually,
therefore, signs of too little phosphorus
appear first in the lower leaves, which
are the older ones. The symptoms
may be a lack of chlorophyll, a deep-
ening of the green color, or a red color
in the leaves. Usually also the roots
are stunted and poorly branched. A
deficiency of phosphorus may delay
maturity of the plant.

Different species of plants and differ-
ent parts of a plant vary in their con-
tent and requirement of phosphorus.
The cobs in a 75-bushel corn crop con-
tain about o.1 pound of phosphorus,
but the stover may contain 5 pounds
and the grain about 12 pounds. The
roots of the corn plant contain less
phosphorus than the tops. The plants
that produce the 75 bushels may take
up 20 pounds of phosphorus. Although
35 bushels of wheat may contain only
half as much phosphorus as the 75-
bushel corn crop, the required level of
readily available phosphorus in the
soil is probably greater for wheat than
for corn.

The amount of phosphorus removed
by a harvested crop depends on its
total yield, its phosphorus content, and
on how much of the plant is actually
removed. If only the grain is removed,
as in sweet corn, the soil loses less phos-
phorus than when the whole corn
plant—silage corn, as an example—is
harvested. Grass harvested for seed
may removc less phosphorus than
grass harvested as hay.

The phosphorus content of a par-
ticular species tends to be low when
the available supply is low, but the
amount in a plant may be increased
by using phosphate fertilizer. The in-
crease usually is small, but if it is
needed it can improve the plant and
its nutritive value.

- Since phosphorus is an essential nu-
trient of plants, the total amount of
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phosphorus in cultivated and virgin
soils is one of our important natural
resources. It ranges from less than 100
10 4,000 pounds an acre and averages
about 1,000 pounds.

The coastal areas in the South At-
lantic States and Gulf States are low-
est in total phosphorus. High concen-
trations occur in Tennessee, Kentucky,
and the Pacific Northwest.

Virgin surface soils and their subsoils
contain similar concentrations of total
phosphorus, but many tilled soils do
not. The liberal use of phosphate fer-
tilizers has resulted in accumulations
of phosphorus in the surface soil in
some areas—notably in potato-grow-
ing arcas and places close to phosphate
deposits. Some soils in potato areas
have received as much as 100 pounds
of phosphorus an acre for each potato
crop. Since less than one-fourth of that
amount may be removed by the crop,
accumulations have resulted.

As phosphorus does not move appre-
ciably in the soil, the accumulations
are primarily in the first foot of soil.

On the other hand, some soils have
been in agricultural production long
cnough to deplete the total phosphorus
supply, and unless fertilizer phosphorus
is added cquivalent to the amount re-
moved by crops, the phosphorus in the
surface layer will decrease further.

Most of the total phosphorus supply
is tied up chemically in a form that is
not usable by the crop in a singlc grow-
ing season—it is not available to the
growing plant. The available soil phos-
phorus originates from the breakdown
of soil minerals, from soil organic mat-
ter, or from the previous addition of
phosphate fertilizer. The available soil
phosphorus usually is only about 1 per-
cent of the total soil phosphorus.

The available soil phosphorus is not
necessarily related closely to the total
soil phosphorus, partly because the
chemical nature of the phosphate min-
crals and organic compounds is not
the same in all soils. The differences in
agricultural soils arc due primarily to
management practices, which affect
the available phosphorus much more
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than they affect the total phosphorus.
While high fertilization increases avail-
able soil phosphorus more than total
soil phosphorus, crop removal with-
out fertilization rapidly lowers the
available phosphorus without chang-
ing very much the total content.

Phosphorus occurs naturally in soils
in the form of the calcium phosphates,
hydroxyapatite and fluorapatite; iron
phosphate and aluminum phosphate;
various primary and secondary min-
crals, in which a phosphate group sub-
stitutes for a silicate group in a crystal
lattice; and as organic phosphorus,
which may constitute as much as 75
percent or as little as g percent of the
total soil phosphorus.

As the soil maturcs by wecathering

processes and plant growth, these
natural forms of phosphorus changec
into other forms, which accumulate in
the surface layers and the clay fraction
of the soil.
. The original source of most of the
inorganic phosphorus is the apatite
group of minerals. These forms tend to
disappear as weathering proceeds and
the soil becomes more acid. The con-
tent of iron phosphate and aluminum
phosphate increases because they are
more stable under acid conditions.
The clay minerals and hydrous oxides
of iron and aluminum, which result
from weathering, can adsorb phos-
phorus on their surfaces. Thus the
phosphorus content of the clay fraction
increases with weathering unless clay
is lost by erosion. The exact nature of
the phosphorus associated with the
clay fraction is unidentified, but it is
probably in iron, calcium, and alu-
minum phosphates that are present as
tiny particles.

The amount of organic phosphorus
increases as the organic nitrogen in-
creases. Soil micro-organisms change
the organic phosphorus to inorganic
phosphorus at a faster rate as the soil
pH increases. Therefore the amount of
organic phosphorus tends to be larger
in acid soils than in alkaline soils. Or-
ganic phosphorus occurs in soils as
inositol hexaphosphate, other inositol
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phosphates, phospholipids, and uni-
dentified compounds.

Phosphorus applied to soil as ferti-
lizer is changed into forms similar in
some respects to the native forms
already present. A characteristic fea-
ture of soil phosphorus is its low solu-
bility in water or the soil solution.

Acid soils contain a large excess of
iron and aluminum. Alkaline and cal-
careous soils contain calcium. All three
readily combine with water-soluble
phosphates (such as superphosphate)
and convert them into sparingly solu-
ble forms.

The process of changing soluble
phosphates into less soluble phosphates
in soils is called fixation, or reversion.
The nature of fixation may affect the
efficiency of the phosphorus fertilizers
differently on different types of soil.

Hydrated iron and aluminum oxides
in acid soils are known to adsorb solu-
ble phosphorus from fertilizers to form
iron and aluminum phosphates. The
amounts of hydrated aluminum and
iron oxides in soils increase in general
as the weathering processes continue,
It is highest in regions of high tem-
perature and rainfall (where kaolin-
ite is the dominant clay mineral) and
lowest in regions of low rainfall.

Acid soils with their higher content
of hydrous oxides will fix phosphate to
a greater extent than alkaline soils of
similar texture. Within a group of acid
or alkaline soils, the fixed phosphorus
is less available on clay loams than on
sandy loams, because of their higher
clay mineral content. The amount of
phosphorus adsorbed by a given soil
series of varying textures is related
closely to the surface area of the soil
particles.

D1rFERENGES in the solubility of fixed
forms of phosphorus result from differ-
ences in the pH of the soil at the time
the fertilizer is applied.

Iron and aluminum phosphates are
least soluble at pH 4. Their solubility
increases as the pH increases from 4 to
8.5.]J. F. Fudge, at the Alabama Agri-
cultural Experiment Station, found
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that liming an acid soil to pH 6.3 in-
creased tenfold the phosphorus concen-
tration of the displaced soil solution.

The calcium phosphates begin to
form around pH 6. Their solubility
decreases as the pH increascs to about
47.5. In the presence of excess calcium
carbonate, the solubility of the calcium
phosphates incrcases between pH 4.5
and g. This effect of pH holds true for
the native and fixed forms of phos-
phorus. The availability is at a maxi-
mum in the pH range 6.5 to %. As the
pH increases from 4 to 8.5 in alkaline
soils, the availability of phosphorus
again drops. This may be due to a
change in the rate or capacity of the
roots to adsorb phosphorus or to a
decrease in the concentration of the
H,PO, ion.

In neutral, alkaline, and calcareous
soils, soluble phosphorus from fertilizers
reacts with exchangeable calcium ions,
soluble calcium salts, and calcium car-
bonate to form slightly soluble calcium
phosphates. The form of calcium phos-
phate that appears first may be dical-
cium phosphate, but this form is un-
stable in the presence of excess calcium
ions and changesinto hydroxyapatite or
similar calcium phosphates. A calcium
fluorphosphate has been found on the
surface of large limestone particles in a
soil that had been limed and then treat-
ed with superphosphate for many years.

A MAJOR PROBLEM of concern to the
farmer involves the availability of the
native and fixed forms of phosphorus
to plants and the soil-management
practices that can be followed to get
the maximum benefit from fertilizer.

The availability of the soil phospho-
rus depends primarily on its degrec of
water solubility, since the plant obtains
its phosphorus from the soil solution.
Repeated restoration of the water-
soluble phosphorus is neccssary to meet
the phosphorus requirements of the
plant.

One has a clearer idea of the relation
of forms of soil phosphorus to their
availability if he knows how the plant
gets its phosphorus from the soil.
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The immediate source is the phos-
phorus dissolved in the soil water or
solution. At least three events occur as
the plant grows and absorbs phos-
phorus from this soil solution.

First, the amount or concentration of
phosphorus in the soil solution imme-
diately around the root drops. The
amount of phosphorus in the soil solu-
tion is insufficient to meet the needs of
the plant.

Second, the solid-phase phosphorus
in contact with the soil solution enters
the soil solution to replace the phos-
phorus absorbed by the root.

Third, the root grows into fresh areas
of soil solution, repeating processes one
and two.

Organic phosphorus, converted to
inorganic form by microbial action,
also acts as a source of supply to renew
the soil solution phosphorus. If the
concentration of phosphorus in the soil
solutionis too low or the rate of renewal
from the solid-phase phosphorus is too
slow, plant growth is retarded. Under
these circumstances, a farmer could
expect an increase in yield and quality
of his crop from the application of
phosphate fertilizer.

During periods of rapid growth, the
phosphorus in the soil solution may
be renewed from the solid phase 10
times or more a day in fertile soils. If
the level of restoration is too low to
maintain the phosphorus concentration
neceded for optimum growth, yields
will be lower.

Plant growth usually brings about a
reduced concentration of phosphorus
in the soil solution. Very fertile soils
heavily fertilized for many years may
not show a perceptible change in solu-
tion phosphorus concentration from
the growth of one or two crops, but
they will follow the same pattern sub-
sequently.

The addition of a water-soluble phos-
phate fertilizer or manure usually in-
creases the concentration of the soil so-
lution phosphorus. Recommendations
for phosphate fertilization and soil-
management practices that affect the
phosphorus fertility levels of soils are
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designed to attain the optimum con-
centration of soil solution phosphorus,
but this level is not known for all soils
and crops.

The solubility of fixed forms of phos-
phorus increases after a water-soluble
phosphate fertilizer is added and drops
as a result of crop removal, aging, and
weathering processes. The changes in
solubility of fixed forms because of
aging and weathering are ascribed to
drying and crystal growth.

Dehydration—loss of water—causes
a decline in the solubility of the fixed
forms. Small crystals are less stable
than large crystals; by growing, the
crystals become less soluble.

Also, as mixing occurs upon cultiva-
tion and plowing, the fixed forms are
exposed to fresh soil surfaces that have
lower amounts of fixed forms per unit
volume of soil. These fresh surfaces
contain the metal ions, which react
with soluble phosphorus and thereby
further lower the solubility of the fixed
forms. The decreases cause a gradual
decline in the availability of phospho-
rus. This decline in availability gen-
erally is most rapid on soils in which
the fixed phosphorus is in the least
soluble forms.

An important difference between
the native and the fixed forms of phos-
phorus in soils is the relative size of
the particles. Native forms occur
mainly as larger particles than the
fixed forms. A greater percentage of
the total phosphorus in fixed forms is
in contact with the soil solution where
it can replace the phosphorus removed
by plants. An example: Some old rota-
tion plots on calcareous soils had re-
ceived superphosphate or manure for
39 years. About g0 percent of the
residual or fixed forms but only 2 per-
cent of the native forms were available
to plants.

The smaller particle size or larger
surface area of the fixed forms of phos-
phorus is to be expected, since the
hydrated oxides and clay minerals that
react with the phosphate fertilizer are
also present as finc particles of col-
loidal size. The adsorbed phosphorus
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appears to remain on the surface of the
individual soil particles and therefore
continues in a fine state of subdivision.

Some organic substances modify the
adsorption of phosphorus by soils. The
decomposition of crop residues and soil
organic matter releases various or-
ganic acids, such as isocitric acid and
tartaric acid, which react with iron
and aluminum to form soluble, com-
plex, mectal-organic ions. These com-
plex ions have but slight tendency to
combine with phosphorus.

Other decomposition products, not
well defined, may be adsorbed on the
same sites that could hold the phos-
phorus and thereby prevent phospho-
rus from being adsorbed. These effects
of organic matter modify the reaction
of fertilizer phosphorus with the soil.

Organic matter from manure and
crop residues increases the availability
of both native and fixed phosphorus.
But there are temporary periods when
phosphorus availability may drop dur-
ing stages of rapid microbial growth.
The phosphorus becomes bound in
various organic compounds within the
bodies of the micro-organisms, but
most of this phosphorus is released in
time as inorganic phosphorus, which
is available for plant growth. The crop
residues low in phosphorus and high
in carbon, such as straw, are most
likely to decompose and immobilize
some phosphorus for a time.

The rate of mineralization of organic
phosphorus increases as liming raises
the pH. This effect probably is asso-
ciated with several factors—the activ-
ity of the micro-organisms increases,
the iron and aluminum oxides become
less active in adsorbing organic phos-
phorus, and the grcater amount of
roots and crop residues supplics more
energy material for the organisms.

Conserving organic matter and add-
ing fresh crop residues affect phosphate
availability. Organic matter increases
the availability of phosphorus of both
fixed and native forms. Mixing super-
phosphate with manure before it is
put on the soil makes the superphos-
phate more efficient.
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The total available supply of phos-
phorus depends on the plants and the
chemistry of soil phosphorus. Maxi-
mum benefits from maintaining a high
phosphate fertility level are not real-

ized unless other nutrients are supplied

at proper levels.

Many experiments show that only
with adequate levels of nitrogen and
potassium will the plant utilize high
levels of available phosphorus.

L. C. Dumenil and J. Hanway, at
the Iowa Agricultural Experiment Sta-
tion, found no effect of phosphorus
alone on corn yields, but phosphorus
increased the yield 10.2 bushels when
nitrogen was added. Phosphorus in-
creased the yield 23 bushels when both
nitrogen and potassium were applied.

THae PH oF THE so1L affects the root
system and its capacity to absorb other
nutrients.

If the pH of the soil is more than 8,
the plant may be unable to absorb
enough iron, zinc, and manganese,
~ even though the availability of phos-
phorus is high.

When the pH is below 5, the concen-
trations of manganese and aluminum
may be large enough to be toxic to the
plant, and molybdenum becomes de-
ficient in some soils. Liming these soils
may lower the toxicity of aluminum
and manganese and increase the avail-
ability of molybdenum and phospho-
rus. In such cases, the beneficial effect
of liming cannot be attributed only to
an increase in the availability of phos-
phorus.

A significant factor of plant behavior
with respect to the availability of fixed
phosphorus is the relatively high need
for phosphorus in the early stages of
growth. Curves of growth and total
phosphorus uptake usually show that
50 percent of the total plant phos-
phorus is absorbed when only 20 per-
cent of the total growth has occurred.
The smaller root system during the
period of early growth and competi-
tion for available phosphorus by micro-
organisms explain the need for large
supplies of available phosphorus in the
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early stages of growth. These factors
favor annual applications of soluble
phosphorus fertilizers at planting time
for annual crops.

SpEciES OF pLANTS differ markedly
in their capacity to absorb soil and
fertilizer phosphorus. At Beltsville, Md.,
phosphorus from phosphate rock was
found to be most available to buck-
wheat. Legumes (alfalfa, crotalaria,
and Ladino clover) extracted more
phosphorus from phosphate rock than
grasses (orchardgrass, bromegrass, per-
ennial ryegrass, millet, and oats).

One explanation for these differences
in uptake is that plants vary in their
capacity to absorb cations, such as cal-
cium, from the soil solution. A lower-
ing of the calcium content of the soil
solution increases the solubility of
phosphorus. A plant with a high ca-
pacity to adsorb calcium on its root
surfaces, such as buckwheat and the
legumes, reduces the calcium concen-
tration in the soil solution more than
does a plant with a low capacity, such
as oats. Therefore the buckwheat ab-
sorbs more phosphorus than oats be-
cause of the higher solubility of the
phosphorus in the soil solution.

Another explanation is that plant
roots release carbon dioxide to the soil
solution. Carbon . dioxide lowers the
pH and increases the solubility of cal-
cium phosphate. More carbon dioxide
is given off by roots of a high exchange
capacity than by roots with a low
exchange capacity. This mechanism
could also explain the relative differ-
ences between buckwheat and oats. It
would be least effective on iron phos-
phate and aluminum phosphate or
acid soils generally and most effective
on calcium phosphates.

Crops with a low capacity to absorb
the relatively insoluble calcium phos-
phates should benefit if they follow a
crop with a high capacity. Planting
pasture mixtures that combine these
two types of crops may make it possi-
ble for the species with a low capacity
to absorb these phosphates.

M. Drake and J. E. Steckel, of the
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Massachusetts Agricultural Experi-
ment Station, reported that oats grown
in association with red clover gained
32 percent in yield and 62 percent in
total phosphorus uptake compared to
oats alone.

PLACING THE FERTILIZER in bands
reduces soil contact and increases the
phosphorus concentration in a small
area. The proportion of the added
phosphorus fixed in the more unavail-
able forms is greater when the ferti-
lizer is broadcast and mixed with the
whole mass of acid soils.

Band placement of phosphorus ferti-
lizer greatly increases the availability
of the phosphorus in acid soils. In
alkaline or calcareous soils, placement
and thorough mixing with the soil
lead to about the same results, except
possibly with potatoes. .

The time phosphate fertilizer is ap-
plied is more important on acid soils
than on calcareous soils. The major
change in solubility of concentrated
superphosphate occurs within 2 or g
days after mixing.

Water-soluble phosphorus diffuses
away from a fertilizer particle through
the soil a distance of about 1 inch; then
its movement becomes very slow.
Within this small zone around the
fertilizer particle, water-soluble phos-
phorus in the soil increases. Any mix-
ing from cultivation or plowing, how-
cver, will expose the phosphate-rich
soil around the fertilizer particle to soil
capable of adsorbing more phosphorus,
with the result that the phosphorus
will transfer to other soil surfaces.
The greater the adsorption capacity
for phosphorus, the more significant
the reduction in solubility will be.

Farmers with acid soils usually get
best results by applying phosphorus at
planting time, but farmers with alka-
line or calcareous soils may satisfac-
torily apply the phosphorus several
months before planting.

The availability of soil phosphorus is
also affected by the available moisture
supply. J. L. Haddock observed at the
Utah Agricultural Experiment Station
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that conditions of soil moisture were
as important in making phosphorus
available to sugar beets as cither phos-
phorus applications or placement.

Drying tends to make phosphorus
less available. That may be due to a
drop in amount of phosphorus in solu-~
tion or to other factors associated with
root activity and the production of
carbon dioxide. The effects of soil mois-
ture on phosphorus availability em-
phasize the importance of maintaining
high rates of water infiltration and of
reducing evaporation losses on non-
irrigated soils subject to drought.

Less than 20 percent of the applied
phosphorus is utilized by the crop the
year of application. When a farmer
follows a practice of applying phos-
phate as inorganic fertilizer or manures
to his soil each year, or even every 2
or g years, the amount of phosphorus
the crop removes is usually less than
the amount of phosphorus added.

Residual phosphate accumulates in
the soil, with the result that the plant-
available phosphorus level increases.

In several areas intensively farmed
or devoted to large cash crops, phos-
phate fertilization has been so high
that the soils no longer respond very
much to applications of phosphate.
This phosphate fertilizer probably
could be utilized more efficiently on
soils on which chemical tests show low
values for extractable phosphorus.

If the level of available phosphorus
is low, as indicated by a soil test for
extractable phosphorus or by plant
response to applied phosphorus, a
large application is needed to bring
the available phosphorus level within
a suitable range.

In high-fixing acid soils, the residual
or carryover effects of phosphorus for
a second crop usually are small, unless
the soil has been fertilized for many
years. At the start of a phosphate fer-
tilization program, therefore, the rate
may have to be high, and annual ap-
plications may be necessary. As the
residual phosphorus gradually accu-
mulates in the soil, the rate and fre-
quency of application may be reduced.
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Soil Potassium
and Fertility

R. F. Reitemeier

Plants need large amounts of
potassium, one of the three
major fertilizer elements. It
is supplied to roots by natural
sources in the soil and by fer-
tilizers, manures, and mulches.

Our soils, cxcept acid sandy soils and
organic soils, such as peat and muck,
usually have high contents of potas-
sium—often 2 to g percent in the sur-
face foot. The total potassium content
of our soils gencrally incrcases from
cast to west; that is, in the direction of
less severe soil weathering. The con-
tent tends to increase from south to
north in the eastern half of the country.

Potassium (K) is a silvery-white, soft,
highly reactive metal, much like so-
dium. In nature it does not occur in a
frce metallic state but is combined in
many compounds and minerals. It is
found in all living matter, and its salts
are used as fertilizers. The term “pot-
ash® originally was used for K,CO,
(potassium carbonate), produced in
the burning of plants, but commonly is
applied also to KOH (caustic potash)
and to potassium salts such as KCI
(muriate of potash) and K,SO, (sul-
fate of potash). In fertilizer and soil
analyses, however, potash signifies the
hypothetical potassium oxide, K,O.

Soil potassium exists in a number of
forms. Onc form is soluble in water.
Some forms are insoluble even in
strong acids. Others are of intermedi-
ate solubility. Most soil potassium is
not available to plants cven after years
of cropping.

A largc proportion of it is in primary
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high-potassium minerals in the silt and
sand fractions. These minerals include
two micas (muscovite and biotite) and
two feldspars (orthoclase and micro-
clinc). The minerals in soils of arid
regions are relatively unweathered and
therefore are effective suppliers of
potassium to plants. Biotite scems to
decompose most readily. It can be an
important source of potassium for
crops in tropical soils when tempera-
ture and moisture are high.

Many soils also contain potassium-
bearing, clay-size minerals, the hy-
drous micas or illites, which have less
potassium and more water than the
primary micas. Because of their smaller
size, which gives them a greater ex-
posed surface arca, some forms of illite
effectively supply potassium. The high
potassium-supplying power of some
soils in the Corn Belt is attributed to
this source.

