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ested in the “sap” of plants and made measurements of amounts of water
absorbed and transpired. He related these amounts to the area of the root
surface through which the water was absorbed, and the areas of the leaf
surfaces through which it was transpired, and calculated relative velocities
of water movement through unit area of root surface and unit area of leaf
surface. He performed many experiments on root pressure which he de-
scribed so well in writing and by means of illustrations that a modern ex-
perimenter would have no trouble repeating them. Stephen Hales may
properly be called the first plant physiologist. The chief award given by
the American Society of Plant Physiologists is called the Stephen Hales
Award in his honor.

Stephen Hales and others before him had had an inkling that the air
contributed something to the substance of plants, but the true nature of
this contribution could not be understood as long as there was no realistic
conception of the composition of the air and the nature of combustion.
Like others of his time, Stephen Hales believed in the “phlogiston” theory
according to which all combustible materials were compounds of “phlogis-
ton” On burning, phlogiston is expelled, and the “calces” (ashes) are left
behind. These ideas gave way to essentially modern views toward the end
of the 18th century.

J. Priestley (1733-1804) prepared oxygen by heating mercuric oxide,
but remained an adherent of the phlogiston theory all his life. In spite
of the handicap of working with a faulty chemical theory that was being
overthrown in his own time Priestley made important contributions to
chemistry and physiology. He observed that green plants emitted the same
gas that was released by heated mercuric oxide, and thus took the first
step in clarifying the process of photosynthesis. Jan Ingen—Housz

(1730-1799), a Dutch physician who spent much of his life in England,
repeated Priestley’s experiments and made the important discovery that
light was essential for the evolution of oxygen by green plants. Like
Priestley, he had totally wrong ideas of the meaning of his discovery.

The first investigator to gain a reasonably valid view of photosynthesis
was Jean Senebier (1742-1809), Swiss clergyman, librarian, and scientist.
He found that the amounts of oxygen evolved by green leaves kept in water
were proportional to the concentration of carbon dioxide dissolved in the
water. Like his predecessors, he did not use the terms oxygen and carbon
dioxide but supposed that light, combined with some substance of the
green leaf, decomposed «“fixed air” (carbon dioxide) into “dephlogisticated
air” (oxygen). Nevertheless, he carried the investigation of photosynthesis
about as far as it could be taken while the phlogiston theory was still domi-

nant in the thinking of chemists and physiologists. This theory, however,

did not survive the 18th century.
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and rightly, with having laid the foundation of the new agricultural science.
Much of the material in his writings strikes the rgoderp reader as esse}rll-
tially contemporary in outlook and approach. Unlike h1s predecessori, te
was not content with studying the elemental composition of crop plan (si
but stressed the balance between the amounts of faach elem.e‘nt abso;jbe
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researches were the forerunners of the innumerable 'studles publishe ever
since with titles like “The effect of . .. on yield and composition
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assimilation takes place.” For a nice account of Boussu'lgault and an appre-
ciation of his contribution to early research on the nitrogen problem see
Au}tlest(ulsgzgrz Liebig (1803-1 873) of Germany was the foremost orfgasm.c
chemist of his time. The British Association for tl}e Advancement 0 01;
ence invited him to prepare a review of th? su.b]ect. for prese:nta’uo:llt1 ad
its meeting in 1840. This invitation resulted in h-13 writing a bo}cl)k .erll e”
“QOrganic Chemistry in its Applications to Agriculture Z}nd Physio f)%yr.l_
The book went through many editions, was trar'lslated .mt.o .s.everabTa
guages, and became extremely influential. At the time of its 1mt1a.1 publica-
tion in 1840, Liebig himself had done virtually no work of his own In
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the fields of agricultural chemistry and plant nutrition. He did not let this
deter him from claiming to be the first investigator to study “the applica-
tion of chemical principles to the growth of vegetables” since Sir Humphry
Davy (1778-1829), British chemist. Liebig’s own book was the best refu-
tation of this claim, because it represented a summary and compilation
of the work of de Saussure, Sprengel, Boussingault, and many others.

His own judgments and interpretations were often faulty, and in many
cases represented a denial of sound conclusions already established by
other investigators. For example, he attacked Boussingault’s conclusion
that leguminous plants do, and non-leguminous plants do not, derive nitro-
gen from the atmosphere. He claimed, instead, that all plants absorb nitro-
gen in the form of ammonia from the air. The ammonia he considered
to originate from the decay of organic matter. Almost haif a century after
de Saussure’s clear-cut evidence for selective solute absorption, Liebig
wrote: “All substances in solution in a soil are absorbed by the roots of
plants, exactly as a sponge imbibes a liquid and all that it contains, without
selection.” Also, his claim “that any one of the alkaline bases may be sub-
stituted for another, the action of all being the same,” was mere conjecture,
not credible even at the time it was written.

Liebig’s main. contribution to plant nutrition was that he finally did away
with the humus theory according to which organic matter of the soil is
the source of the carbon that plants absorb. He considered that soil con-
tributes soluble inorganic constituents. This was not a novel conclusion,
for de Saussure, Sprengel, and Boussingault had concluded likewise, but
licbig’s assertive and authoritative manner of writing and the vigor with
which he propagated his views finally won acceptance for the “mineral
theory of fertilizers.” After publication of the first edition of his book in
(840 he and his many students and collaborators turned to laboratory
work on mineral constituents of plants, and as a result many of the ill-con-
sidered statements in the book disappeared from later editions. Improved
analytical methods were devised, and Liebig gained a much more accurate
knowledge of the mineral composition of plants than his predecessors had

obtained.