Such clay minerals as illite, mont-
morillonite, vermiculite, and kaolinite,
and soil organic matter have cation-
exchange capacity—that is, the ability
to retain on their surfaces cations that
can be replaced rapidly by other cat-
ions. Potassium ions often constitute
from 1 to g percent of the exchangeable
cations in the soil.

Exchangeable potassium is the im-
portant reservoir of readily available
potassium. It may be derived from
potassium-bearing minerals or from
fertilizers, other soil additives, or crop
residucs. It generally represents only
a small part of the total potassium. For
example, in a soil containing 40 thou-
sand pounds of potassium (to convert
to potash, K,O, multiply by 1.2) an
acre at plow depth, the exchangeable
potassium might be 400 pounds; that
is, 1 percent of the total.

In turn, the soluble potassium that is
free to move with the soil water
amounts to a small fraction of the ex-
changeable quantity, about 1 to 5 per-
cent. The soluble and exchangeable
forms are in equilibrium with each
other. A reduction of the soluble form
by crop removal or leaching is followed
instantly by a transfer from the ex-
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changeable form so as to maintain the
equilibrium relationship.

When a soluble potassium salt is
added to the soil, a transfer occurs in
the opposite direction, from solution to
exchange surfaces, and the equilibrium
is reestablished rapidly at a higher
available potassium level. Because of
this relationship, no distinction is made
between soluble and exchangeable
forms in the usual dectermination of
exchangeable potassium by salt or acid
extractions or other methods.

When a soluble potassium fertilizer,
such as muriate of potash, is applied to
some soils that contain expandable lat-
tice clay minerals (like montmorillon-
ite and vermiculite and some forms of
illite) a substantial part of it may be
converted into a form which is not
readily available. Drying appears nec-
essary for this fixation by montmoril-
lonite, but not by illite. G. Brown, of
the Rothamsted Experimental Station,
in England, has named a potassium-
fixing form of illite in Irish soils “de-
grading illite.”

Fixation and release in these minerals
are viewed as the comparatively slow
entry and exit of potassium ions within
the layers of cations located between
silica layers of the lattice. When a large
fraction of these cation sites is occu-
pied by potassium ions, the lattice is
contracted. The degree of subsequent
availability of the fixed potassium de-
pends on such factors as the kind of
crop, type of mineral, moisture con-
tent, and the levels of exchangeable
potassium, calcium, and hydrogen.

The illite of some river sediment soils
in the Netherlands, named “ammer-
sooite” by J. Temme and H. W. van
der Marel, fixes fertilizer potassium so
firmly that potatoes and clover cannot
be grown successfully without ex-
tremely high potash applications, al-
though sugar beets, oats, barley, and
wheat yield satisfactorily.

Fixed potassium should not be con-
sidered as a total loss but as an addi-
tion to the reserve supply forms, which
helps to reduce leaching and luxury
consumption of soluble and exchange-
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able forms. Its availability generally is
intermediate betwcen that of exchange-
able and natural nonexchangeable
forms. In the case of illites, fixation
may be regarded as the restoration
of potassium previously lost from the
crystal lattice by weathering, leaching,
and cropping.

Another equilibrium exists between
exchangeable and clay lattice forms,
but this equilibrium is more sluggish
than that between soluble and ex-
changeable forms. The overall equilib-
rium may be represented as follows:
Soluble == Exchangeable = Lattice
(fixed; illitic).

The time required for equilibrium
to be established between each pair of
forms increases from left to right. An
increase of soluble potassium, as from
a fertilizer application, results in a
movement of some potassium to the
right, and a decrease, as from crop-
ping, in a movement to the left.

The release of the nonexchangeable
forms to the more readily available
exchangeable and soluble forms has
been increased by cropping, freezing
and thawing, liming, and drying.
Drying fixes potassium in some soils
if the readily available level is high
but releases it if the level is low.

The exchangeable form is never de-
pleted completely by cropping but it
often reaches a minimum level char-
acteristic of the soil and the cropping
situation. In soils containing all the
various forms, the exchangeable po-
tassium value is usually lowest at har-
vest time and highest in the spring
before planting.

Other cations can affect some of the
forms of potassium.

When water is added to a soil, a
small fraction of the exchangeable po-
tassium changes to the soluble form
because of replacement by calcium
and magnesium ions originally in solu-
tion. During a drying period, some
soluble potassium replaces an equiva-
lent amount of calcium and magnesium
in the exchangeable forms.

Both the fixation and the release of
potassium in illite are favored by an
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increase in the exchangeable calcium
relative to exchangeable hydrogen,
which is the basic process in liming.
The incrcased calcium ions evidently
expand some of the clay mineral lat-
tice interlayers sufficiently to facilitate
the entry or exit of potassium ions.

Ammonium ions and hydrogen ions
(actually hydronium ions, H;O™") are
of about the same size as potassium
ions and therefore interfere and com-
pete with potassium in fixation and re-
lease reactions involving the inter-
layers of expandable lattice minerals.
Ammonium added to a soil containing
vermiculite, montmorillonite, or de-
grading illite thus may bccome fixed
and thereby decrease the fixation of
subsequently added potassium. The
converse would occur where the po-
tassium was applied first.

LossES OF SOIL POTASSIUM occur
in cropping, leaching, and erosion.

Soils that cannot supply significant
amounts of natural and fixed non-
exchangeable potassium (such as or-
ganic soils; acid, coarse-textured soils;
and acid soils that do not contain
illites) have no reservoir of reserve po-
tassium to maintain the exchangeable
form at a moderate or high level. Po-
tassium removed from such soils by
cropping must be replaced frequently
by potassium in fertilizers.

Exchangcable potassium is subject
to leaching with water by exchange
with hydrogen and othcer cations, and
leaching losses in permeable soils in
humid regions must bc replaced. If
clay is abundant in the subsoil, potas-
sium leached from the surface soil may
become concentrated there in ex-
changeable and fixed forms. Erosion
of surface soil in extrcme cases may
cause an appreciable loss of available
potassium by the removal of fertilizer
particles and of soil particles and or-
ganic matter that have high exchange-
able potassium content. Because the
total content of potassium usually does
not vary abruptly with depth, erosion
does not alter appreciably the total
potassium of the surface soil.
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Crops remove large amounts of
potassium from soil, as compared with
other nutrients except nitrogen and
calcium. The actual amounts are
affected by the species, variety, and
size of plant and by such factors as
level of available potassium, supplies
of other elements, soil moisture, soil
aeration, and tempcrature. The potas-
sium contents needed for average to
good acre yields therefore should be
regarded only as approximate needs.

The grain portion of barley, oats,
and wheat crops contains about 10
pounds. The straw contains about
30 pounds. Corn grain contains 15
pounds and the stover about 50
pounds. The aboveground part of a
cotton crop may have a content of 40
pounds, of which about one-third is in
the lint and seed. Various grasses con-
tain 25 to 50 pounds. Alfalfa and
sweetclover contain 100 to 150 pounds,
and other legumes 50 to %5 pounds.
Potatoes contain 150 pounds, 100
pounds in the tubers and 50 pounds in
the vines. A 15-ton crop of celery may
contain 200 pounds of potassium.

When a high supply of readily avail-
able potassium is present and other
growth conditions are favorable, the
uptake by crops may far exceed aver-
age requirements. That may result
from an increase in the size of the
plants and from the luxury consump-
tion of potassium.

Annual crops do not take up potas-
sium at a constant rate but approxi-
mately according to the size of the
plant at each stage.

In experiments with potatoes at the
Virginia Truck Experiment Station,
R. L. Carolus learned that during the
8th week of growth the crop absorbed
about 1 pound of potassium an acre a
day but absorbed 4 pounds a day
between the 1oth and 12th weeks.
The potassium supply during the
period of greatest growth should be
enough to mect a high rate of demand.

Plant roots readily absorb soluble
and exchangeable potassium, as must
be obvious from the high potassium
requirements of some annual crops.
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Potassium apparently enters the root
cells in combination with the organic
compounds produced in metabolic
processes within the plant. Once inside
the roots, the potassium evidently
reverts to an ionic form and can move
rapidly through the plant. Although it
is retained moderately tightly by
living cells, it does not become perma-
nently combined in organic molecules
or structural components and is easily
removed at the death of the cell.
During the time that seeds, fruits,
and nuts develop, potassium moves to
them from the leaves. Cereal plants
normally appear even to lose a portion
of their potassium to the soil as they
approach maturity. Appreciable frac-
tions of the potassium content of plants
are lost sometimes by the leaching of
potassium from the leaves by rain.
This high mobility has hindered the
determination of the essential functions
of potassium in the growth of plants.

PorassiuM IS NECESSARY for several
basic physiological functions—the for-
mation of sugars and starch and their
movement between different parts of
the plant, the synthesis of proteins,
normal cell division and growth, and
the neutralization of organic acids.

Potassium also assists different plants
in a number of more specialized ways.
It enhances the size, flavor, and color
of some fruits and vegetables. It in-
creases the resistance of some plants
to particular diseases. Potassium im-
proves the rigidity of straw and stalks,
so there is less lodging. It increases the
oil content of oil-bearing seeds. It helps
overcome influences of adverse weath-
er, such as low soil moisture and low
temperature, and of poor physical soil
conditions, such as compaction and
inadequate aeration.

You may not be able to notice any
deficiency effects in plants that have
moderately inadequate levels of potas-
sium because the usual symptom of
this degree of deficiency is a general
reduction in growth. That is not easy
to detect unless you compare the size
of the plants with that of others that
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are growing in a similar place and are
getting enough potassium. Further-
more, this is a general deficiency symp-
tom for many nutrients. Analyses and
tests of the soil and plant may reveal a
potassium deficiency.

The onset of characteristic visual
symptoms, which significs a more se-
vere deficiency, means that production
has already been seriously impaired.
The application then of fertilizer po-
tassium cannot overcome the damage
already incurred, especially in annual
quick-growing crops.

If legumes, such as clovers and alfal-
fa, and grasses are growing together, a
shortage of potassium may lead to the
reduction or disappearance of the
legume without the oceurrence of any
severe deficiency symptoms. Grasses
and weeds can thrive at levels of avail-
able soil potassium that arc inadequate
for forage legumes.

The general leaf pattern when po-
tassium is low begins with a yellowing
of the tips and edges. The yellow area
then gets broader. The tissucs at the
edges and later the entire leaf die as
the deficiency bccomes more severe.
These symptoms appear first in the
older leaves and later in the younger
leaves, because in line with the general
tendency of potassium to concentrate
in the rapidly growing tissues it moves
from the older leaves (at their expcnse)
to the younger leaves.

At first, in clover and alfalfa you
usually see small, white spots around
the edges of the leaf. As the deficiency
worsens, the spots become more nu-
merous, the edges and entire leaf turn
yellow, the edges are scorched, and
the older leaves drop.

Incorn, the tips of the olderleaves first
become yellow. Streaks of yellow run
lengthwise through the leaves. The
edges become scorched. The stalks are
weak and short. The ears are small,
poorly filled, and chafly at the tip.

A deficiency symptom in cotton,
known as cotton rust, first appears as
yellowish, mottled margins of the leaf
and yellow spots between the veins.
They finally merge to make a dry,
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curled, reddish-brown leaf, which drops
prematurely. Unopened and partly
opened bolls containing cotton of poor
quality result from this extreme defi-
ciency of potassium.

THE suppLy of potassium to plants
often affects and is affected by the
level of other nutrients.

In soils containing expandable lat-
tice clay minerals, an increase in ex-
changeable calcium sometimes causes
the fixation or release of nonexchange-
able potassium, depending on whether
the exchangeable potassium level is
relatively high or low. Under the con-
dition of very high soluble or ex-
changeable calcium and very low
exchangeable potassium, the calcium
may depress the immediate supply of
potassium to plants. That appears
typical also of some calcarcous soils.

But normally within a wide range of
saturation of the cation-exchange ca-
pacity with calcium, the calcium has
only a minor effect on the uptake of
exchangeable potassium. Actually an
increase in the exchangeable potassium
level may reduce the uptake of calcium
or magnesium and cause the lux-
ury consumption of potassium, even
though the absolute potassium level is
very low relative to the level of the
other two cations, as is customary.
Such an effect has been observed in
alfalfa, clover, tomatoes, apples, and
prunes.

The usual effects of nitrogen and
phosphorus, the other two major fer-
tilizer nutrients, are associated with
nutrient balance in the plant. If the
supply of nitrogen and phosphorus is
high relative to that of potassium,
growth may be rapid at first, but the
potassium concentration in the plant
may become reduced to a deficiency
level. Thus, even though the total
potassium uptake by the plant may be
increased by the high nitrogen and
phosphorus levels, additions of potas-
sium to the soil would be necessary to
maintain the nutrient balance re-
quired for rapid, continued growth.
In situations of high available potas-
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sium level and low nitrogen or phos-
phorus supply, luxury consumption of
potassium is to be expected.

SopIUM 1S NOT CONSIDERED to be an
essential plant nutrient, but some
plants (for ecxample, beets, celery,
turnips, and cabbage) require it for
maximum production even in the
presence of ample potassium.

Another group of plants, including
barley, oats, wheat, cotton, tomatoes,
asparagus, and alfalfa, respond to
sodium when the potassium supply is
inadequate.

A third large group of crops respond
to sodium slightly or not at all at any
potassium level. Among them are corn,
rye, potatoes, lettuce, and soybeans.
Sodium or potassium generally will
depress the uptake of the other cation,
but the results of this mutual relation-
ship in any particular situation will
depend on the levels of available so-
dium and potassium and the relative
ease of absorption of the two cations
by the plant.

THE EFFICIENT MANAGEMENT of soil
with respect to potassium must be
based on a number of soil-manage-
ment factors: The kind of crop, the
rotation system, the livestock-manage-
ment system, the nature of the soil, the
liming and fertilizer practices, and the
weather.

Satisfying the potassium require-
ments of a cropping system should be
based first on the natural potassium-
supplying ability of the soil. In this
regard soils range from organic and
acid sandy soils (which cannot be de-
pended on for any natural reserve sup-
ply) to clay soils that contain large
amounts of relatively unweathered po-
tassium minerals, which do not have to
be supplemented by potash fertilizer.

Soils having little or no reserve po-
tassium supply and low cation-ex-
change capacities require the frequent
additions of small or moderate amounts
of potassium. Large single applications
to such soils may result in higher losses
through leaching and unbalanced nu-
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trient relations in the crop through
luxury consumption. Leaching losses
from rain can be scrious in winter-
fallowed soil of regions in which win-
ters are warm. A wintcr cover crop
reduces this loss. The continued re-
moval of hay crops, however, severely
depletes the soil potassium, and it must
be increased by adding potash.

When rotations include row crops
that respond markedly to potash (for
cxample, cotton, tobacco, and pota-
toes), a potash application should be
made to these crops at planting time,
Excessive rains after planting may
make additional applications necessary
to replace leaching losses.

Legume crops that are removed from
the land severely lower the available
potassium level of soils. Liming of acid
soils improves various growth condi-
tions and thereby increases potassium
requirements of legumes, but it also
reduces the leaching of potassium. In
a study at the North Carolina Agri-
cultural Experiment Station, Adolph
Mehlich found that even clay subsoils
would not retain potassium effectively
until they were limed.

If sodium is applied to the soil, either
as sodium nitrate or as a treatment for
a sodium-responsive crop, the extent
of the substitution of this cation for
potassium should be considered in
estimating potash applications.

Loams and clays containing an abun-
dance of illitic clay minerals or un-
weathered primary potassium minerals
can be expected to supply from a
moderate fraction to all of the potas-
sium required for a cropping system.
Younger soils in this group can be
cropped for many years before ferti-
lizer potash has to be included in the
soil-management program. The exact
length of time, of course, depends on
the amount of potassium in crops re-
moved from the land and on other
losses from the soil.

IN A SOIL-PASTURE-LIVESTOCK man-
agement system on such soils, the potas-
sium cycle would be as follows: Min-
eral, to exchangeable, to soluble, to
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plant, to animal, to manure, to soluble,

to exchangeable, to mineral (fixed).
After the forage plants have absorbed
soluble soil potassium which has been
replaced from the exchangeable form
and released earlier from mineral lat-
tice forms, the pastured animals con-
sume it during their feeding. A large
fraction of it is rcturned to the soil in
the animal manure, some of which be-
comes, in turn, soluble, exchangeable,
and finally fixed in mineral lattices.
The main loss of potassium in this cycle
arises from the removal of the animals
and animal products from the land.

Byron T. Shaw, of the Department
of Agriculture, has estimated that in
such a system, 45 to go percent of the
potassium removed from the soil would
be returned to it. Other cropping and
livestock systems will conserve a small-
er fraction. If sheltered animals are fed
hay from the same farm, losses of po-
tassium may occur if the manure is
improperly conserved before it is ap-
plied to the soil.

If the straw of small grain and corn
crops is not removed from the land,
only about one-fourth of the potassium
in the crop is permanently lost from
the soil. The harvested portions of po-
tatoes, celery, other vegetable crops,
and tobacco contain much higher frac-
tions of the total crop potassium. Much
of the potassium in leaves of deciduous
fruit and nut trees that drop on the
ground eventually will return to avail-
able soil forms. In places where the
native potassium supply is inadequate
to replace losses, fertilizer potash must
be applied. In many soils, a fraction of
it will be fixed, and the availability of
the application to the current crop will
be lowered accordingly. This fixed
potassium will be slowly available in
the future, however, and so improve the
ability of the soil to supply potassium,

The determination of currently avail-
able potassium is made by a soil test or
by a plant tissue test. Information
about the reserve supply is obtained
from other laboratory measurements
and from the history and general
knowledge of the particular soil.
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Sulfur and
Soil Fertility

Howard V. Jordan and H. M. Reisenauer

Plants get sulfur from the soil,
rain and irrigation water, fer-
tilizers, insecticides, fungicides,
and the atmosphere.

Sulfur is essential to life. Many
plants use about as much sulfur as they
do phosphorus.

Sulfur (S) is a nonmetallic element
that occurs in several forms. The stable
form under ordinary conditions is a
pale-yellow, brittle, crystalline solid,
which burns with a blue flame to give
sulfur dioxide and combines with many
metals to form sulfides. Large amounts
are extracted in Texas and Louisiana.

Soil supplies of sulfur are so meager
in some places that deficiencies exist;
in other places supplies are very low.

Considerable sulfur—upwards of 40
pounds an acre, which is enough for
crops—is released in industrial areas
in the smoke of burning coal and car-
ried to the soil in rainwater.

Atmospheric sulfur, which is utilized
by plants, also is present in large
amounts in industrial areas.

Sulfur accretion from rainwater in
nonindustrial localitics may be only
about 4 pounds an acre a year, and
atmospheric sulfur is of little impor-
tance there.

All water used for irrigation in the
Western States contains dissolved sul-
fur-in a form usable by plants, but the
amount depends on how much water
is applied and its sulfur content.

Crop production has been main-
tained in some areas of potential sulfur
deficiency by the application of fer-
tilizers, in which sulfur may be only
an incidental component. The trend
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in the preparation of commercial fer-
tilizers is toward higher concentrations
of the major nutrients, and some or all
of the sulfur is being eliminated—a de-
velopment that may intensify the prob-
lem of supplying sulfur.

Some plants of the crucifer, or mus-
tard, family (cabbage, cauliflower,
kale, turnip, radish) and the lily family
(onions, asparagus, and many flower-
ing plants) have particularly high re-
quirements of sulfur. A 15-ton crop of
cabbage and a 20-ton crop of turnips
absorb on the order of 40 pounds of
sulfur an acre. A 15-ton crop of onions
takes up about 19 pounds.

Legumes, cotton, and tobacco utilize
rclatively large amounts, ranging from
20 pounds an acre for 4 tons of alfalfa
to about 15 pounds an acre for good
yields of the other crops.

Small grains, grasses, and corn are
less sensitive to sulfur. They require 10
pounds an acre or less.

The sulfur generally is well distrib-
uted through the plant.

It usually is absorbed from the soil
as the sulfate ion, in which form it is
readily mobile within the plant. The
sulfate form is converted in plant me-
tabolism to a reduced form, mainly
the sulfhydryl group.

Sulfur in plant compounds may be
reconverted to the sulfate form and re-
utilized in the formation of other sul-
fur-containing compounds in a differ-
ent part of the plant. Relatively large
amounts may be moved in this way—
from older tissues to newer tissues in
sulfur-deficient plants and into the
seed and fruit of maturing plants.

Sulfur may also enter the leaves as
sulfur dioxide from the atmosphere.

Sulfur is a constituent of all plant pro-
teins, some plant hormones, the mus-
tard-oil glycosides, and glutathionc.

The sulfur content of plant proteins
(in which sulfur occurs as the amino
acids, cystine and methionine) never
exceeds 2 percent. The amino acids are
important in animal nutrition and may
improve the quality of protein in flour
for bread making.

The plant hormones that contain’
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sulfur—thiamin and biotin—act as
plant growth regulators and also are
important in animal nutrition.

The mustard-oil glycosides impart
flavor to plants. Glutathione sup-
posedly is involved in plant respiration.

Sulfur appears to influence several
plant processes. Protein synthesis is
retarded in the sulfur-deficient plants,
and as a result amino acids and other
nitrogen-containing compounds may
accumulate in the tissues. Sulfur may
favor the development of nodules and
the subsequent nitrogen fixation by
legumes. Sulfur seems to be associated
with the formation of chlorophyll, as
shown by the yellow color of sulfur-
deficient plants. Anthocyanin pig-
ments develop in some plants that lack
sulfur, an indication that sulfur affects
carbohydrate metabolism.

SYMPTOMS OF SULFUR DEFICIENCY in
plants generally are like those of nitro-
gen deficiency. The plants are stunted
and are pale green to yellow in color.
Such chlorosis often is severe on the
older leaves, but on some plants,
notably citrus, tobacco, and cotton,
it is worst on new growth. In contrast
to the pattern for nitrogen deficiency,
the severely chlorotic leaves of sulfur-
deficient plants do not die back in
early stages of the deficiency and do
not show a characteristic pattern.

On some plants, like turnips, a
marked redness develops in the lower
leaves. It starts in the leaf veins and
gradually spreads to the interveinal
tissue as the deficiency gets worse.

Sulfur deficiencies in nonlegume
crops occur most commonly at high
levels of nitrogen fertilization. As the
organic matter of the surface soil de-
clines with continued cultivation, ni-
trogen deficiencies may develop in
crops; the responses to nitrogen fer-
tilization are readily demonstrated.