For several decades after the first publication of Liebig’s book in 1840,
work on the role of atmospheric nitrogen in plant nutrition continued and
many investigators gained the conviction that leguminous plants were able
lo fix free nitrogen from the air. The subject remained a baffling one, how-
ever, and successful demonstrations of nitrogen fixation by leguminous
plants were doubted because other experiments failed to show any such
effect. Finally the German investigators Hellriegel and Wilfarth announced
in 1886 their discovery of the role of bacteria in the nodules of the roots
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of leguminous plants. The Russian botanist, Woronin, had discovered ’

earlier that the root nodules of legumes contain bacteria, but their role
remained obscure. Hellriegel and Wilfarth grew peas in sterile soil, as con-
trols, and in soils inoculated with leaching from a soil in which peas did
well. The controls in uninoculated soil developed no nodules and failed
to develop. The plants in the inoculated soil developed root nodules and
made good growth. The experimenters concluded that legumes fix atmo-
spheric nitrogen, but only when infected by symbiotic bacteria. Non-legumi-
nous plants do not fix free nitrogen but depend entirely on combined nitro-
gen in the soil. This work provided the final confirmation of conclusions
first reached by Boussingault in 1837.

Science is a cooperative and cumulative endeavor, and many discoveries,
like that of biological nitrogen fixation, cannot be credited fairly to any
one investigator or team. P. W. Wilson (1957) of the University of Wis-
consin College of Agriculture has written a delightful account of the ups
and downs of the discovery of biological nitrogen fixation, for a while a
veritable comedy of errors at times; yet eventually, through the work of
many men, the facts emerged and the reality of the process was established.

By the end of the 18th century, Senebier had established the main facts
of photosynthesis, and by the end of the 19th century, an inventory of
the principal facts of biological nitrogen fixation was at hand. One other
aspect of plant nutrition, the absorption of nutrient salts by roots, was
considerably clarified in the course of the 19th century. Liebig had con-
cluded that the water of the soil, the soil solution, was devoid of potassium,
phosphate, and ammonium. According to his view, plants would languish
and die if these nutrients were supplied to them in solution. He visualized
instead a direct transfer of nutrients from the surface of soil particles to
the surface of roots in intimate contact with them. This view was elabo-
rated later in a more sophisticated form by H. Jenny and his associates
in Berkeley, beginning in the 1930’s.

In 1860 the German botanist Julius von Sachs demonstrated that the
solid phase of the soil can be dispensed with entirely in the nutrition of
plants. He prepared solutions of salts supplying the major essential mineral
nutrients and containing (without his knowing it) adequate trace amounts
of essential micronutrient elements present as contaminants in the major
salts. In these nutrient solutions he grew plants to maturity. W. Knop in
the early 1860’s devised another nutrient solution, and growing plants in
solution culture has been a favorite research technique in plant nutrition
ever since. These researches, along with studies of the chemical composi-
tion of the soil solution, have emphasized the importance of the soil solu-
tion as a source of major nutrients available for absorption by roots.
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Readers who wish to delve into the history of this subject will find the
[ollowing references useful. Bodenheimer’s (1958) history of bidlogy, as
s 1it!e indicates, covers a broad subject but serves to set the scene,. It
contains source readings. The short history of plant science by Reed
(1942) is interesting and deals with aspects of mineral nutrition, among
nl!lgm. The source book compiled by Browne (1944) has excerpts from
original writings which make good reading. The first chapter of the book
by I.{ussell (1961) gives a brief survey of the history of research on plant
nutrition and soil-plant relationships.

l)f:velopments that have taken place in the present century are the im-
mediate precursors of current contemporary work. They will not be
Iuol.<cd on as “historical” but will be mentioned in connection with the
virtous specialized topics of which they are a part.
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PREFACE

With this book I mean to fill a need that has long been felt by students
and researchers in many areas of the biological, agricultural, and environ-
mental sciences—the need for a textbook on the principles of the mineral
nutrition of plants. This subject is of fundamental importance in biology,
for it deals with the processes by which the living world acquires from the
environment the mineral elements essential to life. In addition to this
intrinsic interest is the importance of plant nutrition as the science basic to
agriculture, forestry, range management, stewardship of the environment,
and other activities devoted to the raising of plants and animals and the
welfare of human beings.

In writing this book I have kept in mind several kinds of readers: under-
graduate and graduate students of plant physiology and plant biochemistry;
research workers in plant nutrition, plant physiology and ecology; students
and researchers in the fields of soil science, agronomy, horticulture, vege-
table crops, forestry, range management, environmental sciences and other
disciplines, who may have occasion to use such an exposition of the prin-
cipal facts and current thinking in the field of the mineral nutrition of
plants. »

With these readers and their needs in mind, I have adopted the following
guidelines for the writing of this book.

(1) The student should be able to read the book in its entirety: he
should not be reduced to merely consulting it for specific points of infor-
mation. This means that the book shall not attempt encyclopedic
completeness.

(2) As a corollary to the point just made, the book must be highly
selective, and of necessity much interesting and valuable material has been
omitted from it. Inevitably, the choices made among the existing materials
depend to some extent on chance, on what is and what is not readily avail-
able, and on the vagaries of memory and associations. Deliberate selections
were made with a view to including a large variety of experimental plant
materials and experimental approaches. In regard to old material versus
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