Because the soil organic matter is
the main store of both sulfur and nitro-
gen, however, sulfur released by the
decomposition of organic matter de-
clines in proportion to the decrease in
release of nitrogen. When all of the
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1. Places where responses of crops to applied sul-
Sur have been demonstrated by field experiments.

nitrogen available for use by a non-
legume crop is supplied from decom-
position of the soil organic matter, the
sulfur released at the same time is ade-
quate for crop needs. But if the supply
of soil nitrogen is supplemented with
heavy applications of sulfur-frece ni-
trogenous fertilizer, the amount of
nitrogen available for crop use may be
excessive in relation to the sulfur.

Under such high-nitrogen and low-
sulfur conditions, plant-growth proc-
esscs are disrupted, and plants develop
symptoms of sulfur deficiency. Some-
times total growth has been reduced
by fertilization with nitrogen alone,
whercas combined applications of ni-
trogen and sulfur have given the nor-
mal yield increases expected from the
nitrogen application.

Deficiencies of sulfur may result from

combined additions of nitrogen. ferti-

lizers and high-energy, low-sulfur or-
ganic materials. Then the available
sulfur is tied up by the resulting large
increase in the microbes in the soil.
This effect has been noted more com-
monly in grecnhouses than in experi-
ments in the field.

SuLFUR may be toxic to plants.

Sulfur dioxide in the atmosphere in
any sizable concentration kills plants.
The countrysidc near smelters some-
times is nearly denuded of vegetation.
Most species arc injured by exposure
for only an hour to air containing one
part in a million of sulfur dioxide. This
sort of atmospheric contamination has
been controlled somewhat in modern
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installations that discharge the gases
from high stacks or rccover the sulfur
at the point of discharge.

Plants also may suffer from high
concentrations of soluble sulfates in
the soil profile. Such conditions nor-
mally develop only in arid or semiarid
regions and in poorly drained soils.
Very likely this sensitivity comes about
because high concentrations of sulfate
tend to limit the uptake of calcium.

Most OF THE SULFUR in soils of
humid regions is in the organic fraction
and is high in the soils that accumulate
organic matter.

The supply is much less plentiful in
weathered soils. Thirteecn Chernozems
described in the Atlas of American Agri-
culture, Part III contain a mcan of 1,080
pounds of sulfur an acre in their A
horizon. Twelve Prairie (Brunizem)
soils contain a mean of 792 pounds,
and 43 Red-Yellow Podzolic soils
contain a mean of 420 pounds.

Total sulfur is more abundant in the
surface than in lower soil horizons.
In a number of soils in Ohio, the
depths at o0—6 inches, 6-12 inches,
12—18 inches, and 18-24 inches con-
tained 1,056, 830, 686, and 528 pounds
of total sulfur an acre, respectively.

The transformation of sulfur in the
soil organic matter into forms avail-
able for plant use is largely a microbial
process. If the soil is well aerated, the
organic sulfur is oxidized to sulfates,
which plants can use directly.

An interesting application is the use
of a commercial product that is forti-
fied with an efficient sulfur-oxidizing
microflora and sold as inoculated sul-
fur. Inoculation hastens the oxidation
process. Inoculated sulfur semetimes
is more eflective than the elemental
sulfur.

If the soil is waterlogged or if for
other reasons anacrobic conditions
prevail, the oxidation is retarded, and
even added sulfates may be reduced
to elemental sulfur, hydrogen sulfide,
or related products.

Sulfates are usable by plants and
are mobile within the soil profile.
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A study of sulfur supplies and re-
quirements for crops in the South-
eastern States was begun in 1953 by
the Department of Agriculture in co-
operation with 12 experiment stations
in the South and the Tennessee Valley
Authority. Sulfur cxtracted from soils
with sodium acetate-acetic acid solu-
tion is taken as a measure of available
sulfur. In the Southeast, particularly
in the light-textured soils of the
Coastal Plain, the distribution of this
extractable sulfur is almost the reverse
of that of total sulfur.

These Southcastern soils have a
unique pattern in distribution of ex-
tractable sulfur. Surface horizons typi-
cally contain g parts per million (6
pounds an acre) or less. A definite
accumulation occurs in some lower
horizons. This zone of accumulation
may occur at a depth of 6 inches or it
may be as much as g0 inches beneath
the surface. Concentrations as great as
280 parts per million (560 pounds an
acre) have been found in the zones.
The contrast with the distribution of
total sulfur is evident. The accumula-
tion zones arc correlated with horizons
having an increase in clay content, a
reduction of pH, or both.

Extractable sulfur, accumulated in
the lewer horizons, may be unavail-
able to shallow-rooted crops but may
be available to deep-rooted plants,
except in early stages of growth. Thus
cotton responded to sulfur in certain
soils in Alabama, but alfalfa and seri-
cea lespedeza did not. Seedling plants
often arc deficient in sulfur throughout
the Southeast; as their roots extend
into deeper horizons, however, the
deficiencies may disappear and yields
may be normal or nearly normal.

Deficiencies of sulfur may persist
throughout the growing season in the
Northwest—an indication that subsoil
accumulations of extractable sulfur do
not occur there. Sufficient research has
not becn completed to determine how
widely the pattern extends beyond the
Red-Yellow Podzolic group, however.

Additions of sulfur in rainwater may
be adequate for crop production in
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2. These charts show how increased a[)[)limtions
of nitrogen fertilizer to wheat in Washington in-
creased the requirement of the crop for sulfur. On
this Palouse silt loam, which is low in sulfur, appli-
cation of 1 pound of xuljur per acre increased wheat
yields up to 7 bushels per acre in 1954. The crop
yield was reduced in 1955 when nitrogen was ap-
Dlied alone, but it increased 11 bushels per acre with
both nitrogen and sulfur.

industrial areas, but they only supple-
ment the supplies in areas of potential
deficiency of sulfur.

Rainwater is said to add about 209
pounds of sulfur an acre annually ncar
Chicago, 127 pounds near Gary, Ind.,
and 40 to 60 pounds near smaller in-
dustrial centers. Even the smaller ad-
ditions are enough for normal crop
production.

In the Southeast, in the arca south of
the Virginia-Kentucky border and in
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areas away from industry, rainwater
has added only 5.4 pounds of sulfur an
acre a year. In six rural arcas in Ne-
braska, a 2-year study gave a corre-
sponding value of 6.2 pounds an acre
a year. An estimated 6 pounds of sulfur
an acre a year are added in precipita-
tion in Washington. Sulfur accretions
of this amount alleviate, but do not
end, deficiencies of sulfur if other
supplies are inadequate.

Additions of sulfur in the irrigation
water may be enough to supply the
total crop requirements. Western river
waters contain 6 pounds to 2 thousand
pounds of sulfur an acre-foot of water.
The average is 50 pounds. The sulfur
content of most rivers is lowest near
their source and increases as the flow
is supplemented with drainage water
from irrigation projects. In only a very
few areas in the West is sulfur fertiliza-
tion of irrigated crops required for the
maximum yields.

The sulfur content of well waters,
though highly variable, generally is
lower than that of river waters.

As to fertilizers, normal superphos-
phate contains about 11 percent of sul-
fur in the form of gypsum. Ammonium
sulfate contains about 24 percent, and
potassium sulfate about 16.5 percent.
The average mixed fertilizer sold in the
United States has about 7.5 percent.

In the Northwest, increases in yields
of alfalfa from applications of:super-
phosphate and potassium sulfate, for-
merly attributed to the primary con-
stituents of those fertilizers, were found
later to be largely responses to sulfur.

The equivalent of about 1.4 million
tons of sulfur was applied in primary
fertilizers in the United States in 1955.
Additions in secondary nutrient ferti-
lizers, liming materials, manures, and
miscellaneous items (including insecti-
cides and fungicides) brought the total
close to 2 million tons that year.

That total is large, but the additions
of sulfur from those sources were not
uniformly distributed and perhaps
were inadequate in some areas where
soils were deficient and rainfall and
irrigation water added little sulfur,
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Fertilizers that are essentially sulfur-
free have been used increasingly. Am-
monium nitrate, anhydrous ammonia,
urea, and ammonia solutions are ex-
amples among the nitrogen carriers.

The use of concentrated superphos-
phate and other phosphorus carriers
with little sulfur has been expanding.

We recommend that farmers in areas
of potential deficiency should have a
planned program of adding sulfur in-
stead of depending on incidental appli-
cations in ordinary fertilizer materials.

Losses of sulfur from soils are due
mainly to leaching, erosion, and re-
moval by crops.

Some sulfur is lost from soils of humid
regions in drainage water. Measured
losses from eight soil types in Illinois
maintained in fallow ranged from 1.5
to 57 pounds of sulfur an acre a year;
the average was 30 pounds. The larger
losses occurred from the more perme-
able and more fertile soils. Annual
losses from a Fayette silt loam with 10
percent slope in Wisconsin were ap-
proximately 1 pound an acre when
crops were grown and g pounds an
acre from uncropped soil.

The measurements in both States
were made in lysimeters that permitted
runoff and probably are fairly appli-
cable to sloping upland soils. Earlier
measurements, made in lysimeters that
did not permit runoff, were consider-
ably: higher. o

Sulfur-losses from erosion have been
estimated to average about 6 pounds
an acre.

The losses may deplete soil supplies
of sulfur, except perhaps in industrial
and irrigated areas where accretions
may exceed losses.

A balance sheet of the sulfur econ-
omy of soils and crops in the United
States would appraise these additions
and losses. It would be expected that
soils well supplied with organic matter
and occurring near industrial areas
would not at present need sulfur fer-
tilization. Requirements in such areas
may change, particularly if sulfur-free
fertilizers come into wide use or coal
is replaced as fuel.

IIT

Iron and
Soil Fertility

R. S. Holmes and J. C. Brown

Most soils contain an abun-
dance of total iron, which all
plants need, but many inter-
acting factors affect and limit
the iron that plants can use.

An accumulation of the heavy met-
als—copper, manganese, zinc, and
nickel—in relation to available iron
may induce iron deficiency in plants
in acid soils. '

Lime-containing soils, however, are
most apt to contain too little iron;
plants on such calcareous soils may
have an abnormal growth, which is
called lime-induced chlorosis. Its symp-
toms are yellow foliage, lack of vigor,
and unproductiveness. It is common
in the arid Intermountain and South-
western States.

A deficiency of iron exists in almost
every major fruit-growing area.

It is difficult to supply iron in a form
available to plants. Such soil amend-
ments as ammonium sulfate have been
used to furnish plant nutrients and at
the same time increase the soil acidity,
which affects iron solubility. Some new
compounds, called iron chelates, have
been found to correct many deficien-
cies of iron.

One of the functions of iron is to be
a catalyst in the production of chloro-
phyll, the green pigment in plants.

You can recognize iron deficiency
by looking at the new, growing leaves.
The tissue between the veins becomes
lighter in color than the veins. The
areas between the veins become yellow
as the deficiency advances. Only a
branch of a tree may be affected, or
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Fertilizers that are essentially sulfur-
free have been used increasingly. Am-
monium nitrate, anhydrous ammonia,
urea, and ammonia solutions are ex-
amples among the nitrogen carriers.

The use of concentrated superphos-
phate and other phosphorus carriers
with little sulfur has been expanding.

We recommend that farmers in areas
of potential deficiency should have a
planned program of adding sulfur in-
stead of depending on incidental appli-
cations in ordinary fertilizer materials.

Losses of sulfur from soils are due
mainly to leaching, erosion, and re-
moval by crops.

Some sulfur is lost from soils of humid
regions in drainage water. Measured
losses from eight soil types in Illinois
maintained in fallow ranged from 1.5
to 57 pounds of sulfur an acre a year;
the average was 30 pounds. The larger
losses occurred from the more perme-
able and more fertile soils. Annual
losses from a Fayette silt loam with 10
percent slope in Wisconsin were ap-
proximately 1 pound an acre when
crops were grown and g pounds an
acre from uncropped soil.

The measurements in both States
were made in lysimeters that permitted
runoff and probably are fairly appli-
cable to sloping upland soils. Earlier
measurements, made in lysimeters that
did not permit runoff, were consider-
ably: higher. o

Sulfur-losses from erosion have been
estimated to average about 6 pounds
an acre.

The losses may deplete soil supplies
of sulfur, except perhaps in industrial
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may exceed losses.

A balance sheet of the sulfur econ-
omy of soils and crops in the United
States would appraise these additions
and losses. It would be expected that
soils well supplied with organic matter
and occurring near industrial areas
would not at present need sulfur fer-
tilization. Requirements in such areas
may change, particularly if sulfur-free
fertilizers come into wide use or coal
is replaced as fuel.

IIT
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perhaps only a few trees in an orchard
are chlorotic. The entire tree in severe
cases is affected, plants lose part of
their leaves, and dieback results. If the
condition is not corrected, the plant
becomes unproductive and dies. Young
peach trees in some places cannot be
kept alive longer than 2 years because
of iron chlorosis.

The iron that is proportional to
chlorophyll in the plant is called active
iron. Enough active iron for normal
chlorophyll development can be pres-
entonly after a certain minimal amount
of residual iron is in the leaf. Active
iron affects the iron-porphyrin protein
complex, which acts as an oxygen
carrier, transporter of electrons, acti-
vator of oxygen, and decomposer of
hydrogen peroxide (Hy;O,). Iron be-
comes active biologically only when
it becomes a part of these complex
organic compounds. Factors that limit
the supply of iron to a plant limit the
life of the plant.

THE 1RON IN soILs of humid sections
comes from the weathering of many
iron-containing minerals of the parent
material of the soil.

Among the more common iron-bear-
ing primary minerals are hornblende,
biotite, and chlorite. The iron in those
minerals is largely in the ferrous state
(that is, a combining value of 2, such
as Fett O~). When they and other
minerals are weathered during soil
formation, most of the iron is changed
to the ferric state (that is, the combin-
ing value has been increased to §—
e. g., Fe;0O3) and forms different iron
compounds. The kind of parent ma-
terial and the conditions under which
it is weathered influence the distribu-
tion and kinds of iron compounds
formed in the soil.

We have two groups of conditions
under which the iron of the parent
material is most altered in the process
of soil formation.

Onc is when rainfall is high, tem-
perature is low, and an organic cover
has accumulated. In such conditions,
which prevail in much of the North-
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eastern States, a large part of the sodi-
um, potassium, calcium, and magne-
sium of the parent material is dissolved
and leached away and a more acid
residue is left in the top horizons of the
newly formed soil. A great deal of the
iron, in turn, becomes reduced and
dissolved and is transported to the
lower, less acid horizon, where it is
precipitated and forms new iron com-
pounds, such as iron hydrates, oxides,
and some organic iron complexes,
Those compounds vary in color and
case of solubility. The more hydrated
iron compounds are the most easily
dissolved and reduced (that is, oxygen
is removed) of all the inorganic iron
minerals. The organic iron in acid
soils is somewhat soluble in water, and
the iron in this form tends to be pro-
tected {rom oxidation-precipitation.

The other set of conditions occurs
when little organic cover has accumu-
lated, but rain is abundant and tem-
peratures are high. Such conditions
prevail in many tropical areas. Here
the more active base elements are also
removed, as in the first set of condi-
tions, and an acid material is formed,
accompanied by oxidation. The iron
is converted largely to hydrated ox-
ides, which are retained in place. Some
of the hydrated iron subsequently be-
comes dehydrated to Fe,Os.

Sizable amounts of the iron com-
pounds form coatings on clay, silt, and
sand particles in many soils. The coat-
ing may give them their color. The
colors of other soils are due to the
presence of the iron compounds as
such. For example, some soils have
various shades of red and reddish
brown or yellow and yellowish brown
because of the presence of hydrated
iron oxides.

Thus all manner of modifications
affect soil-forming processes. It is true,
however, that in almost all soils that
have developed enough to have clay
and nonclay components, the clay
fraction is several times higher in iron
than the nonclay part.

We can get a general idea of the total
iron content of many soils from an
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analysis of the soils and colloidal ma-
terial of go alluvial soil profiles in the
Mississippi River lowlands and 15 of
its major tributaries.

The percentages of Fe,O; in the
whole soil of the A horizons of these
profiles ranged from 1.8 to 6.5, with
an average of 3.9 percent. The per-
centages of Fe,O; in the colloidal or
clay material of the same soils ranged
from 7.7 to 12.6, with an average of
9.9 percent. The estimated iron con-
tent in the nonclay part of the soils was
0.7 to 2 percent. These soils may be
considcred as composite samples of the
various soil areas drained by the Mis-
sissippi River. Their iron content was
influenced by a yearly rainfall of go
to 60 inches.

Iron deficiency also occurs in acid
soils. Oftener than we think, iron may
be a limiting factor in the growing of
plants that prefer an acid soil—blue-
berry, cranberry, rhododendron, aza-
lea, and many others. Many of the
deficiencies can be corrected by in-
creasing the acidity in the soil by
using soil amendments, such as sulfur
or ammonium sulfate, or by supplying
a soluble iron chelate.

Iron chelates (which we define later)
have been used successfully in the
culture of blueberry, azalea, and some
other acid-preferring plants on soils
not acid enough to grow them well.

But asparagus, spinach, cucumbers,
squash, and many other plants do not
grow well on acid soils. We do not
know dcfinitely whether such plants
require a particular soil reaction or
other soil conditions that are affected
by the reaction. Until more is known
about this important question, the
selection of plants adapted to the soil
or the use of soil amendments to con-
trol the soil reaction is recommended.

Because the soils of the arid and
semiarid regions arc less weathered
and leached than those formed under
heavier rainfall, many of them are cal-
careous and alkaline in reaction. The
iron is less altered and is more uni-
formly distributed in the soil profile.
Rainwater in many places had little
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to do in soil development or formation
of profiles, except that it leached the
soluble salts from the surface soil.

Extensive areas of the arable soils
of the intermountain districts of the
United States, however, are alluvial
fans, lake terraces, stream terraces,
and hottom lands. Many of them show
some weathering in place and profile
development, but much of this ma-
terial, before its deposition, alrcady
had been partially disintegrated by
frost, wind, and water erosion. The
soils contain variable (but usually
small) amounts of organic matter.
Most of them are well supplied with
the inorganic clements, but because
of their alkaline nature the soluble iron
is low. Iron chlorosis often occurs in
some plant species. It is most serious
in the culture of fruits and orna-
mentals. It is less prevalent in certain
field crops. In fact, almost all the soils
west of 100° longitude are arid and
have problems of iron chlorosis when
some plants are grown.

THE soIL IRON available to plants is
altered markedly by its environment.
The organic matter in an acid soil
normally increases thc content of
soluble iron, but apparently in an
alkaline soil it does not. The carbon-
ates and bicarbonates formed {rom
decomposing organic material in an
acid soil aid the reduction and solu-
bility of iron. The reverse is true in a
calcarcous or alkaline soil.

Decomposing organic matter in
alkaline soils often intensifies the
chlorosis in fruit trees. Peach trees irri-
gated with water containing 264 parts
per million (p.p.m.) of bicarbonate
became stunted and chlorotic. When
water from another source containing
76 p.p.m. of bicarbonate was used, the
trees began to grow, and the new
growth was green. Apparently there
is no satisfactory general explanation
for the relationship of bicarbonates to
iron chlorosis.

The relative amounts and ratios of
calcium, potassium, phosphorus, and
nitrogen in plants are altered with the
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development of iron chlorosis. Chlo-
rotic leaves have a higher ratio of
potassium to calcium and phosphorus
to iron and contain more nitrogen than
green leaves. These conditions may be
a rcsult of chlorosis rather than a cause.

The concentration of certain heavy
mectals—copper, zinc, cobalt, manga-
nese—have a direct bcarmg on iron
chlorosis. No general statement can be
made about the harmful concentration
of any one of them. One plant species
may tolerate more of a certain minor
element than another. Sorghum and
wheat, for example, made good growth
at a copper concentration that caused
chlorosis in a variety of soybean.

Iron chlorosis in acid, sandy soils in
Florida is thought to be caused by an
accumulation of copper applied to the
soil and plants as fertilizer and sprays.
These soils now contain about 700
pounds of copper and manganese an
acre. Similar virgin soils contain 5 to
10 pounds of copper and 30 to 40
pounds of manganese an acre. Many
orange groves have become unthrifty
and chlorotic in recent years.

SEVERAL METHODS have been devised
to overcome a lack of iron: Controlling
the soil moisture by irrigation, ample
drainage, some cover crops, and shal-
low cultivation; grafting and budding
susceptible varieties on chlorosis-re-
sistant rootstocks; adding soil amend-
ments that contain soluble iron; add-
ing amendments that make the soil
iron more available; spraying the
plants with solutions of iron salts; and
injecting iron salts into the trunks and
limbs of trees.

The treatment of soils with acidifying
materials, such as sulfur or ammonium
sulfate, to make iron more available,
has been more successful on acid soils
than on calcareous soils.

Soluble inorganic iron salts applied
to alkaline, calcareous soils are ab-
sorbed by some plants but not by
others. Because iron is not readily
translocated in many plants, spraying
with soluble iron salts is not always
successful.
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Satisfactory results can be obtained
by injecting iron into trecs, but grow-
ers have not liked the method because
the individual treatments take so much
time. Holes are drilled in the base of
the tree a few inches apart and gelatin

capsules filled with iron salt (ferrous

citrate, ferric mtrate, or ferric phos-
phate) are placed in the holes. The
holcs are then sealed with grafting wax
or cmulsified asphalt.

The selcction of plants that are not
susceptible to iron chlorosis and the
use of iron chelates have been two of
the most promising ways of dealing
with chlorosis.

Where the proper and unsusceptible
plant material has been used in fruit
culture, the results have been good.
For example, Concord and many other
American grapes (Vitis labrusca) are
susceptible to chlorosis, but many Eu-
ropean varieties (V. vinifera) have a
high degree of resistance to chlorosis.
These resistant varieties have been
used as rootstocks for Concord grapes
grown on alkaline, calcarecous soils.

For 5 years the Concord graft on
Malaga, Muscat, Rose of Peru, and
Tokay rootstocks were vigorous, pro-
ductive, and practically frec from
chlorosis. On the other hand, the self-
rooted Concord plants were chlorotic
from the beginning, and 98 percent of
them were dead at the end of 5 ycars.
Grafting V. labrusca varieties on resist-
ant V. vinifera rootstocks thus appears
to offer a method of controlling chlo-
rosis in grapes.

We know of no satisfactory rootstock
for the peach.

IRON CHELATES are reagents, such as
citric acid, which bind the iron ion
through two or more positions within
their structures. The iron ion is held
in such a way that it cannot free itself
to form another compound when
treated with such common precipi-
tating agents as phosphate or hydrox-
ide. Some of the synthesized chelates
that combine with iron are very sol-
uble, yet the iron is retained in a sol-
uble complex form available to plants
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as a nutrient. Very likely many organic
compounds formed from soil organic
matter chelate, or complex, metal ions,
such as Fe, Cu, and Mn. Many of
these organic compounds may be
readily destroyed by micro-organisms.

The characteristics of a satisfactory
chelating agent for soil applications
are: The chelated metal ion is not
easily replaced by other mectals; the
metal-ion complex is stable against
hydrolysis in all kinds of soil; the che-
lating agent is not decomposed by soil
micro-organisms; the chelate is water
soluble and not casily fixed in the soil
colloidal fraction; the metal ion is
available to the plant at the root sur-
face and after it enters the plant; the
chelating agent is not toxic to plants;
and the chelating agent is available to
the grower.

Ivan Stcwart and C. D. Leonard, of
the Florida Citrus Experiment Station
at Lake Alfred, corrccted iron chloro-
sis in citrus trees by adding iron che-
late, Fe-EDTA (iron-ethylenediamine
tetraacetic acid) to an acid, sandy soil.
Their invcstigations have stimulated
research on the practical importance
of metal chelates for the correction of
iron deficiency in many countries.

The chelating agents that have been
uscd in soils to test their cfectiveness
in correcting iron chlorosis are ethy-
lenediamine tetraacetic acid (EDTA),
hydroxethyl ethylencdiamine-tricetic
acid (HEEDTA), diethylenetriamine
pentaacetic acid (DTPA), cyclohex-
ane trans 1,2-diaminotetraacetic acid
(CDTA), and an aromatic aminopoly-
carboxylic acid (APCA). The relative
effectiveness of these chelates in mak-
ing iron available at pH 4, in decreas-
ing order, is: CDTA, APCA, DTPA,
HEEDTA, EDTA.

Fe-APCA has been the most satis-
factory chelate used thus far on alka-
line calcarcous soils. T'en pounds to the
acre corrected chlorosis in greenhouse
studies with soybeans. As much as
1,000 pounds an acre was not toxic.
Fe-DTPA has been the next most sat-
isfactory chelate. Fe-HEEDTA and
Fe-EDTA have been good sources of
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iron on acid soils, but were ineffective
on alkaline calcareous soils. The higher
cost of producing Fe-APCA limited its
practical use in 1957.

Less expensive chelates having some
of the characteristics of APCA were
being produced and tested in the field.
APCA was the least toxic of the che-
lates tested. Several companics pro-
duce Fe-DTPA and Fe-EDTA.

It is important to understand the
metabolic fate of chelates in plants,
since the compounds, if they persist in
plant fluids, may affect the mineral
metabolism of the plant and other
growth processes. The effect of very
small applications of APCA on the
mineral metabolism of soybeans sug-
gests that this compound may have a
favorable physiological effect besides
its capacity to chelate iron in the soil.

Zinc and
Soil Fertility

Lloyd F. Seatz and J. J. Jurinak

Zinc is essential for plants and
animals. Many of our major
farm regions contain areas that
do not have adequate quan-
tities of available zine to sup-
port normal plant growth.

Zinc deficiencies in the field were
first observed in Florida in 1927 on
crops growing in peat soils. Zinc was
used in the 1930’s to cure nutritional
difficulties in citrus in Florida and
California. Deficiencies on other tree
crops, such as pccans and tung, were
encountered later in Florida and along
the gulf coast. Corn and other crops
on the Coastal Plain of the Eastern
States have since been found to suffer
from too little zinc.

Deficiencies also are common on
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It is important to understand the
metabolic fate of chelates in plants,
since the compounds, if they persist in
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mineral metabolism of soybeans sug-
gests that this compound may have a
favorable physiological effect besides
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farm regions contain areas that
do not have adequate quan-
tities of available zine to sup-
port normal plant growth.
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first observed in Florida in 1927 on
crops growing in peat soils. Zinc was
used in the 1930’s to cure nutritional
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California. Deficiencies on other tree
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States have since been found to suffer
from too little zinc.

Deficiencies also are common on
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calcarcous (limestone) and noncalcare-
ous soils throughout the West, partic-
ularly for cherries, apples, peaches,
pears, apricots, citrus, and walnuts.
Zinc deficiency in field crops in the
West has increased since 1950. Regions
affected include the Columbia Basin
in Washington and the Sacramento
Valley in California. The highly phos-
phatic soils of central Tennessee and
Kentucky when heavily limed have also
produced zinc-deficient crops, particu-
larly corn and Sudangrass.

Several reasons can be offercd.

Increased fertilization has produced
larger yiclds, which have tended to
remove larger amounts of available
zinc from the soil than formerly. Other
soils, naturally low in zinc, may dec-
velop zinc deficiencies when they are
brought under cultivation. The Co-
lumbia Basin in Washington is an
example of this type of area.

Two FACTORS GOVERN the ability of a
soil to provide cnough to a growing
plant—the total supply of zinc in the
soil and its availability to the plant.
Zinc-deficiency disease therefore may
be caused by a naturally low zinc
fertility level or by fixation processes,
which retain, or fix, zinc in a form
that the plant cannot utilize.

Most soils in the United States
usually have more than enough zinc
for the requirements of normal plant
growth, but crops may have zinc-
deficiency disease. Thus the major
problem is one of availability.

Occasionally the total supply of zinc
in the soil—as in regions that support
an intensive cropping program and
that have strongly weathered and
coarsc-textured soils of low inherent
fertility—may be the limiting factor.

Chemical tests are used to determine
the ability of the soil to supply zinc to
plants. Zinc is extracted from the soil
with reagents and the results are com-
parcd with crop response or deficiency.
Acidified potassium chloride solution,
o.1 normal hydrochloric acid, o0.04
normal acetic acid, and acidified am-
monium acetate have been used as the
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extracting agents, but the most prom-
ising for both acid and calcareous soils
is dithizone.

This method was introduced in 1951
by Ellsworth Shaw and L. A. Dean, of
the Department of Agriculture. When
dithizone-extractable zinc from a soil
sample is less than 0.4 to 0.5 parts per
million, symptoms of zinc deficiency
can be expected from crops growing in
that soil.

Biological methods based on the sen-
sitivity of the fungus Aspergilius niger to
zinc have been used with some success.
The bioassay technique of determining
the ability of soil to supply zinc takes
about 8 days for incubation and analy-
sis. The actual working time to analyze
one sample is less than with chemical
methods.

The concentration of zinc is highest
in the surface soil and declines with
depth. The reason lies in the uptake of
zinc from the subsoil by plants and its
translocation to the leaves. When the
leaves fall and decay, zinc is released
from the plant tissues and is fixed in
the surface soil. The continuation of
this fixation process near the surface
depletes the subsoil of zinc and in-
creases the possibility of deficiency to
deep-rooted perennials, as fruit trees.

MANY SOIL FACTORS are associated
with the deficiency of zinc in plants.
One of the first factors to be correlated
with deficiency was soil reaction, or
soil pH. It was observed that less zinc
was taken up after lime was put on an
acid soil. The reduced availability of
zinc, as the pH of the soil is increased,
is generally attributed to the formation
of insoluble zinc hydroxide, although
undoubtedly other factors related to
the adsorptive and exchange proper-
ties of the soil exert some influence on
zinc availability as the pH of the sys-
tem is altered by liming.

It is commonly thought that zinc
availability is at a minimum in the soil
pH range of about 5.5 to 7.0. Zinc is
readily available at lower pH values.
As the reaction rises above pH %, the
situation becomes more complex.
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Evidence from experiments suggests
that the positively charged zinc ion
may be converted to a negatively
charged zincate complex. The con-
version would tend to reduce further
the solubility of zinc in alkalinc soils,
where the predominance of calcium
ion would favor the formation of very
insoluble calcium zincate. The effect
of possible zincate formation on zinc
availability has not been established.
The data, however, indicate that care
must be exercised when attempting to
define the chemical nature of the zinc
ion in alkaline soils.

Adsorption studies in comparatively
simple systems indicate that the clay
fraction of the soil exerts a strong at-
tractive force for zinc ions. A part of
the attraction is related to the simi-
larity in size and charge between mag-
nesium and zinc ions. The similarity
allows zinc ion to react with the clay
mineral lattice, wherc it may substitutc
or possibly exchange for magnesium in
the clay mineral, thus making it rela-
tively unavailable. Inferences based on
the knowledge of the electronic struc-
ture, small size, and charge of zinc ion
allows one to predict that zinc will be
tenaciously adsorbed by clay and other
soil minerals. And indecd, at low con-
centrations, the zinc ion manifests itself
in such a fashion.

The influence of excess soil phos-
phate on the availability of zinc has
not been clearly defined. Excecss phos-
phatc has been associated with low
availability of zinc in the major fruit
regions of thec West. The indiscrim-
inatc usc of phosphate fertilizers in
orchard management is not recom-
mendcd therc. Many soils of Kentucky
and Tennessee that support crops suf-
fering from zinc deficiency have a high
content of native phosphate. These ex-
amples support the contention that
zinc interacts with the phosphate radi-
cal to form an insoluble zinc phosphate
complex, and so lowers its availability.
Soils of the citrus regions of Florida,
however, have not shown an incrcase
in soil fixation of zinc within the limits
of ordinary phosphate applications.
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Attempts were made at Washington
State Agricultural Expcriment Sta-
tion in 1953-1954 to induce zinc de-
ficiency in field corn and beans by a
hcavy application of phosphate fer-
tilizer. The phosphate treatments did
not alter their uptake of zinc,

The detrimental effects of phosphate
fertilization on zinc uptake may be
due to the depressing action of the cal-
cium ion in superphosphate. No con-
clusive evidence has shown this to be
the case, but the apparent contradic-
tion of various workers as to the cffect
of phosphate on zinc nutrition sup-
ports the view that the interaction is
not a simple zinc-phosphate relation
but that other factors must exert an
influence.

Zinc ion has also bcen shown to be
strongly adsorbed on commonly oc-
curring lime mincrals. The mincrals
arc calcite (calcium carbonate), dolo-
mite (calcium-magncsium carbonate),
and calcian-magnesitc (magnesium
carbonate with calcium impurity).

The lime minerals containing mag-
nesium carbonate exhibited a grcater
adsorptive capacity for zinc ion be-
cause of the compatability of zinc ion
with the magnesium carbonate crystal
lattice. Thus, if the available zinc pres-
ent in the soil is ncar the critical level,
the presence of appreciable amounts of
lime minerals may present an addi-
tional hazard to proper zinc nutrition
of plants. Zinc deficiency could well be
worsened in soils of semiarid and arid
regions where these mincrals are
widely distributed, and zones of lime
accumulation can be found frequently
within the root zone of crops. The
practice of land leveling for irrigation
may increase the importance of zinc
adsorption on lime mincrals by bring-
ing the zone of lime accumulation
nearer the surface. _

The eflect of liming with calcitic and
dolomitic limecstone on acid soils thus
lowers zinc availability by incrcasing
soil pH; it may also increase tempo-
rarily the adsorptive capacity of the
soil for zinc. The ability of the lime
minerals to increase the adsorptive
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capacity of any given soil, whether
acid or alkaline, for zinc ions would
probably be important only in soils
of coarse texture where clay is not the
dominating fraction of the soil.

Deficiency of zinc in California has
been associated with soils of a high
content of organic matter. Symptoms
have been observed in spots that for-
merly were corrals or barnyards. In
soils of average organic matter con-
tent, however, the destruction of the
organic fraction has little influence on
the amount of zinc extracted from the
soil—an indication that the organic
fraction in most soils does not affect
greatly the availability of zinc. In or-
ganic soils, or soils where an appre-
ciable portion of the adsorptive capac-
ity derives from the organic complex,
however, the organic fraction would
have a more vital part in making zinc
available.

ZINC DEFICIENCY in plants causcs
several abnormalities in structure.

The palisade cells of leaves from most
affected plants are larger and are trans-
versely divided, rather than columnar,
as in normal leaves. Zinc deficiency
therefore may lead to cell enlargement
rather than to cell differentiation.
Other abnormalities may be a reduc-
tion in the number of chloroplasts, the
absence of starch grains, the presence
of oil droplets in the chloroplasts, the
presence of calcium oxalate crystals,
and the accumulation of phenolic ma-
terials in the leaves. These changes in
chemical composition indicate that
zinc is related to normal metabolism
of carbon within plants.

The roots of zinc-deficient plants are
also abnormal. Tomato roots may have
a series of swellings with whorls of root
hairs near the root tip. Secondary roots
may develop later in them. Cell struc-
ture is also deranged; cells even in the
meristematic, or actively growing, re-
gion may be enlarged, and an irregular
arrangement with many air spaces may
occur among the cells. Older tissuc be-
comes necrotic and has flaky masses of
exfoliated cclls. The metabolic prod-
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ucts of the root cells also are abnormal.
Tannin, fats, and calcium oxalate crys-
tals are present in abnormally large
amounts. Starch is absent.

Zinc is also related to seed produc-
tion in several plants. A threshold value
of zinc has been established for peas
and beans below which the plants pro-
duce only small, seedless pods. When
plants are supplied zinc in concentra-
tions above this value, the pods are
larger and contain seeds.

Zinc may be translocated from other
parts of the plant to the seeds at ma-
turity, because the viability of the seeds
is not affected by the concentration of
zinc supplied the plants.

Zinc seems to be distributed fairly
well within the plant. The concentra-
tion varies with the amount of avail-
able zinc in the soil, the kind of plant,
the part of the plant sampled, and the
stage of growth. Differences in varieties
and in environmental factors probably
affect the zinc content. Generally the
zinc content of normal plants is higher
than that of zinc-deficient plants grown
in a similar environment, although a
considecrable overlap seems to exist.

E. Archibald and F. B. Wann, of
Utah State University, have discovered
that the limiting value for the zinc
content of the leaves of several fruit
trees (below which the development
of zinc deficiency may be expected) is
o.0129 percent. Normal leaves con-
tained between 0.0123 and 0.0345 per-
cent of zinc. A critical value for tung
is reported to be 0.0010 percent of zinc.
Other research workers have reported
that the percentage composition of zinc
in the leaves of normal plants is con-
siderably lower than the above val-
ues—as low as 0.0004 percent of zinc
in normal leaves of some plants.

Frank Viets and his coworkers in
Washington reported values ranging
from 10.5 to 32.7 p.p.m. of zinc, with
an average of 16.86 for selected parts
of several crops that were growing on a
normal area without zinc deficiency.
In an area where crops showed a zinc
deficiency, the values varied from g.3
to 22.5 p.p.m., with an average of 15.44
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p-p-m. When the crops were fertilized
with zinc, the average content of the
crops became 22.58 and 18.34 p.p.m.

Both the tops and roots of corn at
scveral sampling dates did not show
great or consistent differences in zinc
concentration between normal and
zinc-deficient plants. The total zinc up-
take, however, was much greater for
normal plants than for zinc-deficient
plants, indicating greater growth for
the normal plants.

P. R. Stout and G. Pearson, of Cali-
fornia, discovered that plants very low
in zinc have a higher concentration of
zinc than larger plants that also arc
deficient in zinc. When zinc was added
to the culture solution, the amount of
internodal to nodal and embryonic
tissue increascd, and the zinc concen-
tration of the entire plant dropped.
The concentration in the plant again
increased when more zinc was added.

The zinc concentration in actively
growing parts of plants is higher than
in older tissue. Zinc tends to accumu-
late in and around the primary veins
of the leaf blade in actively growing
corn leaves. The highest zinc concen-
tration in cornstalks is at the node;
concentration falls off quite rapidly
both above and below the node. In
oats, 20 to 30 percent of the zinc in the
plant is in the leaves, mainly in the
chloroplasts. Zinc is bound to the pro-
tein material in the chloroplasts along
with their colored pigments.

A deficiency of zinc in a plant may
affect its content of other elements.
Lcaves of corn plants that show zinc de-
ficiency have more potassium and phos-
phorus than leaves of normal plants.

ZING 18 a neccssary component of
several enzymec systems, which regu-
late various mctabolic activities within
plants. It is a part of the enzyme car-
bonic anhydrase, which regulates the
cquilibrium between carbon dioxide,
watcr, and carbonic acid. It also func-
tions as a part of two enzymes, dehy-
dropeptidase and glycylglycine dipep-
tidase, which have a part in specific
aspects of protein metabolism.
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Zinc also is nceded for the formation
of auxins, which are growth-promoting
substances in plants. Because one of the
symptoms of zinc deficiency is a failurc
of the stem tissue between the nodes to
clongate, resulting in rosetting, it was
thought that zinc deficiency might be
rclated to a low content of auxin. This
phase of the function of zinc in plants
has been studicd by F. Skoog and his
associates at the University of Wiscon-
sin. They learncd that plants deficient
in zinc were low in auxin. The auxin
content of the plants incrcased when
zinc was applicd. Further investigation
showed that zinc secms to limit the
production of one of the compounds
that serves as a building block in the
formation of the complex auxin com-
pound.

Zinc is associated with water rcla-
tions in plants. High osmotic pressures
resulting from zinc deficiency are duc
to reduced water uptake, which was
restricted by the failure of cell walls to
grow because of lack of auxin.

The obscrvation that zinc deficiency
does not develop so readily in mild
sunlight as it does in bright sunlight
may be associated with auxin activity.
Plants grown under blue light exhibit
zinc deficiency symptoms more readily
than thosc grown under red light.
Light of high intensity and of short
wavclengths inactivates auxin.

Plants differ in thcir ability to ex-
tract zinc from the native soil supply.
Crops that followed crotalaria as a
cover crop in Iflorida exhibited zinc
deficiency, but crops that followed a
cover crop of native weeds did not.
Analysis of the plants showed that the
weeds accumulated much more zinc
from the limited soil supply than the
crotalaria did.

Dr. Viets and his coworkers studied
the relative ability of 26 different crops
to utilize native soil zinc. They classi-
ficd the plants in three groups.

Intheverysensitivegroup (plantsthat
cannot get cnough zinc from the soil)
are beans, soybeans, corn, hops, grapes,
lima beans, flax, and castor beans.

The mildly sensitive group includes
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potatocs, tomatoes, onions, alfalfa, sor-
ghum, Sudangrass, sugar beets, and
red clover.

Insensitive plants arc peppermint,
the cereals, peas, asparagus, mustard,
carrots, safflower, and grasses.

Zinc DEFICIENCY of trees is known as
rosettec, mottle leaf, littlelcaf, and
yellows. The terms tend to describe the
usual symptoms of zinc deficiency al-
though such symptoms arc not always
brought about by too little zinc.

The deficiency in citrus is usually
known as mottlc lcaf. Affected leaves
have irregular chlorotic areas between
the leaf veins. The leaves may be
normal in size in the early stages of the
disease, but new leaves as they develop
become progressively smaller. Roset-
ting does not usually occur in citrus.

Pecans that get too little zinc have
a bronzing of the leaves and roscttes
of small lcaves on shortened branches.
Yellowish mottled areas appcar on
young leaves. They turn reddish brown
on older leaves and may die and cause
many small holes in the leaf.

The disease is called little leaf or
rosette in deciduous fruit trees, such
as apple, cherry, peach, apricot, and
plum. Rosctting occurs, and dense
clusters of small, yellowish leaves grow
at the end of twigs that are bare of
normal lateral leaves. The internodes
are shortened. Little leaf produces
small, chlorotic, narrow leaves. Chlo-
rotic mottling progresses inward from
the margin in the interveinal tissue.
Considerable dicback of the branches
occurs in severe stages of little leaf.
The number of blossoms and fruits set
usually is greatly reduced, and fruits
that arc produced are of poor quality.

A typical symptom of lack of zinc in
most field crops is chlorosis of the inter-
veinal tssue, particularly of the lower
leaves. The younger leaves in severe
cases may also be chlorotic. The lower
leaves may turn brown to purple and
die. The intcrnodes may become short,
and the plants are stunted. In severely
affected corn the bud may become
almost white.
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Zinc deficiency disease usually can
be cured by applying zinc to the plants
in an available form.

Application of zinc-containing ma-
terials to the soil either as a soluble
salt or in a chelated form is a common
way. The cffectiveness of soil applica-
tions is determined by how strongly the
soil fixes the applied zinc. For that
rcason the application of soluble zinc
salts may not be effective on soils with
a high zinc-fixing capacity. Sometimes
band placement of the zinc-containing
fertilizer has increased its effectiveness.

The use of zinc chelates is an cffec-
tive way of providing zinc to plants
under high soil-fixing conditions. The
chelating agent is made up of complex
molecules capable of reacting with the
zinc and combining it into the com-
plex molecular structure. The zinc
therefore is not fixed by the soil and
remains in a soluble and available
form to the plants. Often applications
of chelated zinc have corrected de-
ficiencies where applications of soluble
salts, such as zinc sulfate, have not
been effective.

Foliar sprays have been effective in
correcting zinc deficiency, particu-
larly on tree crops. For citrus a single
spray of a solution containing about 5
pounds of zinc sulfate per 1oo gallons
of water corrected zinc deficiency for
1 to g years. Foliage injury is reduced
by adding 2 to § pounds of hydrated
lime, soda lime, or lime sulfur to the
spray. Wetting and adhesive agents
sometimes have given a beneficial ef-
fect at low concentrations. Sprays ap-
plied just before flush growth give a
longcer effect than those applied before
dormancy.

Concentrated sprays of 25 pounds of
zinc sulfate to 100 gallons of water are
effective on apples and pears when
applicd as a dormant spray just before
the buds open. Zinc dusts have been
less effective than sprays.

Grapes arc usually treated by daub-
ing the freshly cut pruning wound
with a solution containing 2 pounds of
zinc sulfatc to a gallon of solution.

Sometimes, especially on sweet cher-
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ries and walnuts, when sprays are not
effective, injections of zinc-containing
materials are helpful. Zinc-coated nails
and pieces of galvanized iron may be
driven into the trunk and the main
branches. Another means of injecting
zinc into the tree has been to bore
scveral holes into the trunk about §
inches apart and to pack 2 to 3 grams
of zinc sulfate into cach hole. The
holes are then filled with wax.

Ficld crops usually are fertilized
with zinc fertilizers in the row or in
bands slightly below and to the side of
the secd at the time of planting. Top-
dressing and sidedressing with zinc
salts after the crop is growing have not
been satisfactory. Fertilizer manufac-
turers in some arcas add zinc sulfate
to the mixed fertilizer so that farmers
can apply the necessary fertilizer ele-
ments in one operation without having
to mix zinc sulfate with the fertilizer.

Zinc sulfate sprays have also bcen
satisfactory on field crops when the
spraying is donc carly in the season
before scrious deficiencies arise.

Boron and
Soil Fertility

Darrell A, Russel

The modern American kitchen
contains enough boron to pro-
duce 16 tons of alfalfa hay.
This boron is in the enamel in
freezers, stoves, refrigerators,
sinks, dishes, and glassware.

But many thousands of acres of agri-
cultural soils in the United States con-
tain only enough available boron to
produce a ton or two of alfalfa hay.
That amount is the equivalent of the
boron in an iron cookstove, an icebox,
and a good set of china dishes.

I21

Many crops are affected by a de-
ficiency of boron in the soil. Sugar
beets, alfalfa, and clovers are the most
commonly affected of the agronomic
crops. Celery, beets, cauliflower, ap-
ples, grapes, pears, walnuts, sunflow-
ers, and asters are a few of the many
vegetable, fruit, nut, and ornamecntal
crops that may suffer from too little.

BoORON wAS FIRST USED as a fertilizer
about 400 years ago when borax (then
called Tincal or Tincar) was shipped
from central Asia to Europe. Not until
1915, however, was boron suggested as
an essential element for plant growth,
when P. Mazé of France made this
suggestion as a result of his work with
corn grown in nutrient solutions.
Katherine Warington, at the Rotham-
sted Experimental Station in England,
provided the first proof in 1923 that
boron was an essential element.

An inadequate supply of boron in
the soil was shown to be the cause of
heart rot and dry rot of sugar beets and
mangolds in Germany by E. Branden-
burg in 1931.

L. G. Willis and J. R. Piland, of the
North Carolina Agricultural Experi-
ment Station, were among the first in
the United States to show that leg-
umes, especially alfalfa, responded to
borax fertilizer. The two agronomists
published the results of their research
in 1938. Boron deficiencies have been
reported since then in 41 States and
for go or more crops.

Most of the boron in soils is in the
form of the highly insoluble mineral
tourmaline. The total boron content
of the soil varies between 20 and 200
pounds in the plow depth of an acre.

The total boron content of the soil is
not a rcliable guide to the adequacy of
boron for crop growth, because less
than 5 percent of the total may be
available for thc use of plants. The
determination and measurement of
the available forms of boron have been
of concern since 1931.

AVAILABLE BORON occurs in two
broad forms, inorganic and organic.
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The inorganic forms (chiefly calci-
um, magnesium, and sodium borates)
resulted originally from the slow dis-
solution of minerals containing boron.
Soil micro-organisms and plants uti-
lized this boron in their growth, trans-
forming the boron to organic forms.
Upon the death of the micro-organisms
and plants, the organic boron was oxi-
dized to inorganic boron.

The amount of boron available for
reuse, plus that made available through
the continued weathering of unavail-
able forms, is adequate for crop growth
in some soils. The loss of available
boron through crop removal, leaching,
and reversion to unavailable forms,
coupled with higher requirements for
boron through better crop varieties
and improved cultural practices, has
resulted in an inadequate supply of
boron available for crop growth on
many agricultural soils.

Loss of boron through crop removal
is unavoidable. Nevertheless such losscs
must be recognized, and the nutrients
that are removed (boron, as well as
the other essential elements) must be
replenished eventually by the applica-
tion of fertilizer.

Each ton of alfalfa hay contains 1
ounce of boron. A ton of sugar beects
contains 2.5 ounces of boron. One
hundred bushels of pcaches contains 4
ounces of boron, while 100 bushels of
corn contains only 0.4 ounce of boron.

The seriousness of boron losses by
crop removal depends, then, on the
kind of crop and on whether the crop
is utilized on the farm and returned to
the soil as manure.

Leaching losses are considerable,
particularly in the acid soils of humid
regions. Joe Kubota, K. C. Berger,
and Emil Truog, working with soils
in Wisconsin, found that the rate of
boron movement in the soil was re-
lated primarily to soil texture. Boron
fertilizers applied to soils that were
uniformly light-textured throughout
the profile moved to a depth of 24
inches, or deeper, in 6 months. Little
of the boron moved below the 12-inch
layer in the heavier soils.
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Many other factors influence the
availability of soil boron. One of the
most important is the pH of the soil.

James A. Naftel, working in Ala-
bama in 1934, discovered that small
additions of boron to the soil counter-
acted the harmful effects of overliming
and that the application of lime to the
soil often results in a lower availability
of soil boron.

R. V. Olson and K. C. Berger, in re-
search in Wisconsin in 1946, investi-
gated the effect of soil reaction on
boron fixation. They found that fixa-
tion was closely related to the clay con-
tent and to the soil pH as changed by
the addition of sodium hydroxide, cal-
cium hydroxide, and hydrochloric acid.
They demonstrated that clays fixed the
most boron, silts fixed an intermediate
amount, and sands fixed very little.
The cations used had little influence on
the boron fixation, but the alkalinity
they produced resulted in fixation.

The fact that the boron that is fixed
because of a rise in pH can be made
available again by lowering the pH
to its original value indicates that a
reversible chemical reaction is in-
volved. This reaction is quite rapid.

The evidence suggests further that
most of the boron is fixed by a soil min-
eral or group of minerals, the activity
of which predominates in the clay frac-
tion of soils but is also present in the
silt fraction. The pH of the soil has a
great effect, direct or indirect, on the
ease with which this fixation occurs.

The organic matter also influences
the fixation of boron. A. Maquori,
G. Stradaioli, and E. Perici in Italy
learned that organic boron is the most
soluble boron in soils. The Wisconsin
scientists, Dr. Olson and Dr. Berger,
found that oxidation of the organic
matter in soils caused significant in-
creases in the amount of boron released
to the available form as well as de-
creases in the amount of boron that
could be fixed by the soil.

Dry weather accelerates the appear-
ance of symptoms of boron deficiency
in crops in soils low in available boron.

L. P. Latimer, of the New Hamp-



BORON AND SOIL FERTILITY

shire Agricultural Experiment Station,
found that drought in June and July
was the chief predisposing factor caus-
ing boron deficiency in apples. The
actual role of dry weather in causing
boron to become unavailable has not
been ascertained.

R. Q. Parks, at the Ohio Agricul-
tural Experiment Station, found that
drying of the soil in the laboratory in-
creased the fixation of boron. Boron
deficiencies have been observed to be
more severe in places in the field where
the soil had dried out excessively in dry
years, according to J. C. Walker and
his associates at the Wisconsin Agri-
cultural Experiment Station.

Dr. Berger has stated that it is doubt-
ful whether the plow layer of a field
will dry out enough in most years to
cause appreciable fixation of boron.
If boron were fixed to any extent, most
soils would be deficient in boron; soils
in arid regions would be particularly
deficient. That obviously is not so.

Dr. Berger suggested that the reason
for the appearance of boron deficiency
symptoms in dry years, as contrasted
to wet years, is that most of the avail-
able boron is in the surface, or organic,
layer of the soil. When this layer be-
comes dry, plants feed in the layer to
a limited extent because of the lack of
water. Instead, plants feed from the
lower soil horizons, which are usually
low in organic matter and low in avail-
able boron.

Boron deficiency in dry years there-
fore occurs because the supply of avail-
able boron has been reduced—not by
fixation but by the inability of plant
roots to feed in the surface horizon.
Some boron fixation may be caused by
the drying of surface soils in extremely
hot and dry weather, but it is doubtful
if much boron is fixed below 2 inches.

THE GEOGRAPHIC EXTENT of boron
deficiencies in the United States is diffi-
cult to describe. The greatest areas of
deficiency are in the humid regions
where soils are generally acid.

When Kenneth C. Beeson, of the
United States Plant, Soil, and Nutri-
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tion Laboratory, mapped the boron de-
ficient areas in the United States in
1945, the presence of boron deficiencies
had been reported in only g1 States.
A current map of the boron-deficient
areas shows that boron deficiencies
have been found in every State east of
the Mississippi River and generally in
the first two rows of States west of the
Mississippi, aswell as the Pacific States.
Only seven States reported all their
soils to be supplied adequately with
available boron.

Dairy farms in particular are among
the first farms to show deficiencies of
boron in most areas. Alfalfa is grown
extensively on many of them, and al-
falfa has a high boron requirement.
Unless the dairyman conscientiously
returns manure to his fields, the loss of
boron through crop removal may soon
deplete the available boron.

The supply of available boron is ex-
hausted rather quickly in places where
vegetable crops are grown commer-
cially. Yields of vegetable crops usually
are high because of the large amounts
of fertilizer used. Since several crops
may be harvested from a field each
year, the loss of boron by crop removal
may soon mean deficiencies.

Orchards are established preferably
on deep, well-drained, well-aerated
soils. These conditions favor the loss of
boron by leaching. Applications of ni-
trogen fertilizer, by increasing the tree
growth, increase the boronrequirement
and thereby augment the deficiency.

SympToms of boron deficiency vary
with the type and age of the plant, the
conditions under which it grows, and
the severity of the deficiency.

The first visual symptom generally is
the death of the terminal growing
point of the main stem. The lateral
buds then produce side shoots, but the
terminal buds on the shoots die also.
Further rebranching may occur. This
multibranched plant is often described
as having a rosette appearance.

Further symptoms are a slight thick-
ening of the leaves, a tendency for the
leaves to curl, and sometimes chlorosis.
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The shaded areas indicate parts of the United States where deficiencies of boron may exist. Farmers in those
regions should waich for symptoms of boron deficiency in crops, especially those with a high boron requirement.

The petioles and even the leaves be-
come brittle. Flowers may not form;
if they do, fruit may not set. The roots
generally are stunted.

Each crop has more or less charac-
teristic growth abnormalities associated
with a deficiency of boron, but these
symptoms arc manifestations of the
general boron-deficiency symptoms
found in all crops. Rosetting in alfalfa,
snakehead in walnuts, and dieback in
apples are all caused by the death of
the terminal growing points.

Dr. Walker, of the Wisconsin Agri-
cultural Experiment Station, reviewed
the histological effects of boron defi-
ciency in a symposium published in
Soil Science in 1944. One of the first
cffects of boron starvation is increased
cell division in the cambium, accom-
panicd by less cell differentiation. The
cell walls remain thin, and paren-
chyma tissue increases at the expense of
conductive tissue.

The reduction in normal develop-
ment of conductive tissue leads indi-
rectly to many of the characteristic ex-
ternal symptoms, such as leaf distor-
tion, stunted growth, and increased

anthocyanin in the leaves. Internal
discoloration appears first in a rela-
tively few cells, but necrosis gradually
extends until large areas of dead or
dying cclls result. The byproducts of
the dead cells also may become factors
that influence the growth of the sur-
rounding cells.

Thus a series of symptoms of boron
deficiency occurs. The mildest are
manifested only by reduced growth
and certain chemical changes. The
second stage of symptoms is character-
ized by cellular changes. Finally,
macroscopic changes occur that lead
to the premature death of the plant.

The symptoms yield many clues as
to the function of boron in plants.

Fifteen functions have been ascribed
to boron. Boron has an effect on
flowering and fruiting processes, pollen
germination, cell division, nitrogen
metabolism, carbohydratc metabo-
lism, active salt absorption, hormonec
movement and action, the metabolism
of pectic substances, water metabolism,
and the water rclations in plants.

Further, boron is said to be a con-
stituent of membranes, to serve in
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precipitating excess cations, to act as a
buffer, to be necessary in the mainte-
nance of conducting tissues, and to
exert a regulatory effcct on other ele-
ments.

Hugh C. Gauch and W. M. Dugger,
Jr., of the Maryland Agricultural Ex-
periment Station, have proposed a
16th function of boron in plants that
embodies many of those suggested pre-
viously by other scientists. They have
presented evidence supporting the
hypothesis that boron is nccessary for
the translocation of sugar in plants.

In order for highly polar compounds,
such as sugar, to move through cell
walls and other membrancs, energy
must be expended. Boron may lower
the polarity of the sugar—thus reduc-
ing the cnergy requirced for transloca-
tion—by either or both of two modes
of action. The boron may combine
dircctly with the sugar and thus move
with it. It is more likely, however, that
boron is a constituent of the mem-
brancs and that sugar may then form a
temporary union with the boron until
it (the sugar) has passed through the
membrane.

The observations of many workers
lend credence to the theory. E. S.
Johnston and W. A. Dore in 1928
found that the leaves of boron-deficient
plants have comparatively high con-
centrations of sugars and starch. At
Cornell University, Dr. R. H. White-
Stevens found that carbohydrates were
deficient in the meristems and roots of
boron-deficient plants, cven though
the leaves contained an excess of car-
bohydrates in all forms. Certain parts
of the plant appear to die, then, be-
cause of a lack of sugar when adequate
boron is not present. Boron-deficiency
symptoms may therefore be an expres-
sion of sugar deficiency.

The amount of boron required by
the plant at any one time is very small.
But plants must continue to absorb
boron throughout their lifc cycle—an
indication that more boron is required
as new cell membranes are formed.
Most of our evidence shows that boron
is relatively immobile in the plant—
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additional evidence that boron is asso-
ciated with cell membranes.

THE RELATIONSHIP of boron to other
plant nutrients has been the subject of
much study. The tendency of plants to
maintain a constant amount of total
cations, on a chemically cquivalent
basis, however, leads to some rather
complex relationships. Thus, if the po-
tassium content of a plant is increased,
the concentration of calcium or other
cations probably will be decreased. To
ascribe the effect of boron on cation
concentration as ecither a direct or an
indirect effect then becomes difficult.

Because the symptoms of boron de-
ficiency and calcium deficiency in the
growing point of a plant are similar,
the two elements seem to be related in
plant growth. Harold Jones and
Gecorge Scarseth, in greenhouse experi-
ments on limed and unlimed soils in
Indiana, discovered that plants would
take up various amounts of calcium
and boron, depending on the availa-
bility of the two elements in the soil.
Plant analyses showed that normal
growth occurred only when a certain
balance in the intake of calcium and
boron existed.

Thesc two agronomists found a low
boron requirecment for plants when
there was a low calcium uptake and a
high boron requirement when there
was a high calcium uptake. Their work
with alfalfa showed that a calcium-
boron ratio in the plant of 8o:1 to
600:1 resulted in normal plant growth.

When I was engaged in work with
alfalfa in Illinois, I learned that al-
falfa plants exhibited boron-deficiency
symptoms only when the calcium-
boron ratio was approximately 800:1
or higher.

I also obtained evidence that opti-
mum ranges of ratios for magnesium-
boron, copper-boron, and nitrogen-
boron existed for alfalfa.

The relationship of potassium to
boron in the plant is far less important
than that of calcium to boron.

The main work on potassium-boron
ratios has been done by Eldrow Reeve
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and John W. Shive at the New Jersey
Agricultural Experiment Station. They
discovered that the concentration of
potassium in the external substrate was
more important in plant growth than
the internal potassium-boron ratio.

CROPS MAY BE CLASSIFIED as to their
boron requirement in various ways.

One systcm is based on the boron
content of the plant when it begins to
show deficicncy symptoms. Thus the
critical level of boron for alfalfa is 20
parts per million (p.p.m.). For apple
leaves and sugar bects, the critical
level is 14 p.p.m. Tobacco has a criti-
cal level of 10 p.p.m. Lettuce shows
deficiency symptoms when the boron
content drops to 3o p.p.m. or lower.

A second classification system is
based on the boron content of crops
grown normally in a soil adequately
supplied with available boron. Crops
with a low content of boron generally
have a low requirement of boron, and
crops with a high content of boron
have a high requirement of boron.

Gabriel Bertrand and his associates
in France did extensive research to
detcrmine the boron content of plants
grown in a normal soil. They ascer-
tained the boron content of 30 species
of plants grown in the same soil. The
strikingly unequal ability of the differ-
ent species to take up boron ranged
from 2.4 p.p.m. for barley and not
more than 5 p.p.m. for corn, wheat,
and rye, to as high as 94.7 p.p.m. for
the poppy. Beets contained 75 p.p.m.,
turnips 49 p.p.m., and tobacco only
25 p.p.m. of boron when grown in the
same soil as the poppy and the barley.

A third classification was used by
Dr. Berger in his review, “Boron in
Soils and Crops,” published in 1949
in Advances in Agronomy. His system
is based on the amount of available
boron in the soil and the production
of normal crops not deficient in boron.
Among the crops that grow normally
in a soil containing less than o.1
p.p.m. of available boron are barley,
corn, wheat, oats, soybeans, green
beans, strawberries, white potatoes,
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flax, brome, and most grasses. Crops
that grow normally in a soil contain-
ing 0.1 to 0.5 p.p.m. of boron include
cotton, tobacco, lettuce, tomatoes,
sweetpotatocs, cherries, and pcaches.
Crops requiring a high content of
available soil boron (0.5 p.p.m. or
morc) for normal growth are alfalfa,
sweetclover, red clover, sugar beets,
red beets, turnips, cabbages, radishes,
celery, and apples.

Because deficiencics of boron can be
corrected with boron fertilizers, the
progressive farmer watches his crops
and soils for evidences of dcficiency.
Deficiency symptoms in a crop are a
fair warning to the farmer that he has
alrcady delayed too long in using
boron fertilizers. Crop yields start to
decline before deficiency symptoms
become apparent.

CHEMICAL ANALYSES of the crop or
the soil are excellent diagnostic aids
in predicting the level of available
boron in the soil, but many soil-testing
laboratories were not equipped in 1957
to make the analysis for boron either
in the soil or in the plant.

Special equipment is required for the
analysis. The usual chemical glassware
is made of borosilicate and leads to
contamination when a hot solution or
a concentrated acid is used. The very
small amount of boron extracted from
a boron-deficient soil often may be less
than the boron dissolved {rom the walls
of a flask unless boron-free glassware
is used.

The determination of a fraction of a
part per million of boron in such a
complex mixture of mineral and or-
ganic matter as the soil is no easy task.
The procedures required for the deter-
mination of boron in the soil are there-
fore not so short and simple as for
the determination of phosphorus and
potassium.

Generally boron is extracted from
the soil with boiling water, but care
must be exercised during the extrac-
tion so that the boron is not volatilized
into the atmosphere. The extract con-
taining the boron must then be con-
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centrated. The actual analytical pro-
cedures in use today usually require
that a very strong, concentrated sul-
furic acid solution be used in measur-
ing the boron. Such solutions are
unpleasant and dangerous to use.

The chemical analysis of plant tissue,
as a routine procedure for the evalua-
tion of soil fertility, has not achieved
as common acceptance as the chemical
analysis of the soil. Nevertheless, many
investigators have shown that defi-
ciency symptoms for the various plant
nutrients appear when the nutrient in
question drops to certain concentration
levels within the plant. The complex
rclationships among the varicus nutri-
ents required by plants make the inter-
pretation of plant analyses fully as
difficult as the interpretation of the soil
analyses.

Turther complicating factors in plant
analyses arc the stage of growth of the
plant when it was sampled and the
part of the plant (stems, leaves, whole
plant, roots) used in the analyses.
These factors are subject to wide varia-
tions. Probably the best method of
cvaluating the fertility status of a soil
is one that is based on a combination
of soil and plant analyses. Whenever
such an approach develops on a more
widespread basis, the use of the spec-
trograph would be feasible. Nearly all
elements important in plant growth,
except nitrogen, can be analyzed con-
currently with the spectrograph, and
only one sample need be used.

BORON FOR FERTILIZERS comes from
mineral deposits in Death Valley and
the Mojave Desert and from the brine
of Searles Lake, all in California.

Borax (sodium tetraborate) and other
sodium borates have been the most
commonly used materials for agricul-
ture. These materials contain r10.5 to
13.6 percent of boron, depending on
whether or not it is a regular or high-
grade fertilizer borate.

New horon minerals for fertilizers
have been introduced. Colemanite, a
calcium borate, is less soluble than
sodium borate. It is recommended for
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use on sandy soils in areas of high rain-
fall because it lcaches out of the soil
less rapidly than borax. It contains
10.1 percent of boron.

Some sodium borates have been de-
veloped especially for use as sprays or
dusts. Such materials are highly soluble
and are highly concentrated in boron.
They are applied directly to the foliage
of fruit trees, vegetables, and othcr
crops in areas of high soil alkalinity.

All boron materials may be mixed
with regular fertilizers, which are then
known as borated fertilizers, beforc
being applied to the soil. In several
States it is recommmended that all fer-
tilizers for legumes contain a certain
amount of boron.

Boron often is applied to the soil as
a contaminant in other soil amend-
ments or soil fertilizers. Barnyard ma-
nurc may contain approximately 20
p.p.m. of boron. Superphosphate con-
tains 5 to 20 p.p.m. of boron. Even
lime contains boron, I ton containing
the equivalent of 1 ounce of borax.

Since the boron content of the usual
fertilizer materials is low and the rate
of application of thesc materials is also
low, these secondary sources of boron
cannot be expected to provide an ade-
quate amount of boron for crops.

The amount of boron that should be
applied to a soil deficient in available
boron depends on a number of fac-
tors—the crop, the soil, the season, the
method of application, and the source
of boron. For a given crop, boron fer-
tilizer can be applicd in larger amounts
to soils that have a high organic-matter
content, a high exchange capacity, or
a high pH, than could be applied to
light, acid soils of low organic-matter
content. The rate of application of
borax fertilizer for alfalfa varies from
15 to 60 pounds an acre. The lower
rates of application are gencrally used
on the light, acid soils of the Coastal
Plains. The heavier rates are recom-
mended in the Midwest and the West.

A few words of caution arc necessary.
Borax is onc of the oldest weedkillers
known. The active ingredient is boron.
In regions of low rainfall, the boron
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content of the soil is high. In these re-
gions, the boron content of water used
for irrigation is sometimes great enough
to cause injury to crops.

Carl S. Scofield and L. V. Wilcox, of
the Department of Agriculture, found
that 0.5 p.p.m. of boron in irrigation
water injured some crops. A boron con-
tent of 1.0 p.p.m. caused injury to
most crops, even those with high boron
requirements.

The boron that occurs in injurious
concentrations in irrigation water may
be derived from the solution of exposed
outcrops of soluble boron minerals,
from underground waters, or directly
from volcanic gases dissolved in per-
colating waters. The areas in which
boron toxicity may occur are not large;
nevertheless, the injury to crops in
some of these areas is serious. These
areas are located primarily in southern
California, western Nevada, and parts
of Arizona.

Certain control measures are avail-
able for eliminating or preventing the
accumulation of toxic concentrations
of boron in soils. Thorough leaching of
contaminated soils is usually recom-
mended when possible. Mixing irriga-
tion water high in boron content with
water low in boron content is recom-
mended as a method of utilizing all the
watcr available for irrigation without
building up toxic concentrations.

Borax, or other boron fertilizers,
therefore must not be used indiscrimi-
nately. The effect may be disastrous.
Fortunately, the effect in humid re-
gions is temporary; the boron soon
Ieaches from the soil. In thc absence
of official recommendations, farmers
should use borax at the rate of only a
few pounds to the acre and only on small
areas until experience shows the need
for boron and the proper amount to use.

Boron fertilization is becoming a nec-
cssary and accepted practice in many
areas of the United States, just as plas-
tic is becoming more widely used in
the kitchen. But just as the housewife
knows that plastic has its limitations,
the farmer knows that the use of boron
has its limitations.
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Copper and
Soil Fertility

Walter Reuther

Soils high in organic matter
and weathered, sandy soils are
likely to be deficient in copper.
A great deficiency may cause
serious stunting of growth and
visible symptoms of disease in
plants, but moderate deficiency
may merely reduce yields.

Copper once was regarded as a plant
poison, as indeed it may be when too
much of it is used on soil. As a matter
of fact, a 5-percent solution of copper
sulfate was one of the first spray formu-
lations uscd for the chemical control of
weeds. Concentrations of 0.1 percent
to 0.2 percent of copper in the form of
water suspensions of insoluble hydrox-
ides, carbonates, or oxides are an effec-
tive fungicide. Research workers noted
long ago that solutions containing as
little as 1 part per million of soluble
copper killed algae and fungus spores.

Bordeaux mixture, the first widely
used fungicide applied to foliage by
spraying, is prepared by dissolving 5 to
10 pounds of copper sulfate in 100 gal-
lons of water and adding approxi-
mately an equal weight of lime (cal-
cium hydroxide) or soda ash (sodium
carbonate).

Many researchers before 1927 ob-
served that Bordeaux sprays sometimes
had stimulating effects on vigor and
yield that were not associated with the
control of fungus diseascs. Other re-
search workers noted that minute
amounts of copper were distributed
through all plant tissues. Some thought
that the stimulating effects of small
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amounts of copper on plants and {fungi
were due to some indirect action of
copper or to “‘an irritation response.”
Others thought that copper might be
an essential clement in the metabolism
of plants and animals.

The first credible evidence that cop-
per was an essential element in the
nutrition of lower plants was provided
by H. Bortels, a German scicntist, in
192%. He showed that a deficiency of
copper in the culture medium of the
common bread mold, Aspergillus niger,
reduced growth by 50 percent and
changed the color of the spores from
black to brown. The addition of minute
amounts of copper to the cultures pro-
duced normal growth and black spores.

Confirmation of his results was soon
provided by othcr scientists, who dis-
covered that copper is esscntial for the
normal growth of a wide variety of
fungi and yeasts and also of green
plants and animals. R. V. Allison and
his associates in 19247 showed that the
almost complete failure of many crops
to grow on the peat soils of the Florida
Everglades could be cured by fertiliza-
tion with copper. They postulated that
the disorder was due to a lack of suffi-
cient copper for normal plant growth.

THE sympTOMS of copper deficiency
in green plants vary considerably with
species and perhaps other complicat-
ing factors. No general description of
visual copper deficiency symptoms can
therefore be made.

Crops showing a moderate response
in vigor and yield to applications of
copper to soil may not exhibit striking
symptoms of disease other than lack of
normal vigor. Usually some parts of
fields or orchards in which moderate
responses to copper are obtained have
a few plants that show acute patho-
logical symptoms of copper decficiency.

Symptoms of copper deficiency of
citrus were among the first to be recog-
nized as such in the ficld and are fairly
typical of symptoms on other tree
crops. Primary symptoms of the dis-
ease are gum pockets under the bark,
stained spots on the bark of terminal
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twigs and defoliation on them, the for-
mation of multiple buds in the leaf
axils and shortening of internodes, a
dying back of the twigs, and a charac-
teristic staining of the fruit because of
the formation of gum-soaked areas in
the rind. Affected fruits frequently
split open and drop before they attain
{ull size. In Florida, where it was first
noted and described, the discase was
known as exanthema, dieback, or
ammoniation. The last term indicates
that growers recognized that it was
associated with heavy applications of
“ammonia” (nitrogen) fertilizers.

Copper deficiencies of other tree
crops have been reported in other
sections of the United States and the
world. Usually shoots die back and
the foliage may show marginal or
spotted necrosis and chlorosis. Multiple
bud formation, rosetting (shortening
of shoot internodes), malformation of
leaves, and an excessive gumming also
may occur.

A disease of grains called white tip,
yellow tip, or reclamation discase has
been reported in various parts of the
world. It responds to copper fertiliza-
tion. It is characterized by a necrosis
of the tips of older leaves and a mar-
ginal chlorosis of the tips of younger
leaves, which may remain unrolled
and tend to wilt readily. The heads
may be dwarfed and distorted. Grain
production may be reduced more than
the vegetative growth.

Symptoms of copper deficiency have
been described for sugarcane, a num-
ber of vegetable crops, peanuts, and
other plants.

THE FUNCTIONS OF COPPER in the
mineral nutrition of plants appear to
be numerous, varied, and complex. In
fact, none of the essential nutrient ele-
ments has a single, simple job in the
economy of plant growth and devel-
opment. Copper is no exception, al-
though evidence concerning many of
its functions is quite meager.

Copper seems to be concentrated
more in the rootlets of plants than in
leaves or other tissues—it may there-
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fore have an important function in root
metabolism.

Analyses of the tissues in a copper-
deficient plant indicate it to be ab-
normally high in proteins and amino
acids, although similar effects have
been noted with several other deficien-
cies of essential plant nutrients.

Heavy fertilization with nitrogen
tends to increase the severity of patho-
logical symptoms of copper deficiency.
Plants supplied with ammonium nitro-
gen in culture solutions respond fav-
orably to higher levels of copper than
do plants supplied only with nitrate
nitrogen, an indication that copper is
related somehow to utilization of
ammonium nitrogen by plants. All the
evidence suggests that copper is im-
portant in the utilization of proteins
in the growth processes of plants.

The rate of photosynthesis of leaves
on copper-deficient plants is abnor-
mally low. The concentration of cop-
per in chloroplasts (minute corpuscle-
like bodies in plant cells in which the
green pigment chlorophyll is concen-
trated) is larger than in the leaf as
a whole. We have evidence that cop-
per is involved in oxidation-reduction
reactions in plants.

Copper probably functions as an
enzyme activator or as an integral part
of enzyme molecules involved in cer-
tain reactions. For example, potatoes
grown in the Netherlands on soil that
is low in available potassium but has
adequate copper tend to blacken in
storage because of the oxidation of
tyrosine (and related phenolic com-
pounds) by the enzyme tyrosinase to
the black pigment, melanin.

On the other hand, potatoes grown
on soil low in potash and low in copper
have a high content of tyrosine (as do
potatoes grown in low-potash and
high-copper soil) but have much less
tendency to produce blackening of
cut surfaces. Potatoes grown on low-
copper soil exhibit less than one-tenth
of the tyrosinase activity of potatoes
grown on normal copper soil. The
black pigment, melanin, is probably
like that produced in the spores of

YEARBOOK OF AGRICULTURE 1957

Aspergillus niger and inhibited in pro-
duction in spores of that organism
when grown when copper is deficient.

Plants suffering from copper defi-
ciency are low in ascorbic acid oxidase
activity. Other enzymes that appear to
involve copper are cytochrome C and
laccase.

Because of its inherent physical and
chemical properties, copper forms a
vast array of compounds with pro-
teins, amino acids, and other organic
compounds that commonly occur in
the juices of plants and animals.

Two groups of such copper com-
pounds, known as complexes and che-
lates, are probably of particular signif-
icance in the special functions that
copper performs in the life processes
of plants and animals. In complexes,
because of its special properties, cop-
per is held securely by a number of
single chemical bonds to other atoms
in molecules of proteins, amino acids,
and reclated species of compounds.
Chelates are similar to complexes, ex-
cept that copper is held with tre-
mendous security by extremely strong
multiple chemical bonds.

THE COPPER CONTENT of tissues of
plants suffering from copper deficiency
is abnormally low.

Among the tree crops, copper con-
centration in tissues of citrus has per-
haps been the most extensively studied
in various parts of the world. If copper
in citrus leaves falls below about 4
p.p.m. (parts per million) in dry mat-
ter, severe copper deficiency symp-
toms are almost certain to be observed.
In the range of about 4 to 5 p.p.m.,
mild to moderate deficiency symptoms
may occur. Copper deficiency rarely
occurs when the copper concentration
in leaves is 6 p.p.m. or more. A copper
concentration above 16 p.p.m. in nor-
mal citrus foliage is uncommon, unless
contamination from foliage sprays is
responsible.

About the same relationship be-
tween copper concentration in leaves
and incidence of deficiency symptoms
has been noted in a large number of
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other tree crops and many vegetable
and agronomic crops.

Analyses of fibrous roots of citrus
indicate that copper concentration in
them may be about 5 to 10 times the
concentration found in the leaves of
the same trees, but we are not sure how
the concentration of copper in roots of
plants is related to copper deficiency.

Small grains that suffer scvere cop-
per deficiency (severe stunting, necrosis
of foliage, distorted hcads) may con-
tain a normal concentration of copper
in the aboveground tissucs.

F. Steenbjerg found that in Denmark
fertilization of such plants with a small
amount of copper sulfate actually re-
duced copper concentration in tissucs
while at the same timec it increased
growth and yield considerably. Heavy
fertilization with copper restored nor-
mal yield and growth and increased
copper concentration in the tissucs.
This type of irregular rclationship of
concentration in tissues, incidence of
deficiency symptoms, and rcsponse to
copper [ertilization, however, is the
exception rather than the rule.

THE COPPER CONTENT of soils, accord-
ing to limited analyses, varies quite
widely.

Most mineral soils that have a tex-
turc between loam and clay havc a
total content of native copper of 10 to
200 p.p.m.—usually 25 to 60 p.p.m.

Very sandy soils, such as are common
in the Atlantic Coastal Plains, contain
1 to 3o p.p.m. of native total copper,
with most between g and 15 p.p.m.

Organic soils contain about the same
range of native total copper as mineral
soils. As a rule, the subsoil (B horizon)
may contain somewhat less copper
than the topsoil (A horizon). In some
soils, the total copper does not vary
significantly with depth. In others,
the subsoil may contain significantly
more copper than the topsoil.

No good chemical method has been
developed for assaying the amount of
copper in soil available to plants.
Rough correlations have been found
between the copper removed by several
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soil extractants (acid or salt solutions)
and the copper content of plants grow-
ing thercon or to response to copper
fertilization. Such relationships are
rule of thumb, and their use to deter-
minc nceds often is limited to a small
rangc of soil types and plant species.

Probably the most reliable—but not
infallible—index of the copper status
of soil with respect to a particular crop
is the copper content of the foliage of
the crop growing on it.

IN Troripa, I and my coworkers
found that copper extractable by strong
acid digestion of soil correlated reason-
ably well with the copper content of
the tissucs of plants grown on it. No
doubt “wet ashing” soil with strong
oxidizing chemicals liberates all the
copper associatcd with the organic
matter fraction of the soil, and subse-
quent extraction with more dilute acid
displaces that held by exchange or
other reactions on the surface of the
clay, but leaves intact most of the
copper within the crystal lattice of
clay particles. Oxidation of Florida
soils (containing g5 to 98 percent of
sand) with concentrated nitric and
sulfuric acids and digestion of the resi-
due with dilute sulfuric acid brought
more than go percent of the total cop-
per content of the soil into solution.

A biological method of estimating
availability of copper in soils has been
widely used and appears to be fairly
reliable. A specially prepared copper-
free nutrient solution is inoculated
with spores of the common bread mold,
Aspergillus niger, a small amount of the
soil to be assayed is added, and the
culture is incubated for several days.
The spore color developed is compared
with a series of standards to cstimate
micrograms of available copper. Black
spores indicate adequatc available cop-
per, and progressive shades of lighter
color indicate increasing degrees of
copper deficiency.

THE REACTIONS of copper with soil
arc not so clearly undcrstood as are
those of other essential elements.
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1. The relationship of copper content of pastures
and forage crops to the application of copper sulfate
to soils in Sweden.

Some copper may be held by the
colloidal fraction of the soil in much
the same way as base clements, such as
calcium or magnesium. A major part
of copper, however, evidently is fixed
with a degree of security such that it
cannot be displaced readily by other
common soil cations (such as calcium,
magnesium, or potassium) in the ordi-
nary range of soil acidity.

For ExXAMPLE, scicntists in Florida
found that a normal NaCl (common
table salt) solution at pH 6.0 would dis-
place less than 5 percent of copper
added to sandy soil at the rate of 100
pounds of copper to the acre and that
most such soils could fix about three
times as much added copper as am-
monia ion, A high proportion of copper
added to hydrogen or calcium-satu-
rated clay was held in nonexchange-
able form; that is, it could not be “ex-
changed” or displaced and leached
out readily by solutions of other cations
commonly found in soils and fertilizers.

Soil holds copper most securely in the
rangc from pH 7 to 8, appreciably less
securely at pH 6, and progressively less
securely as the soil becomes more acid.
In addition, the kind of minerals pres-
ent in the clay fraction may influence
the reaction of copper with soils.
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Because of thesc reactions of copper
with soil, a high proportion of copper
added to soil as a fertilizer or fungicide
residue is fixed rather permanently in
the top few inches of the soil, unless the
soil is very acid or cultivated decply.
This tight fixation may be due to the
formation of complcxes and chelates of
copper with ligno-proteins and other
humate compounds in soil organic
matter and to a lesser extent to some
analogous complexes with clay.

Thus organic matter, the kind and
amount of clay minerals, and acidity
arc all major factors affecting the avail-
ability of copper in soils.

COPPER FERTILIZATION of most soils
deficient in copper usually produces a
satisfactory crop response.

On mincral soils, a single application
of 5 to 25 pounds of copper sulfate
(blucstone) an acre usually is enough
to correct the deficiency with pasture
and field crops.

For organic soils, 50 to 200 pounds of
copper sulfate an acre may be required
for normal yields of vegetable and
field crops. Other soluble salts, such as
copper chloride or nitrate, have been
used with results equal to copper sul-
fate. Insoluble oxides of copper and
various copper orcs also have been
used. They may be quite effective if the
rates are adjusted for copper content
and the materials are finely divided.

In the sandy soils used for citrus or-
chards in Florida, annual applications
of 15 to 50 pounds of copper sulfate an
acre formerly were recommended for
the control of ammoniation (copperde-
ficiency) of citrus. In time, however,
this practice led to toxic accumulations.

It is now recommended that a total
of 50 to 100 pounds an acre of copper
sulfate be added over a period of ycars
to newly planted citrus orchards on
virgin soil prone to bc copper deficient.
It is applied as an ingredient of mixed
fertilizer (usually about 30 pounds of
copper sulfate or the equivalent per
ton) in several applications a year for 5
to 6 years before the trees begin heavy
bearing. No further copper is recom-
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acid extractable) of soils in Sweden.

mended until indications of deficiency
arc again apparent.

On the muck soils of Michigan,
farmers are advised to apply to respon-
sive crops initial applications of 100
pounds an acre of copper sulfate and
continue smaller annual applications
until a total of about 250 pounds an
acre has been applied. This provides
enough residual available copper for
many years.

Copper-deficient plants usually re-
spond quickly and satisfactorily to foli-
age sprays of such copper compounds
as Bordeaux mixture. Foliagcspraysare
often valuable emergency treatments
when symptoms of copper decficiency
are first observed. Soil applications
usually are the most practical way of
supplying the copper rcquirements of
plants unless copper sprays are required
routinely for the control of disease.

It was found in nearly all instances
studied that singlc applications of cop-
per to the soil produce strong residual
effects, which may persist for many
years. This is becausc copper is held
tightly by the soil, it is not subject to
leaching out of the main root zone, and
the amount removed when a crop is
harvested is small compared to the
amounts usually applied. For example,
about 30 years of heavy cropping are
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required to remove 1 pound of copper
from an acre of citrus in the fruit.

As TO ANIMALS, it is generally recog-
nized that the blood of those that suffer
from copper deficiency is low in hemo-
globin—that is, they have a type of
anemia. Copper is not a part of the
hemoglobin molecule, but it scems to
be essential for the formation of hcmo-
globin. Other symptoms of copper de-
ficiency in animals are rctardation of
growth, failure to fatten, coarsening
and depigmentation of hair, poor re-
production, diarrhea, abnormalities of
bone formation, nervous disorders, and
general weakness. Incipient copper de-
ficiency may first show up as a reduc-
tion in reproductive efficiency.

THAT TOXIC LEVELS of copper in the
soil or nutrient solution can cause re-
duced growth, chlorosis of the foliage,
and abnormal, stunted root devclop-
ment of such plants as corn, beans, and
squash was demonstrated in 1917 by
Dr. R. H. Forbes, of the University of
California.

His analyses indicated that copper-
stunicd plants contained somewhat
more copper in the foliage and much
more copper in the roots than healthy
plants. He concluded that the abnor-
mally high concentration of copper in
injured roots was combined largely
with proteins and localized mainly
inside the root in the promeristem and
central stele and not in the outer epi-
dermal or cortical tissues.

Later studies have disclosed that
toxic amounts of copper in the soil or
nutrient medium may reduce growth,
deprcss the iron concentration in
leaves, and cause symptoms of iron
chlorosis. Copper toxicity also may
interfere with the uptake of certain
other hecavy mectals and phosphorus
and otherwise derange the normal
process of nutrient accumulation by
roots. This is associated with stunting,
reduced branching, and thickening and
abnormal dark coloration of rootlets.

Somewhat similar toxic effects can
be produced by other hcavy metals,
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such as nickel, cobalt, zinc, and man-
ganese. Nickel is appreciably more
toxic than copper. Cobalt is slightly
less toxic. Zinc and manganese are
about one-tenth and one-thirtieth as
toxic, respectively.

Instances of toxic concentration of
copper developing in agricultural soils
as a result of accumulation in many
years of residual copper from the Bor-
deaux fungicides or from copper sul-
fate fertilization have been reported
in Florida and France.

Toxic effects of high copper in citrus
orchard soils in Florida are manifested
in severe cases by a marked reduction
in trec vigor and yield, severe chlorosis
of foliage, and dieback of the twigs.
Similarly, copper toxicity symptoms
of several crops have been reported in
some old vegetable fields having a
large amount (more than 400 p.p.m.)
of copper in the topsoil, the result of
many ycars of frequent spraying of
celery with Bordeaux mixture to con-
trol fungus discases.

The chlorotic foliage of affected cit-
rus trees in Florida has an abnormally
low iron content, and the sparse, dark,
stubby fibrous roots in the topsoil have
an exceedingly high copper content.
Such copper toxicity symptoms of
citrus in most instances are associated
with an acid soil condition (pH 4.0 to
5.5) produced by application of acid-
forming fertilizers and large residues
of sulfur used to control pests.

If the copper level in the soil is not
too high, normal vigor of affected trees
can be restored by applying onc-fourth
to one-half pound of chelated iron (iron
ethylenediamine tetraacetate, or Fe-
EDTA) per tree and sufficient lime or
soda ash to raise the pH of the topsoil to
about pH 4. The iron chelate quickly
corrects the chlorosis by supplying iron
to the top—presumably mainly through
the healthy roots in the subsoil, which
are not affected by copper toxicity.
The heavy liming usually reduces the
availability of copper enough to per-
mit the gradual restoration of normal
rooting in the topsoil.

Studies with pots of virgin Florida
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3. The tip of a corn root that is exposed to a toxic
concentration of copper. The dark part indicates that
copper is localized in the inner promeristem and cen-
tral stele portion of the root.

orchard topsoils containing about 5
p.p.m. or less of total copper indicate
that the addition of 10 to 25 p.p.m. of
copper may benefit citrus seedlings,
and additions of 50 to 200 p.p.m. may
reduce growth and cause chlorosis. The
degree of toxicity obtained is controlled
largely by the exchangc capacity (re-
lated primarily to the organic matter
content) and degree of acidity of these
very sandy soils.

We have evidence also that a high
phosphate content of soils reduces cop-
per toxicity, as judged by total growth
of scedlings in pots. Paradoxically, high
phosphorus may increase the incidence
of chlorosis symptoms on such soils.

Field studies of acid, sandy soils in
citrus orchards in Florida indicate that
slight toxic effects in the trees may oc-
cur when the copper level in the soil
reaches about 1.6 milliequivalents of
copper per milliequivalent of exchange
capacity in 100 grams of dry soil. At
twice this concentration, mild to severe
toxic effects are likely to be observed.
In other words, the lower the clay and
organic matter content of a soil, the
lower is the amount of added copper
required to produce toxicity.

Scientists in France found that cop-
per accumulated over many years in
acid soils from residues of Bordeaux,
sprays in vineyards may be toxic to a
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variety of crops. Pot tests indicated that
addition of about 200 p.p.m. of copper
from copper sulfate produced a toxic
reaction in soils low in copper, but
otherwise comparable to Alsatian vine-
yard soils, which were found to con-
tain as much as 400 p.p.m. of copper.
Among the crops tested, vines were
most resistant to copper toxicity; clo-
ver and alfalfa were most sensitive.

Symptoms of copper poisoning were
found in southern France in spinach
and gladiolus grown in a field once oc-
cupied by a peach orchard that had
been sprayed heavily for many years
with Bordeaux mixture. Only the parts
of the field having quite acid soil (pH
4.5 to 4.7) were affected; the copper
content of that soil was g8 to 130 p.p.m.

Future research in disease control
and soil fertility with copper-contain-
ing compounds should evaluate the
residual effects, because nearly all the
copper applied to crops will normally
be fixed in the few inches near the sur-
face of the soil.

Manganese and
Soil Fertility

G. Donald Sherman

Plants require tiny amounts of
manganese to grow and mature
properly. Otherwise they fail
as completely as if they lacked
the major elements.

Paul M. Harmer, in research work
at Michigan Agricultural Experiment
Station, reported a 100-bushel increase
an-acre in yields of potatoes after the
manganese-deficient soil in which they
were growing received a liberal appli-
cation of manganese sulfate. He ob-
tained an increase of 561 bushels of
potatoes an acre after he had applied
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a small amount of manganese sulfate
in Bordeaux sprays.

Cereal crops grown on manganese-
deficient soils often fail to yield enough
to replant the field. The cereals need
less manganese than alfalfa does. Pep-
permint, spearmint, and rhubarb grow
normally on a soil in Michigan that
had too little manganese for onions,
potatoes, alfalfa, oats, and beans.

Manganese-deficient soils have been
found in many parts of America.

Chemical analyses have disclosed
that the manganese content of plants
of the same crop vary greatly.

Manganese with the aid of iron as-
sists in the synthesis of chlorophyll,
since all chlorophyll tissues have the
highest concentrations of manganese.

In research with field peas in Michi-
gan, I found that manganese controls
the state of oxidation of several oxida-
tion-reduction systems in the plant.
Conditions existed in manganese-defi-
cient plants that favored the oxidation
of iron, ascorbic acid, and glutathione
to their respective oxidized forms. In a
normal plant these constituents occur
in their reduced form.

The staining of iron in plant tissue
showed the deposition of ferric iron,
an insoluble form of iron, in the veins
of pea leaves of a manganese-deficient
plant, whereas the normal plant gave
no test for ferric iron in the veins of the
leaves. The normal leaf had an even
distribution of ferrous iron, an avail-
able and active form of iron, through-
out the leaf tissue; the manganese-de-
ficient leaf showed only small amounts
of ferrous iron in tissue near the veins.
Recalling the pattern of the chlorosis
(vellowing) developed on pea leaves,
the results showed an almost complete
absence of iron in the chlorotic, yellow
parts of the leaf. The manganese-defi-
cient leaves contained more iron, which
supports the function of manganese in
the movement of iron in plants.

SvympToMms of a deficiency of manga-
nese have been established for most of
the agronomic and horticultural crops
by growing the plants in purified cul-
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potatoes, alfalfa, oats, and beans.

Manganese-deficient soils have been
found in many parts of America.

Chemical analyses have disclosed
that the manganese content of plants
of the same crop vary greatly.

Manganese with the aid of iron as-
sists in the synthesis of chlorophyll,
since all chlorophyll tissues have the
highest concentrations of manganese.
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the state of oxidation of several oxida-
tion-reduction systems in the plant.
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an insoluble form of iron, in the veins
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Recalling the pattern of the chlorosis
(vellowing) developed on pea leaves,
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tures devoid of manganese and in soils
known to be deficient in manganese.

Plants that have nct-veined lcaves
generally develop a deficiency symp-
tom of a definite and similar pattern.
Manganesc deficiency leads to a chlo-
rosis.in the interveinal tissue of their
leaves. The veins remain dark green;
the color persists even when the chlo-
rotic parts die. Some plants of thisgroup
develop symptoms similar to deficiency
symptoms of iron and zinc and to the
toxicity symptom produced by too
much boron.

Plants with leaves that have parallel
veins developed a general chlorotic
condition and secondary symptoms—
such as a gray speck of cereals and
Pahala blight of sugarcane.

Symptoms of manganese deficiency
commonly are known by descriptive
popular names—in cereals, gray speck,
white streak, dry spot, and leaf spot;
in field peas, marsh spot; in sugarcane,
streak disease and Pahala blight; and
in spinach and beans, yellow disease.

Gray speck in oats is typical of the
symptoms in other cereals and grasses.
The manganese-deficient plants de-
velop a grayish lesion on the base of
the lcaf. The lesion increases in size
and bccomes bright yellow or orange
at the edge of the leaf—the halo stage.
Tissue within the lesion dies and is
known as dry speck or dry spot condi-
tion. The leaf tip is green. The basal
part is dead. Chlorosis of all the green
tissue follows rapidly.

Investigations in Michigan by Dr.
Harmer and me showed that different
types of manganese-deficiency symp-
toms develop in different varieties of
oats. We grew four varietics of oats—
Gopher, Wolverine, Iogold, and Hu-
ron—on the same manganese-deficient
soil under identical conditions. Huron
was the least susceptible to the manga-
nese deficiency. Gray speck on it was
confined to small, oval, grayish spots
on the leaves. Long, grayish lesions,
which changed to the halo appearance,
and necrosis of the leal devcloped in
Wolverine, a very susceptible type.

Too much available manganese in
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the soil also harms plant growth. Ex-
cessive amounts exist in some soils of
Kentucky and Conneccticut. Tobacco
and other crops grown on them de-
velop a severe chlorosis. Pincapples on
some soils in Hawaii become chlorotic
because of too much manganese. One
can detect a spotted condition (caused
in the early stages by the uneven dis-
tribution of chlorophyll) by holding
the leaf toward the sun.

AMONG THE FACTORs that influence
the availability of manganese in the
soil is the basic chemistry of manganese
in the soil. Seldom is a soil depleted of
its mangancse by leaching to the point
that it cannot adequately supply the
plant with available manganese. The
factors that contribute to the develop-
ment of a manganese-deficient condi-
tion are of two general groups: Defici-
encies produced by the chemical con-
ditions in the soil and those produced
by biological factors.

Soils with a reaction above pH 6.0
favor the oxidation of manganous man-
gancse, a divalent form of manganese.
The oxidation-reduction conditions in
strongly acid soils favor the reduction
of manganic manganese (the insoluble,
high-valence form) to the manganous
manganese, an available form.

The manganese can be leached from
a strongly acid soil, but leachates from
an alkaline soil show only traces of
manganese. The manganese content of
strongly acid soils subject to much
leaching is low, especially if the leach-
ing occurs during cool weather. An ex-
ample is the soils along the Atlantic
coast in the Southeastern States. De-
spite their low content of manganese,
thesc soils in their native condition did
not produce manganese-deficient con-
ditions in respect to plant growth. A
soil capable of reducing manganic
manganese can maintain a low but
adequate supply of manganous man-
ganese, which is easily replaceable,
since the equilibrium favors the avail-
able manganous manganesc.

The liming of strongly acid soils to
an alkaline reaction has been the com-
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monest cause of manganese deficiency.
An acid soil with a low content of ac-
tive manganese should receive only
enough lime to change the reaction to
pH 5.7 to 6.0. The application of lime
to a slightly acid organic soil that docs
not need lime will depress the growth
of some crops, among thcm onions,
potatocs, bects, ccreal crops, legumes,
and tree crops.

The continuous application of lime
to soils having a high content of easily
reducible manganic oxide may pro-
duce a mangancse-deficient condition.
The reapplication of lime will cause a
steady depletion of the easily reducible
manganic oxide as a result of its con-
version to inert manganic oxides.

Acid organic soils can be made alka-
line by methods other than the direct
application of lime.

The burning of organic soils, cspe-
cially those well supplied with lime,
produces an alkalinc condition. The
reaction of organic soils after burning
often ranges from pH 6.8 to 8.2. Before
burning they were able to supply the
plant with enough available manga-
nese for normal growth. After burning,
they have a high capacity for the oxi-
dation of manganese and its subse-
quent fixation as inert oxides. Thus
a manganesc-deficient condition is
brought about. Organic soils that have
been deeply burned require heavy ap-
plications of manganesc fertilizers.

The alkalinity of some organic soils
in Michigan has been caused by alka-
line water from springs. An alkalinity
so produced causes a soil to become
manganese-deficient by the reversion
of its oxidation system in rcspect to
mangancse.

Imperfectly drained mineral soil of
a high organic content may naturally
overlime itself in some places. A man-
ganese deficiency is produced in the
spots that fluctuate between wecll-
drained and waterlogged conditions
between seasons. The soil has a high
amount of calcium and magnesium.
The waterlogged condition during a
part of the year and the subscquent
withdrawal of the water removce the
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manganous manganese. After the with-
drawal of the excess water, conditions
for rapid oxidation of mangancse rap-
idly set in and cause a deficiency.

The lcaching of strongly acid soils
rcmoves the manganous manganese
from the soil because the conditions in
them favor the reduction of the man-
ganic manganesc. Perhaps they losc so
much mangancse from ovcrleaching
that too little mangancse is left to sup-
port normal plant growth.

Regardless of how small the active
manganese content of strongly acid
soils may be, this mangancse cxists
under conditions favorable to its maxi-
mum availability. Itisdoubtfulif many
cascs of manganesc deficiency are due
dircctly to this cause, but it is the
indirect factor that scts the stage for
many of the manganesc dcficiencies in
soils. It is often the agent that reduces
the copious supply in the parent ma-
terial from which the soils were formed.

Several investigators have proved
that bacteria are responsible for the
inability of plants to obtain available
manganesc from the soil.

F. C. Gerrctsen, of the Netherlands,
reported that a gray speck disease
would not develop on a manganecse-
deficient soil when formalin was added
to the soil. He concluded thatgray speck
was caused by certain bacteria in the
soil. G. W. Leeper and R. J. Swaby,
Australian soil scientists, have shown
that bacteria can oxidize manganous
manganese to manganese dioxide.

MANGANESE EXISTS in the soils in sev-
eral forms, which determine its avail-
ability to plants.

The exchangeable and water-soluble
manganesc (which is the divalent man-
ganous ion) is the only form available
to the plant. The manganous-man-
ganic equilibrium and the capacity of
the soil to oxidize manganesc control
the level of available manganese. When
a manganous salt is added to an alka-
line mecdia, a white precipitate is
formed; it soon turns brown and scttles
out rapidly. It has bcen identificd as
manganous hydroxide, which under-
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goes partial oxidation to the hydrated
manganic oxide, an insoluble form of
mangancse. The addition of a reducing
agent will reverse this reaction to the
hydroxide form, the white precipitate.

Substantial evidence supports the ex-
istence of this system in the soil: First,
because the rate of fixation is related to
the concentration of hydroxyl ion
rather than bacterial activities and,
secondly, the existence of the hydrated
oxide can be established by its proper-
ties. The addition of reducing agents
will cause the increasc in concentration
of manganous ions. The dehydration
of the hydrated oxide will causc a
splitting of manganous oxide and man-
ganese dioxide.

A manganese cycle in soils has been
devcloped and its basic principles are:
Manganous manganese > colloidal hy-
drated MnO.MnQ,>incrt MnQO,.

The reaction can be rcversed by the
addition of a reducing agent. Dchy-
dration will causc the following split of
the dehydrated oxide:
(MnO)x(MnO,)y.(H,0),>xMnO -}y
MnOz—l—szo.

The reaction is considered to be re-
versible. Thus the treatment of man-
ganese deficiency can be approached
by using thesc fundamental reactions.

First, the deficient condition can be
corrected by direct applications of
manganous salts. If the soil has a high
capacity for the fixation of mangancse,
their efficiency will be low.

Secondly, the fixation capacity of the
soil can be reduced by applying acid-
forming material, which reduces the
hydroxyl concentration. The forma-
tion of the hydroxide is the first step in
the fixation, and subsequent oxidation
of the manganese to the hardly soluble
hydrated oxide can be reduced by de-
creasing the hydroxyl concentration of
the soil through its acidification.

Lastly, manganese deficiency can be
corrccted by the application of reduc-
ing agents. The application of hydro-
quinone, stannous chloride, hydrazine
sulfate, and sodium azide have cor-
rected manganese-deficient soil by in-
creasing the available manganese.
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Likcwise the correction of manga-
nese toxicity can be accomplished by
taking advantage of the manganesc
cycle in soils. The soluble and avail-
able manganese can be reduced by in-
creasing the hydroxyl concentration in
soil by the application of lime and by
using mulches to prevent dehydration
through exposure to wind and sun.

SEVERAL METHODS for the correction
of mangancse-deficient soils have been
discovercd and are rccommended for
use by farmers, gardencrs, and grcen-
housc opcrators. The methods rccom-
mended include the direct application
of manganese and indirect mcthods,
which are bascd on the reversion of the
manganous-manganic equilibrium,

The common method of correcting
manganesc deficicney is to apply man-
gancse salts to the soil. The rate of
application is determined by the type
of soil and by its fixation capacity.

Applying 50 to 100 pounds per acre
of manganese sulfate to mineral soils,
in which the manganese deficiency has
been caused by overliming, gencrally
will give adequate results. On soils
having a slightly acid to ncutral reac-
tion, 50 to 100 pounds of mangancse
sulfate may be applied; 100 to 200
pounds may bc put on those having a
neutral to slightly alkaline reaction,
and 200 to 400 pounds on soils having
a strongly alkaline rcaction.

At 1957 prices, mangancse sulfate
was the most economical means of ap-
plying soluble mangancse. The use of
insoluble manganese compounds, such
as pyrolusite, was not considered eco-
nomical because hcavy applications of
those compounds, finely ground, are
needed to produce the same effect as
smaller amounts of mangancse sulfate.

An early method of correcting unpro-
ductive manganese-deficient soil was to
change its reaction with the application
of sulfur and other acid-forming ma-
terials. The method was economical
and gave good results on organic soils.
Sulfur should be used only on soils
where it will bring about a relatively
permanent change in reaction. Some
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organic and sandy soils can be eco-
nomically treated in this way; among
them are peat soils; soils in Michigan,
Indiana, and New York; and the soils
of the Coastal Plains.

To apply manganese directly to a
soil with a high-fixation capacity is an
inefficient way to correct a mangancse-
deficient condition. Two other meth-
ods are more efficient and economical.
The first is to apply manganese sulfate
and sulfur together. The sulfur in-
creases the availability of the manga-
nese by retarding its oxidation through
the rcduction of the hydroxyl ion
concentration. Plants growing on a
manganese-deficient soil that got 400
pounds of manganese sulfate and 500
pounds of sulfur had 2.5 times more
manganese in their tissues than plants
growing in similar soil that got 400
pounds of manganesc sulfate alone.

The other method is to apply man-
ganese sulfate as a spray to the foliage.
This method was used at the Rhode
Island Agricultural Experiment Sta-
tion in 1925. Many citrus growers have
used it. It is economical wherever it is
possible to spray the plant. The sprays
have been successful on general crops,
such as potatoes and cereal crops.

Manganese deficiency in a soil may
be corrected temporarily by steam or
sterilization by dry heat. This treat-
ment causes a great increase in soluble
manganese in the soil. The explanation
for this phenomenon lies in the dehy-
dration of the hydrated oxides, expe-
cially MnO.MnO,. The aftereffects of
steam sterilization can be explained
by its effect on the solubility of manga-
nese. When a soil containing large
amounts of oxides of manganese is
sterilized by this means, a manganese
toxicity condition is produced in re-
spect to plant growth. This eflect will
disappear eventually.

The improvement of soils that have
a content of soluble mangancse toxic to
plant growth requires a treatment that
will cause the oxidation of the soluble
manganese. This is done by using lime
and mulch to protect hydrated oxides
from dehydration.
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Trace
Elements

P. R. Stout and C. M. Johnson

We hear a lot these days about
trace elements. Advertisements
imply they are a magic guaran-
tee of success for any gardener
and farmer. What are they?

Originally the term ““tracc ¢lements”
came from a custom of the analytical
chemist to report the presence of ele-
ments that he could detect but were
present in such small amounts as to be
insignificant. Preparation of an ulti-
mately pure chemical has never been
attained because—if for no other rea-
son—it must always come in contact
with apparatus used in processing it.

The more refined grades, such as
Chemically Pure, are analyzed, and
the percentage of the principal chemi-
cal and the amounts of “impurities”
associated with it usually arc reported
on the label. Elements that cannot be
estimated accurately but can be de-
tected qualitatively are simply reported
as being present in trace amounts—
hence the term “trace clements.”

The plant physiologists ordinarily use
salts available on the market to pre-
pare the culture solutions for growing
plants. In that way they determine the
kind and amount of chemical elements
the plants need. (A salt is a chemical
compound formed when the hydrogen
of an acid has been replaced by a met-
al. Salts are named according to the
acid and the mctal from which the salt
is derived. Copper sulfate, for example,
is a salt derived {from copper and sul-
furic acid.)

It often happened in carlier experi-
ments that plants would grow ade-
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organic and sandy soils can be eco-
nomically treated in this way; among
them are peat soils; soils in Michigan,
Indiana, and New York; and the soils
of the Coastal Plains.

To apply manganese directly to a
soil with a high-fixation capacity is an
inefficient way to correct a mangancse-
deficient condition. Two other meth-
ods are more efficient and economical.
The first is to apply manganese sulfate
and sulfur together. The sulfur in-
creases the availability of the manga-
nese by retarding its oxidation through
the rcduction of the hydroxyl ion
concentration. Plants growing on a
manganese-deficient soil that got 400
pounds of manganese sulfate and 500
pounds of sulfur had 2.5 times more
manganese in their tissues than plants
growing in similar soil that got 400
pounds of manganesc sulfate alone.

The other method is to apply man-
ganese sulfate as a spray to the foliage.
This method was used at the Rhode
Island Agricultural Experiment Sta-
tion in 1925. Many citrus growers have
used it. It is economical wherever it is
possible to spray the plant. The sprays
have been successful on general crops,
such as potatoes and cereal crops.

Manganese deficiency in a soil may
be corrected temporarily by steam or
sterilization by dry heat. This treat-
ment causes a great increase in soluble
manganese in the soil. The explanation
for this phenomenon lies in the dehy-
dration of the hydrated oxides, expe-
cially MnO.MnO,. The aftereffects of
steam sterilization can be explained
by its effect on the solubility of manga-
nese. When a soil containing large
amounts of oxides of manganese is
sterilized by this means, a manganese
toxicity condition is produced in re-
spect to plant growth. This eflect will
disappear eventually.

The improvement of soils that have
a content of soluble mangancse toxic to
plant growth requires a treatment that
will cause the oxidation of the soluble
manganese. This is done by using lime
and mulch to protect hydrated oxides
from dehydration.
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with apparatus used in processing it.

The more refined grades, such as
Chemically Pure, are analyzed, and
the percentage of the principal chemi-
cal and the amounts of “impurities”
associated with it usually arc reported
on the label. Elements that cannot be
estimated accurately but can be de-
tected qualitatively are simply reported
as being present in trace amounts—
hence the term “trace clements.”

The plant physiologists ordinarily use
salts available on the market to pre-
pare the culture solutions for growing
plants. In that way they determine the
kind and amount of chemical elements
the plants need. (A salt is a chemical
compound formed when the hydrogen
of an acid has been replaced by a met-
al. Salts are named according to the
acid and the mctal from which the salt
is derived. Copper sulfate, for example,
is a salt derived {from copper and sul-
furic acid.)

It often happened in carlier experi-
ments that plants would grow ade-
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quately in solutions of a few salts. All
of the six then unknown minor ele-
ments could have been supplied from
contaminants in three salts—calcium
nitrate, magnesium sulfate, and potas-
sium phosphate—from which plants
get calcium, magnesium, sulfur, nitro-
gen, potassium, and phosphorus.

The early rescarch men discovered
also that an additional salt containing
iron was necessary, for without iron—
or with even a tiny amount—young
plants would soon become chlorotic,
or yellow, and would ceasc to grow.

The scientists consequently presumed
that plants could synthesize all of the
complex chemical compounds needed
in their life processes from 10 chemical
clements, of which % came {from the
salts added to the culture solutions.
The other g elements—carbon, hydro-
gen, and oxygen—were provided by
the atmosphere and water; all of the
hydrogen would come from water.

Today we recognize 16 elements as
essential for the growth of the higher
plants. To the original 10 elements
have been added manganese, boron,
zinc, copper, molybdenum, and chlo-
rine. These six are the plant nutrients
that would have been grouped within
the category of “trace elements” if de-
tected in the usual analytical control of
Chemically Pure grade of salts.

The term “micronutrient” has been
coming into use to signify plant nutri-
ents that are essential to plants but are
needed only in very small amounts.
(The term “macronutrient’’—macro
meaning “large”—refers to elements
needed in larger amounts.)

The term is preferred to ““minor ele-
ments” or “trace elements” because
the amount of micronutrients must also
be considered in specific terms, just as
one must do for nitrogen, potassium, or
phosphorus. For example, we speak of
the fertilization of a clover field at the
rate of 200 pounds of superphosphate
to the acrcand 1 ounce of molybdenum
to the acre, rather than 200 pounds of
the one and a trace of the other.

In keeping with the idea that a mi-
cronutrient is a chemical element
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nceded in small amount, iron is also a
micronutrient. The 10 essential ele-
ments thus included 9 macronutrients,
with iron as a micronutricnt.

Animals normally get the micronu-
trients they need from plants.

When we add the nutritional require-
ments of animals and some species of
micro-organisms (that is, fungi, algae,
and such “lower” plants) to those of
higher plants, we have to include 5
more micronutrients—cobalt, iodine,
vanadium, fluorine, and sodium.

Therefore, in the general biochemis-
try of living organisms, present-day
knowledge must consider the roles of
12 micronutrient elements.

Iron, zinc, boron, copper, and man-
ganesc have become of such wide-
spread importance in connection with
soil fertility that a chapter is devoted
to each of them in this volume. The
micronutrients that we discuss here
are molybdenum, chlorine, vanadium,
cobalt, iodine, fluorine, and sodium.

The term “trace elements” in biology
should be reserved for chemical ele-
ments that have not been demonstrated
to be requirced nutrients. In the future,
if a trace element is to be transferred to
the status of a nutrient element, ade-
quate experiments must be conducted
under rigidly controlled conditions to
prove a living organism needs it and to
determine how much of it is needed.

Thus any one of the chemical ele-
ments in nature can be regarded as po-
tential candidates for recognition as a
micronutrient. But before a trace ele-
ment can gain such recognition, its
need must be proved. We can prove
that an element is essential for a living
organism by trying to grow the organ-
ism, whether plant or animal, in a
medium that is sufficiently free from
the element to demonstrate that the
organism cannot grow without it. We
cannot prove the nonessentiality of a
chemical element, however, for the
simple reason that the complete ab-
sence of a chemical element from a
growth medium can never be guaran-
teed—impurities will get into it.

If any single cubic foot of soil were
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subjected to critical chemical analysis,
the chances are good that any one of
the chemical elements in nature could
be found in it. The same is true of
plants grown in that soil. Every inor-
ganic chemical compound of which
soils are composed is soluble to somc
degree, and plants will absorb some
fraction of any simple compound found
in solution. For example, many analy-
ses of plants have shown the presence
of silver and gold. Those clements exist
in soils, and plants absorb them—but
their presence in trace amounts is not
evidence that plants nced them.

With the coming of nuclear reactions
of modern physics, many new radio-
active isotopes (radioactive atoms hav-
ing the same chemical propertics as
ordinary elements) have been pre-
pared that formerly did not exist in
nature. Plants have the ability to ab-
sorb them as well as newly synthesized
elements—for example, technetium
(atomic number 43) and plutonium
(atomic number 94).

The unraveling of the relationships
of micronutrient elements in plant and
animal nutrition has been one of the
great contributions of modern science
toward an understanding of the nature
of the world in which we live. Much
remains to be done, but the successes
achieved to date point to an expanding
intercst in research into micronutrient
elements and their use in farming.

MoLYBDENUM as a plant nutrient is
the latest to have attained significance
in soil management. Its use as a ferti-
lizer has been increasing so rapidly
that it scems destined for recognition
as a major micronutrient.

An amazing feature of molybdenum
as a nutrient element is the small
amount rcquired: We speak of frac-
tions of ounces rather than pounds.
For many soils that have too little mo-
lybdenum, fertilization with an ounce
of molybdcnum to the acre is liberal,
and there is no need to repcat the ap-
plication perhaps [or scveral years.

Usually a soluble molybdenum com-
pound, such as sodium molybdate or
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molybdic acid, is mixed with supcr-
phosphate fertilizer. When the phos-
phate is spread upon the field,
molybdenum is distributed with it. In
practice, soils low in molybdenum
havc always been low in phosphate, so
that the problem of distributing small
amounts of molybdenum has been
solved most readily through the use of
molybdcnized phosphatic fertilizers.

The varied avenues of research that
have led to our understanding of mo-
lybdenum in the nutrition of plants
and animals make an interesting chap-
ter in the history of science.

A connection between molybdenum
and biological systems was not suspect-
ed before 1930, when the first clue was
given by H. Bortels of Germany. He
was studying the growth of microbial
cultures of Azotobacter c¢roococcum. Bor-
tels considered molybdenum as a cata-
lyst that aided the conversion of gase-
ous nitrogen to usable forms by these
nitrogen-fixing micro-organisms.

Several other discoverics between
1930 and 1942 made scientists realize
that molybdenum is vital in life proc-
esses of micro-organisms, higher plants,
and animals. Research with molyb-
denum in biological systems has accel-
erated rapidly since then. Between
1930 and 1942, following Bortels’ ex-
periments, there occurred five different
types of experiments, each of which
broadened our knowledge.

C. B. van Niel noted in 1935 that a
sandy, calcareous soil near the Hop-
kins Marine Station of Stanford Uni-
versity in California could not support
nitrogen-fixing Azotobacter. Additions
of molybdenum in the amount of 0.5
part per million (p.p.m.) to culture so-
lutions resulted in growth of Azolobac-
ter because molybdenum restored the
ability of the micro-organism to fix gas-
cous nitrogen. This experiment dem-
onstrated that some natural soils of
low fertility might bc improved by
supplying molybdenum to its free-liv-
ing, nitrogen-fixing micro-organisms.

R. A. Steinberg, of the Department
of Agriculture, working with culture
solutions of high chemical purity, in
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1936 showed that Aspergillus niger, a
common mold, could not grow without
molybdenum in its culture medium.
Dr. Steinberg’s experiments extended
considerably the place of molybdenum
in biology, since Aspergillus niger does
not fix nitrogen. Other physiological
roles for molybdenum therefore werc
brought into our thinking.

W. S. Ferguson and his associates,
studying a local disease of dairy cattle
in Somerset, England, in 1938 discov-
ered that molybdenum in excessive
amounts was the injurious factor. They
later demonstrated that some pastures
consistently grew fodder having a high
enough content of molybdenum to re-
sult in the teart discase. Thus the con-
centrations of molybdenum in differ-
ent soils was recognized as ranging
from too little to nurture Azotobacter to
amounts high enough to be toxic to
farm animals.

The basis of the broad, gencral role
of molybdenum in biology was fairly
well completed in 1939 and 1940 by
the demonstrations that molybdenum
was essential for the growth and devel-
opment of higher plants.

At the University of California, as a
result of a program to produce high
degrees of purity in chemicals used to
grow plants, D. I. Arnon and P. R.
Stout showed in 1939 that tomato
plants could not complete their life
cycle when growing on their highly
purified water cultures unless sup-
plemented with molybdenum. Molyb-
denum additions of 0.01 p.p.m. of the
culture solution permitted normal
growth, however.

Also at California in 1940, D. R.
Hoagland, with the same sources of
salts and culture solutions, extended
these experiments to demonstrate a
molybdenum requirement for plum
tree seedlings. C. S. Piper, of the Waite
Institute in Australia, made similar
demonstrations with oats in the same
year. It thus appeared that molybde-
num was required for the growth and
development of higher plants in gen-
eral—a fact that has held true in all
later experiments with many species.
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Because of the very small amounts of
molybdenum required in plant nutri-
tion and its inevitable inclusion as a
contaminant or impurity in waters,
salts, containers, and almost anything
used for experiments in plant nutri-
tion, some investigators could not con-
ceive of a natural soil so free of molyb-
denum as to show a deficiency for
plants. Consequently, it was thought
that molybdenum deficiencies might
remain a matter demonstrable only
under closely controlled conditions of
the experimental laboratory.

Any such ideas were dispelled by
A. J. Anderson, of the Commonwealth
Scientific and Industrial Research Or-
ganization in Australia.

He laid out an elaborate series of
field experiments on hilly pastures near
Adelaide in 1942 in an arca where very
low productivity had baffled investi-
gators for years. It was known that ash
from burned eucalyptus contained a
material that could restore fertility for
a short time. From Anderson’s ingeni-
ously arranged series of ficld trials,
which included molybdenum as a pos-
sible fertilizing element, he was able to
prove that the reason for the declining
yields in the pastures was due to the
low molybdenum status of the soil; that
the deficiency could be overcome in
proportion to molybdenum applica-
tions up to one-sixteenth ounce to the
acre; that the main effect of molybde-
num came from supplying the nitro-
gen-fixing organisms associated symbi-
otically with clover plants; and that
the additions of large amounts of lime
could release enough soil-absorbed mo-
lybdenum to give the same results as
applying molybdenum at the rate of
one-sixteenth ounce an acre.

Dr. Anderson’s notable contributions
led to further experiments and field
demonstrations of the practical value
of using molybdenum on other molyb-
denum-deficient soils. Yieldswere mul-
tiplied fourfold to tenfold at a cost of
25 cents an acre. .

The influence of molybdenum was
disclosed in other field demonstrations
as a primary need of the plant rather
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than a secondary one of symbiotic
nitrogen-fixing micro-organisms.

The whiptail disease of cauliflower
and broccoli in New Zealand was
found in 1945 to be an out-and-out
molybdenum deficiency that could be
cured by spraying foliage with solu-
tions of molybdenum salts or by adding
molybdenum to the soils.

Brassica crops—cabbage, kalc, cauli-
flower—are uncommonly sensitive to
the molybdenum status of soils. The
whiptail discase in acutc forms pro-
duces plants in which the lcaf tissue,
except small areas closc to the midrib,
dies. The leaves continue to elongatc,
however, and arc often twisted. Heads
of cauliflowers do not fill, even though
the deficiency is not enough to producc
whiptail in the Icaves. Control meas-
ures for whiptail vary, but the discase
can always be corrected by applica-
tions of molybdenum. Some vegetable
growers apply a pound or more an acre
of soluble molybdenum salt.

Molybhdenuin treatments of horticul-
tural and field crops must take into ac-
count relations of molybdenosis (teart
disease) in crop production and live-
stock problems. Molybdenosis results
from ingcstion of excessive amounts of
molybdenum by ruminants. Techni-
cians in New South Wales recom-
mended the control of whiptail in cau-
liflowers by watcring the plants with a
solution of 1 ounce of ammonium mo-
lybdate in 10 gallons of watcr per 10
square yards of seedbed 1 or 2 weeks
before transplanting.

In Florida, the recommendations are
to use varieties of cauliflowers less sus-
ceptible to molybdenum deficiency; to
lime the soil to as high pH as compat-
ible with other crops (for example, po-
tatoes) grown in the rotation; and to
usc fertilizers that do not give rise to
physiological soil acidity. These prac-
tices lessen the risk of building up mo-
lybdenum concentrations in foliage,
which might serve as feed for rumi-
nants. The scicntists in New Zealand
cautioned against the use of excessive
amounts of molybdenum on peats and
copper-deficient fields.
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Molybdenum deficiencies in the field
may come about in two ways.

The weathcring of soil results in re-
moving molybdenum to very low total
amounts, as has been reported on a
molybdenum-decficient scrpentine soil
in California. This soil, derived from
magnesium silicate parent material,
remains nearly necutral even under
intensive weathering. In those circum-
stances, molybdenum released during
weathering is not absorbed by soil clays
and is carried away in drainage waters.

An opposite kind of molybdenum-
deficient soil often is acid and is well
supplied with total molybdenum, but
the molybdenum is fixed in forms un-
available to plants or soil micro-organ-
isms. Liming them frequently releases
adequate molybdenum to crops.

The most acutely molybdenum-de-
ficient soil that we know of is Cressy
shaley clay loam of Tasmania. E, F.
Fricke, of the Tasmanian Department
of Agriculture, showed that failure of
oats because of blue chaff disease was
due to too little molybdenum. Heavy
liming or adding an ounce of molyb-
denum to the acre corrected the dis-
ease. The main value of liming was to
release molybdenum fixed by the acid
soil in an unavailable form.

More than 20 crops have been helped
by fertilization with molybdenum.
Among them are alfalfa, sweetclover,
peas, citrus, cauliffower, cantaloup,
and lettuce.

Soils in need of molybdenum are
quite limited in the United States.
They exist on the Atlantic coast, the
eastern part of Washington, and Ha-
waii. Elsewhere, particularly in Aus-
tralia and New Zealand, molybdenum
has assumed a much greater agricul-
tural importance.

Because of the vital role of molyb-
denum in nitrogen fixation by micro-
organisms and of nitrogen transforma-
tion processes in plants, we can be cer-
tain that molybdenum will receive an
increasing amount of attention.

In animal nutrition, molybdenum
receives emphasis almost entirely in
connection with teart disease.
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Green fodder containing 20 p.p.m.
(on a dry-weight basis) is regarded as a
borderline concentration, above which
the frequency of molybdenosis is in-
creased. Some investigators feel that
subclinical manifestations of molyb-
denosis are not recognized generally,
so that susceptibility of some rumi-
nants, such as dairy cattle, may begin
at concentrations as low as 5 p.p.m.

Plants may accumulate 100 p.p.m. or
more of molybdenum without obvious
signs of toxicity to the plant itself. At
these higher levels, acute molybdenosis
results in severe diarrhea and debilita-
tion of the animal. Chronic molyb-
denosis causes fading of hair color; the
entire syndrome almost parallels that
of copper deficiency. Indeed, where
cattle are pastured on high-molyb-
denum fields, molybdenosis may be
prevented or corrected by administra-
tion of copper salts directly to the ani-
mal, as, for example, in drinking water.
As much as 1 gram of copper a day for
a full-grown beef animal may be
needed. Much smaller quantities of
copper suffice if injected directly into
the blood stream. Although molyb-
denosis can be controlled by adminis-
tration of copper, the methods used to
provide copper effectively pose serious
management problems, particularly
with range animals.

These interrelations between molyb-
denum and copper in animal nutrition
are the prime reason for recommenda-
tions that molybdenum deficiency in
plants should be corrected with mini-
mal amounts of molybdenum applied
to soils. It often happens that soils low
in molybdenum are also low in copper.
Consequently the amount of molyb-
denum in fodder tolerated by rumi-
nants is lowered proportionately.

Molybdenum interrelations with cop-
per have been expressed in an opposite
way by A. T. Dick and L. D. Bull, of
the Commonwealth Scientific and In-
dustrial Research Organization. They
observed a rapid accumulation of cop-
per in the livers of sheep grazing on
pastures containing less than o.1 p.p.m.
of molybdenum in dry plant material.
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The rate of copper accumulation was
judged sufficient to produce chronic
copper toxicity and eventual death of
the animals.

In places where pastures are devel-
oped through use of molybdenum and
copper, it is clear that the welfare of
grazing ruminants calls for careful
management in applying the two ele-
ments as fertilizers.

Sulfate levels of soils introduce a
third component into the complex in-
terplay of molybdenum and copper in
the nutrition of plants and animals.
Both sulfate and molybdate ions are of
the same size and charge and compete
with each other for adsorption sites on
plant roots. If the soil sulfate levels are
increased, therefore, less molybdate
can be absorbed by plants. Sulfate also
enters into the molybdenum-copper
status of animals.

Dr. Dick and Dr. Bull observed that
molybdenum, in presence of high sul-
fate in the diet, mobilizes copper from
the livers of sheep. H. R. Marston, also
of the Commonwecalth Scientific and
Industrial Research Organization,
showed that molybdenum toxicity in
rats on low-copper diets was increased
if sulfate intake was raised.

To detect influences of copper, mo-
lybdenum, and sulfur in diets, black
sheep are convenient. If a normally
black sheep is given a raised level of
molybdenum, the newly emerging
wool is light gray—almost white. If a
copper supplement is given at the same
molybdenum level, the next growth of
wool is black. Increasing sulfate in the
diet at the same level of molybdenum
and copper brings forth gray. Respon-
ses are rapid, so that the color of the
new wool may be changed in a day or
so. When wool is clipped from such ex-
perimental animals, the rccord of die-
tary levels is seen clearly in the color
changes corresponding with the diet.

The accompanying illustration shows
one of the patterns established in the
wool of a black sheep that was periodi-
cally given extra molybdenum in its
diet. Once wool is formed, the color
does not change.
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Banding of black sheep’s wool due to changes of
molybdenum-copper ratios in diet. A. Normal black,
crinkly fleecce—diet contains 1 p.p.m. of Mo and 15
p-b.m. of Cu. B. Molybdenum in diet increased lo
100 p.p.m. C. Three-day fasting with corresponding
band of normal, black wool. D. Resumed diet with
100 p.p.m. of molybdenum. E. High molybdenum
diet with copper raised to 50 p.p.m. F. Fleece shorn.

Influences of mineral components in
the dictary balance of ruminants are
beginning to come to light, but com-
plete understanding is far away.

Recent findings from dietary studies
with rats and sheep have implicated-
both manganese and the protein level
in diets as modifying factors in the
copper-molybdenum-sulfur complex.
Recognition of molybdenum as a plant
micronutrient has accelerated agricul-
tural research along lines that in them-
selves may prove to be worth as much
as the economic advantages so far de-
rived from molybdenum fertilizations.

CoBALT is accumulated from soils by
plants, which in turn become the pri-
mary source of cobalt for animals.

Plant physiologists have been unable
to demonstrate a cobalt requirement
for higher plants. Nevertheless fertili-
zation of pastures with cobalt salts is
practiced commonly on cobalt-defi-
cient lands. The reason is that unless
forage on deficient land is supple-
mented with cobalt, farm animals that
graze adequate-looking pastures waste
away and eventually die as a result.

The malady now known to be cobalt
deficiency, or more specifically a vita-
min B,, deficiency, has a long history,
as attested by the many names for the
same disease. In the British Isles, the
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disease was called pining, dasing, vin-
kish, and pine of the Cheviots. In the
United States it was the salt sickncss of
Florida; in East Africa, the nakurui-
tis of Kenya; the enzootic marasmus in
western Australia; bush sickness in
New Zealand; and coast diseasc of
southern Australia.

The barrier to progress in combat-
ing these diseases was broken in 1935
by H. R. Marston and his coworkers
in Australia. They turned their atten-
tion toward understanding the causes
of the coast disease, which was as-
sociated with some Australian coastal
pastures, where originally healthy
ruminant animals would lose weight,
become anemic, and die if put upon-
the ‘‘coasty” pastures and allowed
to remain there. In the same year,
E. J. Underwood in western Australia
showed that low cobalt in ruminant
feeds caused enzootic marasmus.

A reasonably satisfactory control of
bush sickness has resulted in New Zea-
land from feeding limonite (hydrous
iron oxide) to cattle. Thercupon the
Australian scientists improved the
health of afflicted animals with drench-
ings of iron salts. They examined
closely the iron salts for possible con-
taminants that might be the real prin-
ciple required for ruminant metabo-
lism. They discovered very small
amounts of cobalt in the iron salts,
and subsequently showed that coast
disease was the result of acute defi-
ciencies of both cobalt and copper.
Treatment of afflicted animals with
cobalt or copper singly revealed the
separate natures of the two deficien-
cies. In the country where the disease
occurred, applications of cobalt salts
to pastures protected grazing animals
but did nothing to increase the yields
of plants. Copper applied to the same
fields did increase plant yields and
provided the copper requirements of
sheep and cattle as well.

Ruminants have a higher require-
ment of cobalt than other herbivores.
Horses and rabbits do well on pastures
where fodder is acutely deficient for
cattle or sheep.
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Ingestion of 0.1 mg. of cobalt a day
is quite enough to meet the cobalt re-
quirements of a sheep. If one assumes
a heavy carrying capacity of 7 sheep
to the acre, soils must supply o.o1 of
an ounce an acre each year. Cobalt is
the mighty pygmy of micronutrients.

The second step forward in the un-
derstanding of cobalt nutrition came
in 1948 with the discovery by E.
Lester-Smith in England and E. L.
Ricks and his associates in the United
States that the antipernicious anemia
factor of liver extracts was a deep-red
organic compound containing cobalt.
It was named vitamin Bys.

A third step came from many clues
in the feeding of poultry and pigs that
protein of vegetable origin was inferior
to animal protein. Hens confined to
diets entirely of vegetable origin pro-
duced eggs of poor hatching quality
and chicks of substandard ability to
survive. The unknown food accessory
became known as APF, or the animal
protein factor. Cow dung was known
to be a rich source of APF, as were
tankage, yeast, and protein-free liver
extracts. Shortly after vitamin By, be-
came available, it was shown that this
vitamin was a main part of APF.

Vitamin B;; is produced only by
micro-organisms. All animals scem to
require this cobalt-containing vitamin.
Considerable amounts of By, are syn-
thesized in the lower alimentary canal
and thus appear in feces. B, is not ab-
sorbed in the lower intestine in quan-
tities sufficient to be useful to most
animals, however, although it may be
possible for some herbivora to secure
B;; in that way. Ruminants are aided

by micro-organisms in the paunch,
which, with cobalt, synthesize B,, be-
fore it passes into the true stomach and
thus to the upper intestine, where By,
can be absorbed.

The animal world thus depends on
plants to synthesizc its food and micro-
organisms to synthesize small quanti-
ties of vitamin By, an indispensable
food factor.

A problem that remains to be solved
is whether cobalt is required for the
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growth of higher plants. All attempts
so far have failed to produce satisfac-
tory evidence of such need.

Four species of blue-green algae
were studied for mineral nutrient re-
quirements in 1954 by O. Holme-
Hansen, G. Gerloff, and F. Skoog at
the University of Wisconsin. Two
species were nitrogen fixers. Two were
not. Each species demonstrated a re-
quirement for cobalt. Within the range
of growth where yield ‘was limiting
for one of the species (Nostoc muscorumy,
the addition of one billionth gram of
cobalt resulted in a yield increase of 19
milligrams dry weight. In other words,
the lowest cobalt requirement of Nos-
toc muscorum was 0.05 p.p.m.—a figure
that compares interestingly with anal-
yses of fodder giving rise to cobalt
deficiency in sheep. It is considered
that fodder containing 0.08 to o.10
p-p-m. of cobalt will meet the animal’s
dietary requircment. Pasturage con-
taining 0.02 to 0.03 p.p.m. will not
suffice.

The cobalt status of soils in relation
to the plants grown on them and the
animals that eat the plants raises ques-
tions of the meaning of soil fertility, as
we think of it. If the end product of a
farm is beef, mutton, or wool, a cobalt-
deficient soil, though covered with a
good stand of plants, would be no bet-
ter than a soil completely incapable of
supporting crops of any sort. If the end
product were to be horses, the defi-
ciency in the fodder might remain un-
noticed. We ascribe fertility of soils
only to their ability to support plant
life. Awareness of the value of these
recently discovered micronutrients has
presentcd some new ways of improving
many problem soils. They are showing
complicated interrelations that require
new investigations.

CHLORINE was proved to be a plant
nutricnt in 1954 by T. C. Broyer and
his associates at the University of Cali-
fornia during experiments to investi-
gate cobalt as a possible plant nutrient.
They spent a lot of effort in trying to
make chemically pure culture solu-
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tions which would supply only the
nutrient elements then known to be
required for plant growth. They found
finally that nothing but scverely dis-
eased plants could be grown on them.
Chlorinc turned out to be the element
that had to be added before plants
would grow in the solutions.

They kept sufficient chemical con-
trol of the solutions to produce the dis-
ease in severc forms. Leaves displayed
symptoms of wilt, chlorosis, necrosis,
and (on tomatoes) an unusual bronze
discoloration. The symptoms were
characteristic of no other known nu-
tritional or pathological disease. Sugar
beets, carrots, cabbage, lettuce, bar-
ley, wheat, cotton, and subterranean
clover were among the other species
that were severely restricted in growth
without supplementary chlorinc.

Chlorine is perhaps the most sur-
prising trace clement to transfer to
the status of a micronutrient element,
because plants nced more of it than
any of the other micronutrient ele-
ments, cxcept possibly iron.

In the lcaves of tomato plants suffer-
ing from an acute deficiency of chlo-
rine, chlorine is present in the order of
7 micromoles (250 p.p.m.) per gram
(dry weight) of leaf tissue. Molyb-
denum-deficient plants with equal
visual stress contain 0.001 of a micro-
mole per gram (0.1 p.p.m.). Thus, on
a weight basis, the amount of chlorine
required is several thousand times
greater than the amount of molyb-
denum. On an atom-for-atom basis—
because g chlorine atoms weigh about
the same as one molybdenum atom—
the chlorine requirement is in the